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Abstract

The cause of nuclear shape abnormalities which are often sees-negplastic and

malignant tissues is not clear. In this study we report that deformation of the nucleus can

be induced by TGHE. stimulation in several cell lines including Huh7. In our results, the

upregulated histone H3.3 expression downstream of SMAD signaling contributed to

TGF H-induced nuclear deformation, a process of which requires incorporation of the

nuclear envelope (NE) proteins lamin B1 and SUN1. During this process, the NE

constitutively ruptured and reformed with no observable indications of DNA damage

response. Contrast to lamin B1 which was relatively stationary around the nucleus, the

upregulated lamin A was highly mobile, shuttling between the nucleus and cytoplasm, and

clustering at the nuclear periphery. The chromagons that losSNE coverage formed a

supra-nucleosomal structure characterized by elevated histone H3K27me3 and histone H1,

the formation of which depended on the presence of lamin A. These results provide

evidence that shape of the nucleus can be modulated thrd@fhH-induced

compositional changes in the chromatin and nuclear lamina.



 QWURGXFWLRQ

The cell nucleus is a double membrane-enclosed organelle. Most nuclei appear spheroid or

ellipsoid; however, the shape can vary from trilobed in human neutrophils to dumbbell-

shaped in some white blood cells. Nuclear atypia which refers to abnormally-shaped cell

nuclei is a term used in cytopathology, and is considered a significant indicator of

malignancy [1]. The morphology of the cell nucleus is also a key indicator of the disease

state and prognosis of progeria, neurodegenerative diseases and virus ifgéjion

Changes in nuclear shape have been linked to chromatin reorganization and gene

expression [5, 8]; however, the molecular signaling underlying the variations in nuclear

morphology has yet to be elucidated.

The nuclear lamina beneath the inner nuclear membrane is a meshwork of type V

intermediate filament proteins consisting primarily of A- and B- type lamins [9]. The

expression of B-type lamins is relatively constant among tissues, whereas the abundance

of lamin A vary systematically by as much 30-fold between soft and stiff tissue. High lamin

A levels can physically stabilize the nucleus against stress and thereby protect the nuclear

lamina and chromatin. It is suggested that the mechanical signals transmitted from the

extracellular environment to the nucleus mediated by the cytoskeleton may fine tune the

lamin A:B for cell-specific gene expression [10]. Abnormalities in the nuclear lamina are



hallmarks of many human diseases [11]. Different types of lamina abnormality, such as

herniations, honeycomb-like structures, and irregular staining, have been observed in

primary dermal fibroblasts derived frommMNA-variant carriers [12]. These findings

indicate that the level and composition of nuclear lamins in different tissuste fine-

tuned in a manner that prevents rupturing of the NE without constraining migration [13].

Cancer cells utilize epithelial-mesenchymal transition (EMT) in the migration from their

epithelial cell community and integration into tissue at remote locations (i.e., distant

metastasis). This switch in cell differentiation and behavior is mediated by changes in cell

morphology as well as post-transcriptional and post-translational gene regulation [14, 15].

Whereas changes in cell sleape linked to local gradients in signaling molecules for the

subsequent cell activities [16], the means by which the nuclear shape is regulated in

response to extracellular signaling remains unclear. In this study, we discovered that shape

of the nucleus became highly deformed under the treatment ofEl.GFhe nuclear

envelope NE) proteins SUN1 and the B-typmmin, and the SMAD-downstream

upregulation of a histone H3 variant H3.3, are required for this process. Whereas the A-

type lamin is dispensabler the TGFHR-induced nuclear deformation, it is recruited

enclose the NE after the rupture, as well as the clustering of H3K27me3 and histone H1.



These results provide evidence that nuclear shape is linked t&T€&dnaling involved

in the compositional remodeling of the nuclear lamina, core histones, and linker histones.



SHVXOWYV

'"HIRUPDWLRQ RI QXFOHDU PRUEKRORJ\ LQGXFHG E\ 7%*)

7TUDQVIRUPLQJ JURZWKEIDAWR S EHRMWMURSEF F\WRNLQH HVVI

RI FHOOXODU IXQFWLRQV LQFOXGLQJ (07 :H VHUHQGLSL!

PRUSKRORJ\ RI +XK KHSDWRFHOOXODU FDUFLQRPD FHOO\

WUHDWHG EZLWIKI 7*$ FRQFRPLWDQW ZLWK LQFUHDVHV L

PHVHQFK\PDO PDUNHUV 1 &DGKHULQ DQG 9LPHQWLQ )LJ

JUDGXDOO\ GHIRUPHG RYHU WLPH ZLWK PRUH WKDQ RI'V

WZR GD\VERWUHDWPHQW )LJ $ DQG &603Q G/ 6K FEB®H QW

LPDJLQJ RI IOXRUHVFHQW KLVWRQH + % UHYHDOHG WKDW \

7*)E WUHDWHG WKDQ LQ PRFN WUHDWHG FHOOV )LJ " 6X

6 OHDVXUHG DW LQWHUYDOV RI PLQXWHYVY SRVW WUHDW

KLIKHU EQWUWHDWHG FHOOV WKDQ LQ PRFN WUHDWHG F

HOOLSWLF )RXULHU DQDO\VLV ()$ WR FRPSXWH HOOLSWLF

VKDSH > @ ZH LGHQWLILHG D GUDVW L FEL @/FRJUHDDAVHHGL Q X\FKODHS

)LJ *DQGE LGBEXFHG QXFOHDU VKDSH DEHUUDWLRQV Z

KXPDQ UKDEGRP\RVDUFRPD 10X0* PRXVH PDPPDU\ JODQ((

KXPDQ ILEURMDONRBBXSSOHPHQWDU\ )LJ 6 % 7TKHVH L



PRUSKRORJ\ RI WKH QXFOHXV EHFRPHYV VWURXO BBMHU R Q P HXG

REVHUYDWLRQ VLPLODU WR QXFOHDU DW\SLD RFFXUV LQ P

1XFOHDU HQYHOBBWHLQV GLIIHU LQ WKHIEULRRBXWHGE XWL
QXFOHDU GHIRUPDWLRQ

7KH QXFOHDU ODPLQD SURYLGHV PHFKDQLFDO VXSSRUW W

/,1& OLQNHU RI QXFOHRVNHOHWRQ DQG F\WRVNHOHWRQ

81& GRPDLQ SURWHLQV DQG SURWHLQV WKDW FRQWDLQ

VRXIJKW WR GHWHUPLQH ZKHWKHU QXFOHDU ODPLQV DQG R

SDUWLFLSEWH) GRFHG QXFOHDU GHIRUPDWLRQ .QRFNLQJ C

XVLQJ VL51%V PRGHVWO\ UHGXFHG WKH H[SUHVVLRQ RI PH\

9ILPHQWLQ LQ FHOOVEVWR PXDDHWHE E077*DQG WKH QXFOHL LU

OLNH &RQYHUVHO\ WKH GHSOHWLRQ RI ODPLQ $ 681 RU

H[SUHVVLRE) RQOULFEWHG DEHUUDQFLHV LQ QXFOHDU PRUSKI

RWKHU KDQG NQRFNLQJ GRZQ ODPLE %/ URID WPIH QWZ B DAY\

WKH LQGXFHG GHIRUPDWLRQ RI WKH QXFE&HXW WBHNYSOWRH

LQGLFDWH WKDW WKH PHFKDQLFDO IRUFHVY WUDQVPLWWLQJ

FRQWULEXBVHQWBRFHE FKDQJHV LQ QXFOHDU VKDSH UHJDU

(07



7TKH LPPXQRIOXRUHVFHQFH VWDLQLQJ LPDJHV UHYHDOHC

FHOOV WUHDBWBRBVALWRYHYDJH RI ERWK $ DQG % W\SH ODP

' DQG ( \HOORZ VWDUV LQ )LJ ( $ FORVHU H[DPLQDWLR

RI WKH QXFOHXV ZDV VWDLQHG QHJDWLYH IRU ODPLQ ¢

LPPXQRIOXRUHVFHQFH VLIJQDO RI ZKLFK ZEVWAULHDRDWIRHD QYW

ZKLWH DUURZ KHDGV LQ )LJ ( "HVWH EQSEH&RRWRNMHGDD\VL

VLIQLILFDQW LQFUHDVH LQ WKH H[SUHVVLRQ RI ODPLQ $ &

HJ 681 681 DQG (PHULQ 6XSSOHPHQWDU\ )LJ 6 $ DOQ

7*)E 681 DQG )* GRPDLQ FRQWDLQLQJ QXFOHDU SRUH

RYHUODSSHG PRUH ZLWK ODPLQ % WKDQ ODPLQ $ 6XSSOH

(PHULQ FR ORFDOL]HG PRUH ZLWK ODPLQ $ 6XSSOHPHQWD!

