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#E: CTCF (CCCTC-binding factor) & —f EEZ W L6 e ME L, E 544 TFW Ak oad il mER
Ao EMH R EFFREZXREENER., ER-K At f ey CTCF £ &6 & (& CTCF fLK)
[ DA AE S Bk & A (cohesin) U TR BY T, o F @ AN, /- FRIERE DNA THZBEWMEER; MERE
B E B R R CTCF LR EAR A-Em®E Fmof, KELLTHhEE., H¥#t—FH R CTCF
NERERANPREH LGN X R, AFRKA DNA K B 4% 7 %@ $ it R sgRNA (dual
SRNA)H# 7 — % 7] HOXD £ F # X4 CTCF L A Rk Mk, T EFmAHE LR MEAHR IR T
THRRBE CTCF AR % SR T RAWEE R m, MEFH EEA (loop extrusion) ) sk # 0y 2 & IR,
Bl REERENEME D RESEHRH R — 4 K m-E W CTCF fr 4. shsh, #BEHZH CTCF o k& 7 LL
BAMBR T MSENEEEAS LRI RIFEL LTI RNA-seq L3 X L CTCF £ & K # 51 R &y 7 3 %
HAREEM LR —FFmERNEKL, LRFRRAMSH N L6 MBI EMH LR KRR E-E @
CTCFAL A UBERL 5 A B AN EME A MmN CTCFRAM R L e RN, MBHFEEEGES, ZAAN
H—FHECTCF LG ARG ERALHEMNBHRET 54,

XHEF: CTCF; %4 i3 ; HOXD; 4% F; CTCF i & R #

Combinatorial CRISPR inversions of CTCEF sites in HOXD cluster
reveal complex insulator function

Xianglong He, Jinhuan Li, Qiang Wu
Center for Comparative Biomedicine, Key laboratory of Systems Biomedicine (Ministry of Education), Institute of Systems

Biomedicine, Shanghai Jiao Tong University, Shanghai 200240, China

Abstract: CTCF (CCCTC-binding factor) is a zinc-finger protein which plays a vital role in the three-dimensional (3D)
genome architecture. A pair of forward-reverse convergent CTCF binding sites (CBS elements) mediates long-distance

DNA interactions to form chromatin loops with the assistance of the cohesin complex, while CBS elements at the chromatin
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domain boundaries show reverse-forward divergent patterns and function as insulators to discriminate against DNA

interaction between chromatin domains. However, there are still many unresolved problems regarding CTCF-mediated

insulation function. In order to study the connections between chromatin loops and the insulation function of CBS elements,

we combinatorically inverted CBS elements at the HOXD locus by using CRISPR/Cas9 DNA-fragment editing methods in

the HEK293T cell line and obtained five different kinds of single-cell CRISPR clones. By performing quantitative

high-resolution chromosome conformation capture copy (QHR-4C) experiments, we found that boundary CBS inversions

abolish original chromatin loops and establish new loops from the opposite direction, thus shifting the insulator boundary to

the new divergent CTCF sites. Furthermore, tandem CBS elements block cohesin permeated from the opposite orientation

to function as insulators. RNA-seq experiments showed that alterations of local three-dimensional genome architecture

would further influence gene expression of the HOXD cluster. In conclusion, a pair of divergent CBS elements function as

insulators by forming chromatin loops within chromatin domains to block cohesin sliding.

Keywords: CTCF; chromatin loop; HOXD; insulator; CBS inversion

K2 mKHNGIER AT 2R SIS,
AW EAEERL 5 um AR, TR T B4
i e (o 5 = 25 1) 25 R 10 A B e €0 I 25 ) 454
X T DNA & i1 5 A St 45 F DNA 1)
FHYE N EAE RN F5E R B
IR R, A 225724 R 0% ARG FUEE Y 0 A1 7E 20
A B AN [R] X3k, 9 kR G 8 J5T <3 s (chromosome
territories)™); [ 2 4 {5, )5 4 % 4 3% (chromosome con-
formation capture, 3C)I EROIR YL (7 R K 4 A AR
(circular chromosome conformation capture, 4C)™*
Hi-CH2VR it Xof oA i b 25 0 5% 43 B 94 €00 Jo 4 L £
(chromatin interaction analysis by paired-end tag
sequencing, ChIA-PET)!IEH R L &, AB [EE
(compartment) . #7FMH 545 #435 (topologically asso-
ciated domain, TAD)HI% {4 J5i 35 (chromatin loop) 5
AR AR 24k 5 11 212297380 i i A 2 IR A 2 U0
O R EE R BN . T Hi-C £l , SEN4 L
IR/ M 1 Mb P13 DNA A EAE FT 5% 19 X 8,
#ow Xl TADMM, 7E N RFAII R H, TAD %
U A O RS PR, 8 BN AE TAD DI, 5
“F(enhancer) . 4541 (insulator)-5 17T 2k ¥ (silencer) %
I =A% I JG44 AT LA 3 CTCF(CCCTC-binding factor)
Y'Y 145G (0 B 480 38 1 A 3 19 G 68 BT 00 5 R TR Y
J& 31T (promoter) & A5 AR H AR B2 Sfe i 4 1A
FIE S

