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ABSTRACT: Nuclear pore complexes (NPCs) embed the nuclear envelope (NE) and are the sole gateway between the nucleus and
the cytoplasm. The donut-shaped NPC is split into three ring moieties termed cytoplasmic ring, inner ring and nucleoplasmic ring by cryo
electron tomography. The three rings are sandwiched between cytoplasmic filaments and the nuclear basket. NPCs are largely conserved
from yeast to human and are composed of multiple copies of approximately 30~50 different proteins termed nucleoporins (Nups). On the
basis of their structure, amino acid sequence motifs, location within the NPCs and function, Nups are classified into transmembrane
Nups, barrier Nups, scaffold Nups, cytoplasmic filament Nups and nuclear basket-like Nups. Nups are organized in a small set of
subcomplexes, which are primarily defined by the stability of protein interactions. NPCs biogenesis occurs either during interphase or at
the end of mitosis. Controlling nucleocytoplasmic transport is the main function of NPCs, which allow the free diffusion of small
molecules and ions, as well as receptor-mediated transport of large macromolecules. Beyond this vital role, Nups influence genome
functions in a transport-independent manner. Nups can associate with specific genes and regulate their expression by controlling the
chromatin structure and accessibility of transcription factors, promoting either transcriptional activation or repression. Gene expression
regulation by Nups takes place mainly at the NE-embedded Nups in yeast, while in metazoans, a subset of mobile Nups relocating in the
nuclear interior perform the same gene regulatory functions. Nup-mediated gene expression regulation is also reflected by the role of
Nups in the establishment of chromatin boundaries and in transcriptional memory. Additionally, in proliferative cells, Nups play a
important role in genome integrity maintenance and mitotic progression. Nups facilitate the repair of a subset of persistent DNA lesions
through interactions with the DNA repair machinery. In mitotic cells, Nups assist NE breakdown and centrosome migration. By ensuring

the localization and function of key mitotic components, Nups promote accurate spindle assembly, mitotic progression, and faithful
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chromosome segregation. In conclusion, NPCs are related to nucleocytoplasmic transport, gene expression and cell cycle, which is

essential to the growth, proliferation and differentiation of eukaryotic cells.
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EUAZ AN ML A2 A% (nuclear membrane) K4t A 73 S 2 Y
BANAN ML B P AR 53, RNA F8 s R AR N, AR o iR R A7
JRLST R e SRR 4 4 (1) 20 B R AR B 2 [ 16 R Y
YIRS, T SEIX — T RE A IE 2 AR L AL E & 1k
(nuclear pore complexs, NPCs)?, NPCs 1 30 ~ 50 F#ZFLEH (
nucleoporin, Nup) ZH i, /& — N XLIIHE XU m) P A8 5K A B A8
it , AN SRR AR AL TGI8, U AT B
{EfiAZHE% B (messenger ribonucleoproteins, mRNPS) A i}
Whig . B T s X — E 2 IIREST , B i BFE & L Nups
BELA— N SL T2 1 w3k Al DR, 7R BN e st
T B FL 012  DNA B R Y A 4 8 55 7 T A
HHEZAMEH P9, Nups S5 RE T E & B AN AR 1 1
B O3 A SR A I B 1 AR RAIE

1 NPCs BI55H) R ZH A%

1.1 NPCs B4+

NPCs i T N AMEIE R Rl A AL, 2 16 30 A% BRI BT A PR
FLIE, S5 EEORSF . VR T X SRR R NPCs 43y
PR JUHIE Y = A3, 4 BRI LBTER (NI FIAL B, =3
Z AR TR 1 A MR AT 22, R B b I AR AT
22 I R I A A R,

1.2 NPCs HYZHRY,

NPCs J&E R [ B T2 G, BEkE NPCs 43 it 2y
66 MDa, %L Y%) 125 MDa, R4 4> T8 H K, NPCs {1 i
30 ~ 50 Z AN A AY Nups ZHAL, AR Nup BAA AR A9 53T 52
i, A 50 kDa % 358 kDa 450, BEATE AL 8,16 .32 5 48 A8
[l DL, JL[R] 20 i E AR 1 5143+ 51K, NPCs 4 Il
FEREA A ZH 2 A0 TR A AR BRSO OR TR A AR AR, W] —
AR NPCs 114 21 B85 4 It 2 AE Py o0y e 40 i Ak 290 A JET 14
UL B B A [F] i AR 1R,

