Research Papers FiiEkit=:

0) D)L S i R
Progress in Biochemistry and Biophysics
' 'JXXXX,XX(XX):1~20

www.pibb.ac.cn

TEFEEMIEEEFERETFS
ZIMEESRERANER

5‘(,] }j‘:\l,z)** ;?Igig‘]"){;l'ﬁ j’é _&%.1,2) g{/‘ 4};;1,2) 5(1] %—1,2)
(V W R RS A ARl S AR 2ERE, 403k 0140105 2 NSEATRME K2R Sl B IR IX AR A e e S5 A4 M Ms B U086 %, fuk 014010)

WE B CEFESENT (pioneer transcription factor, PTF) BEMSINAIF LS &1 /IMEKDNA, Ji shy (i F i FgE R 35,
TEMG A A i A N s e A B i R b A 4B SR . SR, /IR 5 o7 A4 PTF S5 2 /MAR i AH /R R ML H
WA, FiE AU T DNA B SRR, ¥RIT DNA JiE s & 78 5% N 7 5 - MA M BAE H H e e .

ZRRIRINIREL T, SOXT I P53 A 5% R 1 A 45 4 o ZUIORE T HARUMBE PP A A IMA B RO Tee I (6. 4R, X 8 i PTF
TER PRSI0 HTRIT, PTF 255 (3R P15 R 45 5 IS FPAe i/ IMA 22 B SR — B e e e , 4R fefA N FRhE
TR RLIFAR PR PTF 455 B SCHEDLE R o B AR 2 e o i R AUV -4 B Al e v R RE A . PTEAEIA N RE
L5 G WO/ MR I BE R b, R RE R R A i B PTF A48 R R 1 RS /MR IR AT 458 PR 380k S IR 485 5 2 i 114 2 [i) (o2 BHL

ik AWETIE/R T DNA TR E R AR AP EREE AP SN 1

E TR E I AR RE

XEIA BRI, BUME, TEkElI, DNAJEASHE,
hESES Q6l DOI: 10.3724/j.pibb.2025.0434

Je e %% % [N F  (pioneer transcription factors,
PTFs) A] LAY & ] 5 G € o of 19 F B DNA J
G, WIHAT I/ IMA R EE PTEs AL 4 5 85 45
YAt AT B, I T DUl 2 X Sl g £ B 4t 1)
MR, B2 MR SR e B SR R 2%
. PTFs S54Z%/MAT ) DNA #4755 AEH
fish 5 DNA-A%/IMAAH BAE FH A5t DATTSE i G €2,
B IR AL K 3R . EE S, H sl Euy
5 DX ) G 8 ST A1 25 32 21 PTFs AR >
T zTite, PTFsEl 24 W2l B in i 5 ¢
A, UH, EfEATE SRR AENH &
RN

W k&, FFeEmiksHf
(transcription factor, TF) i i 45 R 3R 15 >k e
SER BT AIEAS . PTFs (4 H 0 AR T —
FISAERT IR RLE] . 55— R LA e E Y
TF & XCKHEFE 1 (forkhead box protein, FOX) A,
BRI LAZS G 1%/ MA DNA Hh g7 51 v XA ig )

SEA 2 SRS, SR T PTE M d e 22 (i pL ok

el fetk
CSTR: 32369.14.pibb.20250434

fii15 PTFs gt 5L 5 4220 (1) DNA JR 81 454
5 HAl TEIE B I L . fEFOXA Z )5, HAt R
BB REN TF B M 0, BIan /\RIKSS &
5% F 4 (octamer-binding transcription factor 4,
OCT4) . SRY &#%%[HF2 (SRY-box transcription
factor 2, SOX2) Al Kriippel ££ [H ¥ 4 (Kriippel-
like factor 4, KLF4) % ¢, JXS6PHF7ERNG 140
JLAY A FE SR AIZ BErE LR R FE RIME ] . R
6% & R4, OCT4 F1SOX2 figtg 4 & I Fsh T IF
BT, A SRR %, e 2 RetE iy i
SEAYERE . IR A B RYEHE, SOX2 53 (A 5 ) AH
HAEFIERE TG 20 DS A6 75 22 R [ A
ZREVE R R AR R JE S AN B A A B8 e T
w KRB E (62161043) , N A KRB F LS
(2025MS06029) FI20254F A5 IR XAt e 5L 5 B 20 1
MECE I E  (2025KYPTO135) %EH).,

