a3 8 2024F $69% £ 30 H8: 4403 ~ 4414 ¢ CRER2E) Jedait
BEXZENRE RIOBEEE SCIENCE CHINA PRESS
CrossMark

& click for updates

et i EAR) D HEMIDLBRRA 520k e

= 2o ¥

FARA, THRAE AR

TR AR R, TAR-AE R A MRRFI G G, IR AU R AE WA T PG, TR R = S 080 =, Jbat 100084
* XA A, E-mail: zhucheng_chen@mail.tsinghua.edu.cn

2024-05-06 Wk, 2024-08-30 & (1], 2024-09-26 $5Z, 2024-10-08 MR & F=
[E 8 A & (2022 YFA 1302700, 2019YFA0508902)F1 [ 5K [ 48 F443£4: (32130016, 31825016)% Bl

HE LeREREOAAATPHEER T L€ PR /NRNALE fd R, RIFHAEGTELHR. HNRED.
R, RN, T YL EADNAT Kb, F6 R E B NDNAL . HFHEFADNARGBE L Lot B E X
FEE LEREREOS MR EARRAENRE LN, TIE NELRRNERES, ) 255 @00 1.
AERBRFFE ML F LR PERERLLYN IR LBASHE. REHE. wE2RTRERERSERRRF
YRR I . TR, AR et O E A W HLIE Fr B AR R R HE. XE 43K T SWI/SNF. ISWIL INO8O
FAICHDW AN fo R # Rk & AR A M AR gt i, BT “DNARK H A X — 3 3E By 4 o il & BALH,
HEETLERELFUHN S ERAENATHE, #—F AR TLERELAE AN E ST R /DMEEEEE

TMF RN TEMERLERE, UAMRRRHRERREHEEZR .

Ketinl BB, MOME, RETER, DNAK, #0H%, B

TENANH, DNAZESEAEL /R K F Y i
AME, 32 mKAIDNAZ ST 22 RS, S AL i)
TEAEAE T ANMEAZ . VB R et (R FEAR L B 50T, %
JINAAZ U OB T 247147 bpDNAZi 2820 7 11 /\ BRI 1L,
MZH A P\ BRI HH2A . H2B. H3FIHAK 2N
L. X — I —Jr A R FAE AL (5 B, R
MRERENE, 55— A AR A Y R 2 e IRDN A FI 21
FEHZ R EAEHA RO HEE, HTFDNAK
Hil. DNA 15 A 4 Tt 0 B, Y6
S5 F Y Sh A PR AR A B EEE

e, T ZE R I PR R — A 2T A R A
AR, il BB DNA AL B A
A, AEAERNAP R o E 8 5/ 5. DNA
FH AL FNZH 2R B I A e 0 R ) A A 2540, e
JF PR Y (A TR A ) B EERY . YO SRR IRE S
—RATPIKH FIDNAM B, F1|FHATPZE & FUKf e

R R MA S E S S R IR, TSR G (i
5.

AR, et S B RO G (A AT R E, X
RN FRHAE IR, MR aRE SRk
PGNP B ARG, B ZE NP IR ATT R,
WIFSEN 5 e B i 20% ) FE 5 #5417 A7 20 i 4% € Tt
HIRE BRI A S, AR AE B (U X 22
PR ZAEG IR, XN T e (T S 8 e R A R
KR EEECY. T, SRR A KA
Tt F R, AR T Y R I (2
AT TR A2 P

1 BeApEREEYINAK

HZAYRNR GO EBEAS K, A—
SR LRI A7 AR, I R L2 W B 4R
YL, WA Lot ENTES A HA

SRS R, BRrEm. Yoo i d i i) ShRE AL STk . Blas@di, 2024, 69: 4403-4414
Yuan J J, Chen Z C. Functions and mechanisms of chromatin remodelers (in Chinese). Chin Sci Bull, 2024, 69: 4403-4414, doi: 10.1360/TB-2024-0480

© 2024 (PIEREE) AbA:

www.scichina.com  csb.scichina.com


https://doi.org/[object XPathResult]
www.scichina.com
csb.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2024-0480&amp;domain=pdf&amp;date_stamp=2024-10-08