FERER: B HESIP R Y T, Nups HAG 585 BE AR SP PR MR
HZEM . EEWRF ) NPCs 5 {7, Nups #4554 B i Nups
(transmembrane Nups), 5[ Nups (barrier Nups) Fl'E %2 Nups
(scaffold Nups)!'", #5J5 Nups &4 ¥ ika 18JE , ek NPCs 8@
TERZRR I Bt BE Nups & A MU 28 Y 282 - H &R (pheny-
lalanine glycine, FG) E&JFH , B4 & ki sk ik F T L Koy
FAERGAL B IS i B 2R Nups & A SLEL-E 2Rk My 3L, 1
o SRHER B 4778, M NPCs 5242 . BRix =7 Nups 5b, i H iE
4T 22 Nups A H Nups, 7EZ K NPCs [i42 48 Nups 1,4 =
2z —44 FG TE ¥ 51 (GLFG .FXFG .PxFG ©§ SxFG,F 1N
ARG HHER LA P IHER .S 25 R x [EEE AR,
X4 Nups XHkK FG-Nups, FEZ4347 T NPCs f i Je 38 18 )

MIBRET 22 A0, BN IE E AW EEs & 00 M, | TIIRE
N[, Nups 7£ NPCs Lt B i Rt AN, B 22 Nups fiff 84 1 ]
it 30 h, v ke A R T Y Nups i B I [H] 29 2~20 h,
%45 Nups (L 7E NPCs 15 B ZRb sl 0o o, H e i 1) D0 i 25 7
e,

1L X NPCs Wff /5 1 e &80, AHEL TRV AR 2 |
SRR Nups W4 R &7, BRI E AR Y
B AR, EHES Nups 41AL, J& NPCs (B3 M2 — , AT
LB A FIAL LA . BERE Y 2 & 7R AR Nup84 2 & 14,
Nup84 Nup85 Nup120 Nupl133 Nupl45C Secl3 FiI Sehl 4
M, BEHESIY Y B & R FR Nuplo7 / 160 W5 & &, B
Nup107 Nup85 Nup160 Nup133 Nup96 . Secl3 Nup37 Nup43,
ELYS #1 Sehl £H %9, NPCs 45— FEFEMIMHENHE S
e, MR . BERE IR E S AR LR Nicoe W &1k, i
Nup53/59 Nup157/170 Nic96 Nup188 & Nup192 4 i, & HE 5
YN A R FR Nup93 & A& &, M Nup35 Nup93,
Nup188 Nup205 F1 Nup155 £H "9, Nsp1-Nup57-Nup49 &£ &1k
(5] ) F1 Nup62-Nup54-Nup38 524 7 CEHES Y ) 43 5l 38 it
Nic96 Nup93 [ & £ N IR E A 7R 1078, gl , B Rk Nspl
Nup82 .Nup159 Nup42 . Glel il Gle2 4 i i fi 47 22, %4
Nup116 Nupl00 B¢ Nupl45N [ %5 HE Zh ¥y (14 i B £F 22 th
Nup62 Nup88 Nup214 Nup358 Nupl2 Glel Aladin F1 Rael
K, S5 Nup98 ™, A% M, FBEH: Nupl Nup2 Nup60 #
MIp1/2 1Sz, HHESA%EE R Nup50 Nup153  Tpr 41 4%,
RS A R R A NPCs 1 #5 5% Nups (%R Ndcl |
Pom33 .Pom34 .Pom152, & HME 554 Ndcl.Pom121 Nup210) [
FEFERRE LD, BRI ALE SRR 1.

