Research Papers FiiEkik=y

0) )L S i R
Progress in Biochemistry and Biophysics
' '12026,53( 1):193~212

www.pibb.ac.cn

TEFEEMIEEEFEREFS
ZIMEESRERANER

5‘(,] }j‘:\l,z)** ;?Igig‘]"){;l'ﬁ j’é _&%.1,2) g{/‘ 4};;1,2) 5(1] %—1,2)
(V WM R RS A ARl S AR 2ERE, 403k 0140105 2 NSERRME K2R S AR X AL A S5 4 M5 B U086 %, £k 014010)

WE BBy B FINT (pioneer transcription factors, PTFs) AEREIRGH-45 G 4%/ MEDNA, J5 shde (0 5 FF B 5E R 2
ik, HEMWIGRE . AR St K R A S AR T R OGS E o BRI, A/ IMACTIE G 22 (51 4% PTFs 5 4%/ IMA 1A B A R AL
W EHBIM ARG, ik AR T DNATEAERERRAY, 457 DNA JER; & (V167 s DK 7 5 4 IMACHH B4 FH A i R 44

LR IRINAEER, SOXT M P53 %4 S T 1Y 25 A i ZUR T AR B SE P AE A% /M L ERG I v . R, X 8 Ff PTFs 74K
WIRE TR, PTFs 456 BT 5 oRE5 G M B F A%/ IMA T 23 SR — S el e Sr i), SRR AER NIRRT e
e i AEIEE PTFs 85 & i e R . I AR A0 S n B ARG T4 o (e B RIAR AR 46 . PTEs fEIRINBEIESS &
B/ MR LY, TRESEAE ) PTFs (45 F Ret A% IMART IR VR IS TR 2ok e IRAS S R IE s AR, &ie AFRE
7 T DNA Jight i (i AR VR NSRS rpov e S R 25 6 (9 25 Akl , 30 T PTFs 38 3 8 AOBE 5 22 (S AL ok 32 5 4t oo

TR AR RE

KBIR SEESN T, BUME, TeiE i, DNAJEASHE,
FESES Q61 DOI: 10.3724/j.pibb.2025.0434

Se e 3 Sk F (pioneer transcription factors,
PTFs) A DLH 5 &f P S5 g (8 5 P Y H AR DNA J7
G, WIAT I/ IMA R AE PTFs FYL 4 i 9 2 5
YA AT R, I T DUl 2 i X Sl g £ P 45 A
MV, RN HE R R B FR PR N 2 5%
. PTFs 5% /MA i) DNA FEA7 S BAE A
fith 2 DNA-RZ/IMAAH EAE AR, DTS2 00 G £,
BRI K 3R . EET S, H sl aiy
58~ DX A G 68 BT TOPE 25 52 31 PTFs (Y J4% >
EAEIZIIEE, PTFs 7E1E 24 W5 it 8 rhin i ¢
g, JUHAERE SRt Eh e H 2532 3

Wi k&, % xH T
(transcription factor, TF) 1o i#458 F PR 32 3K >k e
SERB DT RIEAS . PTFs (4 H 0 AR T —
FVTE R REERLE . S — OB e B E IR
TF & XCKHEFE 1 (forkhead box protein, FOX) A,
BRI LAZ G 4%/ MA DNA g F 51 @ XA EE )

Qe frin] Ktk
CSTR: 32369.14.pibb.20250434

153 PTFs AB 65 50 2L R 5 H2 3 1) DNA A 45 6
S HALTFJE & IS L. 7EFOXAZJE, HAtLA
A BT RERY TF W 0, il /\RAKSS &
5% F 4 (octamer-binding transcription factor 4,
OCT4). SRY &% [HF 2 (SRY-box transcription
factor 2, SOX2) A Kriippel ££ [H - 4 (Kriippel-
like factor 4, KLF4) 45 ¢ X6l -F7EJRJIG 120
MLiy A F T Z R iR PR EE R . Rk
ek BRI, OCT4 il SOX2 BEfg 4 A 9F T IF
BPAGLE T, A s SR, ek 2 aetk iyt
SEAYERE . IR B A, SOX2 5 YL BT AH
HAERMEHE TG40 6 25 2 RePE D s
ZHeME A, ARSI i 3E e T
w K HRBRF A (62161043) , N A KRB F LS
(2025MS06029) FI20254F 52T [ ¥R X A= finfa e S5 2k W fs B 2
SRR (2025KYPT0135) %),
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il 7, RN EEREFLZHE T A (induced
pluripotent stem cells, iPSCs) BJ#F5EH, OCT4,
SOX2 Fil KLF4 1] LUK 27 4t 240 i % Ak Ay iPSCs 5
L0, X AR FRENSAE A& FLA TR/ MA L1
DNA 751, HETT 55 DNA 5 2188 11 2Z 8] (9 AH B
ER, WS/ MARES ., M H, SOX2-OCT4 —%
RE /MRS 5 BE T LL S PTF 558 ', PTFs 2
] A LA, 1 SOX2 Al OCT4 5 GATA3 fY 2%
G, TSRS R Z AR Y b,
PTFs 7ER G 28 B & B i Bl e e tEH . 5%
F W, FOXA TF WM B fE IR 2T AR 4 H
CHfEE . JBEig . IAETSIAR) MIEH AT HiRE
FEOCHEBEMIEA ", BN ARG, BETS KI5
W ¥ PU. 1
transcription factor PU. 1) Hl GATA 45 & & H
(GATA binding protein, GATA) 14X PTFs, 43
N2 5 A S RN LA S LT A A3 Ak
AR IR O S AR RV, AR
Hffrh, PTFs 2840 55 2R R 09 H AR5 6 07 A,
TR HARES G 07 s 0S5 S RE U Gy £ o1
A5, XN PR “PTRs LM ” . 1]
wn, B % HE % SR F- 7 (paired box transcription
factor 7, PAX7) ANUA HElf kT AL R G 41
RE BT, NI B ) KBTS
P FEEARAIIET, R PAXT HENLN & B 14
GO EJET A, R S G I AN RE R 5
PTFs FPEA "o BERRGIA S, ZE LG AH 41 i rh
PAXT7 {R AR K B 45501 i EBANBEVE N PTFs Hit
PEOL AT SR Y X W T A M AR TR
PR PTFs {& M i S ZAER .