CTCF HHZE—FfZ 5t i & 1Y 24
HEH. CTCF & M i & B F XF %% (Gallus gallus)

c-myc FEHRAFSY, IS DNA S5 &m0 &4
I ERSFIY CCCTC 741, g Fk A CCCTC 454
W21, CTCF E T 11 M BRI AR 45 5 A
KENA FIRT T 4 iR on iR g A 1o,
FEWFLE P, CTCF 454G i si(CTCF-binding site,
CBS)Je ik EE M AL F Ko, U 4 Mk
(module), Bl module 1~4, H: B4 J7 7] #% , module 1~4
{75 ] 2 1F 1], module 4~1 {14 77 161 W] 2y J2 17! .CTCF
EFGERA MBI, 8 FREF A A T i
f) DNA AHE /M, 78 TAD i FLab 434 3 K
S IF-1E [ /) CBS, i FHIr cohesin By 3, A2 F)
42T R IRERS 20 ik CBS B3k CTCF ks
A, SR DNA Z A Y R, 5 e 5%
A Gy Ap 283330 g 2 | il A S CBS & 1F
T et A, [RIB VR A 40 2 - BEAS A YL i ER
AR A8 Pehda FEIRFE RS 38 TS 80 T2
()4 AIE [ 5 S ) /) CBS, BT DA 5] 4 2% 11
YER, WoR4% 138 7 R 1 AT R, R H
(protocadherin, Pcdh) . e Bk H  (immunoglobulin,
Ig). HoxD “FX:PEAA/EE M [F M E) CBS, XL
CBS ¥ AHLAIE s (o PR30 W R IE [ - ) [f)
CBS %I cohesin 1 FHAFAE 2B &R, X ] (g &
1T CTCF 5 DNA Bz Z45 4B, SR, 4wt
Tl CBS 452 FIhRERIT S EEME TR s 75
WSRO EAER, 7RSS TR A R sk BAL
R CBS M4k T Ui RE L /> R G M AT o
HoxD 3 A % Je J4 il DU i & 75 B 4 0y 1) o 2
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FEPIRE, B 2 0 T % S PR 21— 4 45 [R) 285 44 i if
FEU%0 . HoxD H: M X WifE7E— R 5y CBS, 5
R4 X 38 N Y CB'S 3 3k A% He AR 28 43 5 I 1 1
TADU*™ 2 HoxD LA 7 3R 152 SIWfll TAD
PGSR R AT, HRIB AP B 7EDUAY
KB 5, 3wkl TAD (telomeric domain, T-DOM)
M H CS38-41 (conserved sequence elements 38-41)Fll
CS65 (conserved sequence element 65)2H Al i T 1% 184
5 45 Bl 9 5 1 (downstream enhancer cluster or
super-enhancer) 3 [7#77 Hoxd1-11 AYFRIL, FE7EM
JEE v 4 X A KA TEROm A B R, 5Pl
il TAD (centromeric domain, C-DOM)NH Island
1-5. GCR F1 Prox ZH pt i |- e o 1 5o 2 o
“F-(downstream enhancer cluster or super-enhancer)f/p
[F] 95 DO 3 Hoxd9-13 f#2ik 10424, HoxD &
PRI DX IR S PRl 1) o B3 S B e R D o ) ke P 2 = 4
ZEAE, S HoxD JE PRI FE 1Y IF 5 Fe kB394 fH x sk
KGR B e 32 2R X B Mook, £
#i 2% ¥ CTCF i 551 DNA F Bi ot
AR ] B 4 7] SCHE A ZR 5 (clustered  regularly
interspaced short palindromic repeats/CRISPR-asso-
ciated nuclease 9, CRISPR/Cas9)Ji Tt i Fl 21 i

