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AbVWUacW
DNA ORRS e[WUXVLRQ ePeUgeV aV a Ne\ SURceVV eVWabOLVKLQg geQRPe VWUXcWXUe aQd fXQcWLRQ.
We LQWURdXce MRDLE, a cRPSXWaWLRQaO WRRO fRU faVW, VWRcKaVWLc PRdeOLQg Rf PROecXOaU
cRQWacWV fURP DNA ORRS e[WUXVLRQ caSabOe Rf VLPXOaWLQg UeaOLVWLc cRQWacW SaWWeUQV geQRPe
ZLde LQ a feZ PLQXWeV. MRDLE accXUaWeO\ VLPXOaWeV cRQWacW PaSV LQ cRQcRUdaQce ZLWK
e[LVWLQg PROecXOaU d\QaPLcV aSSURacKeV aQd ZLWK MLcUR-C daWa, aQd dReV VR RUdeUV Rf
PagQLWXde faVWeU WKaQ e[LVWLQg aSSURacKeV. MRDLE UXQV effLcLeQWO\ RQ PacKLQeV UaQgLQg
fURP OaSWRSV WR KLgK SeUfRUPaQce cRPSXWLQg cOXVWeUV, aQd RSeQV XS fRU e[SORUaWRU\ aQd
SUedLcWLYe PRdeOLQg Rf 3D geQRPe VWUXcWXUe LQ a ZLde UaQge Rf VeWWLQgV.

Ke\ZRUdV
LRRS e[WUXVLRQ, VWRcKaVWLc PRdeOLQg, HL-C, MLcUR-C, TAD

BacNgURXQd
DNA ORRS-e[WUXVLRQ, LQ ZKLcK DNA LV SURgUeVVLYeO\ UeeOed LQWR WUaQVLeQW ORRSV, ePeUgeV aV a
Ne\ SURceVV LQ geQRPe VWUXcWXUe aQd fXQcWLRQ. TKe gURZLQg OLVW Rf ceOOXOaU SURceVVeV ZKeUe
ORRS-e[WUXVLRQ SOa\V a cULWLcaO UROe QRZ LQcOXdeV WUaQVcULSWLRQaO UegXOaWLRQ [1,2], DNA UeSaLU
[3], VDJ-UecRPbLQaWLRQ [4], aQd ceOO dLYLVLRQ [5]. ReceQW VLQgOe-PROecXOe LPagLQg e[SeULPeQWV
KaYe SURYLded dLUecW RbVeUYaWLRQV Rf ORRS e[WUXVLRQ LQ YLWUR [6,7].

HLgK-WKURXgKSXW cKURPRVRPe cRQfRUPaWLRQ caSWXUe VeTXeQcLQg, LQcOXdLQg HL-C [8] aQd
MLcUR-C [9,10], KaYe adYaQced RXU abLOLWLeV WR PaS WKUee-dLPeQVLRQaO (3D) geQRPe
RUgaQL]aWLRQ WKURXgK TXaQWLfLcaWLRQ Rf VSaWLaOO\ SUR[LPaO geQRPe UegLRQV. TKe UeVXOWLQg daWa
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LV XVXaOO\ UeQdeUed aV a PaWUL[ Rf LQWUacKURPRVRPaO aQd LQWeUcKURPRVRPaO cRQWacW
fUeTXeQcLeV. TKeVe daWa LQcUeaVLQgO\ deeSeQ RXU XQdeUVWaQdLQg Rf 3D geQRPe RUgaQL]aWLRQ,
aQd VKRZ DNA ORRS e[WUXVLRQ aV a Ne\ SURceVV VKaSLQg geQRPe VWUXcWXUe [11±13]. IQ facW,
WRSRORgLcaOO\ aVVRcLaWLQg dRPaLQV (TADV), ZKLcK VKRZ XS aV VXb-PegabaVe-VL]ed dRPaLQV
cRYeULQg PRVW Rf KLgKeU eXNaU\RWe geQRPeV, aUe fRUPed b\ ORRS e[WUXVLRQ [12]. TADV aUe
UeOeYaQW XQLWV Rf geQe e[SUeVVLRQ UegXOaWLRQ, aQd aUe aVVRcLaWed ZLWK dLVeaVe ZKeQ
dLVUXSWed [14].

DNA ORRS e[WUXVLRQ LV caUULed RXW b\ ULQg-VKaSed SURWeLQV (LQcOXdLQg cRKeVLQ aQd cRQdeQVLQ)
beORQgLQg WR WKe SWUXcWXUaO MaLQWeQaQce Rf CKURPRVRPeV (SMC) faPLO\. TKeVe SURWeLQV aUe
RfWeQ UefeUUed WR aV ORRS e[WUXVLRQ facWRUV (LEFV) [15]. TKe e[acW PecKaQLVP Rf KRZ ORRS
e[WUXVLRQ WaNeV SOace LQ LQWeUSKaVe LV QRW fXOO\ XQdeUVWRRd. TKeUe LV, KRZeYeU, cRQYLQcLQg
eYLdeQce WKaW SMCV bLQd DNA WR SeUfRUP ATP-deSeQdeQW ORRS e[WUXVLRQ LQ a V\PPeWULc RU
aV\PPeWULc faVKLRQ. ReceQW eYLdeQce VXggeVWV WKaW cRKeVLQ caQ e[WUXde DNA ZLWK a
³VZLQg-aQd-cOaPS´ PecKaQLVP [16], aQd LQ a QRQWRSRORgLcaO cRQfLgXUaWLRQ ZKeUe DNA LV QRW
eQcLUcOed b\ WKe cRKeVLQ ULQg [17,18]. A ORRS VWaUWV e[WUXdLQg ZKeQ a LEF bLQdV WR a geQRPLc
UegLRQ, aQd cRQWLQXeV SURceVVLYeO\ XQWLO LW LV VWaOOed b\ a DNA-bRXQd CCCTC bLQdLQg facWRU
(CTCF) RULeQWed ZLWK LWV N-WeUPLQXV SRLQWLQg WRZaUdV WKe e[WUXdLQg cRKeVLQ cRPSOe[. A SaLU
Rf CTCFV aUUaQged LQ a cRQYeUgeQW RULeQWaWLRQ caQ WKXV VWaOO ORRS gURZWK RQ bRWK VLdeV
cUeaWLQg VePL-VWabOe ORRSV YLVLbOe LQ HL-C aV a cKaUacWeULVWLc "dRW" aW TAD cRUQeUV [19].
SLPLOaUO\, ZKeQ e[WUXdLQg ORRSV aUe VWaOOed RQO\ RQ RQe VLde, a ³VWULSe´ caQ be RbVeUYed
aORQg RQe RU bRWK TAD bRUdeUV [20]. TKe SURWeLQ WAPL WUaQVLeQWO\ UeOeaVeV cRKeVLQ fURP
cKURPaWLQ, WeUPLQaWLQg WKe ORRS e[WUXVLRQ SURceVV [21,22]. TKe UeVXOWLQg ORRS-e[WUXVLRQ
SaWWeUQV KaYe beeQ fRXQd LQ a UaQge Rf HL-C daWaVeWV VR faU, ePSKaVL]LQg WKe eYROXWLRQaU\
cRQVeUYed UROe Rf ORRS e[WUXVLRQ LQ VKaSLQg 3D geQRPe RUgaQL]aWLRQ [19,23].

DLVUXSWLQg aQ\ Rf WKe Ne\ SURWeLQV LQYROYed LQ DNA ORRS e[WUXVLRQ KaV a dUaPaWLc effecW RQ
geQRPe 3D VWUXcWXUe. WAPL deSOeWLRQ caXVeV aQ LQcUeaVe LQ ORRS VWabLOLW\, ZLWK aQ
accXPXOaWLRQ Rf a[LaO eOePeQWV aQd ZeaNeQLQg Rf cRPSaUWPeQWV [21,24]. DeSOeWLRQ Rf
cRKeVLQ caXVeV a OaUge fUacWLRQ Rf TADV aQd ORRSV WR dLVaSSeaU [24±26]. SLPLOaUO\, deSOeWLRQ
Rf CTCF LQdXceV ORVV Rf ORRSV aQd TADV [24,27].

MRdeOLQg aQd VLPXOaWLRQ Rf DNA-DNA cRQWacW SaWWeUQV LV a SRZeUfXO aSSURacK fRU
XQdeUVWaQdLQg XQdeUO\LQg PROecXOaU PecKaQLVPV aQd fRU SUedLcWLQg WKe effecW Rf DNA
SeUWXUbaWLRQV. PRO\PeU VLPXOaWLRQV aQd PROecXOaU d\QaPLcV (MD) KaYe beeQ XVed fRU
PRdeOLQg Rf TADV WR VWXd\ WKeLU VWUXcWXUe aQd d\QaPLcV [28±31]. CRPSXWaWLRQaO PRdeOLQg
aQd VLPXOaWLRQ Rf ORRS e[WUXVLRQ KaV SURYeQ XVefXO fRU SUedLcWLQg WKe effecWV Rf SeUWXUbaWLRQV
WR TAD bRUdeUV, aQd WR SURSeUO\ XQdeUVWaQd SaWWeUQV VeeQ LQ HL-C daWa. IQLWLaO PRdeOV [15,32]
Rf ORRS e[WUXVLRQ XVed WKe GLOOeVSLe aOgRULWKP WR cKaUacWeUL]e ORRSLQg SURSeUWLeV aQd
cKURPaWLQ cRPSacWLRQ, aQd dLd QRW VaPSOe cRQWacW PaSV. SXbVeTXeQW PRdeOV XVed HOOMD
SaUWLcOe VLPXOaWLRQ [33] WR SeUfRUP KRPRSRO\PeU VLPXOaWLRQV ZKeUe PRdeOed LEFV e[WUXde
WKe SRO\PeUV aQd KaOW aW bRXQdaULeV ZLWK SURSeUWLeV defLQed fURP CTCF PRWLf LQVWaQce
RULeQWaWLRQ aQd CKIP-VeT VLgQaO VWUeQgWK [11,25]. ReceQWO\, WR effLcLeQWO\ VLPXOaWe OaUgeU
geQRPe UegLRQV, a cRPbLQaWLRQ Rf RQe-dLPeQVLRQaO (1D) VLPXOaWLRQV ZLWK 3D SRO\PeU
PRdeOLQg KaV beeQ aSSOLed WR VaPSOe PXOWLSOe cRQfRUPaWLRQV cRPbLQed LQWR cRQWacW PaSV.
LEF bLQdLQg, UeOeaVe aQd VWaOOLQg SURbabLOLWLeV aUe WKeQ PRdeOed e[SOLcLWO\ [34±36]. TKeVe
VLPXOaWLRQV aUe W\SLcaOO\ LPSOePeQWed XVLQg WKe OSeQMM PROecXOaU VLPXOaWLRQ fUaPeZRUN
[37]. TKe VLPXOaWLRQV caQ be XVed WR e[SORUe aQd UXOe RXW PROecXOaU PecKaQLVPV. FRU
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e[aPSOe, BaQLgaQ eW. aO aVVeVVed WKe OeYeO Rf DNA cRPSacWLRQ WKaW caQ be acKLeYed b\
dLffeUeQW ORRS e[WUXVLRQ PecKaQLVPV, aQd cRQcOXded WKaW RQe-VLded ORRS e[WUXVLRQ aORQe faLOV
WR acKLeYe WKe OeYeO Rf cRPSacWLRQ RbVeUYed LQ OaUge PeWa]RaQ geQRPeV [36]. OWKeU
aSSURacKeV ePbed eSLgeQeWLc daWa LQ cRPbLQaWLRQ ZLWK cURVVOLQNLQg SURWeLQV WR PRdeO aQd
VWXd\ cRQfRUPaWLRQaO YaULabLOLW\ acURVV cRPSOe[ cKURPaWLQ UegLRQV [38,39]. TR WKe beVW Rf RXU
NQRZOedge, QR VWaQdaORQe VRfWZaUe fRU PRdeOLQg aQd VLPXOaWLRQ Rf ORRS e[WUXVLRQ e[LVWV.

We LQWURdXce MRDLE (MRdeOLQg Rf DNA LRRS E[WUXVLRQ), a KLgK-SeUfRUPaQce VWRcKaVWLc
PRdeO Rf DNA ORRS e[WUXVLRQ caSabOe Rf effLcLeQWO\ VLPXOaWLQg cRQWacWV fURP ORRS e[WUXVLRQ
geQRPe ZLde. IQ cRQWUaVW WR MD VLPXOaWLRQ aSSURacKeV, VLPXOaWLQg ORRS e[WUXVLRQ cRQWacWV
XVLQg MRDLE LV a VWUaLgKWfRUZaUd SURceVV RQO\ UeTXLULQg WZR LQSXW fLOeV aQd e[ecXWLRQ
WKURXgK a cRPPaQd OLQe LQWeUface (CLI). MRDLE caQ VLPXOaWe a cRQWacW PaWUL[ ZLWK WKe
PROecXOaU LQWeUacWLRQV geQeUaWed b\ DNA ORRS e[WUXVLRQ RQ WKe eQWLUe KXPaQ geQRPe LQ a
PaWWeU Rf PLQXWeV XVLQg OeVV WKaQ 1 GB Rf RAM. T\SLcaO XVe caVeV LQcOXde SUedLcWLQg HL-C
cRQWacW SaWWeUQV fURP CKIP-VeT (RU VLPLOaU) daWa, aQd SUedLcWLQg WKe effecW Rf aOWeUaWLRQV,
PXWaWLRQV, aQd VWUXcWXUaO YaULaWLRQ WR TAD bRUdeUV. MRDLE RSeQV XS fRU UaSLd VLPXOaWLRQ aQd
SaUaPeWeU e[SORUaWLRQ Rf DNA ORRS e[WUXVLRQ RQ geQRPeV Rf aQ\ VL]e, LQcOXdLQg OaUge
PaPPaOLaQ geQRPeV.

