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Molecular mechanism of functional centromere establishment at novel DNA region
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Although centromere establishment at the novel DNA region without any sequence
specificity has been proven inductively, its mechanism has been poorly elucidated molecularly due to the
difficulty in the retrospective analysis. Therefore, we investigated the molecular mechanism of a
phenomenon in the fission yeast experimental system in which a functionally-insufficient neocentromere,
or the new-born centromere at ectopic position, gets matured in generations reproducibly. Our results
indicated that functional insufficiency of the neocentromere comes from the poor association of
centromere-specific histone CENP-A and its molecular chaperone Scm3, which is recovered upon maturation,
and the recovery is attributable to the paucity of histone H2A.Z caused by the heterochromatin adjacency
and/or the chromosomal position effect.



B X C—19, F—19., Z—19 (GtaH)

1. WFZEBIA Y DY =

obhu AT, BUNE & OFEER % @
L TR DL E K A 5 HE 7 DNA
FEI T o 208 BN 2 LI F OFENIE DNA
BAIC L > THESN TV, feLA, 8
WoOTAT T 4T 41X CENP-A (> b
ATHREBR e A b)) OXH 7By b AT
B DL R EITHPAL TS EBEZD
NTW5, Z®O DNA Iz & Bt
vhu A THEBORMEE, EREMICEY e
AT OREEREONERY S ha X7
DNA BEeFZEMFER CEE R B b & A
L. EWFES IO — DD KX 72 JEE8) 1272 -
TWB EEZINTWS (Malik and Henikoff
(2009) Cell), LML E, B2 b AT RN
BT T _RE ARG 7 PR RE 1R O THEME
DOREIHIR LD TH Y . T OFHR 72 FARERN
BHIWCEREND L1TE 2TV, HBREM &
FS A TR AT IR, FHF S
H LU DNA Fi2dl] ETWho = E 9 R0o Tk
NMENDHIDIEAIMM?2EBL Fa AT OE
T LR ORI A E A LR L
TWAHICHLEDLLT, Zofnwicxd 5% %
IIARBABR /e F AR SN TR Tz,

ZDXD RN BERO—KE LT, f#
WMRHRT v AZRDOZ LINETFOND, +
D RFT-BIE, ARG RO ha R
T EiHENCE T D EBR R E TV E T
R LTRBY ., DX ) RBIERRILD T
DI ICHARRBAET HEIRER L LT,
J DNA SHIRIZB T 28772 b A T
BE (FAEY brAT) BREEREL L
THHT 5 Z LITEh LTz (shii et al.
(2008) Science), AWZETIX, Dk 1
AT OFRMESHAL L= ERR 2R L
T, LWk FaATICBIT A FEkE &
FEREZSAL 2 V) TV X A NCEEACIRIT L. 2
NE TITEBRK 2N ANKRECTH > 72 H 8
DNA fEIKCOE L b u X THEEERES. D)1
FEFIZOW TR 2 5 = & 2 &l L7z,

2. WHEOHM
ARIFZETIX, B2 b AT RNHZICHR

DNA B EIZ de novo ICTERL S5 12H7-0

EOXSICLTHEMRE b AT OFEIR
FEREME 2 S L T O, 2D 1O
it %= B & LT,

o bhr AT OMREELE LT, THE LA
MRS HETIER 2ty b AT RREZT X
SR RE 1L IR D 6 DIl S D -
1) HRIn ik kR Lo A%
(cohesion), 2) A B RLH/NE L DY)
7eiEA (attachment) ., 3) /&I - 7Y
BROBENES) (movement), 4) HHfL5yZd
T3 B L 72 il ek 8 SRR 0D 5 [l D e ST
(bi-orientation) . 5) [Mi& > 7= IAR/NE
A OFTIE (correction), 6) ZJFmtEo4
TOYAIRTORESL DR (checkpoint] (X
1Z2M),