() — i L M B s R, AR W T DNA
B . DNA - F B B e 40k S5 437 46 4 4 S
5 P245%2  HEK293T 41 5 & —Fh 3 T A 2 41
Z, WO TN Y0 A S ) 2 A R B 5 52
AR S8 38 2 R %F HEK293T 4 it % LA & HEC-1B
SN AR CBS LA R RIBETE K B, CBS J5 [l
J2: U 7L 20 00 A0 v 3k A7 A R IR B AR 5 R
CRISPR DNA f Be#f i R7E HEK293T i &
X HOXD K& PR i 75 Xl v 3 B HE 51 1) CBS Je itk
17— RINH G R R, R E B & o R gL
F % 43K (quantitative high-resolution chromosome co-
nformation capture copy, QHR-4C) RE4HF5E CBS
SR Ja e i i s A G A8 4k, &L CBS Jefh 43k
3% CBS JFA M2 DNA M EAEA, 5yt
T FD S5 R S8 B RS 208 L — X 2 1] - 1E 1]
() CBS Ab; [RIFS, AHAR AN Gy B+ b 25 40 it 5t
X3RRIl -1E 18] CBS Al Ll i 54 A Ur e 4R 45
FAB N A AH ] CBS JE UL (B LA, R ¥4 2% 1 I,
XM A 2 A A B TR R A = s A 42 o

1 MRSk

1.1 SEIRHFE

ANIEE 4R HEK293T 4il g M o B k24 Be 41
JfLZEE K ; pcDNAB3.1-Cas9-WT JFkr i b 51 K22 %
A E I pGL3-UB-sgRNA FkL 1 I HFRMHE K
AT EAR B ; DMEM 557335 [E Hyclone
ISEIASE s BG4 ME A H L ExCell A7) ; Bsa 1
MYIEE . Dpn I NIEE ., T4 DNA %30 . & AR K
F1 ChIP-Seq £ i1 & 3 [ 55 5 NEB 22 1] ; DNA
BERE ISR F) & Bk DNA /MR & [ 26 F
AXYGEN A+ ; BEFRFEEZ . NP-40, Triton X-100,
DMSO. Tris base. SDS. FE§ERENIA H FEE SIGMA
/35 Lipofectamine 3000, RNaseA . H#JE ., 16%H
s 7 W 1 35 E Thermo Fisher Scientific 2 & ; JFE G
&R ZIMW A XE Gibco 24 Hl; Streptavidin
Magnetic Beads It H 3% [ Invitrogen /A ) ; RNA-seq
) & F Phanta B H R Ui 48 AR MR IR A
] ; TRIzol 14 H 3% E Ambion /3 &) ; AMPure XP beads
) [ 3 [# Beckman Coulter /A #]; CTCF HifA M\ # [
Abcam A AL ; =G HF ke, MR LN 3 i
PRSI E M B A R AR AL
A B A BRA R s 13 B AEY)
TAR A AT BR S F AT 5 R B A B AR A BR
GiE/=

1.2 HOXD ERA#% TAD o471

I SRA Hi P T 4 HEK 293 4l f1) Hi-C £,
SRR710075. SRR710076. SRR710077, L) hg19
HHIEPE, R HIC-ProlV R #4700, 3Rk15%
FRUEAL AR s #HK chr2:175,760,000~178,200,000 i
FE 6 14, R FH TADtool 22 il $i ] 59

