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Abstract: During cell division, the accurate segregation of genetic material relies on
specialized regions of chromosomes named the centromere. This highly integrated structure
mediates the cohesion of sister chromatids and the stable attachment of spindle microtubules
to kinetochores. From the point-centromere in budding yeast to the regional centromere in
human cells, a highly conserved pattern of assembly and regulation exist. Disruption of this
pattern can cause chromosomal instability, leading to the occurrence and development of
cancer. The latest advancements suggest that centromere assembly is driven by biomolecular
condensation-elicited compartmentalization rather than the classic model of hierarchical
organization. Therefore, defining the high-order structure of the centromere is significant
for better understanding the nucleation process underlying centromere compartmentalization
and regulation of the robustness of centromere during cell division. This is also an important

and promising direction for future human health research.
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Figure 1: The hierarchical organization of the centromere and the key components, adapted from reference!®.
CENP-A nucleosomes serve as a unique epigenetic marker, ensuring precise positioning and formation of the
kinetochore. The inner centromere consists of core components such as Sgol, the Cohesin complex, and associated
kinases, which cooperate to maintain proper sister chromatid cohesion. The kinetochore can be further divided into
the inner kinetochore and the outer kinetochore: The inner kinetochore is composed of the CCAN complex, which
recruits the outer kinetochore KMN network; the latter mediates spindle microtubule attachment. When
microtubule connections are not established, the outer kinetochore specifically recruits the fibrous corona
components, which is critical for establishing the proper spindle assembly checkpoint.
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Figure 2: DNA sequence features of the point centromere in S.cerevisiae and the regional centromere in humans,
adapted from reference!™. In the point centromere, an approximately 120 bp DNA sequence is composed of three
functional elements, with each element specifically recruiting distinct protein factors to cooperatively form a single
Cse4 nucleosome. In the human regional centromere, repeats of the 171 bp a-satellite (a-Sat) DNA wrap around
CENP-A nucleosomes, which intersperse with H3 nucleosomes. These a-Sat repeats are tandemly arranged into
higher-order repeat (HOR) units, which are further repeated thousands of times, ultimately forming
megabase-scale centromeric DNA. The randomly distributed CENP-B box within the a-Sat DNA is the specific
binding site for CENP-B.
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(Sgol) & R4, M b 521X — AR gm0 37, Sgol ji i 324 25 1 R G 2A (Protein
Phosphatase 2A , PP2A) FI|35 224 b9, (it i 2 11 1A 22 AR A0 AZE F5 5 2 R AL IR 77 o
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2545 1) Haspin BESREERIL H3 21 (&R /2 Bubl MR (L H2A AL AigtE. BRI H3 4
HAW A — D5 CPC E4Y, HA% LG Aurora B il B R IL Z P& 22 itk 11, K51 RIS B LRE) &
e, TR MR A ARG & R S5 22 R AT

Figure 3: The dynamic regulation of Cohesin during cell cycle and the recruitment of mitotic protein. New Cohesin

is loaded onto chromosomal CTCF sites during G1 phase and establishes sister chromatid cohesion in S phase.
Upon mitotic entry, Cohesin in chromosomal arm is removed by Wapl, while centromeric Cohesin is protected by
Sgol-PP2A until anaphase onset, when Separase-mediated cleavage triggers sister chromatid separation. The
recruitment of Sgol to centromere is regulated through two distinct pathways: (1) Cohesin-associated Haspin
kinase phosphorylates histone H3, and (2) Bubl kinase phosphorylates histone H2A. These two phosphorylated
histones recruit Sgol. Besides, the phosphorylated H3 further recruits the Chromosomal Passenger Complex
(CPC), whose core kinase Aurora B orchestrates critical mitotic events - including centromere dynamics assembly,
microtubule attachment, and spindle checkpoint signaling - through precise phosphorylation of multiple

centromeric substrates.
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BEHEHA CENP-A #/ME, FHPAH G242 CCAN (Constitutive Centromere Associated
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NG44y, CENP-A 5418 A H3 Y, 715 H4. H2A Fil H2B JB e 5 % Mk
LB 001, CENP-A B33 41 2R (T B S5 MRS H3 mi AL, 3L rh (5 2R ) 45 40 35K