M % h & 20245108 £$£69% %304

DNAE R IG R A A E B, J& T AT PR Y fi e i ke
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SRR RN ZS M, Yo BB R4 R ERK
J%: SWI/SNF(switching defective/sucrose nonferment-
ing) %% . ISWI(imitation SWI)ZJ%. INO8O(inositol-
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case DNA-binding)Z %", IAMAF — L2 i fi Yo
@RESER, MATRX Y ALCI! %,
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(a) Motor ATPase domain
preHSA HSAl Lobe1 Lobe2 l SnAc Bromo
swizisnf2 —Jl — - —-
O 9L KL &
S P
AutoN ) WX
ISWI L— L ..
Chromo DBD
I b T
Chdl — . — — —_ -

HSA Insertion
[ W

Ino80 — -1 : —

SERTENZE RO (B 1 (). XS BN HIRAE S A )
AL R/ MR B BEAEA. R AU,
AL FE K EATP, W s/ IMAR) Dk, HAbAH
B SE & VR R AR A, 4585 ATPaself Pk
PRI MR R B TR 555 SR 145

ISWIZ % Ty 3k W 56 1) 5 s S 7 HCoiv g — A~ i
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Figure 1 Domain organization and functions of the chromatin remodeler motors. (a) Domain organization of Swi2/Snf2, ISWI, Chdl and Ino80; (b)

Common outcomes of chromatin remodeling
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Table 1 Components of common chromatin remodeling complexes

SWI/SNF RSC BAF PBAF Iswla yINO80 ySWRI1 hNuRD
Swi2/Snf2 Sth1 BRGI BRGI1 Iswl Ino80 Swrl CHD3/4
Arp7 Arp7 Actin Actin Toc3 Actin Actin MBD
Arp9 Arp9 ACTL6 ACTL6 Arp4 Arp4 MTA
Rtt102 Rtt102 BCL7A BCL7A Rvb1/2 Rvb1/2 HDAC
Swil Rsc9 ARIDIA ARID2 Arp5 Arp6 RbAp46/48
Swi3 Rsc8 BAF155/170 BAF155/170 Arp8 Swc4 po6
Snf12 Rsc6 BAF60 BAF60 les2 Swc2
Snf6 Htl1 BAF57 BAF57 Ies6 Swc6
Snf5 Sfhl BAF47 BAF47 Nhp10
Swp82 Rsc7 DPF PHF10
Tafl4 Rscl/2 BAF180 Tafl4 Yaf9
Rsc4 lesl Bdfl
Rsc58 BRD7 Ies3 Swc3
Rsc3 les4 Swces
Rsc30 Ies5 Swc7

a) yINO8O, ySWRIR#RE 2 5 4); hNuRD N AIRE &

A Hk I chromo 451, T IR B Ak 20
FEAE(a)). K/ CHDZK G AN N LA
KAFTE, T oh—2en] LIgE & AR BI 3L E 2 59,
WNChd345 4 2= 2 WAL BFHD AC V. 3451 i B WU il
IO BINURDAE A3,

2 Qe i “DNADE L

Yo i T 0 R VRS Yl £ ST 245 R R R A )
AR, Yo o 9 A A R P AL R G 40 S 3R st
B R IAAEAE AR AR 2 vk, ¥ S Yo i Y8R
HXTE/IMERR A FZE A& @i EBEE SN
SR A EAE IR, HE A BEES BAmEAAZ /N
WAREPESFEZA AL Ho, — N2 A SEAR ] 8 e
8 5 9 Dk B ] v R A IMAR PR R i U DN AT
A Z A EAET, IR sl /M7 .

Yute i E SIS S iR W] 5 4% /MADNA
AEAEH. AT BB ASSEAR R, A AN [R] AR 4
W SEAE R, BT AT Y (R Y TR TR I A
IR R HE LR, R T Y0 R E A R AR 1 “DNA
PR RPN (R 2) Yo T ER I T IR R (4SS TR IMA
N B — AN R ) Km0, B IR E2 5 {3 (SHL2).
SHL2AYDNA AT B i w] $ 4 4, iy ELARIT Ay H4
J TV AT AR SE Th ik A MR I 45 4104 5kl By

