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What role do telomeres and centromeres play in genome function?
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A St k7 B 5 R e BR T R A A E A
5-CCCCAA-3. [ifiJ519824F, 7 Szostak 5 Blackburn!®
GAVEREFE T UCUE B T sk X Y e iR B AR A 1
F. 19884F, Moyzis® AL, A2k DNATE &
JPERHTTAGG, 1A sik: v 51 HA Fh s Fe 5 dE (R 1),

1.1 ki S5 R R

sty 7 9 1 BE AR AN 6] (g P b A S AR [RD, 7
R s 19K B 2450300 bp, A A= Bl 40 i A s K
FEZ)7/15 Kb, TAH R LAY k4 BE 0] AR 31160 Kb.
PE— A BYBFGE & PR, Sk 09 A i T LS i R T-loop
gE4. uiRi A v 300 bpft) HLEEDNA XIS, ] 25 gh4T4r
5 ¥iiphr (1 DNA XUBE 3L [ JE 5 D1 oop&t 44 (B 1)[%19), [
BF, T ool B o S RS 1 R AR AR, R
b DNA % JE 5l G Y Bk 1A 25 2 g 45 4 ) DL 37 3
7 52 R il ) it s 25 7 11 2 & Rk Shelterin
5 DNA%E WA E T X454, Shelterin (&2 & 14
HTRF1, TRF2, RAP1, POT1, TPP1HITIN24 i,
Hrp, TRFL, TRFE2ZAU 2 5DNA%S &, JFH#EE S
HiAth 25 2 40 i 5145 . DNATR Ui 16 52 45 15 1 i &%
A R YRR I 25 F A ML 5 TRFLFITRF2A
[, POT145 4 7EAEDNA I, {4k K . RAPL,
TIN2FITPPLY X $e i 45 B TR i br 25 5 A E &
T, bR e R oR g5 A, PR R K ML BT

Shelterin®s (& A 1, &4 1R £ HAth /Y o obr 25 &
H, MCSTHEHE A . MybXLlE T . OB & 11
SIS e TR P B T S kg A, TR R v
BLE T BO LGSR, P4 St AN 4 A% TR ot 4 fpp ol 2 47
Uity L 5% 1% TA A DNABUEE 7 24037 15 17 4577 DNA T 473 1
NI ZE SRR TR OR

1.2 kiR sk 5 ohik

S B A AN 2 FH DNA SRS B 58 1, i —
PR (4 Bl ——3m L I 52 . Grei der F1Blackburn(*®
TE19844F J2 I IF 44k 1 17 U A B A 9 g oL I g
RO 3D TR AN SRIERNA (TR). SRR
T (TERT) A AL Y 837 (7100 DA i s il Ay 7],
hTRIX AL HG B4 . B A RIS A i1 % 4 (templ ate
boundary elementary)!®®, J& ki 4 i 9 RNAR iy,
HA 5 ANk JF 9 TTAGGGH 4 RNA ¥ 51 5'-
CUAACCCUAA-3'2U hTERT X I J2& i b4 18 s s
DNA F 9 5% S P2, S il A 0 T 45 4 St i
FE R HLE AN 2 7R, 3K S L EEDNA S5 hTRIF
1) 3 3o i T A X, (A B 5 h T ERT @ 2 A0 4R
454, hTERTR:ERANAX 11 R M b 3% £2 2= DNARY 3/
TESEN— T E R FHI RIS, DNA L Sk g5 5,
SEOORL A I, BUE SR & A B, [ifSDNA 3L
BEoRu ShTRIF AR S ES &, TR B — e i ki 42

F1 —ERREBEVHRALES T 5 (338 R JF T Telomerase Database)
Tablel The DNA tandem repeat sequencesin some typical eukaryotic telomeres (Data from Telomerase Database)

viip ki 7 52 731 (5'—>3')

E7/ECES
HHES ) Human, mouse, Xenopus
(=SR2t Arabidopsis thaliana
Nicotiana tabacum
LS Chlamydomonas reinhar dtii
Cyanidioschyzon merolae
Bt Bombyx mori
Spondylis buprestoides
P2 /NIEN ] Neurospora crassa
Aspergillus fumigatus
SLH T Schizosacchar omyces pombe
2 B Saccharomyces cerevisiae