1. cohesion

6. checkpoint 3. movement

Wikl

©

2. attachment

XE.‘/F)I/

MnE
Itk 3 B MK 5. correction

H1 &Y rOA7ICREEShIBEER

4. bi-orientation

Z?dH B, 2) attachment & 3) movement
Tty be A THEORGBZRKTERETH
D, B " ATOTAT T 4T 4%2HD
BN EREN — DO ORI EFRE L 72 BB
THHEMIZKRY T EEZLND D, 1)
cohesion, 4 ) bi-orientation, 5) correction,
6) checkpoint OBEREEERIZIZ, B> Fr A
TR R EREIZIN 2T cohesin A AL
aurora ¥ —¥, Mad2 ¥ N7 E R E v
Fa ATWAELZT 7Y —% X7
BOMENEEL 2D, ZhbHDT7 7YY
—HURTFIIENEN, BHEOY—T T
4 TR LT hr AT
EREL, SR I BERT 5 2 & A BEREME ORI
FEIC72 > TN D, B hu A 7 il &
NTEGAIZ, &EX =TT 4 VT EA
IR A T T A I A AR & L CREER T
HE TR0, FOREDITIEED X D A fER
SN MEIZ R DDONTONTHRNTT 5 2
iz Liz,

F 72, FFlZ 1) cohesion, 4 ) bi-orientation.
5) correction (2B L Ci%. = DOHREN VT
bAaT R UoBELRSBEDY Ao
TWAZERHBNTWD, ~TrZavxF
VxR A 'Y Fa XA TERICHSHAETIE RN
D, EOFRRBE X EL XD Z L
B L Cu> 7= (Ishii et al. (2008) Science) , A
T, ZEYV =T 4y h~Turrsav
FUBENE Y e A T eI LT
Bi-d%E, &EHIKEBEFOSFERICEES
N SRR OB L CHAargE
FEDHZ L LT,

3. MR E
INETORT B OfENT T, 2R 3 &
Rkt bu A THECHEIFER L LT
BonizxAtr b A7EERL, 1 &R
2 BTHOLNEZLOLESTEY P AT
BEARZEETHY, MIEIIATTLIH0OD 3
T R L) 70 Ye B (RO FiE R BB S i B P L2 38 AR
LTWAZ ERHBALTWE (KM2A), 0D
k97 3FxAELY ha AT OBREREITZ
D% 30 HARFRE O HIFE 2 £ 7- Ml TIL B AR
IR SN TERY ., 3 FYOELET oYM
R ERERICIEREIC TR IND L 91275 T
W= (K 2B), ABFFETIE, FFICZ D 3 FY
R A b XA TIZOWNWT, YOG
REERPIRE T, SN TWHESHE L 30 it



A. neo3#fifa

B. neo3#ifa (3011t 1%)

# :DNA, F:3BLBMAT—H—., & AEVRILIB
2 3B REGARTEY FOAT(Nneol)DEE

RZRTIEFBEED M SN ERICTE L
ThH TG Z efighir L, ZoficiEZ » 72
EAbEMAT 5, £330 n~F bk
E~vA a7 LA A EbET= ChiP-chip
fEAT % A I - l2xf L TITV, S HICE R PCR
EHTIZ K D HERE AL D T, 30 AR DH]
oA P ATICBIT A& RSO
FEALDHEZ T, ZALOFEEP RS
A, Bonimr E T X9 7
MRBEAZ#ERT D &L bic, Blhatr
BRIZOWTHZDOREAEZ S LIC L THE
WTsZe&iE L7z, b2, Blomik
Z AR ORERY TRIIZBI L, 1T
oY TNVE A NiefitiE B LT, £,
OB NANIZHFETHZ LT
R DMSRE IE AL X D2 IOV TH MR
MENz T,

—JF., XA IR AT EHSTNE T )
2 DNA BEFNZ TN AE T TH RNz o
WTCHMRGEEZIT o 72, AWE(LOmER TIL,
BRNTHT Ly DNA FEIBIC BT S
TexA'r b AT R, KE DNA EF7 &
PRI HZ LIk T, EHICHEbICE
Bt b AT ~EBNT 2D E0NEE
STV 3 (Ventura et al. (2007) Science), FA
EHLDEBRZBCBVNTHLZ DL ) ZRBEN
HE I TWRW, 7/ 5 DNA BSNCHE
H LN BT o 72, D721, 30 Ao
Ao A L ba A T7HEEK 40kb D7
/ 2 DNA W fi % gap-repair {%<°E484 PCR £
ZHAWTZv—2A1bL, ZORSIREZIT-
TECDHEBEZ R LT, BANCEbnET