(CENP-A-targeting domain, CATD) #& CENP-A #l[a1%5 & ki % Thie R IR 55N, CATD />
S CENP-A 5 HIURP M1 TL{EF, {2 #f CENP-AZE GLHiI%: 3% & % 2 ki %%, {45 CCAN
HEYH CENP-N 5 CENP-A /MBS G, RN AR SN f g 25 g i 1 2 W)
CATD ) RG-loop 7] EL 5 CENP-N I FLAEF™ ), b4k, CENP-A FE /N MRST HBK
SEIERR TR B T DAL BT 5501 45 & CENP-CI®, (/3 & /e, T CENP-C AAE KK
SRV HE S TP S, A5 CCAN 2 KMN %% i 2 AN2H 43 & A AE AR 1,
BT IE I, A 45y AR L CENP-C £ 5 CENP-N $54+45 & CENP-A 1 RG-loop™®™
Ol XN TEE T AEVTE CCAN E AWM S, (EE H AT KIS £ X i 28 20t
CCAN BN AYIMALEA f52m . CENP-A 1) N it /7 X SHE AL, HAEWFRES
P, HEH S RAEZMEIERBWHTY, 4B O 25 2R 7 B, (A3h
BEATY T — AR A B 1073, ZE A 31 rh, CCAN BT BE Gt 5 th i) CENP-A 1% /MA,
52 G B IR AR R et R, DA P AL RE R S5 U0, BAR TR T 2R A
RMJH BRI, (HJE A 2R e 6 Tk NG 22 73 240 31 AR AL FOORE i 45 M AT AS 58 A 2
CENP-A 1 CCAN I - 1) 22 b G 0 FURFME R HAT 2277 2D e 8 G FL 22, CENP-A ik 2
SRR B, NG IR ER ) F1%, SR G AR A E P R aE % A R T
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F2epi L) CENP-C ZEZ0 I A W1 i Rk /K AHGHE €, (H 3G 22 0L € AL 1K 73§ HL ]
5 TR IR 22 9y Z4 A7 AE 25 57 . 7E 17391, CENP-C (& A7k T 5 CENP-HIKM., CENP-LN
FIFEAER, T—Ma 8k iie S8 CENP-C HLbiEM ER. SR, 1EH 250348,
CENP-C AJ A7k = CENP-HIKM. CENP-LN {15 5t T 2 7 T3k, %+ CENP-C #£ CCAN
21 2 rp A T, 3 AL AR AR Ak B L T e L A R B o, (E LR ML
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il AN B . SR RTIIBE SR, CENP-C %T CENP-A B/MAERB ANFIFRE R LTI, 176X
A B BGHTIE 7 K, CENP-C 7E4 2273 21 CDK I BERR AL i 4 52 . 55 CENP-A 1
FEAERS ), th4k, Navarro #1 Cheeseman B9t K3, CENP-C [1ii<> 550 CENP-A 7K
S5 R X o fh CCAN S 52 A (H 3 220 i A P2 SRR, 1T FBa 3o fth CCAN 293 A5
i) CENP-C 1E6 2 7 2RI RE L, X427 CENP-C mJfig/e CCAN E&WHh s —/MH%
by, EEFEE TR A MEMT ), T CENP-A J& CCAN 4143 35 2241 52 fir [ 06 B 4
h, XA RE S T CENP-C 5 CENP-A 2 [A] i1 8 {5 B 36 M B i 77 ke siz
Il CCAN H 7554 .

3.3 CENP-LN:

CENP-LN 7£ CCAN £ &I 23 ke g SCBEAE T , 1 32 300t B8 10 4 R S A A T
N. CENP-N [) N 3 7] Ei#% 5 CENP-A KJ CATD Z5H38AH ELAE T, X%+ CENP-N 77 1
AL BIBIRL o LR FE S T C il 5 CENP-L B4 HAE ) #5 CCAN 45
AP, XXTF CENP-N U SN B R EE, HILE H, CENP-N A& B IR T
H 5 CCAN MIAHEAEM, X—4T7 A5 CENP-C M. kb, CENP-N 7E40fLJE I+ L8 5)
BEAL: 7 S WISTEshRL L4, B G2/IM e im it 2 ahhs, S8 2255 FHKT
BARPY, (A LB RIACT AR S S s SO AR . AT PR HTR WI, CENP-N B 55
RG-loop & 1 FF U4 €157 (1K) CENP-A A%/ 45 45 83, SRR an it & 17 vb et SRR A5 10
FEARA AT ERZIE CENP-N 7EBRL b RIS E 45 & He /1. CENP-N Al CENP-C {7y CENP-A i
5 LL S CCAN LSRR 75 4B, HOR R 41 M I 47 9 B CCAN A ik 4
DI T SRR . SRTT,  E R R 2 X S TR R R SR 25 S T S CCAN 1)
HAFIHE. FE CCAN WANFEISCIRAT AIIVE AEAL i A B B, (MR A0 55 B R S5 A2 M T
AEAE L T R A A B O,