s TR A
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il 7, RN EEREF LM T A (induced
pluripotent stem cells, iPSCs) HJ#F5H, OCT4,
SOX2 Fl KLF4 1] LUK 27 4 240 i Ak g iPSCs B
2276, SOX2 f1 OCT4 5 KLF4 5 HAZ /M (1)
DNA LS Z A AR, Beg ™ EREmME &Y,
15 DNA 5 8% /MR A 2z [\ A B AEHARE .
i H, SOX2-OCT4 —RARKIEZ/MELS A HES) L
ANPTFEGR 0 PTFs ZIJASAHEAEH], 40 SOX2 Al
OCT4 5 GATA3 Y2545, CildAIMIFTE 3]z
UESE ™, BbAh, PTEsfEMRAG A B & B ke 2] ok
EMEVER . WE5R B, FOXA TF K% ) ik 51 76 A
WWEATARRE CAnmE . e . BiARTSIAR) AYIE
WERBTREEXEENER ", FEmRgTh,
ETS R jik # 5 A 7 PU. 1 (E26 transformation-
specific family transcription factor PU.1) Fll GATA %%
&1 (GATA binding protein, GATA) 1 Ay
PTFs, 432 S8 A1k . e s LK
Lo R B SR Rk Y A TR R,
TEARI AR, PTFs S 55 218 A A H g
B, MRS HERES A0 PSRRI S gk
ARG S G5, X A B “PTF fit A
AT BN, O HE B SR [N F- 7 (paired box
transcription factor 7, PAX7) AMUA MiA%L T HIE
BORAMMR FRBEEN, SAENRHdEA X
R R B, R, R PAXT L
WA T NGO SETHR, (HXEN S mes 5
ARERIEPTFs VER o BRI, ZENLIRPEM
Y PAXT AR i TR K B IEE 6 A sSARAN REAE M
PTFHUPEA S AT 5546 1 X — B R W T 4if
WEEAE A PTFs I i S 21

WHoE 3R B, A4 PTFs fE g & A R b iy
HETEEMO, FIA, FOXAL LRSI AR &4
ESEAE , Gl R SR IS . P -
(i) ot 2 A S5 HIL 1 52 ) i g E R 9B 9T R BT
FOXA1 5 FOXA2 7¢ §t = If %4 % 3% /& (androgen
receptor, AR) [HTFI s o e fa] i 47 T4 )i,
FF U A1 5K 20 i ed () AR EHCHS M AR Y. FOXA2
fie HE /N0 il 5% (small cell lung cancer, SCLC)
ZiaEHR, HAEBBMCME bR,
FOXA2 3 13 7% ey LI A 28 P 43 W 25 IR 3R R T
W7 g 4R Bz % A4 HE s ASCL1AEh SCLC
JiE A W OGS -, B 4E B FOXA2 )5 3l
TR G X, PR RS, B ASCLI -
FOXA2 IR SIS ' . GATA6 M L 45 A g

9 F . 5 CCCTC %5 & I ¥ (CCCTC-binding
factor, CTCF) SFHHBAREAERN, Ja#% =45
A5 (A2 P (0 R PR ES AL RIS 38 -5 3 11
FEAE) , dEmjE S0 R A R, KA
JESEFE 1 e-Mye /N — DM TEME A AT iz S
SHPTF ', ERAFAE S 7 B HE 2S5 07 5
b GV fa

L5 LPk, PTFs 75 b A A= A0 i e i TR
H VR PR 25 200 o PTFs 38 3o A ff 81 s e €5 114
REFHER BRI, XA & & BB R
M o IR ABEE PTFs BVEHIPLE], ACH B T8 78
2R iz DRAE FIREAE S5 M 9 A Ji i e A 52 2
DR 2%, i ELA R] BE DA B T AR IR T
AR P 2 > T . AR SCE RTE PTFs 5
B/ MARBIAH EAT P AL