Debaryomyces hansenii
Candida albicans

Kluyveromyces lactis

TTAGGG

TTTAGGG

TTAGGG

TTTTAGGG

AATGGGGGG

TTAGG

TTAGG

TTAGGG

TTAGGG

G sTTAC(A)

T(G)2—5(TG)1-5
ATGTTGAGGTGTAGGG
GGTGTACGGATGTCTAACTTCTT
GGTGTACGGATTTGATTAGGTATGT
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Shelterin complex

Bl L (R4 ROR (o) b 0 T-loopZ H s B . AUk H 2~30 KbAYTTAGGGHE & FESI41AL, Iikift) 3k 100~200 B MR AY AHEDNA, X
BLHUEEDNAR AL 52 )5 51 B BUE X, 55 XUEE X (14— 25X DNAFE B A i — 1~ B4 F (displacement loop, D-loop), A ANk Y DNA &2
R — R A T-loopl 4544 . Sk Y XU DNAFI L E DNAF B & A 2 111 45 & F PP, POT1 [ (protection of telomere-1)FICSTZE & & 14
(Ctcl/Stn1/Tenl complex)4h & Tmbif Fi5EDNA | ; TRFL FITRF2 (telomere repeat factor-1, -2)45 & Tsikr i XU B2 791 L, I 5850 (AR
HAE Y i Shelterin®: 2 2 8 115 G 1A (802 1 SCHRLS))

Figure 1 (Color online) The T-loop structure of telomere. Human telomeres consist of 2-30 kb TTAGGG repeats. The 3' end of the telomere is a
100-200 nt single-stranded DNA that invades the double-stranded DNA region to form a displacement D-loop, thus the entire telomere exists as a
T-loop structure. Both double-stranded and single-stranded DNA of telomeres are bound and protected by various proteins. POT1 (protection of telo-

mere-1) and CST complex (Ctc1/Stn1/Tenl complex) bind to the single-stranded DNA; TRF1 and TRF2 (telomere repeat factor-1, -2) bind to the dou-
ble-stranded DNA, and interact with other proteins to form protein complexes, such as Shelterin (Adapted from ref. [8])
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Figure2 (Color online) Schematic of the mechanism how telomerase elongates telomere ends
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TR AR — e K5 SR RS R B, BRI
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F14) S 98 R R o A T 11%) S SR 2315 % A L P TG R
BOmE UM Y A PO T R o A B
A v v M ) e R, DA TG i R 4 4 B R 4R R AE — A
FEXIRRE IR . TR, St il 198 55T e DA Sy 2 e g
KRIRHIAR . PR ARG, sk BTG
PEARAG, JrLA, FEX B 03697 b, R 4 o i o ity
TG YT R AT DGR B — e T Ak, BHETE A KRR
0 3] o it 9% M B TR 71 14 B 40 50 T i R 36
7 IR B ) 1B, [ SR RN R S 0 e R — R, SiRL
F R 4 ¢ B+ 43 S 4% Greider it 41 BBLK /N B
A B 440 ) i o i RNAVZEL 43 (TR i 5, 22 12 2% ity
KA BCRE 1, BRI e it by i ) A6 R O G A0 i EL A
Yo R SRl A ARRIE, JF HLARAE MR anie. 534k
—AWFTE TS, Y RO [ 37 ) g A 39 K B
LG RERE, JF H R AE & A2 B SR AL FN Rl 2 25
P SEBN R, ad e A K B sk T LA R AN TR
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{5 B AE AN SRR M B B, 5% T S L e 5| Ak AT S 9
T BB 38 5 2 R BIIRR.
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s B A R G oAk th BB S50 2 5 Ul M A s Y
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VG ARE, Ut R A 2 78 Ak T AT 2 20 i 4 3 1Y
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s R P A BARDNAT 51— 3, (HIEA
[) 5 52 91 Z 18] ] e 23 A AR AL b iy 22 5%, AT
g T HAEEFA M MmRTE, XA Rk
PR T fife. b i 4 BETE A0 R — D sh A R A2 4k,
ZRNEZ R T, Wk i . R
PP 1O TR R E S S R R A
FEH, Xk 4 A s A B D A BOR O MERE . H T
B FH vk R BE I 2 0 SE IR T IR A TRF (terminal re-
striction fragment)s3-#7. % #PCR (quantitative pol-
ymerase chain reaction, gPCR) . % i FISH (quantitative
fluorescence in situ hybridization, qFISH), STELA
(single telomere length analysis)%s. ITk 3T 4 3L A
RIS R €/ T AR N R Y B U Oy A S
B0 ) T B85k 43 A st e 9 1 8L T I ) 4 R R
P2 A S BOR B KR, i R ) e Y B T T A
AR, Feskdl . AL, R L R B4
A5 il Y 2B, sh A AT e B R K S &
Fofr 2B OIR S AR 28, DA R B R A% o A A DR S 4 i
fiviz T ) EARFE . 53 Ak, BRSE R B, SR
DNA F RN RE g B 2 11, [HJ2 AT LLFE SR RNA, JF H.
i S5 I RNATE 41 i & 7 A A3 Ak 2ot A8 ook T 4 45 i Aor
A B T AR A M A X ey R A B
P LIRS 23 2 AR R FE I