W3, A4 PTFs 76 Rl & A2 & B i
HEEEMO, HIA, FOXALTERTS AR &4
AR, Gl RS R Z KRGS . e R
[i] J5T 27 Ak 55 AL 1) 52 ) fioh 98 1 R 5 3R T R
FOXAI1 5 FOXA2 7£ 6 = I & 52 1&  (androgen
receptor, AR) YT A Mg b e 6] 6 T 4 )ik
It 03 [ 8K 2l fi 8 1) AR AR 2R K 1. FOXA2
fi JE /)N 40 o fifi 9% (small cell lung cancer, SCLC)
Z o B, H AR A OC M s Rk
FOXA2 38 13 7% ify LA 28 P 43 W Jk PR 3R AR R T
I3 e A B Iz e RS RE JT 5 ASCLI1AEA SCLC
i e A W OGS A R -, EL3E45 B FOXA2 5 3l
TG AR X, R P R, JE AL ASCLI-
FOXA2 RN AEHS . GATAG6 BT 45 4 H5 S 1

(E26 transformation-specific family

i . 5 CCCTC 45 & I + (CCCTC-binding
factor, CTCF) &AM EAEH, Wi =4e3LH
R (AN G (0 57 BR 25 AL A 0 -5 3 5 1Y
MEAER), SemiasEsomEER Rk, SRl
LT 1 e-Mye EN —ANTERR LA iz 2
S5 PTF ", BERFAES & B H A5G 07 5
DRI e o Bl 7

25 L BTik, PTFs 18 M & A= A4 i i iz Tk
FRAVE TN 28 200 . PTFs 3 K5 A 4 2% 10 J5 1)
RSFSEH R R, MR E B ST B 5
Wi, TRAZE PTEs AEHIALE], AOCH B T8
20 i TR FIVRERE S5 005 14 52 Jo ae it o e 5 e
PRIV I 2%, 1T HLAG AT BE A AH DGR T A 8T IR T
Mg P AL B o PR A A SCH SR PTEs 5
/MR B A BAE B

FINZE A e (IR 2y sk
A, KWL FIrk, WH9E TF 5/MESS
GRPLHRIAIIRE, CBUS 7 FE R Y Filhn,
RN GIF R T — Tl i —— %/ M SR g
fh-H8BUE AR REHFAFE AR (nucleosome
consecutive affinity purification-systematic evolution
of ligands by exponential enrichment, NCAP-
SELEX), HF4r#it%/IMAXS TF-DNA 454 15200,
AR T 220 FCRA R 4549 % 1) TF 5 4% /M2
AR EAE R ", RIRZH TF 58 /MA DNA
255 e KT H th DNA, A/ IMETE— B 1%
Ut T XF TF 5 DNA B4 S A MHIFER], (HIX R
TEAIR] TF Z [BA AR R 22 5% . —L8 TF REf% 5 A &40
455 P /IMADNA, JUHOZSE T /)MA DNA K i
BRI 70 2 SR N 1) JRL SO 67 B | o —2E TF REfE [
255 B /MK DNA (I MRE . A%/ IMARIAFTEST
¥ T DNA [ Be#e % k. 530 TF 7E4%/)MA& DNA
RS GBI . ZR RIS T TF 5%
MR Z T Z A EAE I, A5 5 8P DNA
WETERZE A . BT . AR . SR g A
XF A A R AT o 33K % A B TF Ano] 76 4y
A TP R R R R TR R, IR
RABFFEARAE T 2R A A S A AL ] Y
filio SR, T RA TRAIRSE TF 455 ALk
FRIE % 5 X TF 4545 BE T IR

PTFs 5 4 (0 5T A BAE I R b, B/ MASE
PG BLAR T B, %/ MA DNA I BER: & AL 4 (1
J& DNA BUBEFERZ/IMA L YHRTE , R DNA SUZiE
KA HHAEAZMEPAEXSAIE . CuidE > KL,




2026; 53 (D

XEK, %: REEMEEEERRETFSRMEGHERIESR -195-

M P53 GG R AL /IMAIS IR 4 A S 145
LA (cell cycle arrest genes, CCA) L5 G 25l
4 B 8 T AH S JE A (apoptosis associated genes,
Apo) [WES AT S AERZ /MR T _E (0] AN ]
CCA 55 7 s 45 7 2 B AEA% /MR SR TH, 1 Apo
5G] TR AEAZ /MA NS, 487K TF 25
B S o A AT B T2 2 1 PS3 UM
55 200 i FE A= AH OGO ZE R, Apo 4557 s AT 5E
T AN (WHRSE gt T E G AR K
5o RANEI R, %/ MA 1 P53 255 ALY
JRE e 2 R R e P53 R 5 HA BEE A O Y,