ReVXOWV

MRDLE: MRdeOLQg Rf DNA LRRS E[WUXVLRQ
MRDLE XVeV faVW VWRcKaVWLc VLPXOaWLRQ WR VaPSOe DNA-DNA cRQWacWV geQeUaWed b\ ORRS
e[WUXVLRQ. BLQdLQg aQd UeOeaVe Rf LEFV aQd baUULeUV aQd WKe e[WUXVLRQ SURceVV LV PRdeOed aV
aQ LWeUaWLYe SURceVV (Vee FLg. 1). AW WKe begLQQLQg Rf a VLPXOaWLRQ MRDLE gReV WKURXgK a
bXUQ-LQ SKaVe ZKeUe LEFV aUe SURgUeVVLYeO\ bRXQd WR DNA, ZLWKRXW VaPSOLQg PROecXOaU
cRQWacWV. TKe bXUQ-LQ SKaVe UXQV XQWLO WKe aYeUage ORRS VL]e KaV VWabLOL]ed. AcWLYe LEFV aUe
e[WUXded WKURXgK UaQdRPO\ VaPSOed VWULdeV aORQg WKe DNA LQ UeYeUVe aQd fRUZaUd
dLUecWLRQV. EacK eSRcK, LEFV aUe UeOeaVed ZLWK a SURbabLOLW\ baVed RQ WKe aYeUage LEF
SURceVVLYLW\ aQd e[WUXVLRQ VSeed. LEFV WKaW aUe UeOeaVed LQ WKe cXUUeQW eSRcK ZLOO UebLQd WR
UaQdRPO\ VaPSOed DNA UegLRQV LQ WKe Qe[W eSRcK. E[WUXVLRQ baUULeUV (e.g. CTCF bLQdLQg
VLWeV) aUe PRdeOed XVLQg a WZR-VWaWe (bRXQd aQd XQbRXQd) MaUNRY SURceVV. EacK e[WUXVLRQ
baUULeU cRQVLVWV Rf a SRVLWLRQ, a bORcNLQg dLUecWLRQ aQd WKe MaUNRY SURceVV WUaQVLWLRQ
SURbabLOLWLeV. TKe RccXSaQc\ Rf eacK e[WUXVLRQ baUULeU caQ be VSecLfLed LQdLYLdXaOO\ WKURXgK
WKe VcRUe fLeOd LQ WKe LQSXW BED fLOe. AOWeUQaWLYeO\, XVeUV caQ VSecLf\ a XQLfRUP baUULeU
RccXSaQc\ WKaW LV aSSOLed WR aOO e[WUXVLRQ baUULeUV. MRDLE acceSWV a OaUge QXPbeU Rf
RSWLRQaO SaUaPeWeUV WR VSecLf\ WKe PRdeO¶V beKaYLRU. FRU e[aPSOe, XVeUV caQ VSecLf\ WKe
QXPbeU Rf LEFV WR be LQVWaQWLaWed fRU eacK MbS Rf VLPXOaWed DNA XVLQg WKe --Oef-deQVLW\
SaUaPeWeU. LEF-baUULeU aQd LEF-LEF cROOLVLRQV aUe SURceVVed eacK VLPXOaWLRQ eSRcK.
CROOLVLRQ LQfRUPaWLRQ LV XVed WR XSdaWe caQdLdaWe VWULdeV WR VaWLVf\ WKe cRQVWUaLQWV LPSRVed
b\ cROOLVLRQ eYeQWV, aQd WR cRPSXWe KRZ e[WUXVLRQ LQ WKe Qe[W eSRcK VKRXOd SURceed.

DXULQg a VLPXOaWLRQ, VaPSOed PROecXOaU cRQWacWV aUe accXPXOaWed LQWR a VSecLaOL]ed cRQWacW
PaWUL[ daWa VWUXcWXUe ZLWK ORZ PePRU\ RYeUKead. MRDLE e[ecXWLRQ cRQWLQXeV XQWLO a WaUgeW
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QXPbeU Rf eSRcKV RU a WaUgeW QXPbeU Rf ORRS e[WUXVLRQ cRQWacWV aUe VLPXOaWed. FLQaOO\,
cRQWacWV geQeUaWed b\ aOO VLPXOaWLRQ LQVWaQceV fRU a gLYeQ cKURPRVRPe aUe ZULWWeQ WR aQ
RXWSXW fLOe LQ cRROeU fRUPaW [40] (FLg. 1).

WLWK defaXOW VeWWLQgV, MRDLE ZLOO UXQ RYeU 500 VLPXOaWLRQ LQVWaQceV fRU eacK cKURPRVRPe
VLPXOaWed. TKXV, VLPXOaWLRQ LQVWaQceV caQ UXQ LQ SaUaOOeO, PaNLQg effLcLeQW XVe Rf WKe
cRPSXWaWLRQaO UeVRXUceV Rf PRdeUQ PXOWL-cRUe CPUV. We deVLgQed MRDLE VXcK WKaW eacK
VLPXOaWLRQ LQVWaQce UeTXLUeV OeVV WKaQ 10 MB Rf PePRU\ WR VLPXOaWe ORRS e[WUXVLRQ RQ OaUge
PaPPaOLaQ cKURPRVRPeV, VXcK aV cKURPRVRPe 1 fURP WKe KXPaQ geQRPe. TR acKLeYe
KLgK-SeUfRUPaQce, MRDLE VWRUeV PRVW Rf LWV daWa LQ cRQWLgXRXV PePRU\. DaWa LV LQde[ed
VXcK WKaW e[WUXVLRQ baUULeUV aQd e[WUXVLRQ XQLWV LQ a VLPXOaWLRQ LQVWaQce caQ be effLcLeQWO\
WUaYeUVed LQ 5¶-3¶ aQd 3¶-5¶ dLUecWLRQV. TKLV aOORZV MRDLE WR bLQd/UeOeaVe LEFV, SURceVV
cROOLVLRQV, UegLVWeU cRQWacWV aQd e[WUXde DNA LQ OLQeaU WLPe-cRPSOe[LW\.

MRUe deVLgQ aQd LPSOePeQWaWLRQ deWaLOV aUe aYaLOabOe LQ AddLWLRQaO fLOe 1 aV ZeOO aV MRDLE¶V
GLWHXb UeSRVLWRU\ gLWKXb.cRP/SaXOVeQgURXS/PRdOe.

FLg 1: ScKePaWLc aQd VLPSOLfLed RYeUYLeZ Rf MRDLE. IQSXW fLOeV VSecLf\ geQRPe UegLRQV WR
be VLPXOaWed (e.g. a cKURP.VL]eV fLOe) aQd WKeLU baUULeU SRVLWLRQV (e.g. CTCF bLQdLQg VLWeV
aQd RULeQWaWLRQ) LQ BED fRUPaW. OSWLRQaO SaUaPeWeUV cRQWURO WKe VSecLfLcV Rf a VLPXOaWLRQ.
LRRS E[WUXdLQg FacWRUV (LEFV) bLQd WR, e[WUXde aQd UeOeaVe fURP WKe UegLRQV aQd LQWeUacW
ZLWK PRdeOed baUULeUV accRUdLQg WR LQSXW SaUaPeWeUV. LRRS e[WUXVLRQ aQd LQWUa-TAD
cRQWacWV Rf a UaQdRPL]ed VXbVeW Rf ORRSV aUe UecRUded eacK eSRcK aQd aggUegaWed LQWR
aQ RXWSXW cRROeU fLOe cRQWaLQLQg WKe fLQaO VLPXOaWed cRQWacW fUeTXeQcLeV. SLPXOaWLRQ KaOWV
ZKeQ a WaUgeW QXPbeU Rf eSRcKV RU a WaUgeW QXPbeU Rf ORRS e[WUXVLRQ cRQWacWV KaYe beeQ
VLPXOaWed.

CRPSaULVRQ ZLWK MLcUR-C daWa aQd MD VLPXOaWLRQV
TR aVVeVV MRDLE¶V abLOLW\ WR UeSURdXce cRQWacW daWa feaWXUeV NQRZQ WR be VWePPLQg fURP
ORRS e[WUXVLRQ, Ze VLPXOaWed geQRPe-ZLde DNA-DNA cRQWacWV baVed RQ aYaLOabOe CTCF
aQd RAD21 CKIP-VeT daWa LQ H1-KESC ceOOV (Vee MeWKRdV). MRDLE LV caSabOe Rf VLPXOaWLQg
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ORRS e[WUXVLRQ PROecXOaU cRQWacWV aQd LQWUa-TAD cRQWacWV VeSaUaWeO\ (Vee SecWLRQ 9,
AddLWLRQaO fLOe 1 fRU deWaLOV). A UeQdeULQg Rf WKe UeVXOWLQg ORRS e[WUXVLRQ PROecXOaU cRQWacWV
KeaWPaSV VKRZ cKaUacWeULVWLc VWULSe aQd dRW SaWWeUQV aW TAD bRUdeUV (FLg. 2A). SLPXOaWed
TAD cRQWacWV VKRZ eQULcKPeQW Rf cRQWacWV ZLWKLQ TADV, LQcOXdLQg a QeVWed VWUXcWXUe Rf WKe
TADV (FLg. 2B). IQ cRPbLQaWLRQ, WKeVe SaWWeUQV UeVePbOe ZeOO-cKaUacWeUL]ed SaWWeUQV
RbVeUYed LQ MLcUR-C aQd HL-C daWa (FLg. 2C).

EYeQ WKRXgK QR VWaQd-aORQe VRfWZaUe e[LVWV fRU dLUecW VLde-b\-VLde cRPSaULVRQ, Ze adaSWed
aYaLOabOe cRde baVed RQ OSeQMM [36] WR V\VWePaWLcaOO\ cRPSaUe WKe RXWSXW ZLWK WKaW Rf
MRDLE (Vee MeWKRdV). We cKRVe OSeQMM fRU cRPSaULVRQ aV LW LV aQ effLcLeQW aQd ZLdeO\
XVed V\VWeP fRU VLPXOaWLQg ORRS e[WUXVLRQ [12,34±36,41].

UVLQg WKe VaPe LQSXW daWa, Ze VLPXOaWed cRQWacWV LQ fLYe dLffeUeQW 10 MbS UegLRQV RQ fLYe
dLffeUeQW cKURPRVRPeV. IQ geQeUaO, MRDLE SURdXceV cRQWacW SaWWeUQV VLPLOaU WR OSeQMM
(FLg. 2D aQd SXSSOePeQWaU\ FLg. 1, AddLWLRQaO fLOe 2), aQd MRDLE RXWSXW aQd OSeQMM
cRUUeOaWe VWURQgO\ (PeaUVRQ ȡ=0.93; Vee SXSSOePeQWaU\ FLg. 2, AddLWLRQaO fLOe 2). B\
cRPSaULQg cRQWacWV ZLWK cRUUeVSRQdLQg MLcUR-C aQd HL-C daWa (FLg. 2D), Ze Vee a PedLaQ
SL[eO accXUac\ (i.e. WKe abLOLW\ WR cRUUecWO\ cOaVVLf\ SL[eOV aV a dRW/VWULSe RU QRW, UeOaWLYe WR aOO
SL[eOV; Vee MeWKRdV) Rf 0.69 fRU MRDLE aQd 0.68 fRU OSeQMM, VLgQLf\LQg WKaW MRDLE
LQdeed VLPXOaWeV cRQWacWV RbVeUYed LQ MLcUR-C VLPLOaU WR OSeQMM (FLg. 2E). NRWe WKaW
cRQWacWV geQeUaWed b\ OSeQMM LQYROYe 3D SRO\PeU PRdeOLQg aQd WKXV, XQOLNe MRDLE,
cRQVLdeUV UaQdRP SRO\PeU cRQWacWV. AV a cRQVeTXeQce, cRQWacWV QRW geQeUaWed b\
ORRS-e[WUXVLRQ ZLOO be LQcOXded LQ WKe OSeQMM RXWSXW. TKeUefRUe, ORQg-UaQge cRQWacWV
(a2-3MbS) aUe geQeUaOO\ QRW aV eQULcKed LQ WKe MRDLE RXWSXW aV WKeVe cRQWacWV aUe PaLQO\
cRPSaUWPeQWaO RU dRPLQaWed b\ UaQdRP SRO\PeU LQWeUacWLRQV. TKLV caQ be VeeQ ZKeQ
ePSOR\LQg a dLagRQaO-b\-dLagRQaO cRUUeOaWLRQ beWZeeQ MRDLE aQd OSeQMM, ZKLcK VKRZV
WKaW WKe WZR PeWKRdV cRUUeOaWe beWWeU aW VKRUW UaQge cRQWacWV WKaQ aW ORQg UaQge cRQWacWV
(Vee SXSSOePeQWaU\ FLg. 3). IW LPSOLeV WKaW MRDLE dReV QRW b\ defaXOW UecaSLWXOaWe WKe
UeOaWLRQVKLS beWZeeQ WKe dLVWaQce fURP WKe dLagRQaO aQd WKe cRQWacW fUeTXeQcLeV aV VeeQ LQ
HL-C RU MLcUR-C daWa. HRZeYeU, ZKeQ LEF SURceVVLYLW\ LV LQcUeaVed, WKLV WUeQd LV gUadXaOO\
aSSURacKed (Vee SXSSOePeQWaU\ FLg. 4). CRPSaULQg WKe RXWSXW Rf MRDLE aQd OSeQMM LQ A
aQd B cRPSaUWPeQWV VeSaUaWeO\ VKRZV PLQLPaO dLffeUeQce Rf SeUfRUPaQce beWZeeQ
cRPSaUWPeQWV (SXSSOePeQWaU\ FLg. 5).

AOWeULQg MRDLE¶V LQSXW SaUaPeWeUV WR iQ VilicR PLPLcNLQg deSOeWLRQ Rf CTCF aQd WAPL,
VKRZV aQ e[SecWed ORVV Rf TAD LQVXOaWLRQ SaWWeUQV [27] XSRQ iQ VilicR deSOeWLRQ Rf CTCF, aQd
PRUe SURQRXQced VWULSe aQd dRW SaWWeUQV [22] ZKeQ PLPLcNLQg WAPL deSOeWLRQ (FLg. 2F).
SLPLOaUO\, aOWeULQg WKe SaUaPeWeUV VSecLf\LQg LEF deQVLW\, LEF SURceVVLYLW\ aQd LEF-LEF
cROOLVLRQV VKRZV UeOeYaQW aQd SUedLcWabOe cRQVeTXeQceV LQ WKe daWa RXWSXW (Vee
SXSSOePeQWaU\ FLg. 6-10). We cRQcOXde WKaW MRDLE LV caSabOe Rf VLPXOaWLQg ORRS e[WUXVLRQ
aQd TAD cRQWacW SaWWeUQV VLPLOaU WR e[LVWLQg VWaWe-Rf-WKe-aUW PROecXOaU d\QaPLcV (OSeQMM)
aSSURacKeV.

5

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 14, 2022. ; https://doi.org/10.1101/2022.04.13.488157doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.13.488157
http://creativecommons.org/licenses/by/4.0/


FLg. 2: CRPSaULVRQ Rf MRDLE ZLWK OSeQMM aQd MLcUR-C daWa. A: SLPXOaWed MRDLE
cRQWacW fUeTXeQcLeV VROeO\ PedLaWed b\ LEFV. B: IQWUa-TAD cRQWacWV (RQO\) geQeUaWed ZLWK
MRDLE. C: LRZeU WULaQgOe: LRRS e[WUXVLRQ aQd LQWUa-TAD cRQWacWV fURP MRDLE LQ WKe
VaPe UegLRQ aV fRU A aQd B. USSeU WULaQgOe: MLcUR-C daWa fURP WKe VaPe UegLRQ. D:

6

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 14, 2022. ; https://doi.org/10.1101/2022.04.13.488157doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.13.488157
http://creativecommons.org/licenses/by/4.0/


SLde-b\-VLde cRPSaULVRQ Rf MLcUR-C daWa, MRDLE RXWSXW aQd OSeQMM RXWSXW fRU a UegLRQ
RQ cKURPRVRPe 3 LQ H1-KESC. E: QXaQWLWaWLYe cRPSaULVRQ Rf WKe accXUac\ (fUacWLRQ Rf
cRUUecWO\ cOaVVLfLed SL[eOV UeOaWLYe WR aOO SL[eOV) Rf MRDLE aQd OSeQMM LQ UeSURdXcLQg
VWULSe aQd dRW SL[eO-SaWWeUQV RbVeUYed LQ PRdeOed UegLRQV LQ H1-KESC ceOOV (Vee
MeWKRdV). F: iQ VilicR VLPXOaWed PROecXOaU cRQWacWV PLPLcNLQg CTCF aQd WAPL deSOeWLRQ.
LefW: WLOdW\Se (WT) RXWSXW Rf MRDLE LQ a UegLRQ RQ cKURPRVRPe 6 LQ H1-KESC. MLddOe:
effecW RQ MRDLE RXWSXW ZKeQ CTCF baUULeUV ZeaNO\ aVVRcLaWe ZLWK WKeLU bLQdLQg VLWeV.
RLgKW: effecW RQ MRDLE RXWSXW ZKeQ LEFV aUe OeVV OLNeO\ WR be UeOeaVed fURP DNA, WKXV
PLPLcNLQg WAPL deSOeWLRQ.