Uiy B A R A AR 0 A e s T Y S AR
DAL I TR I 5 i T 1) T 00759 % 3 JER i s 1) )
REA BRI R . T o i A w AN . sk R,
1R GEWTIE 7 ¥k T 22 AN e W 12 % v A5 i AUT 90 1) 5 2
H T8 £ 2R F o F OO IR e L B R
(single molecule fluorescence resonance energy transfer,
SMFRET) . %% 't WU €&, /] 25 i iz 45 I 2 R (two-color
coincidence detection, TCCD)45 M43 F ¢ Y63 A X} v
VR AT SR A B AL 3 o smFRETH: R, A
FERIL, Nk A G L kA A7 76 PR R 10 3T & 45
12 WuE AV Y smPRET ) 5 T — i s i il



MITEPEAS G2, D5 —Fh B 43— A I 5 o ——2 S A7 [
0 7RG I G A, ) B 43 EE A ) R DORE B AP AS
(7] & SR B 2 43 13 185, P 45 AN B 4 - i
FERGI, 2w et 10 P 2% 7 1 T LA R G
1) 3ty K7 T 1) 1crans, A T 5 30 ity L T ) 22 5 K RE
FrU S B, ik 4% Rk 4 A AR AR AR
TR D) e A A H B B S, 3l A o R E
FEIX S 8 1 5 b i 2 A AE R AT, ks S Eh B IR
B AR RL Y A M2 T g . AlvesSE A5k #) I TCCD
RBRIC T S B A5 AN 24, A5 BN i b A B A
FEHEAYHhTERT, hTREA X DNA 245 L 4H i .

2 Hek:

Sk AL, 22k R A A W A0 i e e 1A
PR IRSE R, R E A K Walter Flemminge 191H:
20 8OAEAREE — IR AE W IE TSR 2] T et fk by 45
JR (primary constriction)—3& 2% (centromere). % %
BT YRR AT IX, &S DNAE E P
G, TEAFE R G R b BARA B A S AR R . 7B A
o3 24T, 25 22 WA E A A Ik G A K (sister chromatids)
Ay 3% 32 X I, 2 Bl ki (kinetochore) 41 8 Ay #b 5, 4R 3t
WS 5 e AR A AL, DR IUE S 1 58 By e gk
FE 2R, B ORI A [ A
IERE B gk, iRE LR YIReek, BaR
SRR ok Y €0 TG 125 20 T A % €0 R HE 7 41 Al R 4y
Bl X T2 AwM ek, @y e 154
Hi (monocentromere), # 224 i 07 B I IE [ E 78 4L fo
PRy, 25 22800] DLy A A G R by 25 0

A 45 G o 1A 1 oK i (181 3). A A 4 o U2 B A e A
HR AT VE I 25 22 ki (holocentricity), T4 7] L) 5 #& A~ e
o R % 42 (181 3). AR 22 il Jeg 41 i e (2 1A ) A B 4% 1E 7
(25 2R 25k, AL W) G 1 24 45 4 B o4,