HR PTFs 5/MAZS & R C 4 BUG T &
Bk, {HAN[A Y PTFs 582/ MA B9 A8 BLAE F 1T AE
HARS W ZSM. flan, E=Z/MER DNA I,
DNA ZHE . Bl 525 2 R /MR R JiE
S HEOR RN s, E I AR TF 5%/ MR
FAEAE . DNA BES 3 58 58 WAl 5200 TF 5 4%/
REMEAEH, BRIMBZEAN Z 05T 3K
HERTI TAEY, JF& T/ MAE (7 (1) DNATE A
RERIY, 2T e A B v A M I AZ MA e i
i 2 ARSI ZERL, RGWF5T DNA J7 514
SR FIRE % 72 57 5% 3 Ane] 52 ) PTFs 5 8% /MA (1)

+:
éliléo

1 HiESHE

1.1 NCAP-SELEXZ#{#FEAbIE

MoSCHk [18] FR A4 1A 40 TF 5 B /NMA S5 &
1 % P (https://www. ebi. ac. uk/ena/browser/view/
PRJEB22684) . NCAP-SELEX $% A& & 4t & — 4>
A F K B AL DNA JF 31 (1) SC%E - (FRZ A DNA it
) o HURA AL DNA JF51) 30 B 5 4 (4 2
FIANRIR (B a on MR S5 A ARSI 4L 36 11 2A
(histone 2A, H2A) ) iB&, WHBER/IME, RI5S
alifb i TR o 555 R IR MR IR /A,
P T B REER AR TE S5 5. 0b A7 S fe k4,
KI5 %) TF 4545 1 DNA BCAR T 7 PCR 43 Fl ey it
WF . BT 4 588555 19 DNA SCE B9 7 45 2%
(2R 4RI 2lifb JG iR Bl i RS SR ), eks
TF 45 G5 M A S i A%/ MA DNA . 483
FIR X RSN SE B, BT TF 58/ M B AE
FH R /IR TG 7 A I RE I o X R A 2 4
DNA 3CJE, 43 52 147 bp (ligl47) F1200 bp

(1ig200) HIBEML-G BUFH], BT 545 101 5
154 bp IIBENLIFF , M2 A<y 24 bp 122 bp
£ fi5] JE [V N5 2 5|
CCCTACACGACGCTCTTCCGATCT #l1 AGATCG-
GAAGAGCACACGTCTG. = #Z3k15 1934 TFs 5
/MADNA (147 bp) AHEAE £ F1 154 4>
TFs 54%/MADNA (200 bp) AHHAF FH A AR .
Aift TF % 10— & X3 e J7 DNA SO, R 5%
TF 454 A%/ MADNA J751

M ENA 4 %K #0H) 147 bp  (lig 147) F
200 bp (lig 200) HYJFF 2 AR P EE , A SCR
F Pandaseq T H.#E47 7 81 (A Bf 45 TAE 2 7e#dE
W, BN A ERE N S bp, DI IRPHESS R
AREVERNUERATE . D 1R B S, it
177 & NFPH B ZBRERAE . I MEME &£ iy
BAFLE AR (find individual motif occurrences,
FIMO) "7 MNBF 5 (14 )7 5148 F i TF 255 257
MINIE . AT iR FIMO BFRERS IEH T4E, M
SCHR AR BCAY pfim A% 2R BE F AR BE UV G
Jaspar2meme 1. H. 57 4t 5 T meme #% 20, DL 2
FIMO A 437K . T FIMO #8 R SR i TF X
% DNA SCEER YRR R 5, 3K B2 24 200 bp 1Y
FPo BRI TR AL SR P A U, e HE

£ NCAP-SELEX 45 R Z 48 ¥ 4% )5 1) DNA SUEE
R 2 il S PN B B una p = KSR A [ = T A=
Y 3-mer 78 4y AT Z E] B E (R E EE
(enriched 3-mer pair based mutual information,
EMI) KA TF 254 Fi4F . TF 454 545 & 3-mer
X (U 2L al FE ) 6-mer) BYSPAAESE, [RIGAE
EMI 4 & 19 A8 0 A & b W oR 155 o AR SCH Sk
(18] hffit i) EMI 4845k i B4 TF /£ DNA J7
I S5 A AR . EMIUEGE, WX R AY TF
TEZALE E25 G R

S 1 A 200 bp AN [ E L AR
5 HSL TF 456 WG, B 2 HIDA ARG I 2 >k 11
S SR A0 DL TF 45 A g, ik, FIR
155 findOverlaps pRERS £ W R 22 [8] A W) 515 DL <
A PRI 22 1) 1Y) B 7 X A AT — 0 DX R] o 14 BT o 4
i (KEASL) KT 70%, WEX —FzZh “&E
By ARG Z [ TOAT AT S DX, W L3
ZIH] “AEZ”,


https://www.ebi.ac.uk/ena/browser/view/PRJEB22684
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1.2 ERNTTE
1.2.1  BdEfiabrE

DA I 1T 18 5 53 0 56 I e SR N TF ' 4
A, HERE/MEE—. H, P kgL
smooth. spline (x, spar=0.3) F-# IH—1bL )5 a9 %%
W, XA BT g s BEAIL I S s . Bes P
WEBARE A, IR0,

1.2.2 IR

i EN Rk X «“[+] {2, 51 [0] {o,} [-]
{2, 5t 7 P, HhmE LT .