'LITHUHQWLDO PRELOLW\ RI ODPLQ $EDIQIGXOHHG QQ % OG R U
GHIRUPDWLRQ

‘H VXEVHTXHQWO\ IROORZHG WKH ORFDOL]DWLRQ RI ODPLC

LQLWLDOO\ GLVWULEXWHG KRPRJHQRXVO\ ZLWKLQ WKH QXI|

OHDNHG LQWR WKH F\WRSODVP )LJ $ FRPSDUH WLPHV 1

'LWKLQ PLQXWHY DIWHU WKH UXSWXUH ODPLQ $ FOXVWH

QXFOHXV DQG F\WRSODVP DQG WKHQ UHGLVWULEXWHG KRF



$ FRPSDUH WLPHV §DQG T 'XULQJ WKLV SURFHVV W
DQG UHJUHVVHG LQ VL]H PXOWLSOH WLPHV/LYH FODQG 6
LPDJLQJ DOVR UHYHDOHG WKDW WKH FKURPDWLQ UHJLRQ F
% ZDV PRUH PRELOH WKDQ WKH FKURPDWLQ UHJLRQ FRYH
)LJ & DQG 6XSSOHPHQWDU\ PRYLH 6

8VLQJ D QXFOHDU ORFDOL]JLQJ JUHHQ IOXRUHVFHQW SU
ORFDOL]DWLRQ RI QXFOHDU WEHYQGXFH G URNFOHDY GHIRQ P
ZDV IRXQG WKDW *)3 1/6 OHDNHG LQWR WKH F\WRSODVP D
)LJ ' DQG 6XSSOHPHQWDU\ PRYLH 6 $V WKH FOXVWHUH
QXFOHXV *)3 1/6 ZDV JUDGXDOO\ LPSRUWHG IURP WKH F\W|
DQG ( :H IXUWPHULFNGIRMNRXW FHOO OLQH L H /01$B.:
&5,635 &DV PHWKRG WR YHULI\ WKH UROH Rl ODPLQ $ LQ
6XSSOHPHQWDU\ )LJ 6 ) 6LPLODU WR WK HVWHKHN QXN & HCEW L
PRUSKRORJ\ Rl /01$B.2 FHOOVEGWIRLIPMBHRQMW HEX 3S)OHPHQV
6 * KRZHYHU QXFOHDU ORFDOL]LQJ *)3 GLG QRW VKXWWO
WKH F\WRSODVP )LJ ) DQG * 6XSSOHPHQWDU\ PRYH 6
GLVSHQVDEOH WR WKH UXSWXUH EXW FUXFLDO WR WKH

,QWHUPLWWHQW QRQ OHWKDO UXSWXUHV Rl WKH QXFOHD



ILEUREODVWY GHULYHG IURP S DRQLUINMQRAN R X @/ DRPROQ\RFS BIWEK U H

ILEUREODVWY B L@GKKHG*YyXSWXUH DQYY BYRHWPAHWELRQURI

VKRXOG EH GLIIHUHQW |UR R PQHIHH LLL( FUL X WYX HHOFDWH @ W W R W

RI WKH QXFOHDU OB PVL\QDPXQDRWL RIQR 7*)

‘'HQDLVY HW DO DQG 5DDE HW DO UHSRUWHG WKDW '1$ |

1( RSHQLQJ HYHQWYV 7KH\ REVHUYHG WKDW VPDOO SLHFH\

I[URP WKH SULP DU pasedrt@reLghadrdiv EdsrictidnE KLFK LQFUHDVHG W

QXPEHU RI QXFOHDU IUDJPHQWY SR@RWHYBHUSRU

LPPXQRIOXRUHVFHQFH VWDLQLQJ LQ WKLV VWX{G\ GLG QR

GDPDJH UHVSRQVH LQ FEHO ®BXSSOHPWE & DAL\W)K J7 * b TKHV

VXIIJHVW B/HKDQW XFHG 1( UXSWXUH LV QRW DFFRPSDQLHG ZL

8SUHIJXODWLRQ RI KLVWRQH + GRZQVWUHDP HB 60$" VLJIQI
LQGXFHG QXFOHDU GHIRUPDWLRQ

‘H VRXJKW WR GHWHUPLQH ZKHWKHU SKRVSKRU\ODWLRQ F

IDPLO\ LV UHTXE UG ARHG/IQXFOHDU GHIRUPDWLRQ :H IRX

QXFOHXVY UHPDLQHG RYRLG LQ WKH SUHVHQFH RI 6%

EORFNLQJ SKRVSKRU\ODWLRQ RI WKH 6DW' FRRXQUH[ DIWPIRIY\

DGGLWLRE) RDG*QR HIIHFW RQ WKH WHQGHQF\ WRZDUG QXF
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& .QRFNLQJ GRZQ 60$%' RU 60$%' XVLQJ VL51$V UHGXFHG

PRUSKRORJ\ DOWHUDWLRQ 6XSSOHPHQWDU\ )LJ 6 $ &

WDJJHG ZLWK +$ ZDV VXIILFLHQW WR WULJJHU GHIRUPDW

7*)E 6 XSSOHPHQWDU\ )LJ 6 ' GHQRWHG E\ ZKLWH DUURZ

WKDW 60$' GRZQVWUHDP VLJQEOHMQUFERQPWUQEKRK®HNUWRH TR

UHPRYDO RI HIWBDPHOBKOWR UHVWRUH WKH QXFOHDU VK

LQLWLDWHG

7KH ULJLGLW\ RI FKURPDWLQ LV FORVHO\ DVVRFLDWHG Z

wWDLOV > @ 7KXV ZH DGRSWHG D SURWHRPLF VWUD!

PRGLILFDWLRQV RI KLEWRUHDW PXQ@RUMIHIQLILFDQW GLIIHU

HSLIHQHWLF PRGLILF®¥3E@KQPHDRW G HW HIFBVCHS 6 SDWKHU R

UHVXOWY UHYHDOHG WKDW WKH SURWHLQ OHYHO RI KLV

IROORZLQJ WKH W UH DOWSFESHOAHW HQWIXUY *JDEOH 6 7KLV REV

YHULILHG E\ :HVWHUQ EORWDG@DIOWLWERG T57B@H8 RILJ (

) .QRFNLQY GRZQ QJ VL51$V DEREBLVEGBFEHRWR77DQG QXFO}

GHIRUPDWLRQ )JXUWKHUPRUH GHSOHWLQJ 60%" RU 60%$'

WUDQVFULSW)IRD RI 7KHVH ILQGLQJV LQGLFDWH WKDW WK

PRUSKRORJ\ LQGEXEW® BO$*)GRZQVWUHDP HYHQW IROORZLQ

11



R K

(QULFKPHQW RI KLVWRQH + DQG + . PH DW FKURPDWLQ UH
‘H QH[W VRXJKW WR LGHQWLI\ WKH HSLJHQHWLF PRGLILFD\
UXSWXUH 8VLQJ DQWLERGLHV WKDW UHFRJQL]H VSHFLILF
GLVFRYHUHG WKDW WKH LPPXQRIOXRUHVFHQFH VLJQDOV
FRUUHODWHG DQG HQKDQFHG LQ FKURPDWLQEUHJLRQV \
VWLPXODWLRQ )LJ $ DQG 6XSSOHPHQWDU\ )LJ 6 $ ,PPXC
WKDW WKH LQWHQVLW\ RI + . PH ZDV VWURRQEFHOPRUUHOTL
VXEMHFWHGWMWVRDOWPHQW )LJ % 7KH GLVWULEXWLRQ RI +
RYHUODS ZLWK + . PH ERWK Rl ZKLFK DUH PDUNHUV IRU K
WUDQVPLVVLRQ HOHFWURQ PLFURVFRSLF 7(0 LPDJHV KH
VPDOO GDUNO\ VWDLQHG LUUHJXODU SDUWLFOHV VEDWW
DGMDFHQW WR WKH 1( :H XVHG LPPXQRJROG ODEHOLQJ
RUJDQL]DWLRQ RI VXEFHOOXODU IHDWXUHV RI WKH FKU
HQULFIDMHQWQRVFDOH 7KH FKURPDWLQ UHJLRQV ODEHOH
DUURZ KHDG DQG + . PH LQGLFDWHG E\ WKHEEOXH VWD

WUHDWHG FHOOV WKDQ LQ XQWUHDWHG FHOOV ZKLFK LV L

12



yLd

7KH PRQRFORQDO KLVWRQH + DQWLERG\ LQ )LIXUH $ UF
+ DQG + 'KHQ XVLQJ 51$L LW ZDV IRXQG WKDW WKH G
DPHOLRUEWHGG XHHG QXFOHDU GHIRUPDWLRQ DQG WKH 1(
DQG ) 7KH QXFOHXV RI FHOOV GHSOHWHG IRU + RU + G
KRZHYHU WKH GHJUHH RI GHIRUPDWLRQ ZDV OHVVHQHG D
DQG * %\ FRQWEDNVAWGXWKB DRFOHDU PRUSKRORJ\ ZDV X
GHSOHWLRQ RI + RU + 6XSSOHPHQWDU\ )LJ 6 % DQG

LOQFRUSRUDWLRQ RI VSHFLILF YDULDQWY RI OLQNHU KLVWR

/IDPLQ $ FRQWULEXWHEXWRGHOXVWHULQJ Rl KLVWRQH + D¢

7KHUH KDYH EHHQ UHSRUWYV Rl ODPLQ $ & LQWHUDFWLQJ
SURWHLQV VXFK DV (=+ IRU WKHLU QXFOHDU FRPSDUW
UHJXODWLRQ > @ 7KHUHIRUH ZH VRXJKW WR GHWHUPL
ORFDOL]DWLRQ RI + . PH LQ +XK EHOQQVOUWRPXODINHG XV
FHOOV ZH GLG QRW REVHUYH VLJQLILFDQW FOXVWHULQJ
FKURPDWLQ UBMJLRGXFRHG*GHIRUPHG QXFOHL WKDW ORVW O