21 ekt

53k DNA JF 1 ELA M YA <P AN TR], R4S
i A G R R T Re e A R, (A2
22K DNA T FI R FEAFFE BRI R B) 22 5. &
R R RV E R R, B 2R 2 3R,
o5 — 2 S D) TR 7 8% £ (Saccharomyces cerevisiae) b1t
Fefy, T LLE R ST B DNA B B R 1 5 5 22k
(point cetromere), iXFiE 22 kL & A X T AT & 22 K0
(T BE 2 6 B R SFDNA TSI . BRI s BE 25 22 k0
KB R 125 bp, 85 225 503 . Fp 025 44 SR
Fic X 25 A4 SR 3 RSP U DNAFE S K 7, 1T LA SR 54
FEHLA TZF, ZDNAFYI R A4 S8 24
KL RE Y 420 2k (El4(a)) ). 5 2 h—IX
5% 22 ¥ (regional centromere), i fEA7E T K25 A
b, LB = SR I R 25 2200 X T AT
& P D) RE R P e T VE I DNATF 5, ASRE R A-
SFHIDNAFF SR B R A 22k, XS4 226 DNAE #
R AR B R = R A, AR IR O =CHEA
KEETT A4 Mbp. ZEGA BRI 3 2200 Je il & — %
L [XJsent (centromere core domain), A%.0 X s H A
FEHIAT BT 22 F R 5 Ximr (innermost repeats),
FEimr XI5 4 S Sk otr 5 & J7 41 X (outermost repeat
regions) (11 4(0))>%. A Kk ZHUR K sh W 25 24 ki

A\

Metacentric Submetacentric

Acrocentric

Telocentric Holocentric

Bl 3 HoRAE R R A E. BT 2R o TR E R, T LARE A e (A b A B e RS D0 I TR i) 5 26

Figure 3 The locations of centromere in chromosomes. The dark region represents centromere. According to the position on the chromosome, cen-

tromere can be classified into five categories shown in this figure
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(a)

o a6 o
S. cerevisiae [ I CDE | ] CDE Il I CDE il I ] 125 bp
(b)
S. pombe [ I i [ I (T l ont l oot I l ofr I ] 35~110 kb

ua-statellite repeats

X
CENP-B box

Bl 4 (WZENUR ) HAZA Y b a5, () BREER: 05 220454, RN IR S 2R KB 125 bp, & 3 MASFIIDNAFS], —4~
CENP-A (Csed)E 45 G THZITH1; (b) RTEMERE AT 2R A5 1. AR LR AN IX B 22 i T e B Bt & ent, imr Fllotr X4k, Z1~CENP-A
HEALE ToentRlime X3, () ANAYE L2RIE5H. NI LR R ZH D 1o TR DNAE T 5 R BRI AL, CENP-ARIE 22RO X il ko T
EEDNAFFSIZ545, CENP-BHE 1l L "R 1K, 456 T 17-bpy CENP-BEL 1751 b (24 H SCHK[48])

Figure 4 (Color online) The centromernic structures among eukaryotes. (a) The structure of Saccharomyces cerevisiae centromere. The point cen-
tromere of S. cerevisiae contains three conserved DNA sequences, and protein CENP-A (Cse4) binds to the sequences; (b) the structure of fusion yeast
centromere. The regional centromere of fission yeast has cnt, imr and otr three regions, and it is located on the heterochromatin. Several CENP-A pro-

teins bind to the cnt and imr region; (c) the structure of human centromere. The human centromere is composed of many copies of apha satellite DNA
repeats. CENP-A protein binds to the alpha satellite DNA sequence in the centromeric core region. CENP-B protein usually forms adimer and binds to

the CENP-B box (Adapted from [48])