A0 F Lobel-Lobe2 [i i — M CPIE 454, W4
W/ IMAH— IRDNABRTE, JFIESS G0 5 [EEDNAJE S,
K254 ATPHY, Lobel FlLobe2h FFI FFHPIRAE, ikl
YEFIAESHL2 21 bp DNAYE. JEZASIEDNABE(L I,
FEDNA M 45 A 57 25 38830T 1 — g dh A BIAZ /AR PO
24 ATP4% 4 7E Lobe 1-Lobe2 4H /.11 AT Pase i i 1k 11 4%
i, Lobel flLobe2 FHHT AL W OCHIFY L. X P4 G 12
AR SCHTAETEAY1 bp DNAME R AMES. ATP/Kf#RE
TOETRAR I, ik kb T ADPZEAIRES, iXAfLobel
FILobe2 BFIHTH, MEZ/MAEA LIk bp DNA, Jf
JEDNAJEAEAFAESHL2 17 . BEJS, ADPREREGL, &
INERHMRIREE A ATPRVIRE, 1T — 1 ATP4S
B -KfR-RECROIEIR. R, FE— Y (oo 5198 101,
ATPZE A VA ATP/K S ER I R =, 1T HLXWTDNATE £ 7
HERNTE B HESIVE . B — S ATP/K A B 3 3R sl /MR
1 bp DNAFEAI.

fATI & 2, Yo ot S 8 A fE kA% O Lobe L FI
Lobe2Z5 51 /IMEDNA,  H-F| HHATPH E f2: S ZEDNA-
HEAMMHEEAER, W% /IME, Scayy s
$5. [FONDNATEASHTDNASEIE IS, 54 e v ihi
i —FE, XYL R BB AR N “DNAJHLH].
ik B 5 DNAR X — 1B UAE# AR SF, 7ESwi2/
snf2*, ISWIMY, Chd 1™ 4 53k 145 &%/ MR
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B 2 Yo )Z (DNATEBHLHL () Yefid 8 ik 7E ADP-BeF R T 45 A1/ MR Z5F(PDB 5Z3U). JE/R2AARIRLA, DNATER:
SIS BRI B R RO S RL(SHLO). (b) Zhnx [l Dik7EADPIR S (H (4, PDB 5Z30)HIADP-BeF RS (K (0)5 [ #IDNATEAE . FE/R
TESHL2KI I YDNAZE Y. i3k W/ RDNAR N IT 1. () — MY B 38 A I P DNATE AL HI Bk B A B AL IR 8], Horh 0 R Ak T RS &
B RRIPIRA (free); “T FIRAL T45E ATPRPIRE; “D /R ib T456 ADPRUIRE, &8I A SCHR43]

Figure 2 “DNA-wave”model of chromatin remodeling. (a) Two views of the structure of chromatin remodeling motor bound to the nucleosome in the
ADP-BeF, state (PDB code 5Z3U), the central position at the dyad location is defined as the superhelical location 0 (SHLO). (b) Superimposition of
DNA distortion induced by the motor in the ADP (orange, PDB code 5Z30) and ADP-BeF, states (grey). Only the DNA structure around SHL?2 is
shown. Arrows indicate the direction of DNA translocation. (c) A schematic diagram of DNA distortion and conformational changes of motor proteins

during a chromatin remodeling cycle. f, apo state; T, ATP-bound state; D, ADP-bound state; reproduced from Ref. [43]
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filt. R/ IMA LA PR DN ABBE, Thik 8 1 A9 25 Ao 5 ok
7E TDNAR I ). BRuick, h TR ik B
B BT —v, BT RE eI DNA-ZH B A BAE
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P A

PR UEYe (0 50 T A 7E T B I A R 2k, T RE R
g, E LR E S AR E R B g
WS R IMARESLDNAPY, R IMA WL AT LA
{5 S PR o o TV P,

TERZ YO REEE A, ISWIETERTEENLS]
BB ECMIRE ARG (F3(a~c)). ISWIZE FHEHIZ /N
RS K, HEsh &ML IMAES 454, |25 5100
SRy AT . ISWIRY Sk T P 32 3N [ 303k
Z5FR(AutoN) Coi F 45 144 (NegC) FIDN AL, 15
SEFIRHS SRS 4R 7). AutoN 35 ) Lobe 1 4E
i, HLobe24hd, R OBEE— R
TR, TTSEI Sk i B I (13 (a)). HISWIZE A
/MR, 418 A HA4M B EL 5 AutoN T G PE 45 A 1
Lobe2 [, IX—iTFEM#RR T AutoNXJ ik 4], SR,
HAE Y £ Ak 257 5593 R s 240 (13 (b)), AL,
ISWIHi ] F7F L WA AR B H AR 14 2 Sy DT R 1 e € 5
X & 4E.