7R GHWHUPLQHLZ KHWRHWLRQ DOWHUV WKH DVVRFLDWLRQ

13



KLVWRQH + ZH XVHG D SUR[LPLW\ OLJDWLRQ DVVD\ 3/$%

WUDQVLHQW LQWHUDFWLRQV RFFXUULQJ EHWZHHQ WZR SU

% DQG &X¥ WHVXXOWYV UHYHDOHG WKDW + . PH ZDV LQ FC

+ LQ E)DV ZHOO DV PRFN WUHDWHG FHOOV DQG WKH LQFL

E\ URXJKO\ IROG HROORZWPHQRYW ,Q WKH SUHVHQFH RI 7

WKHUH ZDV QR GLIITHUHQFH LQ WKH QXPEHU RI 3/$ GRWV L(

FHQO30V KRZHYHU WKH DYHUDJH LQWHJUDWHG LQWHQV

VLIJQLILFD®W ORZHQ /01$B.2 WKDQ LQ /01$B:7 FHOOV )LJ

7TRIHWKHU ZLWK WKH REVHUYDWLRQ LQ LPPXQRIOXRUHVFI

LPDJHV )LJ $DQG' WKHVH UHVXOWYVY VXJJHVW WKDW OEC

EHWZHHQ + . PH DQG KLVWRQH + EXW UDWKHU FRQWULE

QXFOHRVRPDO VWUXFWXUH HQULFK ZLWK VWLPKODW®GRKLVYV

14



'LVFXVVLRQ

$EQRUPDOLWLHY LQ QXFOHDU PRUSKRORJ\ DUH KDOOPDUN

DQG FDQFHU > @ ,Q WKH FXUUHQW VWXG\ ZH GLVFRYHUH:

7*)E DOWHUV WKH QXFOHDU VKDSH DQG LQGXFHV 1( UXSWX

FHOOXODU SKHQRW\SH LV D GRZQVWUHDP VLJQDOLQJ RI

UHTXLUHV WKH XSUHJXODWLRQ RI KLVWRQH + DQG WKH |

% DQG 681 ‘H REVHUYHG D VWURQJ FRUUHODWLRQ EHWZ]

DQG WKH + . PH HSLIHQHWLF PDUN LQ UHJLRQV RI FKURP

WKLY DVVRFLDWLRQ LV ODPLQ $ GHSHQGHQW 7KLV OHG XV

7*)E VLIQDOLQJ LQLWLDOO\ LQFUHDVHVY WKH H[SUHVVLRQ R

RI (07 JHQHV IROORZHG E\ WKH LQFRUSRUDWLRQ RI VSI

+. PH HSLIHQHWLF PDUN IRU QXFOHDU GHIRUPDWLRQ DQC

7KH PHDQV E\ ZKLFK WKH QXFOHXV DOWHUV LWV PRUSKR

EDUULHUYVY DQG PLIJUDWH WKURXJK FRQILQHG VSDFHV KDV |

WKH PLIJUDWLRQ RI WKH QXFOHXV WKURXJK WLJKW VSDFHYV

WR LQFUHDVH ZLWK FHOO FRQILQHPHQW DQG WKH GHSOHW

UHSRUWYV RSHQLQJ RI WKH 1( DOORZHG QXFOHDU SURWH

F\WRSODVPLF SURWHLQV WR OHDN LQ 1RWH WKDW '1$ GR>

15



RSHQLQJ HYHQWV DQG (6&57 HQGRVRPDO VRUWLQJ FRP

GHSHQGHQW '1$ UHSDLU LV FUXFLDO WR FHOO VXUYLYDO

REVHUYHG WKH QXFOHR F\WRSODVPLF VKXWWOLQJ RI QXFO

UHIRUPDWLRQ RI WKHEL1()LOGXFH® G\(7*}RZHYHU ZH GLG QfF

VLIQDOLQJ LQGLFDWLYH RI '1$ GDPDJH 6XSSOHPHQWDU\ )

WKH E*DQLWLDWHG VLIJQDO FDVFDGH DVVRFLDWHG ZLWK Q

VSROQOWDQHRXY GHIRUPDWLRQV DVVRFLDWHG ZLWK FHOO PL
Laminopathies that feature deformed nuclei are caused by mutati&MNA [2];

however, the TGH-induced nuclear deformation in this study was shown to depend on

the presence of SUN1 and lamin B1, but not lamin A (Fig. 2, B and C). Note that SUN1

co-localized with lamin B, but not with clustered lamin A (Supplementary Fig. S3C). There

are inherent differences in the structures formed bgnd-B-type lamins in the lamina and

nucleoplasm [32]./ DPLQ % EXW QRW ODPLQ $ WHQGV WR EH ZHL

PHPEUDQH SURWUXW¥LRQV. \@Ualdd @bkErved differences in the

expression levels and localization of lamin A and lamin B1 upon HGEmulation (Fig

2E and Supplementary Fig. S3A). Interestingly, the chromatin regions with lamin A

coverage but without nuclear lamin B1 coverage gained more mobility than did the

chromatin regions covered with both lamin A and lamin B1 (Fig. 3C). Moreover, the

16



depletion of lamin A prevented recovery of GFP-NLS in the nucleus upord-aHuced

rupturing of the NE (Fig. 3, F and G). These evidences suggest that lamin A and lamin B1

play different roles in regulating the nuclear shape; however, they are both required for

closure of the NE following rupture.

Lamin A levels directly or indirectly regulate many proteins involved in tissue-

specific gene expressionGFH is a strong stimulator of collagen secretion [36], and

lamin A responds to collagen levels, which scale with tissue stiffness [10]. In addition,

lamin A/C modulates cellular responses to TEEEignaling on collagen production [37].

In previous research, lamin A/ch NE blebs appeared condensed with

transcriptionally active histone marks in lamin B2-deficient cells [B2jin A/C has

been discovered evolutionarily required for correct PcG-mediated nuclear

compartmentalization and higher-order structures [26]. In the current study we observed

that LMNA depletion significantly reduced the T@&-~induced clustering of H3K27me3

and H1 (Fig. 6). It is likely that the lodging and dislodgement of lamin A within the

chromatin may facilitate the formation and disassembly of the supra-nucleosomal structure

associated with TGHE.-induced transcriptional regulation.

,Q WKH FXUUHQW VWXG\ ZH IRXQG WKDW WKH LQFRUSF

+. PH HSLIHQHWLF PDUN ZDV KLJKHU LQ UHJLRQV RI FKUF

17



1( )LJ $ % B5HSODFLQJ FDQRQLFDO KLVWRQHV ZLWK KL

KDV SUHYLRXVO\ EHHQ VKRZQ WR PRGLI\ FKURPDWLQ VWU)

KLVWRQH YDULDQW + PDLQWDLQV D GHFRQGHQVHG FKUR

WKH EDODQFH EHWZHHQ RSHQ DQG FRQGHQVHG FKURPDWI|

FKURPRVRPH VHIJUHJDWLRQ GXULQJ HDUO\ PRXVH GHYHOR S

EHHQ DVVRFLDWHG ZLWK JHQH DFWLYDWLRQ KRZHYHU RQ

WKDW + PD\ IDFLOLWDWH D G\QDPLF FKURPDWLQ HQYLUR

ELQGLQJ DQG DFWLYLW\ WKHUHE\ SURPRWLQJ WKH HVW

ODQGVFDSH LQ HPEU\RQLF VWHP FHOOV (6&V > @ % W\SI

UHSUHVVLYH FKURPDWLQ > @ WKHUHIRUH RKR REVHUY

ORFDOL]DWLRQ LQ FKURPDWLQ UHJLRQV GHYRP®\RI QXFOF

LQLWLDWH D FDVFDGH RI JHQH WUDQVFULSWLRQ DFWLYLYV

ODPLQV ,GHQWLI\LQJ WKH PHFKDQLVP E\ ZKLFK WKH QXFO

YDULDQWY IRU JHQH UHJXE@DZI\IORD UHT X HYVIS RQVW KWR TQYH

Q@

OHPEHUV RI WKH OLQNHU KLVWRQH + IDPLO\ ELQG WR (

'1$ HQWU\ DQG H[LW VLWHV DQG VWDELOL]H ERWK WKH Q

FKURPDWLQ DUFKLWHFWXUH > @ + KDV ORQJ EHHQ VHHOQ
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> @ KRZHYHU WKHUH LV D JURZLQHERSheRMteHMUGHQFH LQ

fine-tune transcription in a locus-specific manner [46, 47Q WKLV VWXG\ ZH GLVFR

VXEW\SH VSHFLILF L H + DQG + UHTXE.URBEX@WGRI KL

QXFOHDU GHIRUPDWERB® HLVWHQEH RI PXOWLSOH + VXEW

SRVWWUDQVODWLRQDO PRGLILFDWLRQV DGGV WR WKH FR

VWXG\LQJ WKLV>SURVHLAXHDPROODDERUDWLRQ RI + VXEW\S|

KLVWRQHVY LQ JHQH UHJXODWLRQ ZRXOG GHSHQG RQ WKH |

VSHFLILF VXEW\SHV RI KLVWRQH +

In summary, we discovered a novel phenotype involved in deformation of the nucleus

under the effects of TG signaling.7KH UXSWXULQJ DQG UHIRUPDWLRQ F

PXOWLSOH FRQVHFXWLYH FKDQJHV LQ WKH FRPSRVLWLRQ F

OLQNHU KLVWRQHYVY 7KHVH UHVXOWY UHYHDO D PROHFXOD

RI WKH QXFOHXV UBVSRDQYLIHQWRZRLFK SOD\V D FUXFLD

KRPHRVWDVLY DQG GLVHDVH SURJUHVVLRQ

19



ODWHULDOV DQG OHWKRGYV

&HOO FXOWXUH

+XK KHSDWRFHOOXODU FDUFLQRPD FHOO OLQH ZDV VRXUI
-DSDQ +XK 5' &&/ $7&& 9% 86$% DQG 10X0* &5/
OLQHV ZHUH PDLQWDLQHG LQ KLJK JOXFRVH 'XOEHFFR V
7KHUPR )LVKHU 6FLHQWLILF :DOWKDPERYL®6% VARG DILQE G
+\FORQH /RJDQ 87 86$% PO / JOXWDPLQH DQG DQWLEL
$7&& FHOO OLQH ZDV PDLQWDLQHG LQ (DJOH V OLQLPXP (\
JLVKHU 6FLHQWLILF FRQWDLQLQJ )%6 DQG VXSSOHPHQW