BeQcKPaUNLQg Rf e[ecXWLRQ WLPe aQd PePRU\ XVage
MRDLE LV deVLgQed fRU faVW geQRPe-ZLde VLPXOaWLRQ Rf ORRS e[WUXVLRQ cRQWacW SaWWeUQV. A
geQRPe-ZLde UXQ ZLWK defaXOW VeWWLQgV, VLPXOaWLQg ORRS e[WUXVLRQ RQ WKe eQWLUe KXPaQ
geQRPe XVLQg baUULeUV fURP H1-KESC (38,815 CTCF baUULeUV aQd 61,766 LEFV; Vee
MeWKRdV) WaNeV a40 VecRQdV RQ a cRPSXWe VeUYeU (VeUYeU A; Vee TabOe 1) aQd a5 PLQXWeV
RQ a OaSWRS (OaSWRS A; Vee TabOe 1), geQeUaWLQg RYeU 370 PLOOLRQ cRQWacWV. TR V\VWePaWLcaOO\
cRPSaUe MRDLE e[ecXWLRQ WLPe aQd PePRU\ XVage ZLWK OSeQMM, Ze geQeUaWed V\QWKeWLc
LQSXW daWaVeWV ZLWK LQcUeaVLQg geQRPe VL]e (1-500 MbS) aQd QXPbeU Rf CTCF baUULeUV (4
baUULeUV SeU MbS Rf DNA VLPXOaWed) (Vee MeWKRdV fRU deWaLOV). TKe LQSXWV ZeUe LdeQWLcaO LQ
MRDLE aQd OSeQMM. EacK PeaVXUePeQW ZaV UeSeaWed 10 WLPeV fRU MRDLE aQd 5 WLPeV
fRU OSeQMM. FRU MRDLE Ze UXQ beQcKPaUNV XVLQg 1-52 CPU cRUeV, ZKLOe fRU OSeQMM Ze
WeVWed WKe CPU (VeUYeU C; Vee TabOe 1) aQd GPU (VeUYeU D; Vee TabOe 1) LPSOePeQWaWLRQV.
We cRPSXWed PedLaQ eOaSVed ZaOO cORcN WLPe aQd SeaN PePRU\ XVage fRU MRDLE aQd
OSeQMM. TKe UeVXOWLQg cRPSaULVRQV VKRZ WKaW MRDLE VLPXOaWLRQV XVLQg 52 CPU cRUeV
cRPSOeWe ZLWKLQ 0.7-71 VecRQdV fURP WKe VPaOOeVW WR WKe OaUgeVW geQRPe UegLRQ. OSeQMM
UeTXLUeV 2 KRXUV aQd 35 PLQXWeV fRU WKe VPaOOeVW geQRPe UegLRQ aQd RYeU 41 KRXUV fRU a
geQRPLc UegLRQ Rf 250MbS (FLg. 3A). DXe WR YeU\ ORQg e[ecXWLRQ WLPeV, OSeQMM UXQV abRYe
250MbS ZeUe QRW SeUfRUPed. FRU WKe cRPSaUed geQRPe UegLRQV, MRDLE LV 4000-5000
WLPeV faVWeU WKaQ OSeQMM (FLg. 3A). OSeQMM VLPXOaWLRQV ZLWKRXW GPU acceOeUaWLRQ ZeUe
SaUWLcXOaUO\ VORZ aQd ZeUe RQO\ XVed WR VLPXOaWe geQRPe UegLRQV beORZ 5 MbS, aQd UeTXLUed
XS WR 35 KRXUV 20 PLQXWeV Rf e[ecXWLRQ WLPe (FLg. 3A). TKXV, LQ SUacWLce UXQQLQg OSeQMM
UeTXLUeV acceVV WR GPUV, ZKLOe MRDLE UXQV effLcLeQWO\ XVLQg CPUV.

CRPSaULQg SeaN PePRU\ XVage, MRDLE XVeV OeVV PePRU\ WKaQ OSeQMM fRU UegLRQV
VPaOOeU WKaQ 200MbS, aQd UeTXLUeV PRUe PePRU\ fRU OaUgeU V\VWePV. NeYeUWKeOeVV, PePRU\
XVage Rf bRWK MRDLE aQd OSeQMM VcaOeV OLQeaUO\ fRU LQcUeaVLQg geQRPe UegLRQ VL]eV aQd
LV fRU aOO SUacWLcaO SXUSRVeV ZLWKLQ UeaVRQabOe OLPLWV RQ WRda\¶V cRPSXWeUV UegaUdOeVV Rf
geQRPe VL]e (FLg. 3A-B).

MXOWLWKUeadLQg effLcLeQWO\ UedXceV MRDLE¶V e[ecXWLRQ WLPe fRU LQcUeaVLQgO\ OaUge geQRPe
VL]eV. WLWK PXOWLWKUeadLQg (52 CPU cRUeV RQ VeUYeU B; Vee TabOe 1), MRDLE caQ VLPXOaWe
ORRS e[WUXVLRQ cRQWacWV fRU a geQRPe VL]e Rf 500 MbS LQ a OLWWOe RYeU RQe PLQXWe (FLg. 3C).
UVLQg a VLQgOe WKUead (1 CPU cRUe RQ VeUYeU B; Vee TabOe 1), WKe VaPe UXQ WaNeV aURXQd 12
PLQXWeV (FLg. 3C), ZKLcK LV VWLOO UeaVRQabOe fURP a SUacWLcaO SeUVSecWLYe aQd PXcK faVWeU WKaQ
GPU acceOeUaWed OSeQMM VLPXOaWLRQV. MRDLE SeaN PePRU\ XVage LV RQO\ VOLgKWO\ affecWed
b\ PXOWLWKUeadLQg, aV eacK VLPXOaWLRQ LQVWaQce RQO\ UeTXLUeV aQ addLWLRQaO 1-10 MB Rf
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PePRU\ (FLg. 3D). WKeQ VLPXOaWLQg PRUe WKaQ RQe cKURPRVRPe, SeaN PePRU\ XVage dReV
QRW fROORZ a VLPSOe OLQeaU SaWWeUQ (FLg. 3D), aV LW LV affecWed b\ WKe RUdeU LQ ZKLcK VLPXOaWLRQ
WaVNV aUe e[ecXWed. TKLV caQ Oead WR VceQaULRV ZKeUe fRU a bULef SeULRd, WZR RU PRUe cRQWacW
PaWULceV aUe VWRUed LQ V\VWeP PePRU\. We cRQcOXde WKaW MRDLE, LQ cRQWUaVW WR OSeQMM,
UXQV effLcLeQWO\ eYeQ RQ V\VWePV ZLWK feZ CPU cRUeV, VXcK aV OaSWRS cRPSXWeUV.

FXUWKeU, Ze aQaO\]ed WKe VWURQg VcaOLQg SURSeUWLeV Rf MRDLE b\ VLPXOaWLQg ORRS e[WUXVLRQ RQ
WKe eQWLUe KXPaQ geQRPe (GRCK38; 3088MbS). IQcUeaVLQg WKe QXPbeU Rf CPU cRUeV fURP 1
WR 52, MRDLE e[ecXWLRQ WLPe VcaOeV cORVe WR WKeRUeWLcaO RSWLPXP (Vee MeWKRdV fRU deWaLOV)
(FLg. 3D; bOXe OLQeV). SLPXOaWLQg ORRS e[WUXVLRQ RQ WKe KXPaQ geQRPe WaNeV fURP 1 KRXU aQd
21 PLQXWeV (1 CPU cRUe RQ VeUYeU B; Vee TabOe 1) WR 1 PLQXWe aQd 48 VecRQdV (52 CPU
cRUeV RQ VeUYeU B; Vee TabOe 1). We cRQcOXde WKaW MRDLE caQ effLcLeQWO\ UXQ RQ PacKLQeV
ZLWK a ZLde UaQge Rf caSabLOLWLeV, UaQgLQg fURP OaSWRS cRPSXWeUV ZLWK 4-8 CPU cRUeV, WR
PXOWL-VRcNeW VeUYeUV ZLWK RYeU 50 CPU cRUeV. MePRU\ XVage LQcUeaVeV ZLWK WKe QXPbeU Rf
CPU cRUeV, bXW QeYeU be\RQd UeaVRQabOe OLPLWV RQ PRdeUQ cRPSXWeUV (FLg. 3D; RUaQge OLQe).

IQ cRQcOXVLRQ, MRDLE LV RUdeUV Rf PagQLWXde faVWeU WKaQ OSeQMM LQ VLPXOaWLQg ORRS
e[WUXVLRQ cRQWacWV, aQd LV eVSecLaOO\ effLcLeQW LQ VLPXOaWLQg OaUge geQRPe UegLRQV RU OaUge
LQSXW daWa VeWV. MRDLE caQ UXQ effLcLeQWO\ RQ PacKLQeV UaQgLQg fURP ORZ-SRZeUed OaSWRS
cRPSXWeUV WR SRZeUfXO PXOWL-VRcNeW VeUYeUV.

FLg. 3: BeQcKPaUNLQg MRDLE aQd OSeQMM.
A: MedLaQ PePRU\ XVage (LQ MBV) Rf MRDLE ZLWK PXOWLWKUeadLQg (bOXe) cRPSaUed WR
OSeQMM ZLWK GPU (RUaQge) fRU cKURPRVRPe UegLRQV UaQgLQg LQ VL]e fURP 1 WR 250 MbS.
IQVeW VKRZV cRPSaULVRQ beWZeeQ MRDLE (bOXe) OSeQMM ZLWK CPU (gUa\) fRU
cKURPRVRPe UegLRQV UaQgLQg LQ VL]e fURP 1-5 MbS. B: MedLaQ eOaSVed e[ecXWLRQ WLPe
(KRXUV) Rf MRDLE ZLWK PXOWLWKUeadLQg (bOXe), OSeQMM ZLWK CPU (gUa\), OSeQMM ZLWK
GPU (RUaQge) aQd WKe UaWLR Rf OSeQMM (GPU) WR MRDLE. DRWWed OLQeV aUe e[WUaSROaWed.
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C: CRPSaULVRQ Rf WKe PedLaQ eOaSVed e[ecXWLRQ WLPe (VecRQdV) Rf MRDLE ZLWK (bOXe) aQd
ZLWKRXW (SLQN) PXOWLWKUeadLQg fRU cKURPRVRPe UegLRQV UaQgLQg LQ VL]e fURP 1 WR 500 MbS.
D: CRPSaULVRQ Rf PedLaQ eOaSVed e[ecXWLRQ WLPe (KRXUV) Rf MRDLE XWLOL]LQg fURP 1-52
CPU cRUeV. BOXe OLQe VKRZV eOaSVed ZaOO cORcN WLPe (KRXUV), ZKeUeaV WKe RUaQge OLQe
VKRZV WKe CPU WLPe (KRXUV). TKe dRWWed OLQe LOOXVWUaWeV WKe cRUUeVSRQdLQg WKeRUeWLcaO
SeUfecW VcaOLQg Rf WKe e[ecXWLQg WLPe. GUeeQ OLQe VKRZV PedLaQ SeaN PePRU\ XVage (ULgKW
a[LV; MB).
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GeQRPe ZLde SaUaPeWeU RSWLPL]aWLRQ
SLQce MRDLE VLPXOaWeV geQRPe-ZLde ORRS e[WUXVLRQ LQ a feZ PLQXWeV, V\VWePaWLc
e[SORUaWLRQ Rf feaWXUeV XQdeUO\LQg ORRS e[WUXVLRQ becRPeV feaVLbOe. TR LOOXVWUaWe WKLV SRLQW,
Ze RSWLPL]ed WKe SaUaPeWeUV XQdeUO\LQg WKe PRdeOed bLQdLQg NLQeWLcV Rf CTCF. MRDLE
LPSOePeQWV WKLV aV a MaUNRY SURceVV ZLWK aQ ³UQbRXQd´ aQd a ³BRXQd´ VWaWe. WLWK WKLV
PRdeO, WKe VeOf-WUaQVLWLRQ SURbabLOLWLeV aQd VSecLf\ KRZ VWabO\ aVVRcLaWed CTCF LV𝑃

𝑈𝑈
𝑃

𝐵𝐵

RQce bRXQd WR DNA. TKe VWaWLRQaU\ dLVWULbXWLRQ Rf WKe MaUNRY cKaLQ UefOecWV WKe SURbabLOLW\ Rf
a gLYeQ CTCF bLQdLQg VLWe WR be bRXQd ( ) LQ a VLPXOaWLRQ eSRcK (Vee FLg 4A). SLPXOaWLRQ Rfπ

𝐵

ORRS e[WUXVLRQ cRQWacWV XVLQg MRDLE RU OSeQMM caQ WaNe adYaQWage Rf CKIP-VeT daWa
fURP CTCF RU cRKeVLQ WR LQfeU CTCF bLQdLQg SURbabLOLWLeV. YeW, ZKeQ CKIP-VeT daWa LV QRW
aYaLOabOe LW LV SRVVLbOe WR VLPXOaWe ORRS e[WUXVLRQ XVLQg a cRQVWaQW aQd XQLfRUP CTCF bLQdLQg
SURbabLOLW\ WKaW LV cKRVeQ WR RSWLPL]e VLPLOaULW\ ZLWK WKe MLcUR-C (RU HL-C) daWa. TR RSWLPL]e
WKeVe SaUaPeWeUV, Ze PaNe XVe Rf aQ aSSURacK baVed RQ Ba\eVLaQ RSWLPL]aWLRQ XVLQg
GaXVVLaQ SURceVVeV (Vee MeWKRdV). TKLV RSWLPL]aWLRQ SURcedXUe aWWePSWV WR PLQLPL]e aQ
RbMecWLYe fXQcWLRQ ZLWKRXW PaNLQg aVVXPSWLRQV RQ LWV aQaO\WLc fRUP. TR aVVeVV MRDLE¶V
SeUfRUPaQce Ze deYLVed aQ RbMecWLYe fXQcWLRQ UeSUeVeQWLQg WKe VLPLOaULW\ LQ VWULSe SRVLWLRQ
aQd OeQgWK beWZeeQ WZR cRQWacW PaWULceV XVLQg H1-KESC MLcUR-C daWa (Vee MeWKRdV fRU
deWaLOV). AfWeU cRQYeUgeQce (FLg. 4B), WKe RSWLPL]aWLRQ SURcedXUe UeYeaOed a UaQge Rf
QeaU-RSWLPaO cRPbLQaWLRQV Rf WUaQVLWLRQ SURbabLOLWLeV aQd CTCF RccXSaQc\ SURbabLOLWLeV
LQVWead Rf a VLQgOe, RSWLPaO cRPbLQaWLRQ (FLg. 4C). CRPSaULQg WKe UeVXOWLQg ORRS cRQWacWV Rf
VeOecWed SaUaPeWeU cRPbLQaWLRQV ZLWK WKe RSWLPaO cRPbLQaWLRQ ( aQdπ

𝐵
ࡦ 0. 747

) cRQfLUPV WKaW CTCF caQ RccXS\ LWV PRWLf LQVWaQceV ZLWK SURbabLOLWLeV UaQgLQg𝑃
𝑈𝑈

ࡦ 0. 963

ZLdeO\ beWZeeQ 0.6 - 0.9 aV ORQg aV WKe WKe VWabLOLW\ Rf bLQdLQg ( ) LV KLgK (> 0.8). HRZeYeU,𝑃
𝑈𝑈

ORZ bLQdLQg VWabLOLWeV ( ) caQ aOVR \LeOd QeaU-RSWLPaO cRQcRUdaQce ZLWK WKe MLcUR-C𝑃
𝑈𝑈