[+] 12, 5f: W EFBrBOR 2 2~5 1%L ot
A 5

(0] {0,f: RF NI TREHE (IF
T,

(-1 {2, 5f: WEFREMBORE 2~5 ML T
AR A
123 GEZEMEEOR

upN=3: WEHT 2/ E%E FH 35, downN=
3: WEJEZAESLT R ORI B 1 R
S, TAEME A S
1.2.4 =TI

minpeakheight=0.2: W= U 21>0.2, HEBR IR
JERL /NS
1.2.5  BEE§HiE

minpeakdistance=10: [ 4815 iz /)M AT 10 4%k
P o EGRAE [F]— DA E A A T
1.2.6 %k PR

npeaks=5: 2R [0 5 W E I, sortstr=
T: & Z T .

PLEZE, 2R T S AN TR
e IS, RS A GRS I
1.3 {KAPTFs-DNAZ AL R EHERIE

A SCHA WS T 8 Bl PTFs (OCT4, SOX2,
KLF4, GATA4, JL 7+ 1k I 5 1
differentiation 1, MYOD1) . FOXAl, CCAAT/}
i T 454 % 1 a (CCAAT/enhancer-binding protein
alpha, CEBPA) LA ASCL1) 7E/RNAYLEATENL .
M jaspar 045 /% (https://jaspar.elixir.no/) T %% T iX
Y TF DNA Z5 G 5P 7E NS4 (hg38-version)
A S . M ReMap 545 /%  (https: //remap.univ-
amu.fr) FR73X 8 Ff PTFs 7E AZSIER 4] (hg38) I
RI4E G0, (JEF ChIP-seq Y TF 45 & W4 07 15 A g
G0 o X ELGEG 7 U FH % 68 5T S 2 DT vE M 5

(myogenic

(chromatin immunoprecipitation sequencing, ChIP-
seq) SFSLIRH AR E 1Y TF 76 2R A4 i 2 A rh
DNA Z5G 0 s G 4E . 3015 TF R P R AR EE A
2l R S ESEE SR 25, B TF 27
RGBS HELY G A ES T NN TR
G WEFL S (TF-bound) I TF ANEE & 3L P01
4. (TF-unbound) , Hij# J&5¢ 474 A ChIP-seq I [X.
(B IEPAL 05, Je & 5 ChIP-seq 5 A (L &
FEFOLE . FERLIERE b, RIEEF LR,
NZEHE R ZH IR AEE R o0 A B2 500 bp Y
DNA 731, T DNAZHiaET5 .
14 SEIAZ/MEEMLEEALIE
WA HE R 3 3K 25 5 B8 E (Gene Expression

Omnibus, GEO) 715 IMROO 4 il ) iR BR o 2% i il
I ¥ (micrococcal nuclease sequencing, MNase-
seq) JRIAEHE (GSMS43311) ., ZEHERL & 76
A MNase-seq H il [ 84 . FH bowtie2 28 K-l
J fastq S L XT3 GRCh38 R[4 |, #k45 sam 3C
4 . H samtools 3K 15 Fb X J5 B9 bam C /4. H
samtools *' Jfi#% (samtools view-q 30-F 4-F 256) ,
PEUEPLR ST e By, AR FERAR BT R LT (BT
i (mapping quality, MAPQ)<30). ZBRA HLXF
51 EBRAEME— L XT . samtools markdup 45 pREL 2=
FRPCREE BB, e, 7 AR LAY bam 3C
4 FHl samtools merge PREHE A A — 1> bam (. H
deeptools **' Y bamCoverage PR UK bam CIF 441k
h bigwig 3C 4, bk B oh fl ] OC B 2 8K
(extendReads 147) Kb 53w ) Fr 09 152 BE Sk K 2
147bp. # Ji H deeptools [ computeMatrix
reference-point PRI U5 TF 45 & W J&] Fel il A2 /MAR
I8 15 5 ., It H plotHeatmap & ¢ 7] #i 1L .
plotHeatmap PR AL 1) Z B nl & B B K S H
(kmeans 4), ¥ TF 455G AR M AME, 00k
U N NTE N  4 A N  NTE IN 2 5 AN N
did L TR MA S
RAF AR BG T 40 e (human embryonic stem

hESC) M1 A #f 28 4b I8 J2 40 e (human
neuroectodermal cell, hNEC) [ MNase-seq 5.3l
JPEdE (GSM1973978., GSM1973979), ‘Efi 144
2 EE . SRR G T A B AR
(sequence read archive, SRA) X {F)5, H fastg-
dump 4 Ky fastq SCIF . JEEERY RIS . FUXT SRR
nbprid, 5 RIS A AR W 8 2 1Y bam U

cell,


https://jaspar.elixir.no/
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JEF bam X, F|F DANPOS T. H BV 435Il 15
hESC FThNEC H %/ IMATEGL (AR F A

FE hESC [l hANEC /bt f2H, SOX2 73l 4h
4 hESC Hl hNEC 1) 45 & i sUf5 B 2 8 4
(GSE76082) 3%, FATH hgl9 =% FEH 4 A
() SOX2 4541 15 ] LiftOver (ERINZSH) #54hy
hg38 WA Y7 o5, DAIHOR AR IE 5387 | /MRS
BIRAMSGE— .