1.3 CTCF&&FF o

J3HT CTCF %5 14 ChIP-seq %4#i, #iE HOXD %t
PHIFE X35 CBS 7 45 43 A 1% 4 5 K1 T MEMEP (443
Mrikfd CTCF &5 A )7 (motif), DIILIL/F/E RS
% fifi Fil FIMOP 45 {45 $ HOXD 2 X #% X 15k CTCF
5L, FHaE CBS JrlA .
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1.4 HRIESE 1.5 #E sgRNA JR#i
HEK293T 4ififi i 89% DMEM . 10%Ji 4 IfiL i F1l f§i [ Bsa | M4 pGL3-U6-sgRNA Tk kAL,
19%75 5% R DUPTIC ) 9 58 A WG R BRI 97 72 5% CO,  JFFHBRIR MBI AT 20 B 44k o R 3K i) sgRNA IE
WP 37T°CHRIR IS FRA h B IR . J2 ot AR R BB VA T A RE 3] 20 pmol/L (3R 1),
*1 31¥FE35
Table 1 Primers used in this study
Al GIE/E S P31 (5'—3")
SgRNA a-sgRNALF accgCGAAGAGTGCGGGAGAACGG
a-sgRNA1R 2aacCCGTTCTCCCGCACTCTTCG
b-sgRNA1F accgGGCGCATCAGGAATGTAAG
b-sgRNA1R aaacCTTACATTCCTGATGCGCC
b-sgRNA2F accgTTCCAGAGATTATGAGCCAG
b-sgRNA2R 2aaCcCCTGGCTCATAATCTCTGGAA
c-SgRNA2F accgAGTAAAACTGGGTGTTGCC
c-sgRNA2R 2aaCGGCAACACCCAGTTTTACT
e-sgRNALF accgAACTGTGCTCAAACGCTCTC
e-sgRNAIR aaacGAGAGCGTTTGAGCACAGTT
e-sgRNA2F accgGAGGCGCAAACAGCTGTTGT
e-sgRNA2R aaacCACAACAGCTGTTTGCGCCTC
PCR a-1F TTCCAGCACCTCGGCTTTGTC
a-1R CCCACTTTCCACCTCTGTCCTG
b-1F GTCCGCCCGTGAGCTTCTGAA
b-1R GCGTTGGCAGGGCTGGACTC
b-1F1 TTCCCTGACCCTCCAAGCAC
b-1R1 CTCACAGCAGCCGAAACCG
b-2F GACACCTTGGTTCAGGCTCG
b-2R CAGAGGCTGCATCAAACCAC
c-1F TGATGCAGCCTCTGTGACCG
c-1R AGTTTTCCCGTGGCGTCTGA
c-2F GGACAACCCCTCACCTTGAA
c-2R TATGGTGCCCAAAGTCCCAC
e-1F TTCCCTGTCCCAGCTTGATTTC
e-1R TCAACAGTGAAGGGCGGTGC
e-2F CAAGCCACTCTCCCGCCACTA
e-2R TCGCTCTCGTCCTCTCTTGGG
bio-primer upstream-a-bioprimer 5'biotin-GGACGAGGGACATAGAGAGTTC
downstream-e-bioprimer 5'biotin- AGGAGCCCAGGCATAGAGAC
CS38-bioprimer 5'biotin-CCGAATTAAATCCCCGTGAC
Island5-bioprimer 5'biotin-AAACACAAATGCATCAACCTG
P5 primer upstream-a-P5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT

CTCTGTCTAGAGATTCAAGTATTTCCCA
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ZAl GIE B4 JF31(5'—3")
P5 primer downstream-e-P5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT
CTACGCGATACTCAAGGGAATACAAGCC
CS38-P5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT
CTAGGTTACAGTGTCATTTTCCCTG
Island5-P5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGAT
CTATGCATCTCATGAAGCTGGCATCT
P7 index P7-index-1 CAAGCAGAAGACGGCATACGAGATCGAGTAATGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-2 CAAGCAGAAGACGGCATACGAGATICTCCGGAGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-3 CAAGCAGAAGACGGCATACGAGATAATGAGCGGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-4 CAAGCAGAAGACGGCATACGAGATGGAATCTCGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-5 CAAGCAGAAGACGGCATACGAGATTTCTGAATGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-6 CAAGCAGAAGACGGCATACGAGATACGAATTCGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-7 CAAGCAGAAGACGGCATACGAGATAGCTTCAGGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-8 CAAGCAGAAGACGGCATACGAGATGCGCATTAGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-9 CAAGCAGAAGACGGCATACGAGATCATAGCCGGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-10 CAAGCAGAAGACGGCATACGAGATITCGCGGAGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-11 CAAGCAGAAGACGGCATACGAGATGCGCGAGAGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-12 CAAGCAGAAGACGGCATACGAGATCTATCGCTGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-13 CAAGCAGAAGACGGCATACGAGATAGAGTACTGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-14 CAAGCAGAAGACGGCATACGAGATGCTCCGTAGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-15 CAAGCAGAAGACGGCATACGAGATCATGAGAGGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-16 CAAGCAGAAGACGGCATACGAGATTIGAATCGCGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-17 CAAGCAGAAGACGGCATACGAGATGTCTGACTGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-18 CAAGCAGAAGACGGCATACGAGATCTGAATGCGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-19 CAAGCAGAAGACGGCATACGAGATCGCTTCTGGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-20 CAAGCAGAAGACGGCATACGAGATICGCATGAGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-21 CAAGCAGAAGACGGCATACGAGATAATAGCAGGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-22 CAAGCAGAAGACGGCATACGAGATGTCGCGTAGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-23 CAAGCAGAAGACGGCATACGAGATACGCGATAGTGACTGGAGTTCAGACGTGTG