TWEEAIZIE, ZOREREICOWTHEEL,

ERRORHEEAINZ D 2 & 2R LT-,

4. WFFERCR
(1) 3 FYBEXA L hr AT ORI R
DA

FPIIEREE T LT D10 3 /YAl A
o b A 7 (Acen3-NC) D Frii % it L 7=,
T b ATEENROBECREIND
PR EICE R L CHilRBIE 2 1To 72, £
DOFER 1) cohesion, 4) bi-orientation, 5)
correction, 6) checkpoint @ 4 D KIED R
KEEZOND T X TYROERERR NG
BETBEINTZ (K3), 77X 74k
IXZDIFEAERTNIFREAERIZIED LD
Tholz, TXUI~T e B~TF U RKEZ5
S Z T Aclrd BRORBIRL L JHEL L TV D25,
Z O 13 Acen3-NC R D F 03 1E 2 MiE <

wild-type

cd3-385
cd3-386
cd3-389

Acen3-NC

€d3-390

Aclrd

0 10 20 30 40 50
Chromosome segregation failure
(% anaphase cells)

3 REFSEORBEE

(K3), ZNN—2DYERIZHIN L T
5L HERTSH L, Acen3-NC DR K\
I~Tr 7 u<I rOIERKRE OB TITHHA
T&E7pWEREmoT 72,

WNT, 3 BREAERRA B b AT
LT 2 X T EHR AT HOWTHRRAT L7z,
ZORER, By ba A TAROHER S 3y
B CENP-C, CENP-T., Mis6, Misl2 |[ZIXBHZ
RNV, CENP-A OfE S B D L
TWAHZEERH LA (K4), CENP-A D1
—7 4 IG5 AR & LT Misb/Sim4
HEIK, Misl6/Misl8 #HAEK L Scm3 & v X1
YINEIBEINTWD N, FOH T Sem3 ¥ v X
oy OEMPBEFICHEI N TS Z %
RHELE (®4), #toT, B ha A 70

Acen3-NC™PNA (cd3-389)

2.0 Mis12
1.0 (1.09)

0 M & . : 79 [
20 Mis6
1.0 (1.21)

0 3. :

2.0 Cnp20
1.0 (1.12)
3.0 4 Cnp3
1.0 | (1.13)

0
20 Cnp1
1.0 I (1.18)

0 T T - I
2.0 Scm3
1.0 (0.61)

; ki
2.0, H3K9me2
10 (0.04)

0 J

CDS
f T T T T T l
0 20000 40000 60000 80000 100000 120000

chromosome Il coordinates

B4 ZBEEBERFD neo3 ~DEHE (Ef : DNA)

ARRTCTHREEROVT LB AREL W
2EVH B PRATHEDOTE Y =X T
A ZIZKE LICR BIRICRIEDR H Y . ¢
NIRRT F o TREaEEZERHL T D ER
Th D EitmoT T,

2 Ay AT EHSTHELY /A



DNA EF D ZEBh D st

TR A o Fr AT EEMRL TS
77 2 DNA fEI D 7 v — 2 Ab&1T-> T, K
WZxF o ba AT DNA BEAVIZESE) & 1T
HRARMRG LTz, T D7), 1 Bl
IR SN2 4 v b A7 2
(4cenl-NC) & 3 FLAMKIZIZR S NT- XA
v hBu AT 2 FE(Acen3-NC)D 7 /) 1 % FATRIFHE
iz T2 v—2 1t 5 gap-repair EEREFT\V,
Z® DNA FeH|Z P E Uiz, ZFOFER, HR
FEREEF AL -CIRE ST 7/ MBS S 11
FEOBIL LN EREH &N, B2 HbD
TobvARTEONEZRAEY Fa AT IX
DNA il & X EREfR 72 ER SO x4 & v
fa X7 THD ERmOT BT,
WWNTHEREIE R AL L7z 30 Ao x4+
v ha A7 TS 7 A DNA BAIOZE ks
T TND), B PCRIEIZ K »TH / ARSI
YR L, TOY—r L A Z4TH 2L T
FRAE L7z, ZDRER, * A ha AT %2
L TW5b4 7 5 DNAL9,250 %t Tl s
FEr bu 2T OBREENELT DRITRIC
BOWTLIEEOE(LLEDRL T\ enW &%
oMLz, —HF T, *AEB brATE
R BRI BiEd 5 rDNA SUEESI D = v —%
WCREREEHNRH Y | FEIC rDNA 23 EHE L
LTWAZ RV AT 40— RELVEXR
KENC L > TR L,