T 957 hESC [i] hANEC 2kt i rh SOX2
FERZ/IMAR L 1) 25 6 R A O T 358 7 e e e v,
740 °F 4 M1 . a. FH MNase-seq %4 #i& 7 7 T. B
DANPOS 43 71|35 #5 hESC I hNEC H iy K% /IMAA B
(B Sk 5 . GSE76083 1l GSE76084) , LA K& 74k
TR VA E 7 K AR B AR AR A S E S (nd
AMERTE B M G ERARE . R IMAE AR
Wi & AR ARRAE ) s b BE ROk, 3K157% A hESC Al
hNEC H 9 4% /N R IX 385 1) SOX2 3 77 i 5 (A
jasper BUHE E AT, KT hg38 AR )5 c. #E— 4%

128

R /IR DX S 9 356 5 AR 40 2 A5 Bk SOX2 45 & (i
ChIP-seq Y 45 A IEHI W) 43 “SOX2 4547 I
“SOX2 AEEE” W4l; d. e/ Hrix PR T
DNAZHifE, g & miess e R aa 225 .
1.5 DNAZHAERITE

DNA 25 [l 58 75 4% /IMATIE 7 2 457 19 T30 7 1T &
PO SR MERE , T EL DNA 25 1 B 7R R /A 5 4
R ALV F R AR TN b R RE AT N ) 2
B 241 DNA S EAR R L DNA SUBRE J LA 4544
R VRE B 98 8 Tl 3 T8 e 3 A3 DA Oy 1 R = B
fili . DNA SURGE S5 14 R FHIREE X B A6 A (base-
pair step model) i #*', {5 i€ DNA J&— K iELLs
iy (0 S FE ) DNA 25 il a8 A 50 R .
DNA {45 iy == 22 iy 45 18 DNA 25/ 19 % /1 (roll)
A () AAELSE, RIL e —BE DNA 7
G A%/ IMART , oA/ MAHLC 129 bp X5
BRI I AT 2

By = D1 hOp() - puD] + 3k ) (i) - 7, ()] 0

i=1

Kb, po(i) iz, (i) /& DNA-ZE 1 LA 590 a4 2
A A BB 280, p (i) Mz (i) 2 1€ DNA ¥ 51
PR B B 1\ RARTE it/ IMARTHZ 7 51 ) 45/ 2
B, A S EOR R/ IMAK DNA @SR S5 44 1) 4544
2 (e mth ) AR, k) ME () 2R TE
1 T-DNA & & W45 M Al 5 0 A% R i 1
B, AT 6 IS AR SR Uy 2 R SR 3
RS, &G, 129 bp B9 DNA JF4 (X
128 A BHEXT B ) (925 T RERR DL 128 5, 15934
AEEXT K B S i RE
1.6 DNAZHgenyEEM TS

T A3 AT IE G R L5 BE AN AR S, X DNA 25
RedE T L AR, 31450 10-bp JE] B B iR B R AH
i an, EHCTE 456 XA AIEHESS A X 38009 DNA
e, JFLARAT IR L SO R E, AR
P45 50 bp A X3 (3£ 101 bp), BHMRIIHTET F1%F
FRo HRIEF fft ok O R 557 91 A9 25 il 5 20k ik
Frpe s M B A5 #e  (fast Fourier transform, FFT),
P55 IR R . s A5 5 A i
AANL, $EEBOS R T 10-bp JEHPE AATR A5 o HER
M, FEMU R0 4 557 514 10-bp JEIR T
S KRR 53, T sE H R I | e B2 AR A
AR S5 91 1 REESCHE A 15 0T iz 1Y)
ARG, PRI IRAS AR LA TR AE (i HA R 741

U (An3EP i) ARG, A GRS
WEALE] 0~2n BRI .

FETHAREAL S AR, R PIRN RIS T 24
FE 9 gl e A A T 2

MU %

a.mode 1: [0, n/4) U [7n/4, 2n).

b.mode 2: [3n/4, 5m/4),

c.mode 3: [n/4, 3m/4).

d.mode 4: [5n/4, Tn/4).

TR

a. MG-outward: [0, w/2) U [3w2, 2n),
DNA/NAT [ HEH

b. MG-inward: [n/2, 3m/2), DNA /)5 1H] [9]
HEH.