CTCTTCCGATCT
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P7 index P7-index-24 CAAGCAGAAGACGGCATACGAGATTIGATCGATGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-25 CAAGCAGAAGACGGCATACGAGATCCGCATGAGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-26 CAAGCAGAAGACGGCATACGAGATCCACAATCGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-27 CAAGCAGAAGACGGCATACGAGATGATGTTCGGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-28 CAAGCAGAAGACGGCATACGAGATGAATACGTGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-29 CAAGCAGAAGACGGCATACGAGATTAGATACCGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
P7-index-30 CAAGCAGAAGACGGCATACGAGATTATGGTCGGTGACTGGAGTTCAGACGTGTG
CTCTTCCGATCT
adapter adapter-upper GACGTGTGCTCTTCCGATCTGNNNNNN-3"NH2 C6

adapter-lower

5'P-CAGATCGGAAGAGCACACGTC-3'NH2 C6

SORNA 1 R RI LR 7R /NG T B8 23 i 4 BORL I 5 B PER 3, P7 index 1 R RIZATR7R 88404 index .

BCHl 5 iR KA, RRATT : IE R AE sgRNA %
2 uL, 2 puL NEB buffer2, 14 uL ddH,0, Jf8 F/KiK
fiyrh 95°C 5 min, A5 HARH R ER ., WAHEH
Ui () AUEE sgRNA 5 3545 I e Mfb Bk % 4%, SR 5
A7 S AR T o R R /N 3R] 4 BT
K, I ZE A (Sanger sequencing) B Fk: 2 175
Az

1.6 T%i%k CTCF i m REER B M [E

R3] 12 FLAr HEK293T 41 i 1 312 60%IH
FIH Lipofectamine 3000 {5t Cas9 Jiiki . sgRNA
Bk —E A e B g, 2 K5, FH&A 2 ng/ul &
IS5 21 DMEM ¥ 3531535 4 K 3% 58 DMEM
TRRIRILEEFR 2 K5, T PR

2910 KJ5, FHIERE I A2 vw B A i, BRGTS 43 4
it foff R 2 1k S i AR A S DRI A o ol PR S v 5 |
17 PCR ¥, S 45 i dnilsa e 2 /Y, S 59
%2 1 7R, PCR P12 TA Sale )5, #E17 340,
T 7 BP0 i o P SR PR AR

17 EESSHEFBFMKAHIRLE QHR-4C

QHR-4C SLHJ7IE S AR % Z wi i 5E e,
AYRUNT 35S S 7 O PR S B, WSO Al X
BUERK IR 500 T4 AT, H AC 2R (Bd
4 : 50 mmol/L Tris-HCI, 150 mmol/L NaCl, 5 mmol/L

EDTA, 0.5% NP-40, 1% Triton X-100)Zfi# 41 it #5 VX
RIS R4 M AZTTVE S Dpn T WY % fE 5,
T4 DNA B E 16°Cid ik fe, 25 FIH K
DNA F BT & 200~1000 bp + 2l [ . #7551
DNA i BiFl I S5 fr4lifk, J5 A biotin
B BEAT L e . g P b Sk S R AT
PCR § ¥4I Wy4lifk, K% QHR-4C SCFE . CEH
lumina HiSeq I /73K 45 46 £ 4l , M3 index
1 barcode ¥7 0% 4 . H fastuniq 258 , i@ it bowtie2
FbXTE] hgl9 2 FIHA ., x4k samtools
HERy, HI r3Cseq #EATIHECA bR HEAL , ARAG BT
F B RPKM fH . A B4 v [ ok 28 /A0 4 T
S5, Heit 99 A4 QHR-4C U, AR ST 2
800 J3 %)% %1 . BT H index W3 1