3.4 CENP-HIKM:
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CENP-M #H EAEF, MM e ML F 2k, 251843 Ak 1 IERIZ s A58 25, AT —45 6k
A4 G HU™ E M 225 T, ST F R, CENP-I B45 DNA 454751, XA
B 2o RN S CENP-A #/MAR) S A e 2 e ol (HERME, CENP-M &)
A B RLE AT, ERERE CENP-HIK A1 CENP-LN, Jf HE:#iT 78 & B, CENP-M
fEGEH B 5/ GTP B, (HERZ GTP 4 REILAE 71, SR AT RELME GTP BEJE
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K55 CENP-HIKM JU%R4E & CCAN E A4 5k iR, by 5 i BLE A= ik b i i
SCCL R A LA TSR A B 7 o Y

3.5 CENP-TWSX:

5 CENP-C 215l, CENP-TWSX 1] BL #5540 Z SR B4 P, T F5 22 5 2 st o 1
HEAT . CENP-T/W B2k £ SEAIMNZ KL KMN M4 T 7 3599, shki Siis s & 7%, 5l
RPNy B CENP-S/X BRI NIR I 4R A K 2Rk sz . IR K S Qe ik R 2%,
ML T CENP-O B2k M, X% 8] CENP-TW. CENP-SX 7i4 24y 2478 v i Rk 5
AFEY)EE. Ak, CENP-TWSX E6MAEHE O SEMEL, REIE B/ AIMER 45
7, (H MR SO BELEIE R . CENP-TWSX AR 858 & B S AR RS 8, kil
it DNA g5 & B IRZEE R A gy, o iR i (B S shhr 45 #) 2 ol i 0% 1000,

3.6 CENP-OPQUR:

CENP-OPQUR & &t 5 CENP-C/HIKM/LN i BAE FA A sE 8 sk B0, b
A 24y 2R B e EE o aet™ Y9, BIA AR, CENP-OPQUR 113 ik &
CENP-E A1l PLKL fzhkiseel® 1, It B AW Esikik iR, 540250k NDCSO
Aok, AT EE SO AR AR TS %, MICSEG £, CENP-OPQUR Hiff) CENP-OP T L
ity CENP-HIKM/LN Bkii% 08k, CENP-QU T EL#:45 & ™, 1iii CENP-R {E N5
AR E, BT s R VT USR0S IEA B EREE O EBL AH BLARE R 2
SR YR IR, X TG 2 SRR E xE I, gk BoR,
CENP-OPQUR & &#IFER A &M H Al CCAN s iIsE i, HEMIEAEHN CCAN 41 H
1o T®, T BEAE B R A Bk b

Zi LRk, NEKWZEZhRL CCAN LS S0 m BEAH BARHE, XIER 122 &Y R
AR PSR LT PG —BE In) s L 245 2200, T 42 7] BE A 22K DNA B CENP-A
W/ MASE X LR S Ve E CCAN REHEIR AN 2 HLH, 23 2200 A0 3047 200 i o) S0 AR i
B, MR THUHIIER B AR R R

4, S EFIH KMN P4

LA NA 25328, BEE IR, WESRAR e, RIATRE R S5 E Bk
1) KMN W28 F 2 a4, 2 SEEm S O meE < M e Es:. ik 1 FE 4A
Fiorm, NEAMESRIE 10 NMEAFRAER=ATEEY: KNLL. MIS12 1 NDC8OM™,
NDC80 E &4 & 1 L&Ak 24, H NDC80 (FE AEH AR HECL). NUF2,

SPC24 F11 SPC25 UMV 3L 4H F% . SPC24-SPC25 Fil NDC80-NUF2 S5 — Z A il it 5 i hE e 45 #
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WA EAER, TERMEAIR ), PiimIlaes 5. NDC80-NUF2 S — SRAKHIERCIR 45 14384 &
RS R B R, S EE R ERESG: SPC24-SPC25 7t — BRARBICIR 45 44y 18U 1
it 5 MIS12 5 &4k CCAN 54445 4, StBl NDC80 & A Wit 5 e it 2 1. M1S12
HEYWENEE, @it 5 CENP-CL.CENP-T IZ5 4K KMN M2 256 2206, JF Mz KNLL
A NDC80 H &M, KNL1 AAME S &3, (E/RsMF NDC8O LA KMN %%
SWENSE, FNE NGk Rk miEiil MPSL KK, 1E SAC {5 5 IS EEAIE AL
e S O,