(3) 3 /BRI AT bu AT ORESE
LT oy a~F oo EERER
BETE LAy P AT TR
N 5B IDNA U v — b~ O R AEEIE O fidii 72
BN, 24 b AT HHIZHFRICE
D X D 7R BA B ERE L T2 T Lz,
F 9%, CENP-A ¥ X1 Scm3 D14y 72 474
EHER LT (KM5), SHICIEFE L34

«
o

cd3-389-r1 Cnp1
€d3-389 Cnp1

= N
(=}

Ratio to canonical
centromere
o o

0 20000 40000 60000 80000
chromosome |l coordinates

cd3-389-r1 Scm3
cd3-389 Scm3

o = -
o o w

Ratio to canonical
centromere

o

0 20000 40000 60000 80000
chromosome Ill coordinates
5 HEETE neo3 A CENP-A(Cnpl)

& Scm3 O+ R EE (FR)

o b A TIEETHRENIC~T RS
FUNREREN TS Z L 2R LT, L
L7225, Swib =° H3-K9Me & ffil%ESE D28
Ao T~TrZB~TF L DOREL D
THILTHLRA Y b A TIETTORE
BRBEICETIR T2 Z &R hotz, —F
T, NAB~TOa~FLrOxt b
AT ~ONINERZATT2EZH, ~T s

awF UfIMERZER R bR AT
DOHEEIEF L Z AN T Z R L, &
SIZZOBHIZIE, ~T s u~xF L oRIB
EAIR A b AT OBRENE TTOAR
SERRHLOIE T SE7Z, it~> T, IDNA U
vE— b PICED~T RO~ TF U HF
DS ORI E N BRI EN 2 A e R
THBEIE R LICIZEZEZ BN S,

(4) T bhreATHRESE O TN

SR 3 /YL EARIZTER S = AR E e
FAEL bR AT EZFDOH% 3 0 RO
HIE AR CIEFERENEY. Sk b
A7 ORI TIX, DNA BN bIZ 7203, B
AR H2A DAY T FTHD HZAZ DFF
ERIOEVRHDLZENHHLE, FHFD
T bhr X T OMEE+ 5 72 Adcenl-NC TIX
H2A.Z DIFEEITD 720 A3, Acen3-NC Tl
HAZ BEEn-£x<Thbsd (K6), M

icen1-NC icen1-NC 1cen3-NCssp2

(cd1-39) (cd1-60) (cd3-385) (cd3-389)
0 (i) (i) ) )

Acen3-NCONA Acen3-NCONA

(cd3-389-r1)
Cnp1 (log2)

r=-0.21 r=-033 r=0.54 r=0.11 r=-0.31
p=0.036 p=72x10% p=25x10% p=042 p=0.021

6 CENP-A(Cnpl, ¥H>4)& H2A.Z(Phtl,
BDERF LY FOXAPIZHBTIHHE

—
100,000 bp

IDNA KEESI DML e~T v s a~vF
DOBEIL, FD X 972 H2AZ DEAFE R L.
CENP-A LB Z RT X HIZ7 > Tz
(K6), £/, H2A.Z DYk T RAT
M HEBR 20 D & B TH D Mscl &K
BEEHL, 24ty a2 TERITERSIC
REXNDZ &b R L, H2AZ DTFfE R
DBENRA T bo XA THME X4 25+
DEMETH D E D FBEE S T AT
HBHM, Vil b ATy bu AT R
L. TNEZERDDICHAI D ER &V
L. H2AZ DR MBESRMETH D Z LI
RENT,

(6) VY RXT 4w IR a~T UBRE
ZAEY - HE O fig AT

IA s ba AT Fr ATIZEBW
T, H2AZ BT DR & L Tix, Yeiafl
DNELENEZE L TWAAEENELE
25, BERE Y X7 ETHh5 Batd
DEIW & DNAFE & 2 > /37 8 Lacl Z
A L. Lacl OFERELS lacO 23 KETFA S
- RE R T T O H2A.Z DAIETE & A i
BrL7ofE R, 2o & 9 RYe RO EE D~
D NEWIRBENT. H2A.Z DR & B TF5
BWOBONRIE T2 AL T Z LB L
776