MMt 2y (InEENA Y Fx
g RMEL A5 MZRIrk, ETF 58
IMALS G RIBLHIFITNRE, WG TRt o fil
wn, WRRAGIT R T — ik —— MR
UL (AR S G S VR NN i A A5 2 N
(nucleosome consecutive affinity purification -
systematic evolution of ligands by exponential
enrichment, NCAP-SELEX), H T4 ##% /NM& %}
TF-DNA 455 BRI, IRE T 220 MR R 45
FIEATF S/MAZ RIRAHEAEH T, RBIRZ
$TF 45 4% /MK DNA 1454 fE 718 T A i DNA.
JE R IMATE— B UL T X TF 55 DNA Y2564 11
HAE, RN 7E AN [R] TF Z [ A AR R 22 5%
— L8 TF e8I A HOM 4SS & 2R/ MEDNA, JEHE
FEATAZ /MR DNA AR S 550 71 373 771 52 ke 0] 4 S S0 P £
B, —LETF BB IR 455 4%/ MA DNA [P IR
i€ /MERIAELESTIE T DNA BBERE X PRk, &
BTF7ER/IMADNA B RYZES WU A e bt 2%
WEFEdE 7R T TF S5/MRZ [0 /) Z A0 B AR,
FLFE 5B > DNA BREAY A5 45 . Bl i . AR
Dt SR AR GF RO 507 i B G o X 28 IR
R R TF QAT 75 G (0 5 BRI v 1 4k Y 2 Tk A1t
THHA, I AR TR AL 7T A AL
A SRR RLH YA . SR, IZPFSOITFRATRA
PRI TF 455 57 s Ak 0T e 52 (32 %) TF 4545 RE 1 Y
A0

PTF 5 3L (S A ELAR P A, B/ MAGE
TOLARH S, /M DNA g i (il ik 1 2
DNA SUREEARZ/ M FrYIE, B DNA XURiER
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XEK, %: REEMAEEERRETFSRMEEGHERIESR °3:

-S54 E A Z BEAXAIE . CuidsE 2 KB, 4
P53 255 R AL /IMAIS 95 4 i J5] 300 45 i
(cell cycle arrest genes, CCA) HY&E-E A7 25 F0
0 M T A0 S B A (apoptosis associated genes,
Apo) EEG AL RAEAZ/ IMAZR T W A] S PEAS ]
CCA G55 7 45 7y Z BE AEA%/IMA SR TH, 1T Apo
S A SO ) A A/ IMAR NS, BER TF 45
B e AL AR EAT1 7S 2 B PS3 IR BRI
55 440 i SR A LSS AR G RO LR, 1T Apo 45 & 6 S AT
Rems LA AL TR (WA E T EIBE 1K) >k
TRR . ROMSEERERIT, /M 1 PS3 4557 s
HIERe e R E PS3 R A S A A M
K

AR PTFs 5H/MAZE & R © 4 US T8
FPbRE, (HAN[EY PTFs S5 /MR A BAE F T fE
BAMRGENZESE. fln, %MK DNA L,
DNA Ftk . Al B7 55 24 B R A%/ MR g
WAL R sE R, SE IR TF 5% 0MK R
FHHEAER] . DNA BER: & (058 T8 WAl 0 TE 5%/
R EAER], BRI Z 5. &
MHERTII TAES Y, JF& TR/ MEE 7 /) DNA B 48
RERIRY, 2T e Al A R A M T A% /M A e i
i e ARSCRI A 2, RGE5E DNAJF 41