1.3 NPCs Hy4H 3%

NPCs 4b TR BESh S48 b, AT3E ) 20 5 o2 el A8 %
FLECE M TIEE, R F AR BEFR R, A 24 AT, B oy
fift ,NPCs PR AW R Ak, FaZEl, MFkm
Nup107 / 160 P54 VR4 5545 3 Y 4 it , NPCs 41453 5,
P = A A RTFL R 25 155 Nups A B 32488 T — 07 5 5 B
J& ,Nup93 &A1& Nup62 5 4 4 F1 Nup98 Hfk vk #5533 41
M NPCs 15 )5, AMHEIEY Nups, 40 Nup214 Nup88, Tpr,
Nup50 Nup153, 55 NPCs #%.0o S5 H 3 , TE UMD B 2T 22 Fii
A G 22 Ay A, O T R I AR oK, NPCs B,
{HB BN A NPCs A2 8L 19 NPCs 14 4H ol 4> 2498 1%, i
S AT RHIERY Nups ZHBETM . 5A 2202 WIARR, [HH0
NPCs 20 2% fii% N REFIAZ S A Rl 55 RS , LA 55 22 85 I Nups
PN J5T O JIE R 11 SR R A A i B 5 45, Nup107 / 160 2 &
i L A ZH 51 Nupl33 () ALPS 25 #3455 ; Hfth Nups
SETE B W A R BAK IR ES & JE 0BT NPCsP,
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2.1 ZRFEIETEE

NPCs 2 H A e PEE M EKEIE . /T 40 kDa 5§ 5 nm (1
ANy B (e AR AR ) DU B i O S
NPCs, KT 40 kDa 5§ 5 nm 53+ (22 15 RNA AT
BN ORI FEAL TG AT T AL B AR AT T L
Fahis ki T AT s, BRI E S EE N R AR IE
BN ES (nuclear localization signals, NLS) F145 H k4ia
% i H 7 5 (nuclear export signals, NES), 5412 8 /A5 HA

7E [ (importin) i 1 & [ (exportin) %% 12 % [ (transportin),,
Importin f& NLS (i Z K& H, 135 a-importin Fl B-importin,
Exportin J& NES (32K . AEHERT, &4 NLS Witis &
M55 M B 1Y a-importin F1 B-importin 255 T8 L2 -
BRI EY, WIRHZY) - BARE G M T EF 22 Nups 1)
FG FFAIMt 5 THREF 22 1, PR f5 e i v e s a8 A% T8 A4
Mi¥% . A5, importin 5 Ran-GTP 254 ¥%i5%) - BIAE &Y
B HeE I AR . B E i, &R NES s Y

® | BHIMZILEAEAEN

Table 1 Components of the Nuclear Pore Complex in vertebrates

Structures Components Nucleoporins Gene Gene Location References
Nucleoplasmic Ring/ the Y complex Nup107 NUP107 12q15 7,15,22,50,55
Cytoplasmic Ring Nup85 NUP85 17q25.1
Nup160 NUP160 11pl11.2
Nup133 NUP133 1q42.13
Nup96 NUP98 11pl5.4
Secl3 SECI13 3p25.3
Nup37 NUP37 12q23.2
Nup43 NUP43 6q25.1
ELYS AHCTF1 1q44
Sehl SEHIL 18p11.21
Inner Ring the inner ring complex Nup35 NUP35 2q32.1 7,16
Nup93 NUP93 16q13
Nup188 NUP188 9q34.11
Nup205 NUP205 7933
Nupl55 NUP155 5p13.2
Central Channel Nup62-Nup54-Nup58 Nup62 NUP62 19q13.33 7,18
complex Nup54 NUP54 4q21.1
Nup58 NUP58 13q12.13
Other FG-Nups Nup98 NUP98 11pl5.4 7,38
Cytoplasmic FG-Nups Nup62 NUP62 19q13.33 7,13,20,51,52
Filaments Nup88 NUP88 17p13.2
Nup214 NUP214 9q34.13
Nup358 RANBP2 2ql13
Nupl2 NUPL2 7p15.3
Glel GLE1 9q34.11
Aladin AAAS 12q13.13
Rael RAE1 20q13.31
Nuclear Basket FG-Nups Nup50 NUP50 22q13.31 7,31,56
Nup153 NUP153 6p22.3
Tpr TPR 1g31.1
Anchor Proteins Transmembrane Nups Ndcl NDCI1 1p32.3 7
Pom121 POM121 7q11.23
Nup210 NUP210 3p25.1
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exportin Ran-GTP =# 254, IR RIA R iz s )
Hd PN . RIS, BT Lr 2245 61 Ran- =B8R S 4 0%
% (Ran-GTP-activating protein, Ran-GAP) 7K f# Ran-GTP, %%
BRI, W)L IE 7 0 Ran-GTP (B EE e . A0
W, B4 1 Ran- BAFER 35 HF (Ran-guanine nu-
cleotide exchange factor, Ran-GEF) #fi{# T &% N 5 ¢ & Ran-GTP
PIFEALE, ITEZR BT, Ran-GTP JU 4% Ran-GAP s 7K fif 1
GDP M, (AMERNE, BRI EE G EFiadBrihiEd 5
ZH FG-Nups (1 FG 5 7SI HAE R #1705  (HIX Fh%
BIFATTERESR , GTP /KA R gt RAESR AL 12 Jy )i
sk IR,