VRGLXP S\UXYDWH DQG DQWLELRWLFYV

Generation of LMNA null cell line

A human lamin A Double Nickase Plasmid stk 1, &anta Cruz Biotechnology,
Dallas, TX, USA) was used to generatddNA-knockout (LMNA_KO) cells. The lamin A
Double Nickase Plasmid set consists of a pair of plasmids each encoding GFP/puromycin
selection markers, and guide RNA (gRNA) sequences offset by approximately 20 bp to
allow for specific Ca9mediated double nicking @MMNA genomic DNA. Huh7 cells were

transfected with the lamin A Double Nickase Plasmid set usitgSRIHFWDPLQH

20



7KHUPR )LVKHU 6FLHQWLI|O®o days after\tHeHtrakéfe@a, oD JH QW

GFP-positive cells were sorted using a BD Influx (BD Biosciences, San Jose, CA, USA)

cell sorter, and individual cells were plated into 96-well plates. Expression of lamin A/C

in each single clone were determingdWestern blot analysis and immunofluorescence

staining using a lamin A/C antibody (ab108595, Abcam).

Antibodies and reagents

The manufacturers and dilutions of the antibodies used in Western blot analysis and

immunofluorescence staining are listedSgoplementary Table S3 and Supplementary

Table S4, respectively. TGE was obtained from PeproTech (Rocky Hill, NJ, USA); the

TGFEW\SH , UHFHIiShBiRUSE-431542 was purchased from TOCRIS (Bristol,

UK). To induce EMT, cells were treated with 10 ng/mL TEBHn completed medium

containing 5% FBS.

Plasmids and transfection

Complementary DNA (cDNA) of human SMAD2 (Genbank: BC014840) was obtained

from transOMIC Technologies{ X Q W V' Y L O O tam@dlifiedsby $CR, and cloned into

pcDNA3 vector 7KHU P R )LV K Hwithetwa HAQaysLindeRed at the C-terminus of
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SMAD?2 (i.e. SMAD2-HA). The nuclear-localizing green fluorescence protein (i.e. GFP-
1/6 ZDV FRQVWUXFWHG E\ LQVHUWLQJ QXFOHDU ORFDOL]D\
FFDDDJDDJDDDFJFDDDJW PKKKRISW 6t BM4Q Iarge H-RiXigeQ hto

T HQG RI-G((€)dtech). The expression vector of CFP-H2B (pH2b-CyFP) and
YFP-lamin B1 (pYFP-laminB1) were sourced from Jan Ellenberg [49]. The mCherry-H2B
expression vector was modified from pH2b-CyFP by replacing CFP with mCherry cDNA.
The mCherry-lamin A expression vector was obtained by clonihdefugth lamin A into
pZome-14& YHFWRU ZLWK P&KHUU\ DW T HQG GULYHQ E\ D &09
The GFP-lamin A expression vector was constructed by cloning GFP at the N-terminus of
lamin A in pcDNA3 vector. 7KH /LSRIHEWDPLQKHUPR )LVKHU 6FLHQW
WUDQVIHFWLRQ UHDJHQW ZDV XVHG WR GHOLYHU WKH H[S

ZLWK WKH SURWRFRO SURYLGHG E\ WKH PDQXIDFWXUHU

siRNAs and transfection

6HTXHQFHY DQG RU PDQXIDFWXUHUV RI WKH VPDOO LQWHU
WKH H[SUHVVLRQ RI WKH WDUJHWHG JHQHV DUH OLVWHG
VL51%$V YLD /LSRIFIFWOPLFHKHUPR )LVKHU 6FLHQWLILF LQ L

WKH PDQXIDFWXUHUYTVY SURWRFRO
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RNA extraction and real-time quantitative PCR (QRT-PCR)

Total mMRNAs were isolated from cells using RNeasy mini kit (Qiagen, Hilden, Germany).
ComplementanfDNAs were produced using the SuperScript® IV Reverse Transcriptase
system (Thermo Fisher Scientific). gRT-PCR was carried out using Power SYBR Green
master mix (Thermo Fisher Scientific). The qRT-PCR primers of H3.3H88A gene)

was obtained from Qiagen (Cat. No. QT00247128). Gene expression levels were
normalized tatGAPDH XVLQJ SULPHUXGGARGABCAAGGTYGGGAGTCA- 1

DQG UHYEBTCRH GATGGCAACAATATCCACT- 1

,PPXQREORWWLQJ
Expression of proteins in cells were analyzed by Western blotting against specific

antibodies summarized in Supplementary Table S3. Cells were lysed with RIRAIHU >

PO +(3(6 S+ PO 1D&0O PO (ETSOFHRIRSKRVSKDWH
1D92 PO 1D) PO '77 DQG SURWHDVH LQKLELWRU FRFNWD
,QGLDQDSROLV ,1 86%$ @ FRQWDLQLQJ 13 ZLWK PLOG

QXFOHDU HQYHORSH DQG FKURP Raelf@h&SORVHHELOB® 7RWDO F

VPSOH EXIIHU ERGWPLRYWRHWKDQRO DQDO\JHG E\ 6'6 3$*(

23



SRO\YLQ\OLGHQH IOXRULGH 39') OLOOLSRUH PHPEUDQH
DQWLERGLHYVY &RUUHVSRQGLQJ KRUVH UDGLVK SHUR[LGDV!
FRQMXJDWHG VHFRQGDU\ DQWLERGLHVY ©6LJPD $OGULEFK

GHYHORSHG E\ FKHPLOXPLQHVFHQFH LQ DFFRUGDQFH ZLWK

,PPXQRIOXRUHVFHQFH VWDLQLQJ DQG FRQIRFDO PLFURVFR
&HOOV ZHUH IL[HG LQ SDUDIRUPDOGHK\GH IRU PLQX
SHUPHDELOL]JHG ZLWK 7ULWRQ ; LQ SKRVSKDWH EXIIF
)RU WKH LPPXQRIOXRUHVFHQFH VWDLQLQJ RI KLVWRQH +

LOQFXEDWLRRQFILWUDWH EXIIHU PO &LWULF $FLG S+ IR
LQFXEDWLRQ LQ 7ULWRQ ; 3%6 IRU PLQXWHV $IWHU
DSSOLHG ZLWK ERYLQH VHUXP DOEXPLQ %6$%$ 6LJPD $0GL
WHPSHUDWXUH WR EORFN QRQ VSHFLILF ELQGLQJV 7KHQ
DQWLERGLHY 6XSSOHPHQWDU\ 7DEOH 6 GLOXWHG LQ 3%¢
JOXRUHVFHQW $OHI[D $OH[D RU $OH[D FRQMXJD
7KHUPR )LVKHU 6FLHQWLILF DW GLOXWLRQ ZHUH XVH{¢
FHOOV VHHGHG LQ ZHOO FKDPEHU VOLGHV OLOOLFHOO (=

SDUDIRUPDOGHK\GH LQ 3%6 IRU PLQXWHYVY &HOOV ZHUH ¢
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LQ 3%6 IRU PLQXWHV DQG E®WBRRNGQILMROWKHRARRUQ

R 3ULPDU\ DQWLERGLHV$QWQERGG' ' LOQXKRWLIKHUH DSSO
VOLGH ZHUH LQFXEDWHG IRU KRXUV DW URRP WHPSHUD!
ZDV SHUIRUPHG E\ IROORZLQJ WKH PDQXIDFWXUHUYTV 6LJP
ZHUH FRXQWHUVWDLQHG ZLWK +RHFKVW 7KHUPR )LVKH
XVLQJ 3URORQJ *ROG DQWLIDGH UHDJHQW 7KHUPR )LVKH!
XVLQJ D /HLFD 7&6 63 FRQIRFDO PLFURVFRSH /HLFD :HW
+\' K\EULG GHWHFWRU )RU OLYH FHOO LPDJLQJ FHOOV ZF
PDLQWDLB&H ® @OV VXSSOLHG Z8WK /LE¥M &HOO ,QVWUXPHQW
,PDJHV ZHUH SURFHVVHG XVLQJ ,PDULYV VRIWZDUH %L\