R S W IR 2 72 2 50 3 NPT 52 ) PTF's S5 %/ IMA B

4o

1 #HESHE

1.1 NCAP-SELEX#{#EAb12

MICHR [18] BRAHASD TF 5L /IMASS & 1%L
$&  (https: //www. ebi. ac. uk/ena/browser/view/
PRJEB22684) . NCAP-SELEX # AR 1 Jotly idt— 4
£ 75 K& FEAL DNA JF 91 (19 SC% - (FRZ 2 DNA BT
1) o HUCK LA DNA P81 SO 5 40 1 41 2%
HARIE (SRR MRS G AR A28 1 2A
(histone 2A, H2A) ) REG, HFE/NME, RiE
SR TR T o 10 5 B 8 R AR AR A% /)
&, FHE R TR 45 G0 . S-17 SHeik s,
BERE 5 0F TF 2545 19 DNA FCIREAT PCR A 16 70 e
I M e DU S e £ S 9 DNA SR RGN P45
R CEMRIEALAL G AP R RES A FE), BIR
F 5 TF 454 35 F0 7 FRe S B (19 % /)MA DNA
ARSCH X BRSPS BB, WF58 TF 58/ MAHH
AR PR MR E AL X BB 2

S DNA SCFE, 435152 147 bp (ligl47) F1200 bp
(1ig200) FEHLA BTSN, BT 54 101 3
154 bp MIBEDLIF S, H P /24 B A 24 bp F122 bp
(T A V=S - A ¢ NS £ R 1|
CCCTACACGACGCTCTTCCGATCT Al
AGATCGGAAGAGCACACGTCTG, 43515193
AN TFs 58 /MADNA (147 bp) AHEAE A S F1
1544~ TFs 5% /M DNA (200 bp) #HH 1 %k
it o AN TE XN —EX00m I 5 DNA SCPE, 43R
Y% TR 455 W/ MA DNA P31,

MENA B8 % R 2k 147 bp  (lig 147) F1200
bp (lig 200) FYJF 51 AR 545, A SCRH
Pandaseq T H.iF1 79 B PR TAE 2. FE#AE,
W/ NESETCE N 5 bp, DLIRARDEESS B T 5E
PERAER M . WA, b Tk didE B, b
AT T & NP L BREAE . (1 MEME £/
ff)BA L A R 4K 4 (find individual motif
occurrences, FIMO) "' )P )5 A 51 48 R 0 2
TESS G IF NI E . R T H0% FIMO (- RE % 1
AR, UM SCHR R I pfim 4 X A 5677 4 e )
18 1 Jaspar2meme T ELFE 4 4 T meme #55, DL
JE FIMO 4 1y #iriti K . I FIMO & 52 55 TF
X1 DNA SCRE 57 I, THEAC A 200 bp
(7 5 LB A R 7 1 B R P B S B,

TE NCAP-SELEX 7 R Z e 142 J5 1) DNA (/%
)5 =2 S O NI B 1B 0 M RS TR A | S = VA
(3-mer 58 ) MIF 5048 Z [0 ) H.A5 B (enriched 3-
mer pair based mutual information, EMI) i i il
TF&5GHE M. TS A4S 8FE 3-mer X (413
2Ly BN 6-mer) HYSATAHDG, MATTFE EMI #AA]
i s T ASCHICEE [18] T4t EMI 1§
Frok 2 iR TF 76 DNA JE8) 454 0 & SRR,
EMI{ s, TIH () TF 2830 8 4560w 4
PR

TR 200 bp A AN R B AR
SRS TF &5 A 0 OCHM:, B 2 FH G A v ok
TN RE Y i 42 B (06 L e TE 854 i, Hok,
R 75 findOverlaps PR EIUKS A PR e 2 [R] B9 W) &
Bl A IGE 22 [0 1 T2 X ) R AT — 0 DX ] o g Jp
forE (KREE) KT 70%, WE L= 220
R AWRIEZ R ES X, e L
HZ “AEE,
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1.2 EERNTTE
1.2.1  HdlEmib

WA (I 00 17 7 23 ) K BRI A S RN TF & 4R
FEorE, MEcRE/MEE b, Huk, FFi %k
smooth. spline (x, spar=0.3) Vg IH — 1k )5 %K
i, XA BT g s REAIL I S s . Fe i P
HERACITY (B TR 1201298
1.2.2 WA

i EmEAA [+] {2, 5t [0] {o,f [-]
{2, 51 " EEIEE, Hrh & anh .