EDX IR NBO R AR BEN R A&
v hv XA THRICE 2 5 B A 72 i
TR THY , SBALNIESNHNE
N5, LaL., Acenl-NC DOIERLEANL TH
% Yt R R b OB NEL & 2 2 ' 5 Aclr3



ZEHRR TldAcenl-NC DJEAREDN E L <IKF
ToHZ LA Eh, REROEANBLE)NF
B 2 TRt RE STz,

5.

EVAS E e '

(WFFEEAE . WHIE5 3 M ORI 724 12
E 7Y

(MEssamsC) GBE 7 F)

)

Sanki Tashiro, Tetsuya Handa, Atsushi
Matsuda, Takuto Ban, Toru Takigawa,
Kazumi Miyasato, Kojiro Ishii, Kazuto
Kugou, Kunihiro Ohta, Yasushi Hiraoka,
Hisao Masukata & Junko Kanoh:
Shugoshin forms a specialized
chromatin domain at subtelomeres that
regulates transcription and
replication timing. Nature
Communications, &#HiA. 7, 10393
(2016), doi: 10.1038/ncomms10393
Kazufumi Hosoda, Soichiro Tsuda,
Kohmei Kadowaki, Yutaka Nakamura,
Tadashi Nakano & Kojiro Ishii:
Population—-reaction model and
microbial experimental ecosystems for
understanding hierarchical dynamics
of ecosystems. Biosystems. &HifH .
140, 28-34 (2016). doi:

10. 1016/ j. biosystems. 2015. 12. 005
Yuko Ohno, Yuki Ogiyama, Yoshino
Kubota, Takuya Kubo & Kojiro Ishii:
Acentric chromosome ends are prone to
fusion with functional chromosome
ends through a homology—directed
rearrangement. Nucleic Acids Research,
EHA. 44, 232-244 (2016) ., doi:

10. 1093/nar/gkv997

Teppei Kitagawa, Kojiro Ishii, Kojiro
Takeda & Tomohiro Matsumoto: The 19S
proteasome subunit Rpt3 regulates
distribution of CENP-A by associating
with centromeric chromatin. Nature
Communications, A #tA . 5, 3597 (2014) .
doi: 10.1038/nsmb. 2697

Yuki Ogiyama, Yuko Ohno, Yoshino
Kubota & Kojiro Ishii: Epigenetically
induced paucity of histone H2A.Z
stabilizes fission—yeast ectopic
centromeres. Nature Structural &
Molecular Biology, #Hif . 20,
1397-1406 (2013), doi:

10. 1038/nsmb. 2697

Tadashi Nakano, Kazufumi Hosoda,
Yutaka Nakamura & Kojiro Ishii: A
biologically—inspired intrabody
nanonetwork: design considerations
Proceedings of the 8th International
Conference on Body Area Networks, #¢
Fiha. 484-487 (2013). doi:

10. 4108/1icst. bodynets. 2013. 253511

@

(Fa3E) Gt

)

Yuki Ogiyama & Kojiro Ishii: The
smooth and stable operation of
centromeres. Genes & Genetic Systems.
HHiA. 87, 63-73 (2012), doi:

10. 1266/ ggs. 87. 63

19 )

AR AR Ge RO BEED A A
TR b, BrF NI IE (28 AT
B ORFEF Z B F 2 7 X BRIEE) ) AR
VAT T A, 201642 A 8 H~2016
F2H9H, —MEEEAR e 2 —
CREES TR X)

FRILA S, ABREET), BIIRE, b
I, LB CRR: A (xA) B bR
AT O, 5 33 Rk T —
a v/, 201641 H 12 H~2016 4 1
H 14 B, RE—0Y (EHIREHRAA
5 HT)

AHE R By ba AT ORI
S & AR A B A T HERR . 2R 38 [Bl H ARG
TS 2015412 4 1 H~2015
FIR2HAR MPR— 74T K (&
JekE A 1)