ࡩ 0. 8

daWa ZKeQ CTCF RccXSaQcLeV . NRWabO\, WKe OaWWeU SaUaPeWeU cRPbLQaWLRQ LVࡪ 0. 9
cRPSaWLbOe ZLWK a d\QaPLc e[cKaQge PRdeO ZKeUe CTCF WUaQVLeQWO\ RccXSLeV LWV PRWLf
LQVWaQceV, bXW VWLOO PaLQWaLQV VWabOe ORRSV [42]. FURP a VeOecWed VeW Rf SaUaPeWeU
cRPbLQaWLRQV (FLg. 4C), Ze VLPXOaWed geQRPe-ZLde ORRS e[WUXVLRQ cRQWacWV aLPLQg aW
cRPSaULQg WKeVe ZLWK HL-C aQd MLcUR-C daWa. TKe UeVXOWLQg cRPSaULVRQ VKRZV WKaW eYeQ
XQLfRUP, RSWLPL]ed CTCF bLQdLQg SURbabLOLWLeV (FLg. 4C Ued VWaU) caQ UecaSLWXOaWe PaQ\ Rf WKe
feaWXUeV VeeQ LQ MLcUR-C aQd HL-C daWa (FLg. 4D). VLVXaOL]aWLRQ Rf VLPXOaWed cRQWacWV XVLQg a
QeaU-RSWLPaO SaUaPeWeU cRPbLQaWLRQ fURP aQRWKeU SaUW Rf WKe SORW (FLg. 4C; RUaQge SeQWagRQ)
UeLQfRUceV WKaW a UaQge Rf SaUaPeWeU cRPbLQaWLRQV caQ UecaSLWXOaWe WKe SaWWeUQV VeeQ LQ WKe
HL-C aQd MLcUR-C daWa (FLg. 4D). SeOecWLQg a VXbRSWLPaO RU QRQ-RSWLPaO cRPbLQaWLRQ Rf
SaUaPeWeUV (FLg. 4C, gUeeQ WULaQgOe aQd bOXe VTXaUe) UeVXOWV LQ XQUeaOLVWLc cRQWacW SaWWeUQV
(FLg. 4D; Vee SXSSOePeQWaU\ FLg. 11 fRU aQ e[WeQVLYe cRPSaULVRQ Rf dLffeUeQW SaUaPeWeU
cRPbLQaWLRQV). IQ cRQcOXVLRQ, MRDLE RSeQV XS fRU effLcLeQW e[SORUaWLRQ Rf SaUaPeWeUV
XQdeUO\LQg DNA-DNA cRQWacW d\QaPLcV geQRPe ZLde.
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FLg. 4: GeQRPe-ZLde RSWLPL]aWLRQ Rf CTCF bLQdLQg NLQeWLcV XQdeUO\LQg ORRS e[WUXVLRQ. A:
A MaUNRY cKaLQ ZLWK aQ UQbRXQd (Ued) aQd BRXQd (bOXe) VWaWe XQdeUOLeV MRDLE ORRS
e[WUXVLRQ baUULeU PRdeOLQg. TKe VeOf-WUaQVLWLRQ SURbabLOLW\ fRU WKe BRXQd VWaWe ( ) UefOecWV𝑃

𝐵𝐵
KRZ VWabO\ baUULeU eOePeQWV (L.e. CTCF) aUe bRXQd WR WKeLU bLQdLQg VLWeV. TKe VWaWLRQaU\
dLVWULbXWLRQ Rf WKe MaUNRY cKaLQ ( ) SURYLdeV WKe CTCF bLQdLQg SURbabLOLW\ aW a gLYeQπ

𝐵
eSRcK LQ WKe VLPXOaWLRQ. TKe bRWWRP dLagUaP (Ued/bOXe bR[eV) VKRZV aQ LOOXVWUaWLRQ Rf KRZ
WKe bLQdLQg VWaWe (BRXQd LQ bOXe, aQd UQbRXQd LQ Ued) Rf a VLQgOe CTCF VLWe ZRXOd cKaQge
dXULQg a VLPXOaWLRQ deSeQdLQg RQ aQd B: CRQYeUgeQce Rf WKe RbMecWLYe fXQcWLRQ𝑃

𝑈𝑈
𝑃

𝐵𝐵
.

dXULQg WKe Ba\eVLaQ RSWLPL]aWLRQ SURcedXUe. TKe RbMecWLYe fXQcWLRQ LV a dLVVLPLOaULW\ VcRUe
cRPSaULQg WKe SL[eOV VKRZLQg VWULSeV aQd dRWV LQ WKe RbVeUYed MLcUR-C daWa ZLWK WKe
cRUUeVSRQdLQg VWULSeV aQd dRWV LQ WKe MRDLE RXWSXW. See MeWKRdV (SaUW 6) fRU deWaLOV. C:
CRPSaULVRQ Rf RbMecWLYe fXQcWLRQ LQ WKe SaUaPeWeU VeaUcK VSace Rf aQd . OSWLPaO,𝑃

𝑈𝑈
π

𝐵
QeaU-RSWLPaO, VXbRSWLPaO aQd QRQ-RSWLPaO cRPbLQaWLRQV aUe KLgKOLgKWed ZLWK a Ued VWaU,
RUaQge SeQWagRQ, bOXe VTXaUe aQd gUeeQ WULaQgOe UeVSecWLYeO\. D: SLde-b\-VLde cRPSaULVRQ
Rf H1-KESC MLcUR-C daWa (WRS SaQeO) aQd SURgUeVVLYeO\ OeVV RSWLPaO cRPbLQaWLRQV Rf 𝑃

𝑈𝑈
aQd SaUaPeWeUV.π

𝐵

PUedLcWLQg effecWV Rf TAD bRUdeU aOWeUaWLRQV
TR LOOXVWUaWe KRZ MRDLE caQ be XVed WR SUedLcW WKe effecWV Rf aOWeUaWLRQV WR bRUdeUV beWZeeQ
TADV, Ze SLcNed WKe ZeOO-cKaUacWeUL]ed HR[D cOXVWeU ZKLcK KaUbRUV VeYeUaO cRRUdLQaWed
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cKURPaWLQ ORRSLQg cKaQgeV cULWLcaO fRU SURSeU OLPb fRUPaWLRQ LQ WeWUaSRdV [43,44]. We fRcXVed
RQ deOeWLRQV beWZeeQ WKe ceQWURPeULc aQd WeORPeULc dRPaLQ (C-DRP aQd T-DRP,
UeVSecWLYeO\) NQRZQ WR caXVe aQ LQcUeaVe LQ LQWeUacWLRQV beWZeeQ WKe WZR dRPaLQV, LQcOXdLQg
a UeZLULQg Rf PXOWLSOe eQKaQceUV. FLUVW, XVLQg WKe VaPe SaUaPeWeU RSWLPL]aWLRQ aSSURacK
deVcULbed abRYe, Ze LQfeUUed CTCF baUULeU RccXSaQcLeV LQ WKe ZLOdW\Se cRQdLWLRQ baVed RQ
JM8.N4 daWa. TKeQ, Ze LQacWLYaWed (iQ VilicR) LQWeU-dRPaLQ baUULeU eOePeQWV b\ VeWWLQg WKe
RccXSaQc\ Rf WKe CTCF PRWLf LQVWaQceV WR 0, aQd XVed MRDLE WR VLPXOaWe WKe UeVXOWLQg
cKaQgeV WR WKe SUedLcWed ORRS e[WUXVLRQ cRQWacW PaSV. MRDLE cRUUecWO\ SUedLcWV WKaW ORRSV
SURWUXde be\RQd WKe deOeWed bRUdeUV PeUgLQg WKe WZR (C-DRP aQd T-DRP) TADV (FLg. 5).
We aOVR cRQfLUP WKaW WKe bRUdeU LV KLgKO\ UeVLOLeQW aQd UeTXLUeV a deOeWLRQ Rf a OaUge UegLRQ
eQcRPSaVVLQg WKe eQWLUe HR[D cOXVWeU WR PeUge WKe TADV (Vee FLg. 5D-E). IQVSecWLQg
eQKaQceU VLgQaOV LQ WKe UegLRQ (FLg. 5E XSSeU SaQeO) cRQfLUPV WKaW WKe PeUgLQg Rf WKe WZR
dRPaLQV LQdeed LQYROYeV a UeZLULQg Rf LQWeUacWLRQV Rf VeYeUaO eQKaQceU eOePeQWV, aQd a
deSOeWLRQ Rf VWULSeV aW WKeLU bRUdeUV. IQ cRQcOXVLRQ, MRDLE caQ be XVed WR SUedLcW cKaQgeV WR
ORRS e[WUXVLRQ cRQWacW SaWWeUQV fURP iQ VilicR aOWeUaWLRQV Rf TAD bRUdeU SURSeUWLeV.

FLg. 5: UVLQg MRDLE WR SUedLcW effecWV Rf deOeWLRQV WR TAD bRUdeUV LQ WKe HR[D ORcXV. A:
MLcUR-C daWa LQ JM8.N4 PESC WT ceOOV VKRZLQg WKe LQWeUacWLRQV VXUURXQdLQg WKe HR[D
cOXVWeU aQd WKe ceQWURPeULc (C-DOM) aQd WeORPeULc (T-DOM) dRPaLQV LQ a QRQ-PXWaWed
ZLOdW\Se (WT) cRQdLWLRQ. B: MRDLE RXWSXW fURP WKe VaPe UegLRQ LQ WKe WT cRQdLWLRQ. C:
MRDLE RXWSXW SURdXced ZLWK a SaUWLaO deOeWLRQ Rf WKe bRUdeU beWZeeQ WKe dRPaLQV, D:
MRDLE RXWSXW ZLWK a cRPSOeWe deOeWLRQ Rf WKe bRUdeU beWZeeQ WKe dRPaLQV. E: DLffeUeQWLaO
cRQWacW PaS VKRZLQg WKe UaWLR Rf MRDLE (WT cRQdLWLRQ; SaQeO B) YV. MRDLE (fXOO deOeWLRQ,
SaQeO D). RegLRQV eQULcKed LQ MRDLE fXOO deOeWLRQ aUe VKRZQ LQ Ued, ZKeUeaV UegLRQV
eQULcKed LQ MRDLE WT aUe VKRZQ LQ bOXe.
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OSWLPL]aWLRQ Rf LQdLYLdXaO baUULeU SaUaPeWeUV
IQ WKe abVeQce Rf CTCF RU CRKeVLQ CKIP-VeT daWa, MRDLE caQ XWLOL]e MLcUR-C RU HL-C daWa
LQ cRPbLQaWLRQ ZLWK CTCF PRWLf LQVWaQceV WR effecWLYeO\ LQfeU WKe RccXSaQc\ Rf eacK
LQdLYLdXaO baUULeU. TR LOOXVWUaWe WKLV, Ze VeOecWed a 5Mb UegLRQ RQ cKURPRVRPe 1 ZLWK 2103
CTCF caQdLdaWe bLQdLQg VLWeV, cRUUeVSRQdLQg WR RYeU 4000 SaUaPeWeUV WR be LQfeUUed. TKe
OaUge QXPbeU Rf SaUaPeWeUV fRU WKLV geQRPe UegLRQ UeQdeUV a GaXVVLaQ RSWLPL]aWLRQ
aSSURacK cRPSXWaWLRQaOO\ LQfeaVLbOe aQd LQadeTXaWe. TKXV, Ze deYeORSed a V\VWeP WR
RSWLPL]e e[WUXVLRQ baUULeU SaUaPeWeUV XVLQg geQeWLc aOgRULWKPV (GA) (Vee MeWKRdV SaUW 10
fRU deWaLOV). A cRPSaULVRQ Rf WKe LQSXW MLcUR-C daWa (FLg. 6A) aQd WKe cRUUeVSRQdLQg
RSWLPL]ed MRDLE RXWSXW (FLg. 6B) VKRZV WKaW eYeQ ZLWKRXW CKIP-VeT LQfRUPaWLRQ, MRDLE
caQ be XVed WR LQfeU CTCF baUULeU RccXSaQcLeV LQdLYLdXaOO\ WR UeSURdXce SaWWeUQV VeeQ LQ WKe
MLcUR-C daWa. CRPSaULQg WKLV MRDLE RXWSXW ZLWK WKe cRUUeVSRQdLQg RXWSXW fURP MRDLE
baVed RQ Rad21 CKIP-VeT daWa (FLg. 6C) VKRZV WKaW TADV aQd bRUdeUV aUe SOaced LQ
aQaORgRXV UegLRQV, \eW ZLWK ORcaO dLffeUeQceV LQ baUULeU VWUeQgWKV aQd VWULSe OeQgWKV. FURP
MRDLE daWa VLPXOaWed XVLQg RSWLPL]ed baUULeU RccXSaQcLeV (FLg. 6D) LW LV SRVVLbOe WR
cRPSXWe WKe PRdeOed bLQdLQg SURfLOe Rf WKe LEF dXULQg WKe VLPXOaWLRQ (FLg. 6E; Vee VecWLRQ 9,
AddLWLRQaO fLOe 1 fRU deWaLOV). CRPSaULQg WKeVe ZLWK CKIP-VeT SURfLOeV Rf CTCF aQd Rad21
(FLg. 6F aQd G, UeVSecWLYeO\) VKRZV WKaW SeaNV aQd YaOOe\V cRLQcLde LQ a OaUge fUacWLRQ Rf
UegLRQV, VLgQLf\LQg WKaW MRDLE caQ LQdeed LQfeU bLRORgLcaOO\ PeaQLQgfXO VLgQaOV fURP LWV LQSXW
daWa. We cRQcOXde WKaW MRDLE, LQ WKe abVeQce Rf CKIP-VeT LQSXW daWa, caQ UeOLabO\ LQfeU
CTCF RccXSaQcLeV Rf LQdLYLdXaO baUULeUV WR VLPXOaWe ORRS e[WUXVLRQ cRQWacW SaWWeUQV aQd WR
UecaSLWXOaWe bLQdLQg SURfLOeV Rf CTCF aQd cRKeVLQ CKIP-VeT daWa.