NegCEPHEISWIHL 0 it 3 iR M0 5 — A~ 22
TG, TEISWURAIZ/IMASMESLDNAK B 7 1 k15 &
KRR, FEge i S R i R 2 (813 (c)).
A% /IMASME S DNAK BEBHK I, ISWIR A i HSS
4545 DNA, NegCHihiffi, RNEEZE & Dhik, (R i
AT DURAE. TS A% /MRS ME L DNAK BRI, HSS
RRELEADNA, AT NegCHedi 454 ik st hy, i
RATFRTERAS, ML ke o i i 2. Ik,
ISWIFHSS F 42 B3k DNA K, 1iNegC i v {51
XFPYL Jf 5, SEmIEE ik iE . NegC5HSSPH]
YER, JLIRIJE T hakih v, X ORISWIR s IE il S5 ]
FEAZ /M 371 A SRR L

AL SRR T 8 e 6 K- FISWIEL kv 1
JEE LR, BT 1 A 52 30 JE) A /DM g s )
(FI3(b)). FEmEREH, ISWIZE & loc3TE MilswlakZ &4,
Toc3 AN H Bl T ik W FL A IMA S MK 32 DN A K
(~30 bp), T HiA HA&BARIT B IMAIRE 1. 13X FP
JENARIT A% /IMAR IO VE AR U Y (o S S AT . RS
H 0% F = 55 sh P A A0 ISWIR A9 5 A 2
B A4 SRR ] PRI e G A A i ) AT 2, H % fE 3
Wi MRS S5 R TE sh A o s A7 78, ShAISWI
BAEWRATREFRRE A XFIRE ). XA TISWIE A
WA G o 5 T VRN L DR R AR O T R AT RS W

A0 T G € 5 B R AR 1 R A e, (H

FARBLHI A A, FI4n, Chdl FIALC 1YL o 5 F 88 o
IREEWAE AMFITE. Chdl i chromot H ) H
TEHERINEIVER], 24 chromoZs MR 4% 4 4%/ IMADNARY,
RERSIRFRChd LAY B AMEIFY S, DEMIETE Chd1(B13(d)).
ALC1ZZ 5DNAHEE TS 75 ALCIHY
macro%h FA 3 1 45 A Sk A% O S EE B SR .
MR DNAZ R, 48 AR E k4 Z R ADP-ri-
bose(PAR)&Mfi. Macro 5 F4 3R AE S TH I I i X —
PARMEMIMG S, TR A IMHIVER], #iEALC1P,
X — PG RS T YL B A B R CRIDN A 1348
E(K3(e)).

TN T SR A IMAR R T T £ E A
FIEBRAYH2A-H2BERME X (acid  patch)(KI3(f)). FRTEIX
AT DAZE A Yoo o o S0 2R 11 A9 R R4k (arginine  an-
chor, RA), MY AR, Swi2/Snf25 % ik
38 3 C- R 3 B SnACZS M ) 3 RS iR, ISWI
KRR 0 “RXREF 25 iR, ALCLE it
“RXXRHE:F 9244 R IR DA /IMA R i 11480,
T Chd 1 35 N- A 3 (1 “RX XX R HLFF (19 2K B 1R )
WM — A F AL (148 XS sT 7R T 20
B R XN G (2 ol o 99 3 P A A ok

A A 2 R s e o T Y A SR L) =2 —.
IAER, SWI/SNFZIE MK G W) & AE X 7 TH 5T HL
BT EKRERD. SWUSNFREME S, &24
BN IS 5%, e 2R RREYSI6E: A1
PUIIDNASERNA, A R & 18, A 85655
R, IR T 1 G 057 2 28 A IR R g AL .
AR FPISWISNFE A W e S A2 44 - HoA v
FIARRIE, FTLARI S 3R ReRE: DhakBide, i
FRFE D SRIL(513 (). LARIPBAFE WK
i, & H 134 L T K, Ho kI L e 20 B D
IABEH actin-ACTL6-BCL7AWY 54 sy a#as ki, Hofth
9N DT FEAS G B R A SER 0 g
Bt ik, HEERE Ak s, T St
B SR BT R AN [F g a5 S, R S Yhe
Y ML i) ARl P e € [X K.