FZHa LEDNA (apha satellite DNA)4H . o LA
DNAJ2 i1 KA AL B 50%~70%F1) 171 bpf) DNA H- B
Sk R BRI, 1K EE b 200~5000 kb (K4(c))Y. 5
W R, NFEGL @RI 2260 7] LLTE DNAJT 51 i
AATAT AR S L T 78 4t 2 HLTh B, {50 X d
& 2R DNA T A 5 & 2R DI REM ¢, (HJ2IFAS
RE G R DIRE. 35 — 2858 20000 1 SO R 1 42
¥ 22 %7 (holocentromere), 5 22 %7/ A 1E 3% S YL (4 1K
b XK R L TR A, IR R AR R Y,
X FRZHE 2k 5, DNAFHIA B I Aok
FE G R b — AN KBRS R A 22k, R — e R
AL R Y T Y R 1 S~ XS0k 5 22 0kL. G 22
B Y DNA T 31 SR AEAS [ Py A ] 122 05 5], (E 2 B
B LRAEAEN RS W RRE: & 220 5 e 8
TR /N A B R A R B 1 CENP-AR B 41 2R
FIH3 (&14)PY. CENP-A RA77E T35 22 ki de ( ff v,
S R E A NSy, AR i Tiaeh &k
VEEEEAIVEN, = CENP-ARY LN o1 7 55 U £,
. F 2 AR CENP-AZE 7 T G4 4 (1) F 4> X Sl
RE IO 1 X3 i e 6 (R4 17 D BE, OF H AR Bk 2R
2547 5545, CENP-A /S 8 2 X e H—

3250

J 5 H3E EFTE A E AT S8R, 55— NAa
V) S g N S B, s A X ek 2 5 g ok
T SE RIS & A 7588 e AL /BRI (Gallusg.
domesticu) ¥ Y o fA 1, CENP-ARLIFE] 454 T %
2RI X — AN X, TR T E
KIDNA |15+l CENP-A% 2 45 I DNA b 75 ZAR 4
By A F i ph B, 2 AR AR AT IR AN R I A
A, BB ERE ) 5 R i T o, Hotr R
751 X RE 5 T IR Ik 19 3D S5 A8, 2 1 S 45 4 W] RE TS
B CENP-ASE [i] T 22 k15, CENP-Bi A — P E 5
W& 2R H, £ NI, CENP-BZS & F171
bp o EDNATE & ¥4 i —417 bphy BB, XA~
Ji B 9 Bk O CENP-B & 1 (CENP-B box) (1 4).
CENP-B# FIE B —A> 4K, TRk nT LL3E 3 43 ) 45
A PN CENP-B& T SN 5 22 DNA B 25 0 435 4 199

2.2 Bk SRR R

M T3 22k 5 40 i 43 240 e AR SE 2 A L A
FBYIMEE R, ME 22k R 5 5 2 AR A5 AR g0
MR AEAE, MO S BUERE /Y & 4 A S HAth— 28 5 4
HARRM PG, IR R AR, S EiE 2k 7



HWINRENAIRZE, WA 2257 2486 58 SRR 0 3
B . S SR IARE B DL K S i DNA F S AR 7
S5 AU A A 3 22k SR S RE B AT T
T H SR H o R R A 2 3 A S R DGR ]
/N BRVE B inMAD1, MAD2, BUB1, BUBS,
BUBR1) J2 CENP-EZE V781 WF 5% & I, 3 B4 5L P it
et 1) /N BRUPE MR 0T 2 Tk A it IR At LA B I s 55 S
FEAETLTRTITE RS KR R, Bk RS
PR R EREBVINIRR, (HEERERL T, 54
S H S B A FE AR AR U R A & A e,
O 2y i 1 FE R ——CenpE A5 77 B 2 1 00 T 2B
LB Wi5 5 R AR e P RE R, JF BT DL e K
R TR AE 4 PR T p L9 BB A UL I i,
X TR PR AR, A& 2200 10 5 5 4l e G mT LAAE A A
AT, o n] LAIVE MIG T F-BE.