T ki DNA Z5 i aeAHA, (FFT brifEfb )5 19
FAAL) JERAE TF 455 FAREE A PR AL 2 R A77E .
FES, REHESKR (permutation test) . &
PAGIRIT, B X P AEASHEA T b A B AL 4
(EVEEHE), JFEFITHE WAz e A A E 2,
AR REE 2R (ASCER 10000 ), HiEHs
T (RIFRGZ M ZE) MR nAn, SRIGXT A
FEASI SEBRGe it A i th i SE o ) 2890 70 A1
WA B TR TS/ N TSRS T Y
L, BIhPAE. XA~ HLElE/NT0.05, FRIASEPR
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St K TREVLE G T etk s, BB
o HAEENE, MOZRBETEEDE, HithrifEie
JG BIAE AL SE ] RIE S circular 13/ circular PR ZCKT
AR RIS A AR e, W H, THE M
2 2 () P A A7 $4 (25 R 200 i L o ] 0 1 A 48
FRAETE O~m 22 1]

A AL 35 i m & K
length) Rho 37 [RIJE £ 76 18 JA b i 48 vh A2
HHE AT

Rh0=/( %z:: (cos 0,)* + (%zjzlsin 0.)>(2)
o o JEBA B S BN, n2REAR KN, Rho=1
VLA BT A AR B s R A T AR Rl — A ) s Rho=0
VLB A AR R ML A0 A 7E R . I RIE
5 circular £ BY rho. circular PR35 AH 7 3 & K

(mean resultant

MK
2 % ES

2.1 HINTFE #%/ME S & 33 e E AL AR

R T RGEMI TF-R/ MAZE G I 15 32 1%/ MATiE
g i se e, FRAT4r T T RS NCAP-SELEX £
R EdE . @52, SEAR AW R IR A 2
TF 45 426 A ) Ry S PR AR SR A9 4% /M DNA R 51,
AL 200 4 TF 45 4 (A% /IMA DNA 751 SC%
b TF X6 hif — 2 X I f5 DNA SCPE, 34015 B L
“BIREE” W,

FH DNA 25ty BB ASE 50 ] T A% /A T B o Ao 12,
HHWHE A 1 s s, i ek IME
HINL & DNA /N 258 TA%/ME (BRI DNA KT
MHEF) RNLE >,

DNA sequence
Motif center Motif center
(MG buried) (MG exposed)
g — — —
| I
>
& | I I
g I I
o | |
Bending energy o 4
calculaton 'g ! !
o | |
m
I |
1 | |
T T T T T T T
=30 -20 -10 0 10 20 30

Rotational positioning
prediction

Distance to sequence center/bp

Fig. 1 Schematic for determining the rotational orientation of TF—bound motifs using DNA bendability

A motif center is determined as having a “preference for minor groove exposed on the nucleosome” when its DNA bendability exhibits a local

minimum. Conversely, it is determined as having a “preference for minor groove buried in the nucleosome” when the bendability exhibits a local

maximum.
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Fig. 2 TF-DNA binding is influenced by the rotational positioning of motifs on nucleosomal DNA

(a) Motif enrichment values and TF-binding signals (EMI) were normalized to 01 and plotted for comparison. SOX7 motif peaks were categorized

as TF-bound or TF-unbound based on whether they overlapped (>70%) with an EMI peak. (b) Comparison of DNA bendability profiles around the

TF-bound and TF-unbound groups of motifs. (c) The binding of P53 to DNA is affected by nucleosomal rotational positioning. The dashed lines

indicate the center positions of two P53 motifs. An asterisk (*) in the sequence name indicates that the sequence remained bound by P53 after

nucleosome reconstitution in the in vitro assembly assay (P53Con42*,P53Con30*,P53Con40*,P53Con32%*), whereas sequences without an asterisk

were not bound by P53 after nucleosome assembly. The magenta lines represent the center positions of the reconstituted nucleosomes. The precise

position of the nucleosome formed on P53Con32* was not experimentally determined.
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Fig.3 The comparison of rotational positioning between TF—bound and TF—-unbound motif sites

For direct visual comparison, the vertical axis range was set to be the same for all subplots.

X d (https://generegulation. org/NGS/stable nucs/
hg38/) . FH LR Z&ME, 430ilifiak i TF 256 FR 45
BRI X, P AR e a5 R
1 LIS HITBERY 10-bp M 11T 50% #1751
o0 prit, HOS AR B ess (i AR (ASCL1 BR
Hb, KIS . LAEHITBE M 10-bp J& I AL 51 1T 25%
(SN HEAT S A, P e e i 3%, i HLTF

455 R TF R 456 09 5L 5 09 e % o2 A AT 2K A [H]
(ASCLI1BgAk, KIS2), xSz Bt — 4 ik
2510 . TF 455 MRS & P e/ IMA Bk T
SRHC MO e L7 WF 2, TERERA
EXFRE A A PTF R ZHp b, R B TR e
e imay G (EIS). &X$r, RN TF
A SE, ERME FIA R PR/ MAE T


https://generegulation.org/NGS/stable_nucs/hg38/

*202- EMUFESEYIRHR

Prog. Biochem. Biophys. 2026; 53 (D

TERE BT Y . (AR, X H ORI
AT SR 1, AN B e e AN S ]
TF EAR LA B2 G o

ARG R WS E PTRs 7EJE N4 A%
BEFPA S5 T35S R 3 ok ) U P 2 1) e e
SENLIY A 1 o A T HE— A R R TR e 2
RIS, FATHYE FET (9 10-bp JE P40 1 1
FADE, K5 FE P A O B eSS A 4 41 (1A
da): HEEC 1AL U B DNA /NATS 6] 41 8
s A2 (38 7 o0 B - DNA /NG T ) 4 8
Fs W03 3 e o o B IR 3 AN R B
() DNA /N A A B4 &7 o g
WSS 3 AT IR E Y DNA/NA TS M 418 .
B 3 RIS 4 (4383 R B DNA KA 5%/
& DNA BB 7 w17, 8 mAH R . 3 [E4E
DNA XUZTiE LA DNA K8 R BT, JEE e 7 of
4325 DNA R A s <P (B a2 8 AR
iz, BiC1) . M7 (BC2) . e
Rm” (BEX3) Fn RIS E R (Bi4) . [H
BRI 04 PO B ARS8t )R I i A
T4 /NS (DNA/NGIFEAER) Fh
IEIN (DNA/NATHIZHE) .