FLg. 6: OSWLPL]aWLRQ Rf LQdLYLdXaO baUULeUV aQd cRPSXWaWLRQ Rf baUULeU aQd LEF SURfLOeV. A:
MLcUR-C (KESC) daWa fURP a 5Mb UegLRQ RQ cKURPRVRPe 1 (20-25MbS). B: MRDLE RXWSXW
fRU WKe VaPe UegLRQ, ZKeUe LQdLYLdXaO baUULeUV aUe RSWLPL]ed fURP MLcUR-C daWa. C: MRDLE
RXWSXW fRU WKe VaPe UegLRQ XVLQg Rad21 CKIP-VeT daWa aV LQSXW, D: CRPSXWed baUULeU
RccXSaQc\ SURfLOe fURP MRDLE WUaLQed RQ MLcUR-C daWa (QRUPaOL]ed ZLWK ), E:𝑃

𝑈𝑈
ࡦ 0. 7

CRPSXWed LEF RccXSaQc\ SURfLOe fURP MRDLE WUaLQed RQ MLcUR-C daWa. F: CTCF
CKIP-VeT daWa fURP WKe VaPe UegLRQ, G: Rad21 CKIP-VeT daWa fURP WKe VaPe UegLRQ.
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DLVcXVVLRQ
EffLcLeQW aQd UeaOLVWLc VLPXOaWLRQ Rf DNA-DNA VSaWLaO cRQWacWV LV LQcUeaVLQgO\ UeTXLUed fRU
PRdeOLQg aQd e[SORULQg geQRPe VWUXcWXUe aQd UegXOaWLRQ. FRU e[aPSOe, RXU abLOLW\ WR UeOLabO\
SUedLcW effecWV Rf PXWaWLRQV WR TAD bRUdeUV UeOLeV RQ aYaLOabOe WRROV fRU VLPXOaWLQg aQd
cRPSaULQg VSaWLaO cRQWacW daWa fURP QRUPaO aQd SaWKRgeQLc VWaWeV [14]. FXUWKeU, VLPXOaWLRQV
caQ be LQYaOXabOe fRU e[SORULQg geQeUaO geQRPe fROdLQg SULQcLSOeV [11] RU XQdeUO\LQg
SULQcLSOeV Rf ORRS e[WUXVLRQ [12,35,36]. EffLcLeQW WRROV fRU ORRS e[WUXVLRQ VLPXOaWLRQ ZLOO
cRQWULbXWe WR LQcUeaVLQg RXU XQdeUVWaQdLQg Rf PecKaQLVPV UaQgLQg fURP geQe UegXOaWLRQ
[1,2], WR DNA UeSaLU [3]. MRDLE UeSUeVeQWV, WR WKe beVW Rf RXU NQRZOedge, WKe fLUVW
cRPPaQd-OLQe WRRO fRU KLgK-WKURXgKSXW ORRS e[WUXVLRQ cRQWacW VLPXOaWLRQ. We e[SecW MRDLE
WR VXSSOePeQW, UaWKeU WKaQ UeSOace e[LVWLQg MD WRROV; eVSecLaOO\ LQ caVeV ZKeUe OaUge
geQRPe UegLRQV RU OaUge daWa VeWV Qeed WR be aQaO\]ed RU VLPXOaWed. TKLV ZRXOd LQ SaUWLcXOaU
be WKe caVe fRU OaUge-VcaOe e[SORUaWLRQ Rf SaUaPeWeUV XQdeUO\LQg geQRPe VWUXcWXUe
SURSeUWLeV, aV e[ePSOLfLed KeUe fRU WKe bLQdLQg NLQeWLcV Rf CTCF. IQ caVeV ZKeUe HL-C daWa LV
QRW aYaLOabOe, Ze e[SecW MRDLE WR be XVefXO fRU KLgK-WKURXgKSXW ORRS e[WUXVLRQ cRQWacW
SUedLcWLRQ baVed RQ CKIP-VeT, ATAC-VeT RU VLPLOaU daWa LQ cRPbLQaWLRQ ZLWK CTCF PRWLf
LQVWaQceV (aV e[ePSOLfLed LQ FLg. 2 aQd 4). IQ VXcK caVeV, MRDLE cRXOd be XVefXO fRU
SUedLcWLRQ Rf eQKaQceU-SURPRWeU cRQWacWV aLdLQg LdeQWLfLcaWLRQ Rf fXQcWLRQaO UegXOaWRU\
LQWeUacWLRQV [45]. WKeQ HL-C (RU VLPLOaU) daWa LV aYaLOabOe LQ a ZLOdW\Se cRQdLWLRQ, MRDLE caQ
be XVed fRU OaUge VcaOe SUedLcWLRQ Rf PXWaWLRQV RU aOWeUaWLRQV WR TAD bRUdeUV (aV VKRZQ LQ
FLg. 5 aQd 6). TKLV ZRXOd be XVefXO fRU SULRULWL]aWLRQ Rf PXWaWLRQV LQ geQRPe edLWLQg VeWWLQgV.

NeZ deYeORSPeQWV LQ e[SeULPeQWaO WecKQLTXeV aXgPeQWed b\ LQWegUaWed cRPSXWaWLRQaO
PRdeOLQg, ZLOO cRQWLQXe WR VKed OLgKW RQ QeZ geQRPe RUgaQL]aWLRQ SULQcLSOeV aW a UaSLd Sace
[46]. WLWK MRDLE¶V fRcXV RQ cRPSXWaWLRQaO VSeed aQd LWV PRdXOaU aUcKLWecWXUe, QeZ
deYeORSPeQWV aQd NQRZOedge aUe e[SecWed WR eaVLO\ be LQWegUaWed LQWR WKe WRRO WR LQcUeaVe
WKe cRPSOe[LW\ aQd UeaOLVP Rf WKe XQdeUO\LQg PRdeOLQg SaUaPeWeUV.

CRQcOXVLRQV
We KaYe deYeORSed MRDLE (MRdeOLQg Rf DNA LRRS E[WUXVLRQ), aOORZLQg KLgK-SeUfRUPaQce
VWRcKaVWLc PRdeOLQg Rf DNA ORRS e[WUXVLRQ. MRDLE VLPXOaWeV ORRS e[WUXVLRQ cRQWacW
PaWULceV RQ OaUge geQRPe UegLRQV LQ a feZ PLQXWeV, eYeQ RQ ORZ-SRZeUed OaSWRS cRPSXWeUV.
MRDLE LV aYaLOabOe aV a cRPPaQd OLQe WRRO aQd caQ be acceVVed aW
gLWKXb.cRP/SaXOVeQgURXS/PRdOe.

MeWKRdV
1. MRDLE LPSOePeQWaWLRQ aQd deVLgQ RYeUYLeZ

MRDLE LV LPSOePeQWed LQ C++17 aQd LV cRPSLOed ZLWK CMaNe. MRDLE XVeV a
SURdXceU-cRQVXPeU aUcKLWecWXUe ZKeUe a VLQgOe SURdXceU (a WKUead) cRPPXQLcaWeV ZLWK
PXOWLSOe cRQVXPeUV WKURXgK aV\QcKURQRXV PeVVage SaVVLQg. TKe SURdXceU WKUead LV
UeVSRQVLbOe fRU UeadLQg LQSXW fLOeV aQd geQeUaWLQg a VeW Rf VLPXOaWLRQ WaVNV WR be cRQVXPed
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b\ a SRRO Rf ZRUNeU WKUeadV. TaVNV aUe LPSOePeQWed aV OLgKW-ZeLgKW C++ VWUXcWV WKaW aUe
cRPSXWaWLRQaOO\ cKeaS WR geQeUaWe aQd cRQVXPe. A VLQgOe WaVN cRQWaLQV aOO WKe LQfRUPaWLRQ
Qeeded fRU VLPXOaWLQg DNA ORRS e[WUXVLRQ RQ a VLQgOe cKURPRVRPe LQ a VSecLfLc VLPXOaWLRQ
LQVWaQce. SLPXOaWLRQ LQVWaQceV aUe fRU WKe PRVW SaUW LQdeSeQdeQW fURP eacK RWKeU aQd caQ
WKXV UXQ LQ SaUaOOeO. We deVLgQed MRDLE VXcK WKaW eacK VLPXOaWLRQ LQVWaQce UeTXLUeV OeVV
WKaQ 10 MB Rf PePRU\ WR VLPXOaWe ORRS e[WUXVLRQ RQ OaUge PaPPaOLaQ cKURPRVRPeV, VXcK
aV cKURPRVRPe 1 fURP WKe KXPaQ geQRPe. TKe VSace cRPSOe[LW\ Rf WKe WKUead±ORcaO VWaWe
LV OLQeaU ZLWK UeVSecW WR WKe QXPbeU Rf LEFV RU e[WUXVLRQ baUULeUV, ZKLcKeYeU LV OaUgeVW. FRU a
PRUe deWaLOed RYeUYLeZ Rf MRDLE¶V LPSOePeQWaWLRQ Vee SecWLRQ 1, AddLWLRQaO fLOe 1.

MRVW Rf MRDLE¶V PePRU\ bXdgeW LV XVed WR VWRUe PROecXOaU cRQWacWV geQeUaWed b\ ORRS
e[WUXVLRQ. MRDLE VWRUeV RQe LQVWaQce Rf LWV cXVWRP cRQWacW PaWUL[ daWa VWUXcWXUe fRU eacK
cKURPRVRPe WKaW LV beLQg acWLYeO\ VLPXOaWed. TKe VSace cRPSOe[LW\ Rf a cRQWacW PaWUL[
LQVWaQce deSeQdV RQ WKe cKURPRVRPe OeQgWK, dLagRQaO ZLdWK aQd bLQ VL]e. WLWK defaXOW
VeWWLQgV, UeSUeVeQWLQg cRQWacWV fRU cKURPRVRPe 1 Rf WKe KXPaQ geQRPe UeTXLUeV
aSSUR[LPaWeO\ 120 MB Rf PePRU\. CRPPRQ RSeUaWLRQV RQ WKe cRQWacW PaWUL[ cOaVV aUe
Pade WKUead-Vafe XVLQg ORcN VWULSLQg LPSOePeQWed WKURXgK KaVKLQg. FRU PRUe deWaLOV
UegaUdLQg WKe VSecLaOL]ed cRQWacW PaWUL[ daWa VWUXcWXUe UefeU WR SecWLRQ 2, AddLWLRQaO fLOe 1.
TR acKLeYe KLgK-SeUfRUPaQce, MRDLE VWRUeV PRVW Rf LWV daWa LQ cRQWLgXRXV PePRU\ XVLQg
VLPSOe daWa VWUXcWXUeV VXcK aV YecWRUV aQd bLWVeWV (Vee SecWLRQ 3, AddLWLRQaO fLOe 1). DaWa LV
LQde[ed VXcK WKaW e[WUXVLRQ baUULeUV aQd e[WUXVLRQ XQLWV LQ a VLPXOaWLRQ LQVWaQce caQ be
effLcLeQWO\ WUaYeUVed LQ 5¶-3¶ aQd 3¶-5¶ dLUecWLRQV (Vee SecWLRQ 8, AddLWLRQaO fLOe 1). TKLV aOORZV
MRDLE WR bLQd/UeOeaVe LEFV, SURceVV cROOLVLRQV, UegLVWeU cRQWacWV aQd e[WUXde DNA LQ OLQeaU
WLPe-cRPSOe[LW\ aQd ZLWK gRRd ORcaOLW\ Rf UefeUeQce. TKe RQO\ VWeS UeO\LQg RQ aQ aOgRULWKP
ZLWK VXSeU-OLQeaU WLPe cRPSOe[LW\ LV LQde[LQg, ZKLcK KaV a ZRUVW-caVe WLPe cRPSOe[LW\ Rf

ZKLOe aSSURacKLQg fRU WKe W\SLcaO caVe.𝑂ഈ𝑛 𝑙𝑜𝑔 𝑛ഉ 𝑂ഈ𝑛ഉ
MRUe deVLgQ aQd LPSOePeQWaWLRQ deWaLOV aUe aYaLOabOe LQ AddLWLRQaO fLOe 1. TKe OaWeVW MRDLE
VRXUce cRde caQ be RbWaLQed LQ MRDLE¶V GLWHXb UeSRVLWRU\:
gLWKXb.cRP/SaXOVeQgURXS/PRdOe

2. RXQQLQg a VLPXOaWLRQ LQVWaQce
TKe eQWLUe VLPXOaWLRQ LQVWaQce LV e[ecXWed b\ a VLQgOe ZRUNeU WKUead aQd cRQVLVWV Rf WKe
fROORZLQg SKaVeV:

Ɣ WaLW XQWLO RQe RU PRUe WaVNV aUe aYaLOabOe RQ WKe WaVN TXeXe.
Ɣ SeWXS WKe VLPXOaWLRQ LQWeUQaO VWaWe baVed RQ WKe WaVN VSecLfLcaWLRQ, WKLV LQcOXdeV

VeedLQg WKe PRNG aQd VeWWLQg WKe LQLWLaO VWaWe fRU WKe e[WUXVLRQ baUULeUV baVed RQ WKe
RccXSaQc\ (Vee SecWLRQV 1,3 aQd 4, AddLWLRQaO fLOe 1).

Ɣ RXQ WKe VLPXOaWLRQ ORRS XQWLO a VWRSSLQg cULWeULRQ LV PeW.
A VLQgOe VLPXOaWLRQ eSRcK LV aUWLcXOaWed LQ WKe fROORZLQg VWeSV:

Ɣ SeOecW (LQacWLYe) LEFV WKaW aUe cXUUeQWO\ QRW aVVRcLaWed ZLWK DNA, aQd acWLYaWe WKeP.
TKLV LV dRQe b\ ORadLQg LEFV WR a UaQdRP SRVLWLRQ RQ WKe cKURPRVRPe WKaW LV beLQg
VLPXOaWed. TKe SRVLWLRQ LV VaPSOed fURP a XQLfRUP dLVWULbXWLRQ (Vee SecWLRQ 5,
AddLWLRQaO fLOe 1).

Ɣ IQde[ e[WUXVLRQ XQLWV PRYLQg LQ WKe VaPe dLUecWLRQ VR WKaW WKe\ caQ be YLVLWed LQ 5¶-3¶
aQd 3¶-5¶ RUdeU (Vee SecWLRQ 8, AddLWLRQaO fLOe 1).
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Ɣ RaQdRPO\ VeOecW a VXbVeW Rf WKe acWLYe LEFV aQd XVe WKeLU SRVLWLRQ aORQg WKe
cKURPRVRPe WR geQeUaWe PROecXOaU cRQWacWV LQ WKe cKURPRVRPe cRQWacW PaWUL[ (Vee
SecWLRQ 9, AddLWLRQaO fLOe 1).

Ɣ GeQeUaWe caQdLdaWe PRYeV fRU eacK e[WUXVLRQ XQLW (Vee SecWLRQ 10, AddLWLRQaO fLOe 1).
Ɣ USdaWe WKe e[WUXVLRQ baUULeU VWaWeV b\ cRPSXWLQg WKe Qe[W VWaWe LQ WKe MaUNRY cKaLQ

XVed WR PRdeO e[WUXVLRQ baUULeUV (Vee SecWLRQ 6, AddLWLRQaO fLOe 1).
Ɣ DeWecW cROOLVLRQ eYeQWV beWZeeQ LEFV aQd e[WUXVLRQ baUULeUV aV ZeOO aV beWZeeQ

LEFV (Vee SecWLRQV 12b-d, aQd g, AddLWLRQaO fLOe 1).
Ɣ USdaWe WKe caQdLdaWe PRYeV fRU e[WUXVLRQ XQLWV LQYROYed LQ cROOLVLRQ eYeQWV WR VaWLVf\

WKe cRQVWUaLQWV LPSRVed b\ WKe cROOLVLRQ eYeQWV (Vee SecWLRQV 12e-g, AddLWLRQaO fLOe 1).
Ɣ AdYaQce LEFV¶ e[WUXVLRQ XQLWV b\ WKeLU UeVSecWLYe PRYeV (Vee SecWLRQ 5, AddLWLRQaO

fLOe 1). BecaXVe Rf WKe SUecedLQg VWeSV, WKLV ZLOO \LeOd a QeZ YaOLd VLPXOaWLRQ VWaWe, aV
PRYeV KaYe beeQ XSdaWed WR VaWLVf\ aOO WKe cRQVWUaLQWV LPSRVed b\ cROOLVLRQ eYeQWV.

Ɣ IWeUaWe RYeU acWLYe LEFV aQd UeOeaVe WKeP baVed RQ WKe RXWcRPe Rf a BeUQRXOOL WULaO
ZKRVe SURbabLOLW\ Rf VXcceVV LV cRPSXWed baVed RQ WKe aYeUage LEF SURceVVLYLW\
aQd LEF VWaWe (e.g. LEFV ZKRVe e[WUXVLRQ XQLWV aUe LQYROYed LQ cROOLVLRQ eYeQWV ZLWK a
SaLU Rf e[WUXVLRQ baUULeUV LQ cRQYeUgeQW RULeQWaWLRQ KaYe a ORZeU SURbabLOLW\ Rf beLQg
UeOeaVed). LEFV WKaW aUe beLQg UeOeaVed gR bacN LQ WKe SRRO Rf aYaLOabOe LEFV aQd
ZLOO be ORaded RQ a QeZ geQRPLc UegLRQ dXULQg WKe Qe[W eSRcK (Vee SecWLRQV 5,
AddLWLRQaO fLOe 1).