NPCs N HB I3 HAS 40 JR45 2 e im0 % s e s T e 4 it
TR, HEE BT ,NPCs Houi@iill B A2 N 9 nm, /NMrF A A
dilad, YA KA FEE T, NPCs ) & A4 — R 5 BIAR L,
i AL K, TR ELAR AT 3K 39 nm, M T 3E 57 490 552 i 1) 75
ZRN ML, B NPC KALETE 160 DMEZ R AREs S 00 , 1X
SRACVF S RGNS, SRR 2 A T 25 5 AR IR A A
s AT B s AR 0, AN R) Y Nups X629 - 44
BEYIBIZER I ARIR , APy PR38 ] 8 5 54 NPCs A9 41 R
FIHEFIZRCR, 54 NPCs RMf & A: 100 ~ 500 A% 5
sk,

2.2 BEEFEINEE

& T ¥ Bz Difie b, NPCs ib 58 LA — ANl Sz T 33 i
P A A 2180, Nups AT 3 [R5 55, R4 B Nups 5
A5 5 B K (40 Hsp104 HXK1 INO1,SUC2 GAL) 5 21 A 1
I P (N A R BT S AF DG ZE R Y R 3 F X B4 A, 1
TXLEBE PR ARAT B A SR PP, i SR Nup153 Mtor (G5
HEshW) Tpr (158 [R R ) ) 46 R L lEfk H3K16 I RNA R
A AT PR X, A X Y 60 R 7 A5 5 S R b2 )P,
Nups L HEIN | ZED#% 5 BERF Nup133 Nup84 il Nupl170 25
AL DX A BRI GTER B GALL 5 Nupl 254, il 5,
SUC2 5 Nup120 5§ Nup133 254, IiilEE 569, Jl Nup88 45
A VL R 20T LA PR ST 0 e DX, 0 B R SR, ek
25t NPP-13 (5 #E 24 NUP93 [RJUR 5L )5 H5 in t(RNA LA
FIkP, AEERE, 35 NPCs /1A Nups H45 4 2 A
Yy, He PRI AT 5 NPCs H) Nups AHZS G, S BE- 5850 N 17 25
f) Nups 454357 NPCs Hi Nup 5% A 25 #9011 Fh Nup Zifig
ARARI] , AnfE NPRA0 A, 36 5T 8k NPCs Ab B Nup98 37 , 4
JE B R B B R B B S 1Y Nup98 4ERe A
FOHE ST TS, RS ERALAY Nup98 /E AN [, (H X 4R 1505
FERER F AR LT 1o

NPCs 3 if 5 M G €6, J57 45 F4 FISE M 7 S R4 ST X 4 L 1A
B [ e ] 4 4 PR Ak P, NPCs Xt Y {0 J5 45 #4) ) 52 Wil — 3505 43
BreRfkami oottt W, fERRE, 6 mRNP fi i K+
Mex67p FEN LA I IZ DGR N2 5 TR AL A TE
J, 33X EEEE BT S TS MRS T 5 Nup2 B3t 25 510 78
S EAZAE Y, Tpr BH RS G4 BT 7EAZ AL IR (4 80, NPCs
AR S € SO 2 DX R R R Y T SRR IR AR
PERFAE A [R]— DX, 0 54 SR o U7 n SR SE B, PAITE

T B P, BN, A3 FEERE NPCs B35 s 75 B 1
Nups 54 [ LWt B MR & &k SAGA mRNA i i 5 ¥
+ SUMO %5 4 Ulpl 2L[RIVER, UIP1 4% 3% 5% Nups .SAGA Al
mRNA fi i [ F2Z [a] A RE U TAF , #5FBHAT GAL #55¢24,