T3 Hb — Bl A 22 R0 S R OG99 2 | CRZR & ik
(immunodeficiency with Centromeric instability and
Facial anomalies, ICF syndrome), H:.Eu )5 2 DNA
LR R HENMT3B S5, MM BUE 22k IX 3 & 5
JPH S R RN B G R IR
M RGEG, SNRZ NIRRT IR DL AL
B i kB 20, BEFALS . 165
P R S Gl £ 5T A3 A B8 MO SE R 1 945 L £
X PR YOS, AR, . B
GERB, K40 8 E B A Y 6E 6k i DNMT3B.
FE/NER T, DNMT3BJZ % 22kt i 9 T3 2L 13 4 564k
T . (HRTEICRER-G i B 1 40 i rh A A
T TR F AR # R 3E4E (hypomethylation). i Ff ]
2 5 AT REIR T R I (22 Sk A B, 1Y — 2| CF
BET, BAREA LZPDNMTIBE AR, HE
I REAE % 22 10 ¥ 9 X 3 % B P b B4 1B, [N
I, HED X Rl 226 S0 B AL R B0 T g ik g S
HAT R, M5 E— R 5 CHEIR.

2.3 i 2Lk F LI ] R K 5 1)

LR e B AN g (R AR AR G5, e
it 73 5 v e 40 1A TE B A 23 C PP K 5 R TR T RE.
A AN [ ) ) 2 2267 1) DNAJT B ELAT A o R 5

P, (HJE AR A DNAEE & 7 512 15 AT DO BURE & 1)
AR AH R — SR, T E LR DNAR S
JEE A EEE A, 6 TR B IR RN R
TR R R ER, X R LR RS —. Rl
AR AR FChI P-seqie R 1Y) & i, 24t g 22
KDNATE & MELS, A THERAM T #E 2
Wi B2k AR W CENP-ASE SR 25 4o ki R IE DB
0B % N A R g = AR VA = W R S 4 A o
FE XK DNA I, BESR & 22 ki DNATE & )3 51 AH AL &
AR, BP0 s 8 5 R 1 R ULt A%
R EEAME, HARSFHLHE T ZEIRA T . [
BF, #E—2 T G 2ok 5 SR Al 5RO DL &
BRI AL EE ), XA BT R g R o B K
AL BEEWFIEAWIRA, KR X T35 220 F G 22k
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chromosome
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The eukaryotic genome contains a large amount of tandem repeated sequences. Among these repeats, telomere and the
centromere are two unique structures on a chromosome, which play an important role in maintaining the stability and
function of the genome. A telomere is repetitive nucleotide sequences that located at the ends of chromosomes, which
protects the chromosome from deterioration or fusion with another chromosome. Although the repetitive sequences of
telomeres in different species are different, telomeres share the same structure. The typica structure of telomere consists
of the D-loop and T-loop, which are protected by Shelterin complex. The telomere length is preserved by the enzyme
telomerase which elongates telomeres through its reverse transcription activity. It has been widely accepted that telomere
attrition is related to aging and cancer. The centromere is a region of the chromosome, which ensures correct separation
of daughter chromosomes during cell division. According to the position on the chromosome, the centromere is classified
into metacentric, submetacentric, acrocentric, telocentric and holocentric. It can also be divided into point centromere,
regional centromere and holocentromere due to the characteristics of the repetitive sequences, in line with the
characteristics of the centromeric repetitive sequences. The damaged centromere can cause a large number of
chromosomal anomalies such as chromosome rearrangements and breaks, multi-branched chromosomes, and whole-arm
deletions, etc. These abnormal chromosomes will lead to serious diseases, such as cancer, | CF syndrome, even cell death.
Both the telomere and centromere are composed of highly repetitive sequences and combined with a variety of proteins
to form a complex structure. Because of their numerous repetitive DNA sequences, accurate DNA sequencing of
telomere and centromere is technicaly difficult. So there are still many unanswered questions regarding their functions
and their working mechanisms. This paper briefly reviews the history of discovering telomere and centromere, the
structural characteristics of the telomere and centromere, including the difference of telomere and centromere DNA
sequences among different species, the functions of specific proteins binding in these regions. This review aso
emphasizes the relationships between the repetitive sequences and aging, |CF syndrome or the occurrence of diseases,
especially cancer. At last, the paper highlights and prospects the hot research topics in telomere and centromere studies,
such as the methods of telomere length measurement, studies on the characteristics of telomerase, and research about
centromere repetitive sequence. Hopefully, the fast development of research technology including sequencing technics
will help to further understand the biological roles of telomere and centromere, thus facilitate tumor treatment and aging
research.

telomer e, telomer ase, centromere, DNA repetitive sequence
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