RINA R, ARBET, BIIEE, b
B’ AHE RS BRI EBT DA
b AT ORREEE~T R 0>
F L D% %523 [A] DNA 8 - fH %
BET—2 2 a v IS, 2015 4F 10
H 19 H~2015 410 H 21 H, BEEs o
YRART IV (e RBEE )

Kojiro Ishii: Immediate cellular
response to chromosomal aneuploidy.
Gordon Research Conference:
Chromosome Dynamics, 2015 46 H 28
H~20154-7 A 3 H . Waterville Valley
(USA)

Yuko Ohno, Yoshino Kubota, Kojiro
Ishii: Immediate cellular response to
chromosomal aneuploidy. The eighth
international fission yeast meeting,
2015 4-6 H 21 H~2015 46 H 26 H.
A mepthatE (e R )

A RS (AR A Y
T 4w 7RSI A L bR
AT ORESY S OREREME, 5 9 [ AR
TEYXT 7 AFREES, 2015
.5 A 25 A~20154-5 H 26 A, —1f#
AR AT 4 — GRERTRUHEX)
Yuki Ogiyama, Haruhiko Asakawa,
Yasushi Hiraoka, Kojiro Ishii:
Meiotic behaviors of neocentromeres,
EMBO Workshop: Dynamic kinetochore,
201545 H 18 H~2015 45 A 21 H.,
Copenhagen (Denmark)

Kojiro Ishii: Immediate cellular
response to chromosomal aneuploidy,
4D Nucleome 2014, 2014 4F 12 H 17 H~
2014 4F 12 H 20 A K= T RaRT v
(=& A A i)



O A AR YRR 5 W)
NG TR VA IO SR N R/ AN
2014412 H 15 H~20144 12 A 17 H.
BT T RART L (JRERY A FH)
@ AR PR O WIS
H AR 25 86 AR, 2014 4F 9 A
17 H~2014 4£9 A 19 H., E¥ENA 4K
¥ (WEREET)

@ AHE AR S REERE A W AR
72 YL B (R TR R AR D AT . 55 22 [3] DNA
Bz B Y — 2 a3 v 72013
F 11 H 20 H~20134F 11 A 22 H. &7
N=a—KER (ERLE T

@ AHEZRR: 'y bu AT OXBEIA
b L7 Yt w2 A X 7 A [ENL
BRI FEETIFE TYL R DNA D E
HERR DY T A = A L), 20134E 9 H 27
A~20134-9 H 28 H, E BB
AT (e B = 55 1)

@ KREp&T. ARBEET), A TR B
RE R BR D E A RIS, HAR
BARTE 86 [FIR4x, 2013 4E9 H 19
H~2013459 A 21 H, BISKTE (MR
JIRAR )

@® Kojiro Ishii: Chromosomal
reorganizations after centromere
dysfunction., International Symposium

“Message from Yeast to Epigenetics” .

20134E9 H 2 H~20134E9 H4 H, 7
TrT 4T HER @EHEHDLH)

® FKiLkE, K& ARBED, 6
ISR Bl o A TIERRICE T

HEARUANY T NOM X, &30
YetofhU—27 v a v/ 2012412 H 19
H~2012 4 12 A 21 B . @M EERSZHS
(8 it VR AZ ] 717 )

@ FKiLkE, K& ARBEED, 46
B BATICER Szt he

AT B BENRTHEA RN T U b

DOF R, 5 35 [0l A ARy T AW FaE
£ 2012 4F 12 A 19 H~2012 4£ 12 A 21
H., REZEHGEESES (L RR K
)

® FAHEEB: xA B Far AT ERD

TS, BB 84 KRS,

20124F9 A 24 H~20124-9 H 26 H,

JUINRE: () VA ol i)

O  AHE AR YR ORRR D Dt

A A PERECHR D | 55 20 RIEEREA R S
VART T A 201249 H 6 H~2012 49
A7 8., RS G FIa™)

(ZDfth)

R Br— DA
http://www. fbs. osaka—u. ac. jp/labs/ishii
/index. html

6. HWFFERH
(D) BFge s

FHH ¥ TRE (ISHIT, Kojiro)

KK - EMPSEEMIER: - R THEEER
et s: 40360276

(2) WF7Eom 3
L

(3) HAE AT
mL