[+] 12, 5t WH LM BT 2 2~5 kst I
PARINEAE/TIR

(0] {0,f: RFOANEEZA R B (FE
FH)

(-] 12, 5f: A NREBTBRG 2 2~5 ML T
R AR
1.2.3  JEZEEEOR

upN=3: WE(EHTEELE FTF 340

downN=3: IE[HJ5 /L T FE3 AN

LR A DU 2] ) 2 EL S W, TR M s i 3
124 &S

min % height=0.2 » W5AF =1 5 0 20>0.2

HEBR R BE 2k /N e s
1.2.5 PRk

min % distance=10; 4P Fe/NE]EE 10 741
it 5
i (R N E S BT W =R vl
1.2.6 i R

nWs=5: IR SR W I E(H

sortstr=T: 4% W& PEHE P 5 i

DL B2, RN TR g % 5 i
FEMAESEL, REMEAT ROR B L 1
1.3 EREEREFDNAL S AL S EERIER

ARICH IR WG T 8 N T (OCT4,
SOX2., KLF4, GATA4, ALrfEHF 1 (myogenic
differentiation 1, MYODI1) . FOXAl. CCAAT/#
i T 2454 %5 1 a (CCAAT/enhancer-binding protein
alpha, CEBPA) L)} ASCL1) TEARIIOLE S5,
M jaspar (45 %2 (https: //jaspar.elixirno/) TF#X T
X 46 TF DNA 45 &5 B2 )7 78 N W 4 (hg38-
version) A 5 . M ReMap 50 ¥5 )& (https: //
remap.univ-amu.fr) FR1FIX 8 S K176 N Ak
Kl (hg38) LMZE& A8 (3T ChlP-seq #Y TF
G WEE A s E ) o X EEZE A U= YL A )5

fe & UL JE M ¥ (chromatin immunoprecipitation
sequencing, ChIP-seq) %3000+ R#fE R TF EL
PSSR h DNA G550 s A4 . 315 TF
MY JE P AE NS IE R 2 b i 7 s LS A5 B i 2
J&, ¥ TF B P AL SR R A 5 S gs A0
TN . TF 454 P A5 (TF-bound) F
TF ANGEA BIFEFFA 45 (TF-unbound) , Rij# 2584
7% A ChIP-seq I X [A] {37 1, 5 # &5 ChIP-
seq WIS A HEA B P A0 i . FEIGAEAN |, R
PO AE R, WAEEER A R Ly R rh
LI M 500 bp (9 DNA P51, T DNA 25 i fiE
A
1.4 SEIAZ/IMAETE (L HHE AL IE

WA PR 3 3K 25 5 B8 7 (Gene Expression
Omnibus, GEO) FKF5 IMROO 4 ifd i) TR pri A% i it
Ml ¥ (micrococcal nuclease sequencing, MNase-
seq) JEIAKE (GSM543311) . ZEIHAL & 74 FE
7S 1) MNase-seq S i il F 804 . H bowtie2 2 K-l
JF fastq 3CPF HEXT 5 GRCh38 FEH4H |, 3R15 sam 3¢
# . HI samtools 3K 75 bt %f J5 #Y bam SCF . ]
samtools ' Jfif% (samtools view -q 30 -F 4 -F 256),
PEUEPAR T e B, AR I ERAR BT i LT (af BT
15 (mapping quality, MAPQ) <30). ZBRA XS
A BRARME— LX) . samtools markdup 45 PRI L
ZERPCR R BB fea, H 7 FEAXT A bam
A FH samtools merge PR35 B — 1> bam SC
H deeptools ' ) bamCoverage PR 5K bam SCAF5%
f& Sk bigwig T, bk R AR R S 8
(extendReads 147) i H. 3 I J77 1) 152 B AE G 28 147
bp. ¢ J5 H deeptools [ computeMatrix reference-
point PR EUAR AT TF 454 W J&] [l 1 A% /A 5 55
Jf ] plotHeatmap pREX A #84K . plotHeatmap PR &L
SRR E RS (kmeans 4), F TF 455104
PLRRBAATE, SRR M S L TR
ANA R R IR A MR S S L TR/ S
LLEEA8

RAF AN PEBG T 40 e (human embryonic stem
cell, hESC) F1 A i & #b & 2 20 Bfd  (human
neuroectodermal cell, hNEC) #lljifi) MNase-seq Ht
IS (GSM1973978, GSM1973979), %A
2 EE . R G T A B AR
(sequence read archive, SRA) X {FJ5, H fastg-
dump 408 fastq XM JRZL TR . LA R
bk, ffa RIS R W 8 52 Y bam UM
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XEK, %: REEMAEEERRETFSRMEEGHERIESR °5.