TE I WIAR A (A% O 5K SN 5 22 ] LR
AN TR) 9 e 60 I A 5 A D BB 25 M (K13 (h)). e,
ARID2F JE {1 ARIDZ5 F 480 T A 45 4 DNABRNA Y,
MSMARCD1FfISMARCE!1A] DL 454 £ ik 5%
TP P ] IR BIDNA RS, BRI 25 Y (0
IR, BEAL, RIHESEREGA &4 2P 4 &
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J7 1. L EFEYL R AL MR IRYEIX. (c) IswlalZ SRR . (d) Chdl Bhik A ] (Z2 DAL MASEETS (F )R FE AL (e) ALC1H)ik
B (22 BRI IMAFI ADP-ribosefE i (5 S 0% (47 B/ BEL () 4Fh e (05T 8 90 b3k iy RS MR U3l £ L ITH2 A-H2BRR M IX 1 4544
(PDB 435J£7VDT. 7X3X. 7ENNFITIN2). (g) PBAFE &) MIBERLEH)(PDB 7VDV). ARP, actin-ACTL6ZH ALY AL, SRM, FEYIHR S
. (h) PBAFE AWK YHR MR S S RELS F iR B gL 5 M5 S /R B . BD, U8, HMG, HiE BRI E H; YEAST, BERFEL5 IR, FH,
THRIRE. Horh, SMARCA4, 4¢f; PBRMI, £1.{5; BRD7, #5i{f; PHF 10, 4%, SMARCBI, 7 {f; ARID2, 18 {%; SMARCDI, #{%; SMARCEI, ¥
WA

Figure 3 Regulation and recruitment mechanism of chromatin remodeling activity. (a) Model of the autoinhibition mechanism of the ISWI motor. (b)
Model of the activation mechanism of the Iswla complex by the dinucleosome. Arrows indicate the direction of DNA translocation. Red patch indicates
the acidic patch on the surface of the nucleosome. (c).Model of the inactivation mechanism of the Iswla complex. (d) Model of the autoinhibition
mechanism (left) and activation mechanism by nucleosome (right) of Chdl. (¢) Model of the autoinhibition mechanism (left) and activation mechanism
by the nucleosome and ADP-ribose (right) of ALCI. (f) Recognition of H2A-H2B acidic patch by arginine anchors of Brgl (PDB code 7VDT), Iswl
(PDB code 7X3X), ALC1 (PDB code 7ENN), and Chdl (PDB code 7TN2). (g) Overall structure and modularity of the PBAF complex bound to a
nucleosome (PDB code 7VDV). ARP, actin-related protein; SRM, substrate recruitment module. (h) Schematic diagram of the peripheral functional
domain of the SRM of PBAF complex recognizing chromatin signals. BD, bromo domain; HMG, high mobility group; YEAST, YEAST-like domain;
FH, finger helix; SMARCAA4, green; PBRMI1, red; BRD7, brown; PHF10, light green; SMARCBI, cyan; ARID2, orange; SMARCDI, blue;
SMARCEI, dark gray
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B APUIREE M R 2T, (e SLRVER AT ReE
WP E AR, e PBAFE A WX Yt i
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YIS Z D REPE A SWI/SNFR G E &9 mT L
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P/ IR X, AT [ el e € JO X k. ok o 42 2%
FE W B 53T L AL G Y o o 1) Bh A I 4 B JE Rl
IRIRG AR HoA AR,

4 Bt AL PRt B8 1 X/ MAT)

TSI AR RS, ISR, B
R ) 25 DAL 114 3 3l 1 X R S B ik 4k 1) e €8 T 45 4
(Fl4(a)). J3 3l BKIE BT AR AIMA IR X, T 35
N UFHEATA RN A% MRS, T SRAE AR5 5. (TSS)

(@) Iswila

&=
+1 +2

NFR

+3

UAS TSS

RSC

(c)

Isw1a

3 TR IMABR I X, sife+ 1A MR 2, s Fhije
RS F Y AR T Y (S YRR . FEE
BErp, T Yt SR a5 T LIRS L AE 48,
I SWI/SNFZ & FIRSCE G W LA ISWIZK G ) Iswla
AW CHMER. RSCH IR0 A4 FE R 1
B Y s, URSCE ARG AT, i/
TRERIC DX W, T S IR 7 A gl e — 0 s, e S ]
FaR MR, R Isw1alll] 2 SEOG/IMA B X 4K,
fEHEFER FIA.