OHWDORUSXOHFXODU 'HYLFHV 6DQ -RVH &$ 86%

,PPXQRJROG VWDLQLQJ DQG WUDQVPLVVLRQ HOHFWURQ PL
Cells seeded on ACLAR® film were fixed in a mixture containing 0.1% glutaraldehyde

and 1% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 2 hours

on ice. Crosslinking was quenched using 0.125 M glycine, followed by neutralization with

0.1 M ammonium chloride. Cells were treated with a series of cold methanol dilutions, and

then embedded ibR-Gold reagent on a Leica EM AFS2 (Leica Microsysteviisizlar,
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Germany). The embedded samples were stored in a humidity control box at room

temperature. For immunogold labeling, ultrathin sections of LR-Gold embedded samples

were mounted on 200 mesh nickel grids covered with carbon-backed formvar film. The

grids were first incubated with 3% normal sheep serum in PBS at room temperature for 15

minutes, and incubated with a mouse anti-H1 antibody (sc-8030, Santa Cruz, Dallas, TX,

USA) for 60 minutes. After 6 sequential washes with 1% normal sheep serum in PBS, the

grids were incubated for 60 minutes with 18 nm gold-IgG complexes. The grids were

washed sequentially with 1% normal sheep serum in PBS and 3% normal rat serum in PBS,

followed by incubation with a rabbit anti-H3K27me3 antibody (#9733, Cell Signaling

Danvers, MA, USA) for 60 minutes. After another 6 sequential washes with 1% normal rat

serum in PBS, the grids were incubated for 60 minutes with 12 nm gold-lgG complexes.

Following another sequential wash with 1% normal rat serum in PBS, the grids were

incubated with 3% normal donkey serum in PBS at room temperature for 15 minutes, and

incubated with a goat anti-Lamin B antibody (sc-6217, Santa Cruz) for 60 minutes. After

washes with 1% normal donkey serum in PBS, the grids were incubated for 60 minutes

with 6 nm gold-IgG complexes. The grids were then washed sequentially with 1% normal

donkey serum in PBS, followed by two washes with triple distilled water. Finally, the grids
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were treated with 2% uranyl acetate and 30 mM lead citrate. The final immunogold labeled

grids were examined and photographed using a FEI Tecnai T12 electron microscope.

ODVV VSHFWURPHWU\

6SRWV H[FLVHG IURP WKH &RRPDVVLH EOXH VWDLQHG 6'6 3.

7U\SVLQ *ROG 3URPHJD ODGLVRQ :, RYHUQLJKW DW ;
HIWUDFWHG XVLQJ / OLOOL 4 ZDWHU LQLWLDOO\ IROORZ
/ $FHWRQLWULOH TULIOXRURDFHWLF DFLG 7KH FR

YDFXXP FRQFHQWUDWRU DQG WKHQ GLVVROYHG LQ [/ RI

DFLG $ 7TKHUPR 6FLHQWLILFE 2UELWUDS )XVLRQE& /XPRVE

7TKHUPR )LVKHU 6FLHQWLILF zZDV XVHG WR GHWHFW HOHF

KLIJKHU HQHUJ\ FROOLVLRQDO GLVVRFLDWLRQ +&' 06 06 S

ZDV DQDO\]HG XVLQJ WKH 0$6&27 VHDUFK HQJLQH ZZZ PDW

&DOFXODWLRQ RI D[LDO UDWLR $5

1XFOHDU PRUSKRORJ\ ZDV TXDQWLILHG E\ FDOFXODWLQJ V

GHWHUPLQHG IURP WKH QXFOHDU VWDLQLQJ RI +RHFKVW

GHYHORSHG WR WUDFH WKH QXFOHDU SHULPHWHU DQG DS
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ILQG WKH ILUVW HOOLSWLF KDUPRQLFV > @ $5 ZDV GHI
ILUVW HOOLSVHV QRUPDOL]JHG E\ WKH ILUVW HOOLSVH V>
IURP D SHUIHFW HOOLSWLFDO VKDSH ZKHUH ELJJHU HOOLS

LQ D ODUJHU $5 YDOXH

Statistical analysis

Data and statistical analyses were performed using Microsoft Excel and Graphpad Prism

software. Data were analyzed usingtwéDLOHG 6WHKGW RUIMWKHUYNV H[DFW \

values below 0.05 were considered significant.

(WKLFV DSSURYDO DQG FR®aspd@QleWR SDUWLFLSDWH

&RQVHQW IRU N &plicdbeW LR Q

$YDLODELOLW\ RI GDHWD QW PODWEHUDWHG RU DQDO\]JHG G

LQFOXGHG LQ WKLV SXEOLVKHG DUWLFOH DQG LWV VXSSO

)XQGLQRKLY ZRUN ZDV VXSSRUWHG E\ JUDQWYV IURP WKH 0OLQ

28



7DLZDQ 0267 % DQG 0267 % 0<

&RPSHWLQJ LSXWHRHWYWIHFODUH QR FRPSHWLQJ LQWHUHVW

Authors' contributions: Y.H.C. designed the research, analyzed the data, and wrote the

article. Y.H.C., W.P.W., M.C.H., and J.Y.W. prepared cells, performed confocal imaging,

gRT-PCR, and Western blot analysis. G.G.L. performed immunogold staining and TEM

imaging, and P.G.C. characterized the nuclear morphology.

$FNQRZOHGIHPHHROWWKRUYV ZRXOG OLNH WR WKDQN + - .XQJ

+ - /IR - < J/LRX DQG + - /L IRU WKHLU KHOS LQ REWDLQ

KHOSIXO GLVFXVVLRQ 7KH DXWKRUV DFNQRZOHGJH : + /L

KHOS LQ LPDJLQJ DQG :HVWHUQ EORW DQDO\VLV 7KH DXWK

VWDIIl PHPEHUV DW WKH 2SWLF %LRORJ\ &RUH /DE RI 1DWL

PDVV VSHFWURPHWU\ WHFKQLFDO UHVHDUFK VHUYLFHV 11U

&RQVRUWLD RI .H\ 7THFKQRORJLHY DQG 178 ,QVWUXPHQWDW

, QVWLWXWH RI OROHFXODU %LRORJ\ $FDGHPLD 6LQLFD IRU
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SHIHUHQFHYV

.DGRWD . 6X]XNL . &RORYRV & 6LPD &6 5XVFK 9: 7UDYL
JUDGLQJ V\VWHP LV D VWURQJ SUHGLFWRU RI VXUYLYDO LC

PHVRWKHOLRPD ORG 3DWKRO GRL PRG!

&KL <+ &KHQ =- -HDQJ .7 7KH QXFOHDU HQYHORSDWKLH'
6FL GRL

6HDPDQ / OHL[QHU : 6Q\GHU - 5DMDSDNVH , 3HULRGLFL
KXPDQ ILEUREODVWY 1XFOHXYV GRL

&KRZ .+ )DFWRU 5( 800OPDQ .6 7KH QXFOHDU HQYHORSH
FRQQHFWLRQV 1DW 5HY &DQFHU GRL C

'HEVWHU 0 :LWNLQ ./ &RKHQ )L[ 2 6L]JLQJ XS WKH QXFOH
QXFOHDU HQYHORSH DVVHPEO\ - &HOO 6FL 3W

MFV

6NLQQHU %0 -RKQVRQ (( 1XFOHDU PRUSKRORJLHV WKHL

UHOHYDQFH &KURPRVRPD GRL \Y,

3DRQHVVD ) (YDQV /' BRODQNL 5 /DUULHX ' :UD\ 6 +DUC
'HIRUP WKH 1XFOHDU OHPEUDQH DQG 'LVUXSW 1XFOHRF\WR
OHGLDWHG JURQWRWHPSRUDO 'HPHQWLD &HOO 5HS

M FHOUHS

_.DURXWDV $ 6]\PDQVNL : 5DXVFK 7 *XKDWKDNXUWD 6 G5F
HW DO 7KH 16/ FRPSOH[ PDLQWDLQV QXFOHDU DUFKLWHFW
DFHW\ODWLRQ 1DW &HOO %LRO ] GRL Y

*UXHQEDXP < 0ODUJDOLW $ *ROGPDQ 5' B6KXPDNHU '. :LO
ODPLQD FRPHV RI DJH 1DW5HYORO&HOO %LRO

6ZLIW - ,YDQRYVND ,/ %X[ERLP $ +DUDGD 7 'LQJDO 3&
ODPLQ $ VFDOHV ZLWK WLVVXH VWLIIQHVV DQG HQKDQFHV

GRL VFLHQFH

%XUNH % 6WHZDUW &/ 7KH ODPLQRSDWKLHV WKH IXQF\
DQG LWV FROWULEXWLRQ WR GLVHDVH $QQX5HY*HQRPLFV

YDQ 7LHQHQ )+- /LQGVH\ 3- .DPSV 0$) .UDSHOV ,3 5DPL
HW DO $VVHVVPHQW RI ILEUREODVW QXFOHDU PRUSKRORJ\

(XU - +XP *HQHW GRL \Y
%XUNH % &(// %,2/2*< :KHQ FHOOV SXVK WKH HQYHORSH
GRL VFLHQFH DDI

+HOGLQ &+ ORXVWDNDV $ 6LJQDOLQJ 5SHFHSWRUV IRU 7°
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6SULQJ +DUE BHUVSHFW %LRO GRL FVKSHUVS