SR KMN 2% 5 R — A 242 10l iR, lld 2 MR A, WEshE
CCAN 1= a5 i M IRALIR S EOA L ANE T F&. W& 6 P, A253%4Y, CCAN i
it CENP-C Fil CENP-T S B 4638 23525 51 3 KMN 4% 1 5241, MIS12 il KNL1 £ S
IR TSR3 B A SR, 1X i 1 MIS12 445 CENP-C F) BLE:AR 145 F iR 4200 1O,
FooK-F BEZM A A It R Bl g n, vh BRI . SiAh, ARSI B R 2 AR T 4
SRR %t £ 355 A0 B e R R T, MIS 12 (SRR S A 22 53 4 Aurora B oK
BEAT Y, WAERERET, MIS12 BiBERRIL 5 & SR UK AL, it se 5 CENP-C
ZIRBM AR, FaoE A2 ki i i, a5, NDC8O it L il %
RN — R MIS12 E6YidEid 5 CENP-C #H HAEH 5 8.1~ NDC80 73-1; —J& CENP-T
£ CDK1 {EMI T Ei#%45 & > NDC80 43 T, 4k, CENP-T 7E# CDK1 MRk J& T 4T
A3 MIS12, T IR BE4E 3455 (¥) NDCBO 4» . /L% CENP-C Fil CENP-T #2542
SRR [ HE 5, (EXSYIH A RORF 7R B, CENP-T 78 KMN 4% [ 44 55 v e 2 0 S Bt AR
FAMSL BN SR I, FRAAERZ MIS12 &5 A48 CENP-C J8A8 (R AN 25 B M 40 ML (45 42 7y
2GRS, TAENIRTE CENP-T mURAIIE DL R, RiXsh= 2545 NDC80 Bl MIS12 B &IRE /11
CENP-T AN 2 F R AMMAE T . AH X0 2 R AR FLah ) b i 2 SO A TR

TEA 225y AN FIBTBL, A6 22 Rl i AR i Hh 2 45 6 H O ZH B S N RS A s 2 B
FE N AL E BRI ZH 3L S8 BE il b SEIR D RE R IR B A S, T s A i) £F 4R el IR 45 o
Kl 6 i, fESIRSHGE REIERR, SAC & A &M 2ok, WG YR 24650
s AW S IR AR, T — B S E T RS E A, 1X 4% SAC HRE 41 Bubl. MAD2 miss
MBI LIS o BB IS, KMIN X 2% 38 1 55 18 6F o i) DASH/Daml 2 & 808 HESIY) Y Astrin.,
SKA E&Y) ¢ PPLIPP2A BEMRMESE H H M5SR4, A8 € ShRL-TUE AR TLAE FI IO BR Sy #2142 25
Ko m, BAORA 2270205 IR IEH kR
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CENP-HIKHea!

Bl 4: Nk At B . CCAN A MMEs /it 18, AL Sk A IR 45K AT 43 Ay A JZ2 8k CCAN
(Constitutive Centromere Associated Network) 14284 KMN (KNL1 S &4, MIS12 E-4&¥LL &% NDC80
HEWMLE, L CENP-A #Z/MENEERE, WESIKIR CENP-C F1 CENP-TWSX B 454 CENP-A, Ff#
BEANZERLH MIS12 E A1), #EiMi4s 4 KNLL 1 NDC80, & Fare shiki-tliEi%Es:. B. CCAN HAM
SERIfANTR I CENP-LN W DUB 2 i DNA X%, %4~ CCAN S84 LIl T BE b S A
CENP-A #Z/MA¥—{ll

Figure 4: The architectural organization of the human kinetochore and the structure of the CCAN (Constitutive
Centromere Associated Network) complex™ ™. The kinetochore can be divided into two layers: the inner
kinetochore layer formed by the CCAN (Constitutive Centromere Associated Network), and the outer kinetochore
layer comprising the KMN network (KNL1 complex, MIS12 complex, and NDC80 complex). The CENP-A
nucleosome serves as the foundation, with inner kinetochore components CENP-C and CENP-TWSX directly
binding both the CENP-A nucleosome and the outer kinetochore MIS12 complex. The MIS12 complex
subsequently recruits and stabilizes connections with KNL1 and NDCB80 complexes, ultimately mediating
kinetochore-microtubule attachment. Structural analyses of the CCAN complex reveal that CENP-LN forms a
cavity capable of double-stranded DNA. The entire CCAN complex adopts a distinct "b"-shaped conformation