RSCHITsw 1 afE 45 I sl X e (o 45 #4 5 i 42
I S O R T B AT SR AN [ 9 2 B = Ak 2
FI(EI4(b)). Tswlaifiif HiDNAZE A A HOH A FA% /N
PR X R/ MATE SR DNA,  HMUER (0 2540 (15 T 35
PSS STV MR B — 0™ A RHES), ik
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Figure 4 Model of chromatin structure in a promoter region regulated by Iswla and RSC. (a) Schematic diagram of chromatin structure in the
promoter region of actively transcribed genes. UAS, upstream activating sequence (binding sites for transcription factors). Arrows indicate the directions
of the movement of the +1 nucleosome. (b) Structure of the Iswla (PDB code 7X3T) and RSC (PDB code 6KW3) complex bound to the nucleosome. (c)
Schematic diagram of the antagonistic regulation of chromatin structure in the promoter region by RSC and ISW1la complex
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Chromatin remodeling is an intricate process that alters the positions and compositions of nucleosomes. It regulates DNA
accessibility and gene activity, without changing the underlying DNA sequence. The process is mediated by ATP-
dependent motor proteins, which exhibit diverse activities, including nucleosome sliding, spacing, ejection, and exchange
of histone variants.

In eukaryotes, there are a wide spectrum of chromatin remodelers, characterized by a highly conserved ATPase subunit,
which often form complex molecular machines with regulatory subunits. They are broadly involved in cell differentiation,
tissue development, and immune responses. Dysregulation of chromatin remodeling is implicated in various diseases,
including cancers, developmental disorders, and neurodegenerative conditions. Notably, over 20% of cancer patients
harbor mutations in genes encoding chromatin remodelers. Certain cancers are even driven exclusively by mutations in
chromatin remodelers, highlighting their significance in oncogenesis. Moreover, many types of cancer depend on
chromatin remodelers for survival, suggesting chromatin remodelers as promising therapeutic targets for cancer treatment.

However, the mechanisms of chromatin remodeling remain enigmatic. Key questions include how chromatin remodelers
recognize the nucleosome, how they overcome the extensive histone-DNA interactions to slide the nucleosome, and how
they are regulated to achieve diverse activities. Recent advancements in cryo-electron microscopy yield a wealth of high-
resolution structures of chromatin remodeling complexes. These new studies shed light on the mechanisms of these
remodeling enzymes.

In this review, we first provide an overview of the compositions of SWI/SNF, ISWI, INO80 and CHD chromatin
remodeling families. We then discuss the “DNA wave” model of chromatin remodeling. In short, the two catalytic cores of
a remodeling motor bind to nucleosomal DNA and use the energy from ATP binding and hydrolysis to alter the DNA-
histone interactions. The DNA is distorted by the motor. Importantly, the DNA distortion propagates along the DNA
strands on the surface of the histone octamer, akin to ripples on a lake, hence named as the “DNA wave” model.

We then summarize the various regulatory logics that govern the DNA translocation activity, including autoinhibition of
the motors, the influence of neighboring nucleosomes, regulation by the histone acid patch, and the roles of auxiliary
subunits. We further elucidate the mechanisms by which RSC and Iswla exert opposing roles in promoter nucleosome
positioning due to their intrinsic structural differences. These insights not only enhance our understanding of chromatin
remodelers in cells, but also offer novel perspectives on the pathology of associated diseases.

Despite the rapid advancements, the mechanism by which chromatin remodelers function on the chromatin milieu
remains incompletely understood. More research are needed on the chromatin remodeling process at a high-ordered level
of chromatin structure, the interplays with transcription factors, histone modification enzymes, and other chromatin
enzymes. These studies will reveal the regulatory mechanisms across diverse biological contexts, advance our knowledge
of chromatin regulation, and pave the way for future therapeutic strategies.
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