+RULH 0 6DLWR $ 1RJXFKL 6 <DPDJXFKL < 2KVKLPD 0 O
'LITHUHQWLDO NQRFNGRZQ RI 7*) EHWD OLJDQGV LQ D WKU't
VWURPDO LQWHUDFWLRQ PRGHO RI OXQJ FDQFHU %0& &DQ

5DQJDPDQL 3 /LSVKWDW $ $JHORJOX (8 &DOL]R 5& +X O
'"HFRGLQJ LQIRUPDWLRQ LQ FHOO VKDSH &HOO

M FHOO
'LD] * =XFFDUHOOL $ 3HOOLJUD , *KLDQL $ (OOLSWLF I
VKDSHV &RPSXW %LRPHG 5HV GRL

%XUNH % 6WHZDUW &/ /LIH DW WKH HGJH WKH QXFOHD
5HY ORO &HOO %LRO

%XUNH % 7KH QXFOHDU HQYHORSH ILOOLQJ LQ JDSV 1I

'H 9RV :+ +RXEHQ ) .DPSV 0 ODOKDV $ 9HUKH\HQ ) &R]
GLVUXSWLRQV Rl WKH QXFOHDU HQYHORSH LQYRNH WHPSR
FRPSDUWPHQWDOL]DWLRQ LQ ODPLQRSDWKLHV +XP ORO *H

KPJ GGU

'HQDLV &0 *LOEHUW 50 ,VHUPDQQ 3 OF*UHJRU $/ WH /L

1XFOHDU HQYHORSH UXSWXUH DQG UHSDLU GXULQJ FDQFH!
GRL VFLHQFH DDG

5DDE 0 *HQWLOL 0 GH %HOO\ + 7KLDP +5 9DUJDV 3 -LP
UHSDLUV QXFOHDU HQYHORSH UXSWXUHV GXULQJ FHOO PL.
GHDWK 6FLHQFH GRL VFLHQFH DDG

6KLPDPRWR < 7DPXUD 6 ODVXPRWR + ODHVKLPD . 1XFO
LOQOWHUDFWLRQV YLD KLVWRQH WDLOV DQG OLQNHU '1$ UHJ.

GRL PEF (

1DYD 00 OLURVKQLNRYD <$ %LJJV /& :KLWHILHOG '% OF
+HWHURFKURPDWLQ 'ULYHQ 1XFOHDU 6RIWHQLQJ 3URWHFW
6WUMB/XFHG 'DPDJH &HOO GRL M FHOO

%LDQFKL $ OR]JHWWD & 3HJROL * /XFLQL ) 9DOVRQL 6
SRO\FRPE WUDQVFULSWLRQDO UHSUHVVLRQ FRQWULEXWHYV
G\WWWURSK\ - &0LQ ,QYHVW GRL - &,

&HVDULQL ( OR]JHWWD & ODUXOOR ) *UHJRUHWWL ) *DL
IDPLQ $ & VXVWDLQV 3F* SURWHLQ DUFKLWHFWXUH PDLQW
WDUJHW JHQHV - &HOO %LRO GRL MFE

JUHGULNVVRQ 6 *XOOEHUJ O -DUYLXV - 20VVRQ & 3LHV
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SURWHLQ GHWHFWLRQ XVLQJ SUR[LPLW\ GHSHQGHQW '1$% Ol

GRL QEW
8KOHU & B6KLYDVKDQNDU *9 1XFOHDU OHFKDQRSDWKROR
7UHQGV &DQFHU GRL M WUHFDQ
'UHJHU 0 ODGUD]R ( +XUOVWRQH $ 5HGRQGR 0XQR] - 1

HSLIHQHWLF FKDQJHV WR QXFOHDU G\QDPLFV 1XFOHXV

IRPDNLQ $- &DWWLQ &- &XYHOLHU ' $OUDLHV = OROLQI

QXFOHXV DFWV DV D UXOHU WDLORULQJ FHOO UHVSRQVHYV
GRL VFLHQFH DED

9HQWXULQL 9 3H]]DQR ) &DWDOD &DVWUR ) +DNNLQHQ -
&RORPHU 5RVHOO 0 HW DO 7KH QXFOHXV PHDVXUHV VKDSHI
WR FRQWURO G\QDPLF FHOO EHKDYLRU 6FLHQFH

VFLHQFH DED

6KLPL 7 310HJKDDU . .RMLPD 6 3DFN &* B6RORYHL , *RC
% W\SH QXFOHDU ODPLQ QHWZRUNV PLFURGRPDLQV LQYRO
WUDQVFULSWLRQ *HQHV 'HY GRL JDG

%URHGHUV] &3 %UDQJZ\QQH &3 1XFOHDU PHFKDQLFV O
EOHEV 1XFOHXV GRL QXFO

)XQNKRXVHU &0 B6NQHSQHN 5 6KLPL 7 *ROGPDQ $( *ROC
&UX] 0 OHFKDQLFDO PRGHO RI EOHEELQJ LQ QXFOHDU ODP|
8 6 % GRL SQDV

7DLPHQ 3 3I0HJKDDU . 6KLPL 7 OROOHU ' %HQ +DUXVK
SURJHULD PXWDWLRQ UHYHDOV IXQFWLRQV IRU ODPLQ $ LQ
FKURPRVRPH RUJDQL]DWLRQ 3URF 1DWO $FDG 6FL 8 6 $

SQDV

3DQ : &KHQ = +XDQJ 5 <DR < 0D * 7UDQVIRUPLQJ JURZ

H[SUHVVLRQ RI FROODJHQ W\SH , E\ '1$ PHWK\ODWLRQ LQ F
H GRL MRXUQDO SRQH

9DQ %HUOR -+ 9RQFNHQ -: .XEEHQ 1 %URHUV -/ 'XLVWH
$ W\SH ODPLQV DUH HVVHQWLDO IRU 7*) EHWD LQGXFHG 33
WUDQVFULSWLRQ IDFWRUV +XP ORO *HQHW

+HQLNRII 6 6PLWK 00 +LVWRQH YDULDQWYV DQG HSLJHQ
%LRO D GRL FVKSHUVSHFW D

/LQ &- &RQWL 0 5DPDOKR 6DQWRV 0 +LVWRQH YDULDQV
FKURPDWLQ VWDWH HVVHQWLDO IRU PRXVH SUHLPSODQWD)
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GRL GHY

%DQDV]\QVNL /$ :HQ ' 'HZHOO 6 :KLWFRPE 6- /LQ O 'LD
GHSHQGHQW KLVWRQH + GHSRVLWLRQ IDFLOLWDWHYV 35&
(6 FHOOV &HOO GRL M FHOO

YDQ 6WHHQVHO % %HOPRQW $6 /DPLQD $VVRFLDWHG 'R
$UFKLWHFWXUH +HWHURFKURPDWLQ DQG *HQH 5HSUHVVLEF

M FHOO

+DUU -& /XSHUFKLR 75 :RQJ ; &RKHQ ( :KHHODQ 6- 5HC

WDUJHWLQJ RI FKURPDWLQ WR WKH QXFOHDU ODPLQD LV P!

ODPLQV - &HOO %LRO GRL MFE

*RQ]DOH] 6DQGRYDO $ *DVVHU 60 2Q 7$'V DQG /$'V 6SD

([SUHVVLRQ 7UHQGV *HQHW GRL M WLJ

+HUJHWK 63 6FKQHLGHU 5 7KH + OLQNHU KLVWRQHV P

QXFOHRVRPDO FRUH SDUWLFOH (0%2 5HS Gl
HPEU

BFKOLVVHO 06 %URZQ '" 7KH WUDQVFULSWLRQDO UHJXC
FKURPDWLQ WKH UROHV RI DFWLYH VWDEOH WUDQVFULSW
GRL
%URFNHUV . 6FKQHLGHU 5 +LVWRQH + WKH IRUJRWWH
GRL HSL
)DQ < 1LNLWLQD 7 =KDR - )OHXU\ 7- %KDWWDFKDU\\D 5
+ GHSOHWLRQ LQ PDPPDOV DOWHUV JOREDO FKURPDWLQ V
JHQH UHJXODWLRQ &HOO GRL M FHO (
$OH[DQGURZ 0* +DPOLQ -/ &KURPDWLQ GHFRQGHQVDWL
UHFUXLWPHQW RI &GN E\ &GF DQG KLVWRQH + SKRVSKRL
GRL MFE
%HDXGRXLQ - *HUOLFK ' 'DLJOH 1 (LOV 5 (OOHQEHUJ -
SURFHHGV E\ PLFURWXEXOH LQGXFHG WHDULQJ RI WKH ODH
Vv
&KHQ &< &KL <+ O0XWDOLI 58 6WDURVW 0) O\HUV 7* $QC
$FFXPXODWLRQ RI WKH LQQHU QXFOHDU HQYHORSH SURWH
G\WWURSKLF ODPLQRSDWKLHV &HOO GRL 6
>SLL@ M FHOO >GRL@
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JLIXUHV DQG /HJHQGV
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Figure 1. TGF B induces nuclear deformation(A) & RQIRFDO LPDJHV Rl +XK FHC
ZLWK PRFN REBE MWHDWHHQW IRU K K DQG K &HOOV Z
LPPXQRIOXRUHVFHQW VWDLQHG ZLWK JRDW DQWL ODPLQ %
ZLWK +RHFKYVW (B) Westé&rn®b¥oHanalysis for the expression of mesenchymal

markers N-Cadherin and Vimentin in Huh7 cells harvested after 0, 24 h, and 48 h of