MRDLE ZLOO cRQWLQXe LWeUaWLQg WKURXgK WKe abRYe VWeSV XQWLO RQe Rf WKe VLPXOaWLRQ VWRSSLQg
cULWeULa LV PeW:

Ɣ A gLYeQ QXPbeU Rf eSRcKV KaYe beeQ VLPXOaWed
Ɣ EQRXgK cRQWacWV KaYe beeQ UegLVWeUed WR UeacK a WaUgeW cRQWacW deQVLW\.

BRWK VWRSSLQg cULWeULa caQ be PRdLfLed b\ XVeUV. B\ defaXOW, MRDLE ZLOO VLPXOaWe ORRS
e[WUXVLRQ XQWLO UeacKLQg aQ aYeUage cRQWacW deQVLW\ Rf 1 cRQWacW SeU SL[eO.

3. HaUdZaUe VSecLfLcaWLRQV
AQaO\VLV aQd beQcKPaUN cRde XVed WR geQeUaWe WKe daWa accRPSaQ\LQg ZaV UXQ XVLQg WKe
KaUdZaUe VSecLfLcaWLRQV OLVWed LQ TabOe 1.

TabOe 1: HaUdZaUe VSecLfLcaWLRQV Rf cRPSXWaWLRQaO UeVRXUceV XVed fRU VLPXOaWLRQ aQd
beQcKPaUNLQg

IdeQWLfLeU CPU PRdeO S\VWeP PePRU\ OSeUaWLQg
V\VWeP

AcceOeUaWRU
(GPU)

LaSWRS A IQWeO CRUe L9-9880H
(8 cRUeV)

64 GB (4[ 16 GB,
DDR4 UDIMM 2667
MT/V dXaO-cKaQQeO)

AUcK LLQX[
(LLQX[ Y5.17.1)

NVIDIA QXadUR
RTX 4000 (8 GB)

SeUYeU A
2[
AMD EPYC 7742
(2[ 64 cRUeV)

2048 GB (32[ 64 GB,
RDIMM DDR4 2933
MT/V eLgKW-cKaQQeO)

RHEL 8.5
(LLQX[
Y4.18.0-305)

N/A
SeUYeU B

2[
IQWeO XeRQ GROd 6138
(2[ 20 cRUeV)

192 GB (12[ 16 GB,
RDIMM DDR4 2666
MT/V VL[-cKaQQeO)

RHEL 7.9.2009
(LLQX[
Y3.10.0-1160.6.1)
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SeUYeU C

2[
IQWeO XeRQ GROd
6230R
(2[ 26 cRUeV)

192 GB (12[ 16 GB,
RDIMM DDR4 2933
MT/V VL[-cKaQQeO)

SeUYeU D
2[
IQWeO XeRQ GROd 6126
(2[ 12 cRUeV)

384 GB (24[ 16 GB,
RDIMM DDR4 2666
MT/V VL[-cKaQQeO)

4[
NVIDIA TeVOa
P100 (16 GB)

4. MRDLE VLPXOaWLRQV
MRDLE¶V daWa XVed fRU WKe KeaW PaS cRPSaULVRQ VKRZQ LQ FLg. 2 ZeUe geQeUaWed XVLQg WKe
KeaWPaS_cRPSaULVRQ_SW1 Ne[WfORZ [47] ZRUNfORZ aYaLOabOe RQ GLWHXb [48] aQd aUcKLYed RQ
ZeQRdR [49].
TKe OLVW Rf caQdLdaWe e[WUXVLRQ baUULeU SRVLWLRQV aQd dLUecWLRQV ZeUe geQeUaWed b\ UXQQLQg
MAST fURP WKe MEME VXLWe [50] RQ GRCK38.S13 (GCF_000001405.39 [51] XVLQg WKe CTCF
fUeTXeQc\ PaWUL[ MA0139.1 fURP JASPAR 2022 [52].
TKe OLVW Rf caQdLdaWe baUULeUV ZaV WKeQ fLOWeUed XVLQg CTCF aQd RAD21 CKIP-VeT daWa
(fROd-cKaQge RYeU cRQWURO aQd RSWLPaO IDR WKUeVKROded SeaNV). IQ bULef, caQdLdaWe baUULeUV
ZeUe LQWeUVecWed ZLWK WKe QaUURZ-SeaN BED fLOeV fRU CTCF aQd RAD21. TKeQ, eacK fLOWeUed
baUULeU UegLRQ ZaV aVVLgQed ZLWK aQ RccXSaQc\ cRPSXWed b\ SaVVLQg WKe RAD21
fROd-cKaQge RYeU cRQWURO VLgQaO WKURXgK a ORgLVWLc fXQcWLRQ. FLQaOO\, WKe RXWSXW Rf WKe ORgLVWLc
fXQcWLRQ ZaV bLQQed aW 1 NbS WR \LeOd a baUULeU RccXSaQc\ WKaW LV SURSRUWLRQaO WR WKe QXPbeU
Rf CTCF PRWLf LQVWaQceV aV ZeOO aV RAD21 fROd-cKaQge RYeU cRQWURO VLgQaO. TKLV SURcedXUe LV
OaUgeO\ baVed RQ [FXdeQbeUg 2016]. TKe UeVXOW Rf WKe SURcedXUe RXWOLQed abRYe LV a OLVW Rf
e[WUXVLRQ baUULeU RccXSaQcLeV bLQQed aW 1 NbS UeVROXWLRQ. CTCF aQd RAD21 CKIP-VeT fRU
H1-KESC daWa ZaV dRZQORaded fURP ENCODE [53,54] (ENCFF255FRL [55], ENCFF473IZV
[56], ENCFF821AQO [57] aQd ENCFF913JGA [58].
CRQWacW PaWULceV ZeUe geQeUaWed XVLQg MRDLE Y1.0.0-Uc.7 ZLWK WKe SaUaPeWeUV fURP
SXSSOePeQWaU\ TabOe 1, AddLWLRQaO fLOe 3. PaUaPeWeUV QRW OLVWed LQ WKe WabOe ZeUe OefW aW
defaXOW.
CRQWacW PaWULceV SURdXced b\ MRDLE ZeUe WKeQ VXbVaPSOed WR aQ aYeUage cRQWacW deQVLW\
Rf 3 XVLQg cRROWRROV UaQdRP-VaPSOe Y0.5.1 [59]. TKe UeVXOWLQg cRROeU fLOeV ZeUe WKeQ
cRQYeUWed WR PXOWL-UeVROXWLRQ cRROeU fLOeV XVLQg cRROeU ]RRPLf\ [40]. FLQaOO\, PXOWL±UeVROXWLRQ
cRQWacW PaWULceV ZeUe YLVXaOL]ed LQ HLGOaVV (Y1.11.7) [60].

5. MROecXOaU d\QaPLcV (OSeQMM) VLPXOaWLRQV
MROecXOaU d\QaPLcV daWa XVed fRU WKe KeaW PaS cRPSaULVRQ LQ FLg. 2 ZeUe geQeUaWed XVLQg
WKe KeaWPaS_cRPSaULVRQ_SW1 Ne[WfORZ ZRUNfORZ aYaLOabOe RQ GLWHXb [48] aQd aUcKLYed RQ
ZeQRdR [49]. TKLV ZRUNfORZ XVeV OSeQMM [37] WR UXQ MD VLPXOaWLRQV.
SLPXOaWLRQ cRde LV OaUgeO\ baVed RQ [61]. SLPXOaWLRQV ZeUe caUULed RXW RQ 10 MbS UegLRQV
fURP cKURPRVRPeV 2, 3, 5, 7 aQd 17 XVLQg a PRQRPeU VL]e Rf 1 NbS aQd 200 NbS fRU LEF
SURceVVLYLW\ aQd VeSaUaWLRQ. E[WUXVLRQ baUULeU SRVLWLRQV, dLUecWLRQV aQd RccXSaQc\ ZeUe
geQeUaWed fROORZLQg WKe SURcedXUe RXWOLQed LQ MeWKRdV (SaUW 1).
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CRQWacW PaWULceV ZeUe geQeUaWed ZLWK PRO\cKURP [62] XVLQg a bLQ VL]e Rf 5 NbS. TKe
UeVXOWLQg cRROeU fLOeV ZeUe WKeQ cRQYeUWed WR PXOWL-UeVROXWLRQ cRROeU fLOeV XVLQg cRROeU ]RRPLf\
Y0.8.11 [40].

6. AVVeVVLQg ORRS e[WUXVLRQ feaWXUe VLPLOaULWLeV fURP cRQWacW
fUeTXeQcLeV

TR RbMecWLYeO\ cRPSaUe WKe cRQWacW PaWULceV SURdXced b\ MRDLE ZLWK cRQWacW PaWULceV
geQeUaWed fURP MLcUR-C e[SeULPeQWV aQd MD VLPXOaWLRQV Ze deYeORSed a VSecLaOL]ed
VcRULQg aOgRULWKP. TKe aOgRULWKP ZaV LQVSLUed b\ SWULSeQQ [63].
TKe VcRUe LV cRPSXWed RQ URZV aQd cROXPQV Rf a SaLU Rf cRQWacW PaWULceV Rf LdeQWLcaO
UeVROXWLRQV WUaQVfRUPed aV fROORZV.
FLUVW, bRWK PaWULceV aUe cRQYROYed XVLQg WKe dLffeUeQce Rf GaXVVLaQ (DRG). TKLV KLgKOLgKWV
VWULSe aQd dRW SaWWeUQV fRXQd LQ cRQWacW PaWULceV. Ne[W, WKe WUaQVfRUPed cRQWacW PaWULceV aUe
dLVcUeWL]ed XVLQg a VWeS fXQcWLRQ PaSSLQg YaOXeV beORZ a ceUWaLQ WKUeVKROd WR 0 aQd aOO WKe
RWKeUV WR 1. TKLV UeVXOWV LQ WZR bLQaU\ PaWULceV, ZKeUe QRQ-]eUR SL[eOV caQ be LQWeUSUeWed aV
SaUW Rf a VWULSe RU dRW. FLQaOO\, Ze WaNe adYaQWage Rf WKe facW WKaW VWULSeV SURdXced b\ ORRS
e[WUXVLRQ aOZa\V VKRXOd VWaUW fURP WKe PaWUL[ dLagRQaO. TKXV, gLYeQ a URZ RU cROXPQ Rf SL[eOV
VWaUWLQg RQ WKe PaWUL[ dLagRQaO, aQd e[WeQdLQg aZa\ fURP LW, Ze VWLSXOaWe WKaW WKe OaVW
QRQ-]eUR SL[eO LQ WKe YecWRU Rf YaOXeV UeSUeVeQWV WKe eQd Rf a VWULSe SURdXced b\ DNA ORRS
e[WUXVLRQ.
GLYeQ WKe abRYe, Ze caQ PeaVXUe WKe VLPLOaULW\ Rf VWULSeV beWZeeQ WZR cRQWacW PaWULceV b\
cRQVLdeULQg WKe VaPe URZ Rf SL[eOV LQ a SaLU Rf cRQWacW PaWULceV, cRPSXWLQg WKe OaVW QRQ-]eUR
SL[eOV LQ bRWK URZV, aQd cRXQWLQg WKe QXPbeU Rf PaWcKeV. TKe VaPe aSSURacK caQ be
aSSOLed WR cROXPQV Rf SL[eOV. FLQaOO\, cRXQWLQg PLVPaWcKeV LQVWead Rf PaWcKeV caQ be XVed
aV a PeaVXUe Rf dLVVLPLOaULW\. CRQWacW PaWUL[ cRQYROXWLRQ aQd dLVcUeWL]aWLRQ, aV ZeOO aV
cRPSXWLQg WKLV VSecLaO VcRUe caQ be dRQe XVLQg MRDLE¶V KeOSeU WRROV (PRdOe_WRROV
WUaQVfRUP aQd PRdOe_WRROV eYaOXaWe UeVSecWLYeO\).

7. CRQWacW PaWUL[ cRPSaULVRQ
FRU cRPSaULVRQ ZLWK MRDLE aQd OSeQMM RXWSXW, Ze XVed aYaLOabOe HL-C aQd MLcUR-C daWa
fURP H1-KESC becaXVe WKeVe ZeUe Rf KLgK UeVROXWLRQ aQd Kad accRPSaQ\LQg CKIP-VeT daWa
fRU bRWK CTCF aQd RAD21 (4DNFIFJH2524 [64], 4DNFI9GMP2J8 [65], ENCFF255FRL [55],
ENCFF473IZV [56], ENCFF821AQO [57] aQd ENCFF913JGA [58]). TR aVVeVV VWULSe
VLPLOaULW\ Rf a SaLU Rf cRQWacW PaWULceV Ze XVed WKe VcRULQg aOgRULWKP deVcULbed LQ MeWKRdV
(SaUW 6). TKe VcRUe ZaV cRPSXWed XVLQg MLcUR-C daWa aV WKe gURXQd WUXWK. PL[eO accXUac\
ZaV cRPSXWed aV WKe UaWLR Rf cRUUecWO\ cOaVVLfLed SL[eOV WR WKe WRWaO QXPbeU Rf SL[eOV LQ a 3
MbS VXbdLagRQaO ZLQdRZ aURXQd eacK baUULeU. TKe PeaUVRQ cRUUeOaWLRQ beWZeeQ OSeQMM
aQd MRDLE ZaV caOcXOaWed baVed RQ aOO cRUUeVSRQdLQg 5 NbS-SL[eO YaOXeV LQ WKe 3 MbS
VXbdLagRQaO ZLQdRZ Rf WKe OSeQMM VLPXOaWLRQ UegLRQV.

8. BeQcKPaUN PeWKRdRORg\
BeQcKPaUNV ZeUe UXQ RQ a cRPSXWLQg cOXVWeU XVLQg WKe UXQ_beQcKPaUNV Ne[WfORZ ZRUNfORZ
aYaLOabOe RQ GLWHXb [48] aQd aUcKLYed RQ ZeQRdR [49].
We UaQ WZR VXLWeV Rf beQcKPaUNV WR aVVeVV WKe SeUfRUPaQce Rf MRDLE aQd cRPSaUe LW ZLWK
WKaW Rf PROecXOaU d\QaPLcV VLPXOaWLRQV baVed RQ OSeQMM.
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TKe fLUVW VXLWe (FLg. 3A-C) cRPSaUed WKe SeUfRUPaQce Rf MRDLE aQd OSeQMM ZKeQ
VLPXOaWLQg ORRS e[WUXVLRQ RQ aQ aUWLfLcLaO cKURPRVRPe ZLWK LQcUeaVLQg OeQgWK (UaQgLQg fURP 1
WR 250 MbS).
TKLV beQcKPaUN ZaV UXQ XVLQg MRDLE (1 aQd 52 CPU cRUeV) aV ZeOO aV OSeQMM GPU aQd
CPU LPSOePeQWaWLRQ (1 CPU cRUe, 1 GPU aQd 8 CPU cRUeV UeVSecWLYeO\). CPU beQcKPaUNV
ZeUe UXQ RQ VeUYeU C ZKLOe beQcKPaUNV UeO\LQg RQ GPU acceOeUaWLRQ ZeUe UXQ RQ VeUYeU D
(Vee TabOe 1). FRU OSeQMM CPU LPSOePeQWaWLRQ Ze OLPLWed WKe QXPbeU Rf CPU cRUeV WR 8
(16 SMT cRUeV) aV WKe CPU LPSOePeQWaWLRQ LV NQRZQ WR QRW VcaOe ZeOO SaVW 16 WKUeadV [66].
OSeQMM CPU LPSOePeQWaWLRQ ZaV XVed WR VLPXOaWe cKURPRVRPe OeQgWKV XS WR 5 MbS fRU
SUacWLcaO UeaVRQV. MRDLE ZaV UXQ ZLWK defaXOW VeWWLQgV e[ceSW fRU WKe QXPbeU Rf ceOOV, ZKLcK
ZaV VeW WR 104 WR PaWcK WKe Pa[LPXP QXPbeU Rf aYaLOabOe SMT cRUeV.
OSeQMM VLPXOaWLRQV ZeUe UXQ XVLQg a PRQRPeU VL]e Rf 2 NbS aQd LEF SURceVVLYLW\ aQd
VeSaUaWLRQ Rf 200 NbS.