A 3 43T 4 FhOIE G RE L G 3 T A L ) & B
(E4b), 7E TE 454 M TF AREEE 22 18] 28 AR 1) 2
ASCL1: #1178 ASCLI 454 19— a5 bk
FHIAMA R e e fidifR) M2, HZ
TE ASCLI ARG G —2Eh IEdF M R . 54k, AL
OCT4RGEA I —2, OCTA45A I —Krhigi= 2 1]
BHZ ., SR RWEN, ASCLI 3P
TS 5 AN AE ASCL1 454 A1 ASCL1 ANZE4 i 4H
ZIfFE R E 25 (ES3), 1MiH, ASCL1Z5E )
L B AL Y A i m 32 K (mean resultant
length) K F ASCL1 N 45 & 89— 4 (0.159 vs.
0.027), 4/~ ASCL1 454 W57 A B4 v o
SOX2 WL ATHEs% e (VAR 7E SOX2 454 Fl SOX2
REEEWAZ M BRA B EES (KS3), HANL
SEIE (RIS m) 25005/ (18.3°), AR
DI FRE PP A TR (v 7= A B S ey . I R
URTE I T

J T 53 B PTFs 5% /IMA 1 40 B4
FHEE ) B LS el e v O, 1 JE i T AR
Jili AT AE AL (IMROO) ' v TF 4545 3L 17 o7 & JA
Rl MY GRS 0L . 455 %, 8 Bl PTFs i,

SOX2. GATA4. MYODI 1) DNA 54 BL 5 8
KoM e s 4, HKJEFOXAL, CEBPA, ASCLI
) 3 % (K S4) . SOX2. GATA4., MYODI,
FOXA1 45 & 57 h 28 /IMAE 35, R TE
IMROO 4fiJifd rfix £6 TF ik K PAIK, X8 TR H 5
FEE DA RS T FITIREAR G . SOX2 5 Z R T4
MA KT H K, GATA4 5.0 ERT M IR)Z5
b4 &, MYODI 2 WL 41k iy 3= 00 [R5,
FOXA1 W5 IR Z oAb T &2 B A5G . 1 L £F
e R TE TR IRZ2 R E e i, EH AL
Fih X oo 5 Z et sl R 1S R A EAH DG TR, X
S8 TF (56778 IMROO 2 g H 72 Bl e /AR 35 19
T Ol AR A T A — 2. SR 1T, IMROO 4iifif
T BT O TR (IR RS ), XYETF 2
WA ZERET . ARENE, OCT4r
DNA 45 & 38 7 g /MR LI R LI EA T B i
PEAN R T NATT T A0 1 R B A0 b i VR A
OCT4 7EA3AY JL B F 2T 44 41 i b 7] A 5 A 8
et RIES 2 BN EE SRR .

IMROO ZHAE A, A% /IMAS o 415 10 5 7 2 5 )
TR R B BERE 7 6, AT S Bh 20 i 75 22 TF B
(ngnieE g ARt ) et TF SHZE AW #Hh)ih
Ui, B /IR (5 i B L P e s {7 2 7 A i L
AL CHIRD 2 A T X A [l i, FRAT 1 4
— B TF 7 5L R4 1 0 587 057 sSAR B AZ /AR o 15
Ol B R A WA /MA SR R IMA S
I N Y N N T R S W N N G |
Sa), HHLER T X 4 28 2 (8] B E % e 1 15 5 1Y) 5 1
MAHL . S5 R F W (K 5b), OCT4. SOX2.
GATA4. FOXA1. CEBPA ek Epifs 5 7E 426
Z A IR R K25, SR KLF4, ASCL1 Al
MYODI1 1 4 28387 I e e 2 (A5 5 AE e B i 2
M. KLF4. ASCL1 A1 MYODI (1) 55 )5 Bl b 4% /M
difi (F£1), H.DNAZMaEM K 2/ MA#E: =
(RE7 A7 5, DNA L HBERL /N, DNA 25 il B 1A%
AMEFEERE N, BRAE T T A%/ IMAC 2 Rk |
LRI, 7E DNA FFAKF A5 I8 iz /A
f) KLF4. ASCLI Fl MYODI 4 3t 5 IX 5, (5% 1)
P TE AN E S T #%/ME, DNA T8I ok
B —45 0, mEERE, WRELTA A e
EDE S EAN —Shdy, W25 fhfe s
SE o BN GR ) 10-bp FIHAPEDR G . (A% /IMATE
SRR PTFs L7 X4k (75 1) A il B IR 1% I+ 3047t



20265 53 (1) , & REREMREREEEREATESRNMESHENINESR -203-

Mode!
, 0.54F
g I
MG outward 5 \
2 051 '
5 \
E 1
m 1
0.48 :
Mode2
% 0.54 !
b 1
5 !
MG inward 2 051 '
5 \
3 :
0.48 - '
Mode3
0.54 !
2 :
) 5 |
MG is parallel to %o 051 F .
superhelical axis g .
M |
0.48 & .
> 0.54
g
5
MG is antiparallel to % 0.51
superhelical axis % |
m 1
0.48 i
-15 -10 -5 0 5 10 15
Distance to motif center/bp
(®)
Percentage of four RP modes
ASCL1 CEBPA FOXA1 GATA4
100
50
0.0 35.7 35.6
25
s 0 o
S Bound Unbound Bound Unbound Bound Unbound Bound Unbound
) 2
£ MYODI OCT4 SOX2
3 s
5
A~