JEF bam X, F|F DANPOS T. H BV 435Il 4515
hESC FIThNEC H %/ IMATE L (AR F A

FEhESC [l hANEC /bt f2H, SOX2 73 il4h
4 hESC #l hNEC 1) 45 & i sU15 BN 2 4 48
(GSE76082) k1%, FATHE hgl9 =% 5L H 4 A
[ SOX2 45 & 5 LiftOver (BRINS:%h) #E4h
hg38 RRAS 7 o5, DABLSRARIE S 37 . B/ MARAL
B RAMEE—.

T 957 hESC [i] hNEC 2kt i rh SOX2
PR/ IMAE L (25 G R O T 7 A e e e v, 3R
T4 R 4381 . a. F MNase-seq 204 40 A1 T. &
DANPOS 43 73545 hESC I hNEC H iy 4% /IMAA B
(B Sk 5 . GSE76083 Il GSE76084) , LA K& 74k
TR A IMAE 7 & A SRR R R (k%
MR EWE B B IMA i HERAR A R MARE AR
W R A=A A %) 5 b Higk, 34595 A hESC Al
hNEC H 9 4% /N R IX 385 1) SOX2 3 ¢ i 5 (K
jasper BUHE E AT, KT hg38 A )5 c. dE— 424

128

/IR DX S8 1) 5 e AR A O A5 B SOX2 45 5 (MY
ChIP-seq U454 W& FI BT ) 43 i “SOX2 45457 #il
“SOX2 AEEE” Widl; d. e s iX AL 37 iy
DNAZHHE, R A MER e R tA 25,
1.5 DNAZTHigEsitE

DNA 5 (il BETE A% /IMATE i 2 57 1 il 1h 5%
MR AEE LS A RE, T H DNA 25 il REAE A% /MA
diE R B MAZARE [ R BRI T R N Y
FH P DNA S EERIAL L DNA XSURE J L i 45
PR 28 7 M A8 RE A 115 SRR R R 3222
Fohif o DNA SUIR i 45 44 R FH B8 5 X6F By Ao 455 74
(base-pair step model) ffiit ' ?'. {RiE DNA & —4
TELEES il B ST, ) DNA S #h B8 A v e it
5. DNA Ry 25 i 32 %2 i 46 & DNA 25 14 /9 5% £
(roll) FUfHiff (tilt) AYZSfb T3, Ko —B
DNA J7IIJE A%/ IMART , HAZ/IMAH10 129 bp IX
B Al A AN R AT 2,

E, = ; %kﬂ(i)[p(i) _Po(i)]z Q %kr(i) [T(i) - T‘)(i)T (M

L, po(i) Al 7, (i) /2 M DNA-ZR 10 &2 & ) b ik
SERIAG B A S p () A7 (3) SR (B E DNA T
G| g GE 20 85 1\ R B IR B 27 5 i 2544 2
B, XG5 SR HAZ /IMA DNA R 258 1) 2544
2 (At E) MR k) Mk, () 2R TR
1 i-DNA & & W45 M Al 5 0 A e i 1 1%
B, AT 6 IS AR SR Py 2 R SR 3
AR . B Ja, B 129 bp Y DNA JF 51 (X b
128 MREEXT s ) B2 M RERR L 128 J5 , 15 214
AEEXT K B3 i RE
1.6 DNAZHgenyERBEM TS