TKe VecRQd VXLWe Rf beQcKPaUNV LQYROYed VLPXOaWLQg ORRS e[WUXVLRQ RQ WKe KXPaQ geQRPe
(GRCK38) XVLQg MRDLE ZLWK a QXPbeU Rf CPU cRUeV UaQgLQg fURP 1 WR 52. MRDLE ZaV UXQ
ZLWK defaXOW VeWWLQgV e[ceSW fRU WKe QXPbeU Rf ceOOV ZKLcK ZaV VeW WR 104. TKe e[WUXVLRQ
baUULeU aQQRWaWLRQ ZaV geQeUaWed aV deVcULbed LQ MeWKRdV (SaUW 1).

IQ bRWK caVeV, PeaVXUePeQWV ZeUe UeSeaWed 10 WLPeV fRU MRDLE aQd 5 WLPeV fRU OSeQMM.

9. GeQRPe-ZLde e[WUXVLRQ baUULeU SaUaPeWeU RSWLPL]aWLRQ
TKe geQRPe-ZLde RSWLPL]aWLRQ Rf SaUaPeWeUV affecWLQg e[WUXVLRQ baUULeU RccXSaQcLeV ZaV
caUULed RXW XVLQg WKe gZ_SaUaP_RSWLPL]aWLRQ Ne[WfORZ ZRUNfORZ aYaLOabOe RQ GLWHXb [48]
aQd aUcKLYed RQ ZeQRdR [49].
TKe fLUVW VWeS LQ WKe RSWLPL]aWLRQ SURcedXUe LV UXQQLQg SWULSeQQ Y1.1.65.7 [63] RQ WKe
H1-KESC MLcUR-C (4DNFI9GMP2J8 [67]) daWaVeW WR LdeQWLf\ aUcKLWecWXUaO VWULSeV, ZKLcK
UeVXOWed LQ WKe LdeQWLfLcaWLRQ Rf 5254 VWULSeV. A VPaOO VXbVeW Rf WKeVe VWULSeV ZeUe YLVXaOO\
YaOLdaWed b\ cRPSaULQg WKe aQQRWaWed VWULSeV ZLWK VWULSeV WKaW aUe YLVLbOe fURP MLcUR-C daWa.
AQQRWaWed VWULSeV ZeUe VSOLW LQWR WZR eTXaOO\ VL]ed daWaVeWV b\ UaQdRP VaPSOLQg ZLWKRXW
UeSOacePeQW. OQe daWaVeW ZaV XVed fRU SaUaPeWeU RSWLPL]aWLRQ ZKLOe WKe RWKeU ZaV XVed fRU
YaOLdaWLRQ.
PaUaPeWeU RSWLPL]aWLRQ LV SeUfRUPed WKURXgK WKe Ba\eVLaQ RSWLPL]aWLRQ fURP VcLNLW-RSWLPL]e
Y0.9.0 [68] XVLQg aQ RbMecWLYe fXQcWLRQ baVed RQ WKe VcRULQg PeWULc deVcULbed LQ MeWKRdV
(SaUW 6).
TKe SaUaPeWeUV WKaW aUe beLQg RSWLPL]ed aUe WKe e[WUXVLRQ baUULeU RccXSaQc\ ( ) aQd ,π

𝐵
𝑃

𝑈𝑈

WKe VeOf-WUaQVLWLRQ SURbabLOLW\ Rf WKe XQbRXQd VWaWe.
TKe eYaOXaWLRQ Rf WKe RbMecWLYe fXQcWLRQ SURceedV aV fROORZV:

Ɣ A QeZ geQRPe-ZLde VLPXOaWLRQ LV SeUfRUPed XVLQg WKe SaUaPeWeUV SURSRVed b\ WKe
RSWLPL]eU.

Ɣ TKe UeVXOWLQg cRROeU fLOe LV WUaQVfRUPed ZLWK PRdOe_WRROV WUaQVfRUP b\ aSSO\LQg WKe
dLffeUeQce Rf GaXVVLaQV fROORZed b\ a bLQaU\ dLVcUeWL]aWLRQ VWeS, ZKeUe SL[eO YaOXeV
abRYe a ceUWaLQ WKUeVKROd aUe dLVcUeWL]ed WR 1 aQd aOO WKe RWKeUV WR 0.

Ɣ TKe VcRUe deVcULbed LQ MeWKRdV (SaUW 6) LV WKeQ cRPSXWed URZ aQd cROXPQ-ZLVe RQ
WKe eQWLUe geQRPe XVLQg PRdOe_WRROV eYaO, SURdXcLQg WZR BLgWLg fLOeV. HeUe, WKe
WUaQVfRUPed MLcUR-C 4DNFI9GMP2J8 [67] daWaVeW LV XVed aV UefeUeQce.
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Ɣ ScRUeV aUe LQWeUVecWed ZLWK WKe e[WUXVLRQ baUULeU daWaVeW fRU RSWLPL]aWLRQ aQd
YaOLdaWLRQ cRQVLdeULQg VWULSe dLUecWLRQ (L.e. YeUWLcaO VWULSeV aUe LQWeUVecWed ZLWK
cROXPQ-ZLVe VcRUeV ZKLOe KRUL]RQWaO VWULSeV aUe LQWeUVecWed ZLWK URZ-ZLVe VcRUeV).

Ɣ ScRUeV UeVXOWLQg fURP WKe LQWeUVecWLRQ aUe WKeQ aYeUaged, SURdXcLQg a fORaWLQg-SRLQW
QXPbeU WKaW LV WKeQ UeWXUQed WR WKe RSWLPL]eU, ZKLcK ZLOO WU\ WR PLQLPL]e WKLV QXPbeU.

IQ WKe WUaQVfRUPaWLRQ VWeS a ı Rf 1.0 aQd 1.6 aUe XVed WR geQeUaWe WKe OeVV aQd PRUe bOXUU\
cRQWacW PaWULceV WR VXbWUacW ZKeQ cRPSXWLQg WKe dLffeUeQce Rf GaXVVLaQV. FRU WKe bLQaU\
dLVcUeWL]aWLRQ Rf WKe MLcUR-C daWa a WKUeVKROd Rf 1.5 ZaV XVed, ZKLOe VLPXOaWed daWa ZaV
dLVcUeWL]ed XVLQg 0.75 aV WKUeVKROd.
TKe RSWLPL]eU eYaOXaWed WKe RbMecWLYe fXQcWLRQ 400 WLPeV, eacK WLPe cRPSXWLQg WKe aYeUage
VcRUe fRU WKe WUaLQLQg aQd YaOLdaWLRQ daWaVeWV.
FLQaOO\, WKe SaUaPeWeUV WKaW \LeOded WKe beVW VcRUe RQ WKe WUaLQLQg daWaVeW ZeUe XVed WR
geQeUaWe a cRQWacW PaWUL[ LQ cRROeU fRUPaW (Vee FLg. 4D, bRWWRP SaQeO).

10. LRcaO e[WUXVLRQ baUULeU SaUaPeWeU RSWLPL]aWLRQ
TKe ORcaO e[WUXVLRQ baUULeU SaUaPeWeU RSWLPL]aWLRQ ZaV caUULed RXW XVLQg WKe
e[WUXVLRQ_baUULeU_SaUaP_RSWLPL]aWLRQ Ne[WfORZ ZRUNfORZ aYaLOabOe RQ GLWHXb [48] aQd
aUcKLYed RQ ZeQRdR [49].
IQ bULef, WKLV ZRUNfORZ WaNeV aV LQSXW aQ e[WUXVLRQ baUULeU aQQRWaWLRQ cRQVLVWLQg Rf baUULeU
SRVLWLRQ aQd dLUecWLRQ, aQd WKeQ RSWLPL]eV WKe SaUaPeWeUV fRU eacK LQdLYLdXaO baUULeU WR
Pa[LPL]e VLPLOaULWLeV ZLWK a UefeUeQce HLC PaWUL[.
TKe RSWLPL]aWLRQ aSSURacK LV baVed RQ eYROXWLRQaU\ aOgRULWKPV (EAV) aQd ZaV deYeORSed
XVLQg SULPLWLYeV fURP WKe DEAP OLbUaU\ [69].
OSWLPL]aWLRQ ZaV SeUfRUPed RQ a 5 MbS UegLRQ Rf WKe KXPaQ cKURPRVRPe 1 (20-25 MbS,
GRCK38) XVLQg WKe OLVW Rf caQdLdaWe CTCF bLQdLQg VLWeV RYeUOaSSLQg WKLV UegLRQ aV e[WUXVLRQ
baUULeU aQQRWaWLRQ, fRU a WRWaO Rf 2103 e[WUXVLRQ baUULeUV. CaQdLdaWe CTCF bLQdLQg VLWeV ZeUe
aQQRWaWed XVLQg MAST aV deVcULbed LQ MeWKRdV (SaUW 4). TKe H1-KESC MLcUR-C
(4DNFI9GMP2J8 [70]) PaWUL[ ZaV XVed aV UefeUeQce.
AW a KLgK OeYeO, WKe RSWLPL]aWLRQ ZRUNfORZ cRQVLVWV Rf UXQQLQg WKe VaPe RSWLPL]aWLRQ VcULSW
WKUee WLPeV, XVLQg WKe RXWSXW Rf aQ RSWLPL]aWLRQ UXQ aV LQSXW fRU WKe Qe[W UXQ. TKe fLUVW UXQ LV
WXQed WR faYRU e[SORUaWLRQ RYeU e[SORLWaWLRQ, ZKLOe WKe VecRQd aQd WKLUd UXQV XVed PRUe
cRQVeUYaWLYe RSWLPL]aWLRQ SaUaPeWeUV WR SURgUeVVLYeO\ UedXce WKe UaWe Rf e[SORUaWLRQ aQd
faYRU e[SORLWaWLRQ.
TKe fROORZLQg LV aQ RYeUYLeZ Rf KRZ WKe RSWLPL]aWLRQ VWUaWeg\ ZaV deYeORSed:

- TKe RSWLPL]aWLRQ XVeV aV eYROXWLRQ VWUaWeg\, ZKeUe LV WKe SRSXOaWLRQ VL]e aQdµ, λ µ λ
LV WKe QXPbeU Rf RffVSULQg SURdXced eacK geQeUaWLRQ. WLWK WKLV VWUaWeg\, RffVSULQg WKaW
PaNe LW WKURXgK WKe VeOecWLRQ VWage UeSOace WKe SUeYLRXV SRSXOaWLRQ eQWLUeO\. B\
defaXOW aQd .µ ࡦ 256 λ ࡦ 512

- IQdLYLdXaOV aUe UeSUeVeQWed aV WZR OLVWV Rf UeaO QXPbeUV Rf VL]e , ZKeUe LV WKe𝑁 𝑁
QXPbeU Rf e[WUXVLRQ baUULeUV WR be RSWLPL]ed. TKe fLUVW OLVW Rf QXPbeUV UeSUeVeQW V
e[WUXVLRQ baUULeU RccXSaQcLeV ( ) ZKLOe WKe VecRQd OLVW UeSUeVeQWV WKe VeOf-WUaQVLWLRQπ

𝐵

SURbabLOLW\ Rf WKe XQbRXQd VWaWe ( ).𝑃
𝑈𝑈

- IQdLYLdXaOV aUe PXWaWed b\ addLQg a UeOaWLYeO\ VPaOO RffVeWV WR aQd . OffVeWV aUeπ
𝐵

→
𝑃

𝑈𝑈

→

dUaZQ fURP a QRUPaO dLVWULbXWLRQ ZLWK aQd VeW baVed RQ WKe deVLUed degUeeµ ࡦ 0 σ
Rf e[SORUaWLRQ. VaOXeV aUe cOaPSed beWZeeQ 0.0 aQd 1.0, VR PXWaWLQg aQ LQdLYLdXaO
aOZa\V OeadV WR aQRWKeU YaOLd LQdLYLdXaO.
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- TKe WZR-SRLQW cURVVRYeU RSeUaWRU LV XVed fRU PaWLQg.
- DXULQg VeOecWLRQ, RffVSULQgV aUe VRUWed baVed RQ WKeLU fLWQeVV, aQd WKe WRS RffVSULQgVµ

aUe VeOecWed WR SURceed WR WKe Qe[W geQeUaWLRQ.
- TKe SRSXOaWLRQ LV LQLWLaOL]ed dLffeUeQWO\ deSeQdLQg RQ ZKeWKeU UeVXOWV fURP a SUeYLRXV

RSWLPL]aWLRQ UXQ aUe aYaLOabOe.
- ReVXOWV fURP SUeYLRXV RSWLPL]aWLRQ aUe aYaLOabOe: SRSXOaWLRQ LQLWLaOL]ed WKURXgK

UaQdRP VaPSOLQg ZLWK UeSOacePeQW fURP WKe VeW Rf fLWWeVW LQdLYLdXaOV WKaW eYeU
OLYed LQ WKe SUeYLRXV RSWLPL]aWLRQ UXQ.