TGFH treatment. ACTIN is a loading control. @XDQWLILFDWLRQ El PRFN DQC
WUHDRWHG FHOOV SUHVHQWLQJ DV RYRLG RU QRQ RYRLG I
WZR I"'LQYDJLQDWLRQV ZHUH LGHQWLILHG DV QRQ RYRLG >
XQGHU HDFK H[SHULPHQW([} R QRH WIDRRY Z FR GIIRGRY PG FURV
LPDJHV RI P&KHUU\ WDJJHG KLVWRQH + %E PRBKHDWHEG % LQ
+XK FHOOV $0OVR VHH 6XSSOHPHQWDU\ PRYLH 6 DQG PRYL
PRUSKRORJLFDO FKDQJHVY DUHD LQ JUHHQ GLYLGHG E\ DUF
QXFOHXV LQ PEFNWUBN@P®WHE FHOOV HYHU\ PLQ )LYH FHOO

HDFK FRQGLWLRQ 3HUFHQW DUHD FKDQJH LV " LQ PR
7*)E WUHDWH3HG FHOOW WHVW * &RQIRFDO LPDJHV RI QXFO
+RHFKVW ZKLWH OHIW L RDekertativellustbrfide B@iPsd O DQG U

generation (right schemes in each panel, outlined by circles) by EFA to approximate the
shape of the nucleus. The elliptic ARs increased with the curvature of the nucleus. (H)
Quantification of ARs in Huh7 cells with mock or T&F-treatment. Each dot represents
one cell. More than 160 cells were quantified under each cond#io.0001, t-test.
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WUDQVIHFWHG XVLQJ WKH LQGLFDWHG VL513%$¥ IIRW K WKI
WKUHH GD\V & FRQWURO /$ ODPLQ $ /% ODPLQ % 6 6
$&7,1 ZDV XVHG DV D ORDGLQJ FRQWURO % &RQIRFDO LP
LQGLFDWHG VL51%$V El RAOUHRDAMIBSHEB\WY 1R U K &HOOV ZHUH LI
VWDLQHG ZLWK ODPLQ %% ZKLWH DQG WKH QXFOHL ZHUH FR
& &DWHJIJRUL]DWLRQ RI WKH QXFOHDU VKDSH LQ FHOOV Wl
RI FHOOV TXDQWLILHG XQGHU HDFK HBSHULPHQW KRQBLWL
H[DFW Wa@eudntfication of mock- and TGH-treated cells showing NE rupture.

Results were averaged from experiments conducted in triplicate. (E) Confocal images of

mock- and TGH.- treated Huh7 cells for 48 h. Cells were immunofluorescent stained

using mouse anti-lamin A (green) and goat anti-lamin B (red). Nuclei were counterstained

with Hoechst 33342 (blue). The yellow star indicates the NE stained negative for both

lamin A and lamin B. The white arrow heads indicate the NE stained positive for lamin A

and negative for lamin B. Insets: enlarged images indicated by white squB&&JHYV L Q

% DQG ( DUH WKH VXP RI' ] VWDFNV
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Figure 3. TGFR induces rupturing and reformation of the NE. (A) Time-lapse
imaging of GFP-Lamin A (green) and mCherry-H2B (red) under BEGireatment. The
labeled time points are relative to the initial image, rather than the time afteEATGF
addition. The white arrow head denotes GFP-lamin A clusters. See also Supplementary
movie S3. (B) Quantification of nucleus area (denoted by mCherry-H2B, peach) and
integrated intensity of GFP-lamin A cluster (medium blue) with time shown in (A) and
Supplementary movie S3. (C) Time-lapse imaging of mCherry-lamin A (red), YFP-lamin
B1 (green), and CFPR2B (cyan) in Huh7 cells treated with TG&E See also
Supplementary movie S4. Insets: enlarged images showing the region outlined in the white
square. (D) Time-lapse imaging of mCherry-lamin A (red), nuclear-localizing GFP (GFP-
NLS, green), and CFP-H2B (cyan) in Huh7 cells treated with HGFSee also
Supplementary movie S5. (E) Quantification of integrated intensity of GFP-NLS co-
localized with CFP-H2B (peach) and integrated intensity of mCherry-lamin A cluster
(medium blue) as shown in (D). (F) Time-lapse imaging of mCherry-H2B (red) and GFP-
NLS (green) in LMNA_KO Huh7 cells treated with T&: See also Supplementary
movie S6. (G) Quantlflcatlon of integrated intensity of GFP-NLS co-localized with
mCherry-H2B as shown in (F). All images are the sum of z-stacks.
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Figure 4. 7*)E SURYRNHG WKH WUDQVFULSWLRQ RI KLVWRQH +
QXFOHDU GHIRBUPIRVUISK®RORJ\ RI WKH QXFOHXV LQ +XK FF
WUHDWPHQW LQ DFFRUGDQFH ZLWK WKH VFKHPDWLF LOO
LPDJHV &HOOV ZHUH LPPXQRIOXRUHVFHQW VWDLQHG XVLC
ZHUH FRXQWHUVWDLQHG ZLWK +RHFKVW EOXH %
H[SUHVVLRQ RI (07 PDUNHUV LQ FHOOV WUHDWHG XVLQJ W
PO & &DWHJRUL]DWLRQ RI QXFOHDU VKDSH LQ FHOOV
' 6'6 3%*( VWDLQHG ZLWK &RRPDVVLH EOXH IRU WKH QXF
ZLWKRXW RE ZNWHDWRHRHQW IRU GD\V 7KH KLVWRQH + EL
VXEMHFWHG IRU LQ JHO GLJHVWLRQ DQG /& 06 06 DQDO\VL
UHODWLYH P51% H[SUHVYDR®RONY EEQWWFRHDPWHG FHOOV IRU
SUHWUHDWHG ZLWK PRFN RU 60%$' 60%$' VL51%$V IRU K 3
EORW DQDO\VLV IRU WKH H[SUHVVLRQ RI 9LPHQWLQ + D (
WUHDWHG DQG LQGXFHG EVRRXQ G HU BR {07 IERPXQREORWWL
XVHG DV D ORDGLQJ FRQWURO * ORUSKRORJ\ RI QXFOHXYV
VWDLQLQJ RI ODPLQ % ZKLWH LQ FRQWURO DQE + GHSC
IRU K 1XFOHL ZHUH FRXQWHUVWDLQHG ZLWK +RHFKVW
VWDFNV &DWHJRUL]DWLRQ RI WKH QXFOHDU VKDSH RYRLG
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Figure 5. Chromatin status associated with NE rupture(A) Confocal images of mock-

and TGFR.- treated cells immunofluorescence stained using H3K27me3, H1, and lamin B
antibodies. Nuclei were counterstained with Hoechst 33342. (B) Confocal images of mock-

and TGFR-treated cells immunofluorescent stained using H3.3, H3K27me3 and lamin B
antibodies. C)5HODWLYH GLVWULEXWLRQ RI WKH HSLJHQHWLF P
ODPLQ % LQ PRENVWHIBNHG HAN-O)(sMgldslite im&ges. Transverse

intensity line scans along the white lines in the corresponding cell images are presented on

the right. (D) TEM images of mock- and T@&-treated cells stained for H3K27me3 (12

nm gold-lgG, blue star), histone H1 (18 nm gold-1gG, red arrow head), and lamin B (6 nm
gold-lgG, not denoted). Images are shown under 2)a0@ 11,00 magnification. (E)

‘HVWHUQ EORW DQDO\VLV LQGLFDWLQJ WKH NQRFNLQJ GRZ(
LQ +XK FHOOV IROORZHQVEH P WPM @RWRbplogy Kf the

nucleus in Huh7 cells depleted for H1.4 or H1.5, followed by Hsffeatment for 48 h.

Cells were immunofluorescent stained with lamin B (white). Nuclei were counterstained

with Hoechst 33342 (blue). Images are the sum of z-stacks. (G) Quantification of elliptic

ARs of the cells treated using the methods in (AP. £,0.0001, t-test.
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Figure 6. Depletion ofLMNA reduced clustering of H3K27me3 and histone HXA)
Representative confocal microscopy images of LMNA_WT and LMNA_ KO Huh7 cells
treated with/without TGHEL and immunostained using H3K27me3, H1, and lamin B
antibodies, and Hoechst 33342. (B) Cells treated as described in (A) were subjected to
PLA analysis. Each fluorescent dot represents the colocalization between H3K27me3 and
histone H1. (C) Representative images showing the number and integrated intensity of
the PLA fluorescent dots in a nucleus using MetaMorgdftware; (upper) original
fluorescence image; (lower) processed image. The average intensity of each dot is color-
coded according to the scale on the right. (D) Number of PLA dots in each cell. (E)
Average integrated intensity of each dot in each cell. Cell number calculations in (D) and
(E) were: LMNA_WT, n=31; LMNA_WT + TGH, N=38; LMNA_KO, n=30;

LMNA_ KO + TGFH, N=40. All images are the sum of z-stacks.
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Figure 7. Schematics for the molecular events of the nuclear deformation induced by

TGF B stimulation. TGFE treatment phosphorylates and activates the SMAD complex,
thereby increasing transcription and the protein level of histone H3.3. The subsequent
nucleosome incorporation of H3.3 may facilitate a dynamic chromatin environment that
allows for further recruitment of histone H1.4/H1.5 variants, and the interaction with
H3K27me3 for nuclear deformation and NE rupture.
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6XSSOHPHQWDU\ 7TDEOHV )LJXUHV DQG ORYLHYV

Table S1LC-MS/MS quantification for the post-translation modification of histone H3
in Huh7.