beside to the CENP-A nucleosome.
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W2 H 55 20 2R, WEINAG A2 G LR I IERA XU E 7] L & N J& Cohesin BITIE], W ER )5 3
Qett iR 7y B IR A5 - SAC £ FUZ AW v BEOR <7, 2 B8 03 B i g 4. 7> MPS1 A1 Bubl.
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fshRLE AL, 1 Bubl sk Akt #5455 SAC & 4 Bub3 Al BubR1/MAD3 & 04 B H 78 43
fy, SXEMHE T SAC AL KMN M Filsl®, ik, KNLL &5 RZZ S&W
(Rod-Zwilch-ZW10) #H AR, I FLISCRHR TR FH i B4l T MPSL (gl 027, (e
HRMRYE KNLL H SR RMWIRES A R MAR A XEEIERE R T MPSL 7245 2200 AL 7T 8
FAEE 2 AR BB IRY), XK RE R SAC (550G S 4ERFFT A T3 10 . WMl 2EAS [F] 11
BIPRLIUE AL = RO XA DA A RIS R I fU(E 5, TR 1 38 22 A0 R 2 4 2
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hEf —» CDK1 558 =it
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Kl 5: SRR 015 SOm M, gt ik R S I B AR BN, SR R A 56 S
MPS1 BERR (LY A LLiedt SAC s HELHzhkL, RtufkREE &Y (CPC) % Ll Aurora B 7T LA
A IER R G OR- TR 18 . — B QIR SR g AR e 1, 5 WIiHI 2 &%) MCC Hif) CDC20 £/l 25
LRSS A RN 5 IR &) APCIC, AT Separase % i 22K 4L i) Cohesin, Jf-2Ki% CDKI ¥
Wi, AEAHORG ORI, AR A 220 2.

Figure 5: The signal pathway of the spindle assembly checkpoint (SAC) ™. When chromosomes have not
establish stable microtubule attachment yet, the SAC kinase MPS1 phosphorylates substrate proteins to recruit
SAC components to kinetochore. Concurrently, the Aurora B kinase in Chromosomal Passenger Complex (CPC)
corrects erroneous kinetochore-microtubule connections. Upon establishment of proper microtubule-kinetochore
attachment, CDC20 dissociates from the mitotic checkpoint complex (MCC) at kinetochores and bind with the
anaphase-promoting complex/cyclosome (APC/C) leading to activation of APC/C. This activation triggers two
critical events: (1) Separase-mediated cleavage of centromeric Cohesin, and (2) CDK1 kinase inactivation. These
coordinated biochemical events promote sister chromatid separation and facilitate mitotic exit, ensuring faithful

chromosome segregation.
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A5y (MCC) FLT4EE2H 4y (RZZ. CENP-E. Dynein/Dynactin) £xi 5542 32 42kt (G OFLIR). —
HIE 5ok L BRI, 9 A A a SR A piRelr CGEGEELTR), Baknt—BHH5E
SKA Z &Y. Astrin/SKAP £ IR fpfa g s CREF LI, 2 NDC80 H&M SME 4 &,
IR GO AR

Figure 6: Dynamic recruitment of kinetochore components during mitosis, adapted from reference™. In human
cells, the CCAN complex recruit outer kinetochore components primarily through two pathways mediated by
CENP-C and CENP-TWSX: (1) CENP-C-dependent pathway: Upon nuclear envelope breakdown, the MIS12
complex, phosphorylated by Aurora B kinase, directly interacts with CENP-C and collaborates with
phosphorylated KNL1 to recruit a single NDC80 molecule. (2) CENP-T-dependent pathway: Phosphorylated by
CDK1, CENP-T recruits three NDC80 molecules independently. In the absence of microtubule-kinetochore
attachments, spindle assembly checkpoint (SAC) components (e.g., the MCC complex) and fibrous corona
proteins (e.g., RZZ complex, CENP-E, and Dynein/Dynactin) accumulate at unattached kinetochores (indicated by
green arrow). Once correct kinetochore-microtubule interactions are established, the SAC and fibrous corona
removed (indicated by blue arrow), then kinetochore further recruits SKA complex and Astrin/SKAP to reinforce
microtubule binding (indicated by black arrow), enhancing NDC80-microtubule engagement until sister chromatid

separated.
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