- OWKeUZLVe, SRSXOaWLRQ LV UaQdRPO\ LQLWLaOL]ed b\ geQeUaWLQg LQdLYLdXaOV ZLWKµ
aQd VeW WR UaQdRP QXPbeUV dUaZQ fURP WKe XQLfRUP dLVWULbXWLRQπ

𝐵
𝑃

𝑈𝑈

.𝑈ഈ0. 0, 1. 0ഉ

- FLWQeVV LV cRPSXWed XVLQg a VOLgKWO\ PRdLfLed YeUVLRQ Rf WKe VcRULQg fXQcWLRQ 𝑓ഈՠ
→

ഉ

deVcULbed LQ MeWKRdV (SaUW 6). FXQcWLRQ LV QRW effecWLYe aW gXLdLQg WKe𝑓ഈՠ
→

ഉ
RSWLPL]aWLRQ ZKeQ RccXSaQc\ LV UeOaWLYeO\ ORZ (e.g. < 0.5) aQd WKeUe aUe QR VWULSeV RU
dRWV LQ WKe UefeUeQce PaWUL[, aV aQ\ SaUaPeWeU cRPbLQaWLRQ UeVXOWLQg LQ VXcK a ORZ
RccXSaQc\ SURdXceV QR YLVLbOe VWULSe RU dRW. TR WKLV eQd, Ze defLQe a SeQaOW\ fXQcWLRQ

WKaW UeWXUQV a cReffLcLeQW beWZeeQ 1.0 aQd 2.0. TKe UeWXUQed cReffLcLeQW LV cORVe𝑝ഈπ
𝐵

ഉ

WR 2.0 ZKeQ aSSURacKeV 0.5, aQd UaSLdO\ faOOV WR 1.0 ZKeQ PRYeV WRZaUdV 0.0π
𝐵

π
𝐵

RU 1.0. YeU\ cORVe WR 1.0 aUe aOVR SeQaOL]ed. See SXSSOePeQWaU\ FLg. 12 fRU PRUeπ
𝐵

deWaLOV UegaUdLQg WKe SeQaOW\ fXQcWLRQ .𝑝ഈπ
𝐵

ഉ

TKe RXWSXW Rf WKe VcRULQg fXQcWLRQ aQd SeQaOW\ fXQcWLRQ aUe PXOWLSOLed𝑓ഈՠ
→

ഉ 𝑝ഈπ
𝐵

ഉ

WRgeWKeU WR SURdXce WKe VcRUe XVed WR cRPSXWe WKe fLWQeVV Rf aQ LQdLYLdXaO ,՛ഈՠ
→

. TKe fLWQeVV Rf aQ LQdLYLdXaO LV cRPSXWed aV WKe aYeUage Rf WKeπ
𝐵

ഉ ࡦ  𝑓ഈՠ
→

ഉ ࡣ 𝑝ഈπ
𝐵

ഉ

VcRUeV , cRPSXWed LQ cRUUeVSRQdeQce Rf eacK e[WUXVLRQ baUULeU RbMecW Rf WKe՛ഈՠ
→

π
𝐵

ഉ

RSWLPL]aWLRQ.
- TKe RSWLPL]aWLRQ UXQV XQWLO RQe Rf WKe fROORZLQg cRQdLWLRQV LV PeW:

- A WaUgeW QXPbeU Rf geQeUaWLRQV KaYe beeQ VLPXOaWed (L.e. 1000 geQeUaWLRQV).
- OSWLPL]eU faLOed WR VLgQLfLcaQWO\ LPSURYe WKe SRSXOaWLRQ fLWQeVV (e.g. OeVV WKaQ

1% fLWQeVV LPSURYePeQW RYeU WKe OaVW 25 geQeUaWLRQV).
- TKe SRSXOaWLRQ YaULabLOLW\ aSSURacKeV 0.

TR LPSURYe WKe SeUfRUPaQce Rf WKe RSWLPL]eU RQ WKeVe UegLRQV Ze VSOLW WKe SRSXOaWLRQ LQWR
PaLQOaQd SRSXOaWLRQ aQd RQe RU PRUe LQVXOaU SRSXOaWLRQV, aQd cKaQge VRPe aVSecWV Rf WKe
RSWLPL]aWLRQ VWUaWeg\.
FLUVW Ze LQLWLaOL]e aQd RSWLPL]e WKe PaLQOaQd SRSXOaWLRQ ( aQd ). WKeQ RQe Rfµ ࡦ 256 λ ࡦ 512
WKe VWRSSLQg cULWeULa LV PeW, WKe fLWWeVW LQdLYLdXaOV fURP PaLQOaQd aUe XVed WR LQLWLaOL]e WKe
SRSXOaWLRQ Rf LVOaQdV. FRU eacK LVOaQd, Ze UaQdRPO\ VeOecW aQd PaVN cRQVecXWLYe aOOeOeV𝑚 𝑘
RU baUULeUV. LV geQeUaWed b\ URXQdLQg a QXPbeU dUaZQ fURP a QRUPaO dLVWULbXWLRQ ZLWK𝑘

aQd . CUXcLaOO\, PaVNed baUULeUV aUe LQacWLYe aQd aUe QRW aOORZed WR PXWaWe.µ ࡦ 25 σ ࡦ 5. 0
FRU RQe Rf WKe LVOaQdV, LQVWead Rf PaVNLQg a UaQdRP VWUeWcK Rf e[WUXVLRQ baUULeUV, Ze𝑚
LQacWLYaWe aOO ZeaN baUULeUV ZKeQ LQLWLaOL]LQg WKe SRSXOaWLRQ. TKXV, Ze UeSOace aOOeOeV ZLWK

ZLWK WKe aOOeOe. IQ WKLV caVe, aOO ORcL aUe aOORZed WR PXWaWe.π
𝐵

ࡩ   0. 5 π
𝐵

ࡦ 0. 0;  𝑃
𝑈𝑈

ࡦ 1. 0
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IVOaQdV KaYe aQd . IVOaQdV eYROYe LQdeSeQdeQWO\ fURP eacK RWKeU aQd fURPµ ࡦ 128 λ ࡦ 256
WKe PaLQOaQd, aQd fROORZ WKe VaPe VWRSSLQg cULWeULa XVed fRU WKe PaLQOaQd.
OQce aOO LVOaQdV KaYe beeQ RSWLPL]ed, KaOf Rf WKe PaLQOaQd LQdLYLdXaOV aUe UeSOaced ZLWK
LQdLYLdXaOV fURP aQ\ Rf WKe LVOaQdV. IVOaQd LQdLYLdXaOV aUe VeOecWed XVLQg fLWQeVV SURSRUWLRQaWe
VeOecWLRQ (L.e. UaQdRP VaPSOLQg ZLWK UeSOacePeQW, ZeLgKWed b\ fLWQeVV).
MaLQOaQd aQd LVOaQd RSWLPL]aWLRQ cRQWLQXe aOWeUQaWLQg XQWLO a WRWaO WaUgeW QXPbeU Rf PaLQOaQd
geQeUaWLRQV KaYe beeQ VLPXOaWed, RU ZKeQ aQ RSWLPL]aWLRQ c\cOe faLOV WR VLgQLfLcaQWO\ LPSURYe
WKe aYeUage PaLQOaQd SRSXOaWLRQ fLWQeVV.

11. SLPXOaWLRQV WR SUedLcW WKe effecW Rf TAD bRUdeU
aOWeUaWLRQV

DaWa fRU WKLV VecWLRQ ZaV geQeUaWed XVLQg WKe cRPSaULVRQ_ZLWK_PXW Ne[WfORZ ZRUNfORZ
aYaLOabOe RQ GLWHXb [48] aQd aUcKLYed RQ ZeQRdR [49].
SLPXOaWLRQV ZeUe caUULed RXW XVLQg GRCP38.S6 aV UefeUeQce geQRPe (GCF_000001635.26
[71].
CTCF aQd RAD21 CKIP-VeT fROd-cKaQge RYeU cRQWURO fRU JM8.N4 ZaV geQeUaWed b\
SURceVVLQg daWa fURP GSE90994 [72], (SRR5085152 [73], SRR5085153 [74], SRR5085154
[75], SRR5085155 [76], SRR5085156 [77], SRR5085157 [78] XVLQg WKe ENCODE CKIP-VeT
SLSeOLQe Y2 [79] XVLQg ENCODE4 geQRPLc daWaVeWV fRU GRCP38.
TKe ZLOd-W\Se e[WUXVLRQ baUULeU aQQRWaWLRQ ZaV geQeUaWed fROORZLQg WKe SURcedXUe RXWOLQed LQ
MeWKRdV (SaUW 4).
TKe baUULeU aQQRWaWLRQ ZaV fXUWKeU UefLQed XVLQg WKe SaUaPeWeU RSWLPL]aWLRQ VWUaWeg\
deVcULbed LQ MeWKRdV (SaUW 10) XVLQg a JM8.N4 MLcUR-C daWaVeW aV UefeUeQce
(4DNFINNZDDXV [80]).

TKe RSWLPL]ed e[WUXVLRQ baUULeU aQQRWaWLRQ ZaV WKeQ PXWaWed b\ UePRYLQg e[WUXVLRQ baUULeUV
RYeUOaSSLQg WKe deO1-13d9Oac aQd deOaWWP-ReO5d9Oac UegLRQV fURP SXSSOePeQWaO FLgXUe S2 LQ
RRdUtgXe]-CaUbaOOR 2017 [43].

AbbUeYLaWLRQV
3D - TKUee-dLPeQVLRQaO
BED - BURZVeU E[WeQVLbOe DaWa
CLI - CRPPaQd OLQe LQWeUface
CTCF - CCCTC bLQdLQg facWRU
KESC - HXPaQ EPbU\RQLc SWeP CeOOV
NbS - NLOR baVeSaLU
LEF - LRRS E[WUXdLQg FacWRU
MbS - Mega baVeSaLU
MD - MROecXOaU d\QaPLcV
PRNG - PVeXdRUaQdRP NXPbeU GeQeUaWRU
SMC - SWUXcWXUaO MaLQWeQaQce Rf CKURPRVRPeV
SMT - SLPXOWaQeRXV MXOWLWKUeadLQg
TAD - TRSRORgLcaOO\ AVVRcLaWLQg DRPaLQ
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DecOaUaWLRQV
EWKLcV aSSURYaO aQd cRQVeQW WR SaUWLcLSaWe
NRW aSSOLcabOe
CRQVeQW fRU SXbOLcaWLRQ
NRW aSSOLcabOe
CRPSeWLQg LQWeUeVWV
NRQe decOaUed

AYaLOabLOLW\ Rf daWa aQd PaWeULaOV
PURMecW QaPe: MRDLE
PURMecW KRPe Sage: https://github.com/paulsengroup/modle
AUcKLYed YeUVLRQ: 10.5281/]eQRdR.6424697
LLceQVe: MIT
OSeUaWLYe V\VWeP(V): UNIX-OLNe (POaWfRUP LQdeSeQdeQW ZKeQ XVLQg cRQWaLQeUV)
PURgUaPPLQg OaQgXage: C++
OWKeU UeTXLUePeQWV:

Ɣ C++17 cRPSLOeU (e.g. GCC 8+, COaQg8+, ASSOeCOaQg 10+)
Ɣ CMaNe 3.18 RU QeZeU
Ɣ CRQaQ 1.50 RU QeZeU
Ɣ P\WKRQ3 (WR LQVWaOO aQd UXQ CRQaQ)
Ɣ ScLS\ (P\WKRQ3 SacNage, UeTXLUed WR UXQ XQLW WeVWV)
Ɣ ZCRUU (R SacNage, UeTXLUed WR UXQ XQLW WeVWV)

TKe cRPSOeWe OLVW Rf MRDLE deSeQdeQcLeV LV aYaLOabOe LQ SXSSOePeQWaU\ TabOe 2, AddLWLRQaO
fLOe 3. DeSeQdeQc\ LQVWaOOaWLRQ LV aXWRPaWed XVLQg CMaNe aQd CRQaQ.
MRDLE VRXUce cRde LV aYaLOabOe RQ GLWHXb aW https://github.com/paulsengroup/modle [81]
aQd LV aUcKLYed RQ ZeQRdR aW https://doi.org/10.5281/^enodo.6424697 [82]. MRDLE¶V YeUVLRQ
XVed WKURXgKRXW WKe PaQXVcULSW LV MRDLE Y1.0.0-Uc.7 [83], e[ceSW fRU SeUfRUPaQce
beQcKPaUNV ZKLcK XVed MRDLE Y1.0.0-Uc.2 [84].

CRde XVed fRU WKe daWa aQaO\VLV LV aYaLOabOe RQ GLWHXb aW
https://github.com/paulsengroup/2021-modle-paper-001-data-analysis [48] aQd LV aUcKLYed RQ
ZeQRdR aW https://doi.org/10.5281/^enodo.7072939 [49].
DaWa SURdXced b\ UXQQLQg WKe UXQPe.VK VcULSW fURP WKe daWa aQaO\VLV cRUe UeSRVLWRU\,
LQcOXdLQg VLPXOaWed cRQWacW PaWULceV LQ cRROeU fRUPaW ZeUe aUcKLYed RQ ZeQRdR (DOI:
10.5281/]eQRdR.7074561).

RefeUeQce geQRPe aVVePbO\ aQd aVVePbO\ UeSRUW fRU GCF_000001405.39_GRCK38.S13
[51] aQd GCF_000001635.26 [85] ZeUe dRZQORaded WKURXgK WKe NCBI FTP VeUYeU [86].

CKIP-VeT daWa fRU WKe fROORZLQg acceVVLRQ QXPbeUV ZeUe dRZQORaded fURP WKe ENCODE
SRUWaO [53,54]: ENCFF255FRL [55], ENCFF473IZV [56], ENCFF821AQO [57] aQd
ENCFF913JGA [58].
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CKIP-VeT daWa fRU WKe fROORZLQg acceVVLRQ QXPbeU ZaV dRZQORaded fURP WKe GeQe
E[SUeVVLRQ OPQLbXV: GSM4665702 [87].

CKIP-VeT VeTXeQcLQg daWa fRU GSE90994 [88] ZeUe dRZQORaded fURP EBI¶V PLUURU Rf WKe
SRA: SRR5085152 [89], SRR5085153 [90], SRR5085154 [91], SRR5085155 [92],
SRR5085156 [93], SRR5085157 [94].

H1-KESC HL-C aQd MLcUR-C daWa, aV ZeOO aV JM8.N4 MLcUR-C daWa LQ PXOWL-UeVROXWLRQ cRROeU
fRUPaW (4DNFIFJH2524 [64], 4DNFI9GMP2J8 [67], 4DNFINNZDDXV [80] ZeUe dRZQORaded
fURP WKe 4DNXcOeRPe DaWa PRUWaO [95].

TKe fUeTXeQc\ PaWUL[ LQ MEME fRUPaW fRU WKe CTCF PRWLf (MA0139.1) ZaV dRZQORaded fURP
JASPAR 2022 CORE QRQ-UedXQdaQW daWabaVe [52].

FXQdLQg
JP acNQRZOedgeV fXQdLQg fURP WKe NRUZegLaQ ReVeaUcK CRXQcLO (SURMecW 324137).

AXWKRUV' cRQWULbXWLRQV
JP aQd RR cRQceLYed aQd deVLgQed WKe VWXd\; RR deYeORSed WKe VRfWZaUe aQd WKe aQaO\VLV
cRde; RR SeUfRUPed beQcKPaUNLQg aQaO\VLV, geQRPe ZLde aQd ORcaO SaUaPeWeU RSWLPL]aWLRQ
aV ZeOO aV WKe cRPSaUaWLYe aQaO\VLV fRU WKe HR[D PXWaQWV; JP SeUfRUPed cRPSaULVRQ
aQaO\VeV Rf MRDLE ZLWK OSeQMM aQd MLcUR-C daWa; JP aQd RR ZURWe WKe RULgLQaO dUafW; AM
KeOSed ZLWK WKe PaQXVcULSW UeYLVLQg; VK, AM aQd TR SURYLded cULWLcaO feedbacN aQd aVVLVWed
LQ WKe LPSURYePeQW Rf WKe WRRO aQd aQaO\VeV; JP VXSeUYLVed WKe SURMecW. AOO aXWKRUV Uead aQd
aSSURYed WKe fLQaO PaQXVcULSW.

AcNQRZOedgePeQWV
TKe VLPXOaWLRQV ZeUe SeUfRUPed RQ UeVRXUceV SURYLded b\ SLgPa2 - WKe NaWLRQaO
IQfUaVWUXcWXUe fRU HLgK PeUfRUPaQce CRPSXWLQg aQd DaWa SWRUage LQ NRUZa\, ZLWK accRXQW
QXPbeU NN8041K.
We WKaQN WKe ENCODE CRQVRUWLXP aQd WKe OabV Rf PeWeU PaUN aQd JRb DeNNeU fRU
cRQWULbXWLQg ZLWK ENCODE daWa XVed aV SaUW Rf WKLV VWXd\.

RefeUeQceV
1. BUaccLROL L, de WLW E. CTCF: a SZLVV-aUP\ NQLfe fRU geQRPe RUgaQL]aWLRQ aQd WUaQVcULSWLRQ
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