RT o B R 6r 5 BE ARG, X DNA 25 i
RedE T L AR, 31450 10-bp JE] B B R B FAH
i lan, EHCTF 456 XS REHESS & X 3819 DNA
e, JFLARAIT IR O SO EME,
P4 50 bp B9 Xk (3101 bp), BRLRSTES 1%
FRo HRIET it oR O B 257 51 1025 il e 2 d 0t
Frped L A5 4 (fast Fourier transform, FFT),
P55 IR A SR . s A5 5 A i
AADL, FEEBOE R T 10-bp JEIPE ROAIR A5 o HER
MF, FES R R 55 7 51 HE 10-bp JEIE T Y
S RS 53, T sk HOE I e HH L e B2 AR A
AR 55751 5 Hh REESCH Y 1 5 R iz 1Y)
ARG, PRI IRAS AR LA TR E (i HA RS 741

Ui (AP E) AR, FREAAAR
WAL E) 0~2m 5 FEIA -

B TPRUEIS AR, R PIFN RS 28 %F
JE 9 el e A A T 2

ILIES sy
model: [0, w4) U [7w/4, 2mn)
mode2: [3w/4, 5Sn/4)

I

mode 3: /4, 3m/4)

mode 4: [5w/4, Tm/4)

Sy

MG-outward: [0, =2) U [3n/2, 2n),
DNA /N& [ 418

MG-inward:  [n/2, 3m/2) , DNA/NAIH[A]
HE M

AT ki DNA Z5 i aEAHA, (FFT dRifefb )5 i
L) BB AE TR G HARE G A 2 B 717
FER, ACMHHEHKE (permutation test) . F
PATIRET, B XX PR REA A Ty L A BEAL B
e (EDEHE) , I 55 W 41 2 18] i A A7 34 {8
22, L LEREEEE ZHE CRSCESZ 10005), 4
w gt (RIAEAIEZS) BIZem s, SRIGXT
LR AEAS ) SE PR T AL i th A Ge T i 22 50
oA, WAt REITHEME g AN T RS
TR HLE], Bk PIE. XA ERfB# N 0.05, #
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WISLBRGE T K T REAL B g T i mT ek i e
Rk 2 o (EARE SR, MORETEE MR, it
FRUEALJE AR B S5 R 15 75 circular £ [ circular
PR BSR4 Ay BT 54 P H SR AR A A (B i HL,
TP L 22 1] B A A7 411 2 s 2000 i+ (L3 2o S A
PEAR IR E TE O~ 2 [H]

A AL S ¥ A R ) i K B (mean resultant
length) Z/m B B4 76 R )] A sE v /R B, 3t

1 1
Rho=/ (D cosb,) + (> sinf,)*(2)

Horpr o JE AR S AR, n iR FEAR KN, Rho=
VU A AR B AR A TR 7[Rl — D7 1) 5 Rho=
0 Ui W it A A B BEAL I 2 3 A ZE R B o FHR
155 circular £ 19 rho. circular P& 5055 A0 A7 46

DNA sequence

\

T A
#R

2.1 RSNTRS#IME 2 & 33 e de E R B kB 1
N T RGNS TE-RZMASE & 215 A%/ IMA it
Fe ALy, FA13Hr TS NCAP-SELEX £
ARPAEREIE . T5Z, ZEOR R UG EdE
TF 455 26 U FRS S PEAR 5 19 % /M DNA 51

AU FEIT 200 4> TF 255 A9A%/IMA DNA 7371 SCPE

2

=/
o

Foft TF % W2 Xl 5 J DNA SCIE, TR4R{E B L
BRI Ry

JHTDNA 725 1 BEAEHL A W A% /M e e 7 3 2
FCHAWTRLM AN 1 B Sl S, 2 i AER/ME
f 7 B DNA/MNA G TAZ/IMA (R DNA KA TH
ML) BALE >

motif center motif center

»

Bending energy
calculaton

Bending energy

(MG buried) (MG exposed)

T
-30

<
A5

Rotational positioning
prediction

T
-20

I |
-10 0

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 0 - 1 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,
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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-mean clustering

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

Bending energy profiles of DNA sequences with motif segments replaced with random sequences.
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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.
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, MYOD1, FOXA1, CEBPA, and ASCL1) in human cells. Binding
motifs were classified as "TF-bound" if they overlapped with ChIP-seq !4 s and "TF-unbound" otherwise. DNA
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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 U4 s 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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