1.8 RNA-seq SLIf

40 K 21 12 FLARZY 80%~90%it , i ] TRIzol
AbPEAN B, PR AN LB RNA . Bl 5 F i 4E 5
RNA-seq #0617 RNA-seq UM HE . 205
WF : F beads i3k mRNA, #4477 % 150~200 bp,
HFHBEHLS | i hE s 3545 cDNA, T A Fifmizsk,
wJEHEAT PCR 73 . SCEEH Illumina HiSeq 4 7
., BURZ index #7423, A trim_galore A%
it reads, i STAR Xt hgl9 S KL 4
FIAT cufflinks X% seAS HEATIHHECRIAREAL, 1524
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AFER ) FPKM . 4 S s e bl =4 T &2
S, 451 33 4~ RNA-seq SUE, HASCPEMIT 2y
1000 J3 5751

1.9 ChlP-seq 3E3&

40 MIC A B 1A 5 10 om B 32 1112 80%~90% I}
WAL, RS B [ , L 7 3 P 41 DNA
FTr >k 100~1000 bp, ¥ F protein G ¥k, 4°Cid
WIE—Pin, HIANA protein G BREKIFH , &
Ve DNA R By & 544k DNA J5, FIH DNA #
PR ST, WA ARERE . K AL
2k M PCR P14 45 0 B, 3145 ChIP-seq SCJF ., U
H Mumina HiSeq #EATINF, W7 $5dE 224 index $x
A3 ARAG X 0 41, s trim_galore YE47 %4 i
1€, bowtie2 X% hgld S HFENAH, Z)5H
samtools Xf Fu X255 AT HEF, f# A macs2 AU
SCERARPI A A, S E I 2 2000 J745F S

110 SEENFHEER

ZAIF 5T B AH S 25 S B0 EU 7 R 52 3k TR P AR
A KB - & (CNGBdb) PO 14 [ 58 5L A g 15 51 A 4
Z Y45 (CNSA)P, T F 445 . CNP0001772,

2 g5

2.1 HOXD ERF#%XIH CTCF L £ 541

T WE5E TAD 3 FAL 1 CBS a2k 1R,
AW E HOXD PR A BF 5 0T 4 . Hi-C iz
/~ HOXD &M #EA T W4 TAD 1 #hb, CTCF
ChIP-seq ZUHUESE HOXD FE BRI LA K W () C-DOM
il T-DOM 434 %5 K CTCF 45 & hi k(8 1A)., K
THIW CBS ik, Xf A —A> CTCF 254 Wik AT
44341 (] 1B) . ix 26 CBS J: ¥ 44U % 4 4> module,
HAr module 2~4 1% FCONRSFIF 20 bp 0037,
DI AER DR RS module 1, 1E [ CBS i
[a] 247 module 1 %) module 4 (&l 1B)., 7£ module 2~3
FRECN ST Y C20, G25 Fl G28 S HIW CBS fE7E Y
HE S 1 module 1 AT 24 7 I BEILE SN A
WAT LR F R0 CBS Jrimdk; x4t CBS 7455k
05 Z A & R SCEMAFPY, 78 HEK293T 4ifah,

HOXD & A % 431 & 5 /1> i ] CBS i1 2 /)~ iE [n] CBS,
Iyl e 44 A CBS a-e £l f-g (] 1A). £ C-DOM Hik
#B4r & 1E M CBS, HA 32 7] CBS (% 1B); T-DOM
H1 CBS £ = [n] SR I HEA (18] 1B).