100 . 4
75
50

) .- .. -.
0 --

Bound Unbound Bound Unbound Bound Unbound Bound Unbound

Fig. 4 Four rotational orientations classified by FFT phase
(a) The four rotational orientations and their corresponding bending-energy profiles. (b) Proportion of TF-bound motifs among the top 50% of 10-bp

periodicity in bending energy and located within stable nucleosome regions for each of the four rotational orientations.
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Fig. 5 Nucleosome enrichment patterns around TF motifs and corresponding bending energy profiles for IMR90 cells

(a) TF binding motif sites are categorized into four clusters according to nucleosome enrichment pattern in IMR90 cells. K-means clustering

algorithm embedded in deepTools was used. (b) Bending energy profiles aligned at the center of TF motif sites across the human genome. (¢) Bending

energy profiles of DNA sequences with motif segments replaced with random sequences.
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Fig. 6 Average bending—energy profiles centered on nucleosomal TF—motif sites, comparing regions of TF—bound with
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Differential Role of Rotational Positioning in Pioneer Transcription Factor
Binding to Nucleosomes In vivo vs. In vitro
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Abstract Objective Pioneer transcription factors (PTFs) possess the unique ability to recognize and bind their
target DNA sequences within compacted nucleosomal DNA, thereby initiating chromatin opening and gene
expression. They play pivotal roles in fundamental biological processes such as embryonic development, cellular
reprogramming, and tumorigenesis. The specific regulatory mechanism by which nucleosomal rotational
positioning governs PTF-nucleosome interactions remains inadequately elucidated. This study aims to

systematically investigate the role of the rotational orientation of motifs in PTF-nucleosome binding.
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Methods We employed a DNA deformation energy model to predict the rotational positioning of DNA on
nucleosomes. We analyzed high-throughput in vitro data from the NCAP-SELEX assay, which profiles the
binding landscapes of numerous transcription factors to nucleosomal DNA. For in vivo analysis, we integrated
genome-wide binding data (ChIP-seq) and nucleosome positioning data (MNase-seq) for eight well-characterized
pioneer factors (OCT4, SOX2, KLF4, GATA4, MYODI1, FOXA1, CEBPA, and ASCL1) in human cells. Binding
motifs were classified as “TF-bound” if they overlapped with ChIP-seq peaks and “TF-unbound” otherwise. DNA
bendability profiles and fast Fourier transform (FFT) analysis were used to assess rotational positioning patterns
around these motif sites. This analytical framework was further applied to specific biological contexts, including
cellular reprogramming from IMR90 fibroblasts to induced pluripotent stem cells (iPSCs) and the differentiation
of human embryonic stem cells (hESCs) to human neuroectodermal cells (WNECs). Results  Our in vitro analysis
revealed a strong dependence of transcription factor binding on the rotational orientation of TF-binding motifs.
For SOX7, the unbound motifs at specific enrichment peaks exhibited a rotational phase clearly opposite to that of
the SOX7-bound motifs. Similarly, analysis of P53 binding sequences confirmed that successful binding in vitro
correlated with model-predicted exposure of the DNA minor groove at the motif center, consistent with P53°s
binding mode. Genome-wide in vivo analysis of the eight PTFs showed that their DNA binding motifs were
generally associated with DNA sequences exhibiting significant 10-bp periodicity in bendability, suggesting an
inherent potential for nucleosome association. Crucially, for most factors (except ASCL1), the average rotational
positioning preferences were remarkably similar between TF-bound and TF-unbound motifs. This indicates that,
at a global genomic level, rotational positioning is not the primary determinant dictating whether a nucleosomal
motif is bound by its cognate PTF in vivo. This phenomenon persisted during cellular reprogramming (IMR90 to
iPSC), where the rotational positioning of OSKM factor motifs bound versus unbound in nucleosomal regions
showed no significant overall difference. Interestingly, during hESC differentiation to hNECs, SOX2 binding sites
underwent comprehensive reprogramming. In hNECs, the rotational positioning of nucleosomal SOX2-bound
motifs was significantly different and, unexpectedly, opposite to the general preference observed in hESCs and for
unbound motifs in hNECs, suggesting a cell context-dependent rewiring of binding mechanisms. Conclusion This
study suggests a distinction in the role of DNA rotational positioning in TF-nucleosome binding between in vitro
and in vivo environments. While rotational positioning critically governs the binding efficiency of factors like
SOX7 and P53 in simplified in vitro systems, PTFs in vivo appear to overcome this steric hindrance at the binding
interface. The ability of PTFs to bind nucleosomal motifs, even when key interaction surfaces are partially buried,
might stem from their unique structural properties (e.g., intrinsically disordered regions, DNA distortion/binding
domains), nucleosome breathing which transiently exposes DNA, and potential cooperativity with other factors.
Our results highlight the unique capacity of pioneer factors to drive chromatin openness through mechanisms

beyond rotational positioning.
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