Table S2Relative abundance of histone variants in TE5Fversus mock- treated Huh7
cells.

Table S3List of antibodies used in Western blot analysis.

Table S4List of antibodies used in immunofluorescence staining.

Table S5List of sSiRNAs.

Figure S1ITGFH induces changes in nuclear morphology in multiple cell lines.

Figure S2SUNL1 and lamin B1 contribute to T@&Einduced nuclear deformation.

Figure S3Expression and localization of NE proteins in TEFreated cells.

Figure S4Examination of DNA damage response (DDR) in cells treated withEHGF

Figure S5TGF B-induced nuclear morphology change is a downstream process of
SMAD signaling.

Figure S6Association between variants and epigenetic status of histones with NE
rupture.

Movie S1Live-cell confocal imaging of the nucleus (denoted by mCherry-H2B) in Huh7
cells.

Movie S2Live-cell confocal imaging of the nucleus (denoted by mCherry-H2B) in Huh7
cells treated with TGH..

Movie S3Live-cell confocal imaging of GFP-lamin A and mCherry-H2B in Huh7 cells
treated with TGHL.

Movie S4Live-cell confocal imaging of YFP-lamin B1 and mCherry-lamin A (A)
combined with CFP-H2B channel (B) in Huh7 cells treated with BGF

Movie S5Live-cell confocal imaging of GFP-NLS and mCherry-lamin A (A) combined
with CFP-H2B channel (B) in Huh7 cells treated with TEF

Movie S6Live-cell confocal imaging of GFP-NLS and mCherry-H2B in LMNA_KO
Huh7 cells treated with TGH.
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6 XSSOHPHQWDU\ )LIXUHV DQG /HIHQGYV

6XSSOHPHQWDU\ )EJXQBYFHX¥*FKDQJHV LQ QXFOHDU PRUSKF
FHOO GL&KDUDFWHUL]DWLRQ RI WKH PRUSKRORJ\ RYRLG F
ZLWK F*RU PRFN WUHDWHG 1XPEHU Rl FHOOV TXDQWLILHC
WULSOLFDWH3ZDV GHRRRSDW LOH PFIRFNWUHDWHG FHOOV )LV
HIDFW WHVW % 1XFOHDU PRUSKRORJ\ RI 5' KXPDQ UKDEC

PDPPDU\ JODQG HSLWKHOLDO FHOO DQG +7 ILEURVDU
7*)E RU PRFN WUHDWHG IRU GD\V 7KH UHG DUURZ KHDGV
&HOOV ZHUH IL[HG XVLQJ SDUDIRUPDOGHK\GH DQG VXE

VWDLQLQJ ZLWK ODPLQ % ZKLWH 7KH QXFOHL ZHUH FRXQ'
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6XSSOHPHQWDU\ J)LIXUH 6 681 DQG (EDPQG X HER Q WRQ I B W
GHIRUPDWLRPPXQREORWWLQJ UHVXOWV RI WKH LQGLFDWF
WUHDWHGE ZIRWKWZR GD\V WKHQ WUDQVIHFWHG ZLWK WKH
WZR GD\V % &HOOV ZHUH WUHDWHG XVLQJ WKH XSSHU V
VWDLQHG ZLWK DQWL ODPLQ % ZKLWH 1XFOHL ZHUH FRXC
,PDJHV DUH WKH VXP RI'] VWDFNV & 4XDQWLILFDWLRQ IRL
RI FHOOV WUHDWHG XVLQJ WKH PHWKRGV LQ % 1XPEHU RI
FRQGLWLRQ ZBV GHQRWHWEHUYV H[DFW WHVW
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6XSSOHPHQWDU\ )LIXUH 6 ([SUHVVLRQ DQG ORFDOL]DWLI
WUHDWHS EHWOWNUQ EORW DQDO\VLV IRU WKH SURWHLQ HJ[:
SURWHLQV DQG PHVHQFK\PDO PDUNHUV 1 &DGKHULQ DQG
DIWHUE 7TWUHDWPHQW IRU GD\V $&7,1 ZDV XVHG DV D
AXDQWLILFDWLRQ RI SURWHLQ H[SUHVVLRQ OHYHOV SUHVF
VWDLQLQJ LPDJHV RI +XKE WHOGOWREBFRURUGDYW 7KH SULPD
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ZHUH UDEELW DQWL 681 PRXVH DQWL ODPLQ $ JRDW DQW
FRPSOH[ 13& FORQH PS$E UDEELW DQWL ODPLQ $ & DQG
VWDU LQGLFDWHYV WKH 1( VWDLQHG QHJDWLYH IRU ERWK OI
LQGLFDWHY WKH 1( VWDLQHG SRVLWLYH IRU ODPLQ $ DQC
FRXQWHUVWDLQHG XVH QVésterR HI6tkawalysis for the expression of

nuclear lamins and Vimentin in LMNA_WT and LMNA_KO Huh7 cells with/without

TGF A treatment for 72 h. Vimentin was used as a marker of EMT, and ACTIN is a loading

control. (G) Confocal imaging of LMNA_WT and LMNA_KO Huh7 cells treated mock

or TGFH for 48 h, and immunofluorescent stained with lamin A/C and lamin B antibodies.

Nuclei were counter stained with Hoechst 33342.
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6XSSOHPHQWDU\ )LIXUH 6 ([DPLQDWLRQ RI '1$ GDPDJH U
WUHDWHG ELWXK 7HHOOV ZHUH HLWKHU BEVURDWHE& ZRWK P|
PLWRP\FLQ & 00& XJ P/ IRU K IROOMEZLQHOWKHZ WU D W
IL[HG ZLWK SDUDIRUPDOGHK\GH DQG VXEMHFWHG IRU L
DQWLERGLHWDDRQIQUWPLQ % 1XFOHL ZHUH FRXQWHU VWDL
6FDOH EPPUVPDJHV DUH WKH VXP RI ] VWDFNV &HOOV WUHL
D SRVLWLY HH BQMPPR® RROXRUHVFHQFH VWDLQLQJ
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6XSSOHPHQWDU\ )LIXWGKFHTG) QXFOHDU PRUSKRORJ\ FK
GRZQVWUHDP SURFHVV R} 60BQVRBRO AP@IHV RI WKH QXFOF
60$' RU 60$' VL51%$ WUHDWHG FHOOV LQ&XFHE VR KHGHH U J
IL[HG DIWHUE WWHDOWPHQW DQG LPPXQRIOXRUHVFHQW VW
% ZKLWH 1XFOHL ZHUH FRXQWHU VWDLQHG ZLWK +RHFKYV
] VWDFNV % :HVWHUQ EORW DQDO\VLV IRU 60$%' DQG 608’
WKH PHWKRGV LQ $ $&7,1 LPPXQREORWWLQJ ZDV XVHC
AXDQWLILFDWLRQ RI FKDQJHV LQ WKH QXFOHDU PRUSKROR.
ZLWK VL51$V UHVSHFWLYHO\ WDUJHWLQJ 60$' DQG 60$' T
E\ 7*B IRU K $ WRWDO RI FHOOV ZHUH BXDQWLILHG

JLVKHUYV H[DFW WHVW ' &RQIRFDO LPDJHV RI +XK |
H[SUHVVLQJ +$ WDJJHG 60$' 60$' +$ DQG LPPXQRIOXRUH
+$ JUHHQ DQG DQWL ODPLQ % UHG DQWLERGLHV 7KH
H[SUHVVLQJ 60%$' +$ 7KH QXFOHDU PRUSKRORJ\ RI WKH FF
GHIRUPHG QRQ RYRLG ZKHUHDV WKH XQ H[SUHVVHG F
PRUSKRORJ\ 1XFOHL ZHUH FRXQWHU VWDLQHG XVLQJ +RHF
RI'] VWDFNV
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6XSSOHPHQWDU\ )LIJXUH 6 $VVRFLDWLRQ EHWZHHQ YDUL
KLVWRQHV ZLWK 4 ( SHGMWXIUFH GLVWULEXWLRQ RI WKH HS
KLVWRQHY DQG ODPLQ %E MMUHRWNG DRH® O’V) IRU K &
LPPXQRIOXRUHVFHQW VWDLQHG XVLQJ WKH LQGLFDWHG DQ
% :HVWHUQ EORW DQDO\VLV LQGLFDWLQJ WKH NQRFNLQJ
VE1$V LQ +XK FHOOV IROOREZWGE HDWRHEGWRIRT*) K & ORU
RI QXFOHXV LQ +XK FHOOV GHSOHWHG&E IRUHDWRKMQW [RIRO
K &HOOV ZHUH LPPXQRIOXRUHVFHQW VWDLQHG ZLWK JRD
FRXQWHUVWDLQHG ZLWK +RHFKVW EOXH ,PDJHV DUH
PP
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