2.2 #3E HOXD EFE#—%%| CTCF fii gk
5 i B 4 i T PE Ak

FIH CRISPR/Cas9 DNA F Bt g4 A , £ %} i
) DNA FBEi% it —%F sgRNA, ¥ Cas9 Al
sgRNA FikifE e 5] HEK293T Z0fitir, Cas9 A% %
TERLRT sgRNA BT X H 19 DNA B A 1413 .
Wi i WEE DNA TE4IE DNA BE RGEMEHT,
LA DNA R BURA 8%, I5%J5 11 DNA A B
HLA WA TR 2 11 (e 0 Fn R iRz 1) (B 1C).
FIH S, FeATX HOXD £ #E N CBS a-e 1T
HAEEE (K AD) ., 3L4R15 5 Fh CBS S #% 4 iy 7 e
¥R, 98 e Bk b-e Bk a-e [k, a-c SEEA
a-b 5% (Bl 1D), T [F sgRNA H A7 AR 1) Jai i
ROF, PRI 22 BOR (8 2A), Hra-b 2
FEILTRHYE 1307 AN vE R R3S T — AT
vk, Wa, e AR 5 MiA TR, bee
% a-e R a-c #%3R18 2 NS T rekERE, ab
FUESAS LA T bR (] 2A) . AEB g e
Gebkim L PCR MEFT45E, DNA F BURFE R 1A
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Fig. 3 Alterations of the local 3D chromatin structure observed from viewpoints of flanking enhancers in CBS
inversion clones
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Fig. 4 Alterations of the local 3D chromatin structure observed from viewpoints near the inverted CBS
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Fig. 5 Non-boundary CBS elements function as insulators

A: 7F CBS a-b ok CBS a-c R4tk , Island5 54 5 55 CBS JFA iz DNA M EAE S, 5 CBS e My e DNA #H.AE
FHYER, B: LA CS38 AWM an, WS 5k i CBS My YL (o siAl B AE I EH B A fk, C: L) upstream-a W5, 7E CBS a-b
X CBS a-c K 4iffih, wl WL CBS a5 Island5 (Y (A BAE WSS . D: LA downstream-e S XLl 5, 7F CBS a-b 5 CBS a-c x #%
e, W] CBS e 5 Island5 i 4 (5 B A L AE A58



770 AR Hereditas (Beijing) 2021

o5 43 4

7R CS38 &5 CBS a-e ML I DNA AHH 1 HJC
ARk (K] 5B), A L, upstream-a 5 F3i#HY Island5
YL HE 2 DNA AHEAE 3855 (] 5C), downstream-e
5 Island5 f93E 1 25 DNA FH E AR 3455 (& 5D), 5
Island5 AW 7 B 25 SRAH TR . (R, P has
Ml SO A &R AR k. Ik, CBSa-b of a-c Al
DIME N4 %1, #id5 1slands JE R @R, 435
FHAS CBS c-e % d-e 5 Island5 (YL 2 DNA A H.
YERD . RUEE AR ) RNA-seq 5256 78 HOXD %t
PR DX 3 Jmy R e o R 2 A8 b )5, SRR 3R A K- 45
RAEME(E 6, A~D), i, ZEFTA R CBS k%
MRk, HOXD13 B K T34 W% T BR
CBS b-e 2 4 ffikk4h, HOXD3 5 HOXD10 fiy ik
KPHTRE; AERIYIE, 78 CBS e 4% CBS a-e
R, HOXD9 My #Rik/K 2% 1 TH(E 6,
A~D).

A o
60 e iz 6] b
WT |
et114 i .
540- e#139 L I
£ [

FPKM

6 CTCFfimR#KET HOXD EERIE

3 Wi

CTCF i# j BHAS cohesin 25 FH7E YL (4 5 g shiE
B (0 TR, A S B ) DNA M EAEAT, XT3
DXl 4 = 4 35 ) 45 440 O T 5 2 A o A R 1290002
LAY CBS S f% A A S50 7R Y o T R IR K
HEHFTT W IE 1] - Bz 1) CBSI#8291 | jiij CBS (4 %% 1
I RE S A 7 1 1B #§F5E CBS 177 kA B T
PR CBS FE Y- (0 i = AR NS 1 D) RE L (R AE
R CBS H, HifE CBS MTNRENI TN Jy ., JR4S
i L F KR CBS MR s, Mid CBS Al ki
SERREE IR, RIERIT CEH T S5 A 4y
A B 3 % R IE [ -5 ) CBS X T cohesin
FIBHLAS A2 5240, FE7E cohesin 1835 HY IF [i]- 52 1]
CBS XI(CBS pair) R il i %4 €2, 57 3t Fil i1 00, AT RE 2
HF CTCF 5 DNA 4542 m, i, 76

B £
60 F e T
B WT 1
b-e#114 .
540 1 bee#127 I 1
& I
20+ " I
I
¥
) 3

Dol xm

FPKM
[ .
= = =
EaENE
- ee&sE
v T 388
L4
T
=
o
0k, | === 3,
Iy —

15’0,1@! 2 L

NN
S §
S

Fig. 6 CBS inversions alter expression levels of HOXD genes
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