NPCs XJ L A (R 5 WA IAE Nups 25 5 o2 I8 il
B ST ST I SE P B4R 5] NPCs, 55 545 S, — B4 SR {42
FAAERZ AN o 3 N LA i S 12 Y BE , YA IR BTG ) g
P S B SO T TR B C I P ER (NPCs e @ {4
&M% A Pk SWI-SNF | JE BRI 2 28 (945 Sk H2A.Z A AR
47, FERERE , IEAZ I R A T8 sl R S 3, I 2 ]
B B BORN 2 FE A0 B AL A 1 Mipl, Rk Mipl, 2 [N % 5¢
A IIRETE R,

23 $5 DNA #BiffieEMmE 455

FESAFEANM, Nups #1375 DNA BB E/EH, 25
DNA #HEE RIS 5E M . AERERE, IR Nup8d B &
PRGBS Mecl \Tell, £ DNA 15145 148 F6 &2 i X
TEHE N BN, 85 AE NPCs ) SUMO, fi2 i DNA &
Y, AERANM, T H Nup84 5 & 1&[F &9 Nup107/ Nup160
BAR, W2 B BRR A ) DNA Fi 75 209,

H 225y 540) , Nups 381 T4 22RO 5 G 220 244
PR s ) E AL S T M, BRE BT S 00 Z R AR BAE H , GR4IE
7RI VAR T 2 2R R A PR MR 7 29, S 4T, PO R E RS 3
ANMuAE PR, 7E3:Sk B Bicaudal D2 AYHREI T , Nup358 254
S Siksh )R AR sh B [, Nup133 45 & s & A /s
EAMIGEAZESY, DB IR ES, 5T R AL
4 NPCs i\ 3 fi 14, B # 5 Gp210.Nup98 . Nup3s8 F
Nup153 857 B B R0 2 P AH ¢, Nups &5 BERE R (LA B T4%
[ 2241 NPCs fift ™), NPCs fi#{4 )5 , Nup107/160 & {514 Hi
TEN BN 2205 At g e R AR A RN IE B S (R ] 2, 2
B Sehl 5 Nup107 1) A A 3 3032 151 1) G (o A HE B TN AT 22
AYHAGEIRS, 5k Elys/ Mel-28 G327k 4 4% A1 (453 2
U BRI, NPCs fiftfA i, — 5> Nup358 5 i v ) 4 22
W5 iR R, TG 22k — B AR B AR, RFR Nup358
SHRBXT YL@ . SRR 225> 254 B, Tpr fl
Nup153 REFZ AT 2253248 P 25 1 Madl \Mad2 76 KRt
N LRI 52 T RVBE IR LR , DI B2 10 27 Fa 14 R A A5
1 (Spindle Assembly Checkpoint, SAC) Fi¥ 3% M RN LRI 1 1],
Tpr Nup153 /K- R e b 35806 24y #5725 9, Rael 5
SAC £H {4 Bub3 1 [FJ¥ , & 5K A 5 B4 Bubl | 25 (A 20 25
[T NUMA S AHTLAR T, 6 1% A 2250 SR i
FE BRE L, Racl HCOPARER 8 AR5 B SAC H5iR%
B8, 5 225y 345 WK, Nups #5548 3L 14, 3R 5 NPCs A% i
TR [ e AP R 45 R DM, AU
Ji53%4- Nup153 Elys 8¢ Nup107 /Nup160 5 5 {ALH 734
A AT RS B PR AL MR B 20 R R 0 S A 2243 545R

3 NG

NPCs {FEHRFERZIR |, A0 MA% -5 20 5 =22 1] Al — e 1
Vo URFL T X TR IR SR 00D = A3, 35 Bk O 3 |
NERARZER, MR L A I sieT 22, A 3h LITA A%
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NPCs EERIE TR A, 30~ 50 ZFUAL ) Nups
A, A ERERRRE . REERRECD Nups AT REE &
T R 1 XA ) A PR B, NPCs AT 38 1k 20 20 2 4 2 oA 4%
FLBCRFIIRE. NPCs (1) 3 2 RE 2R T4 BRItk Z 41,
ZH 1 NPCs 1) Nups & 88 LA—0057 T4z 19 Jr 208 BE R 41
i, MR KA, 25 DNA i1 = A 2445354, NPCs
S TR T 8 B SR R A S S DA OG, B
S5 RE AR E S A AN M A 1 I B AR S5 AR A T 2l Y
FALIIE
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