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A A

HIZhTew >

BEY A XEHHT 2HEERERT YAP OJEMHIH

I. @EUBHIC

AR BT 2RO OMEIL, HEOY A Xm0
EEEOHEBFICAMETH Y, IOWRIBEREIERHE
BAKLEDL. FPAME Y 7P VEEREO—DTH S
Hippo #&81E, MO, A, Hbh&EHiEL TR
WicB 2 Maok] 2F7A8L, HFEOV L I0iligko
EEHEHEFEL TWAY. YAP (yes-associated protein) &
FMD¥F 017 THb TAZ (transcriptional coactivator with
PDZ-binding motif) &, Hippo fEEE ORI 2R E %772
TEELERFTH L. YAP L TAZ 3 & F & 2EETF
HEWMOFEE 4 U CHIREIE 2 /2 LBRIE 2 #0645 2
& THippo RO T 727 ¥ —& LTHET L. BETR
% F7r Hippo BH _EFHOGIEBERESH S 20ic &, Hifs
HEAS Ml E e T A L oFE & v o o
T DEMREE D38 IC & o T Hippo R OIS H)
HMENTWARILETHLPIR D DDH L. RETH,
Hippo #EBE ORI EE E3H) YAP ORI HBERIcES %
HT, EEOBET L WARERIC B ARFOMA 2L
BWCETAbORHLE LTEH T E BT, e
BORE & 20 L FIFRIR BT 2 A L 72 YAP O3 72 2 )4
BT AR R BT 5.

2. YAPICKBZB|EY A X EFHENADHIE

BEOY A 2, WET S RO & (8% oMk
DREE]WCI o THESNTED, Hippo-YAP ZH L
SEIC BT A [Hlas] oflEEE> ®1). —%, M4
OB OK X & | FHBRES AT 5 mTOR BB X

VERARFREREZELRM R EBEEHZE (T113-0033
HRASCR XA 7-3-1)

A EMN R RSB R AT R R B A EYEST
Regulations of -'YAP transcriptional co-activator

Shoji Hata“’, Toshiaki Katada' and Hiroshi Nishina’
(*Laboratory of Physiological Chemistry, Graduate School of
Pharmaceutical Sciences, The University of Tokyo, 7-3-1
Hongo, Bukyo-ku, Tokyo 113-0033, Japan; *Department of
Developmental and Regenerative Biology, Medical Research
Institute, Tokyo Medical and Dental University)

g2 2B, BHE M, R B

1 Hippo-YAP BRI X BB E T4 XHIM & 325 A I8

DHBMENTWAZEFMLNTWAEY, £ DEE, =
BO A AHiE o] cEFELTWwAY. FFliEe
gl EOVL OPDOBREIZBWT YAP EEWICY A4 X
FHBENTWB ZEIRENTB Y, FICHFHIIBWT
WEEETHL. v~ AFBEOHEEMBEICBWT YAP %2
BRFEHRSELE, FEEMROEEATTEL, BFEEE
FEOHSY IHBEN TV IRBEERAH 25% I F
THERTEIEIREINTWEY, BRIEWE 212, IR
PR LRI YAP ORHFE L PIE$ 5 &, FRIZT
DAL RWZEFTESL. Zhid, FEOY A X5 YAP IRE
BT HENICHBHEINTWAZ L RZRBLTWVWS, &5
2, BEEICOo T YAP ORHEZFET L L, il
PADFREIZESL. B AZEL PO T ETLE
HOPAEMIZBWT, YAPEEFERZ &S/ LB
PEIRELTBY, YAP ORHAEOHIMPLBAREDITHE
PHEINTWEI DS D, YAP IFABETFEYT
HAZEPHLNE o TWEY,

3. Hippo RIICK D U BRIEZ /ML % YAP OHEREHD
4R

T SLE O Hippo MO FEMBERF XY a v ¥ a v
Z.9 Hippo N ARE T TH 5 Mstl/2 (mammalian ste20-like
kinase 1 & 2), Latsl/2 (large tumor suppressor 1 & 2), Sav
(salvador), Mobl (mps one binder 1), YAP & TAZ BX
" TEADL/2/3/4/T#% 5" (E 2A). YAP & TAZ 35 4
BERFCTHY, BEEEILIFAL Y 2FTHHDODDNA
BEFAL YEFELZW, 20720, YAPRERIZTS
FXFREERTFEREET LI L TELDEERTIIEN

T S

A=Ak 5 86 &8 445, pp. 464-468 (2014)
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YAP (human) [[TEAD 85 | [wit|[wwz] []
¥ SH;BM PDZ BM

14-3-3 BM

{ ‘,Trahséctivatio:; domain’ |l 504 a.a.

2 Hippo BRI X B YAP ) LA
(A) Hippo #EBOBIE. (B) YAP @ F A A 5%, Hippo SEHIZ & 5
S5HFTOY VELERA P) LFKBAEISNALTEF ML (Ac) B

U 7 A F VLSRG (Me).

LT HBIETORBEFET L. FTH, YAP OHERkE
FREAET HEER T TEAD TH Y, TEAD Mgt
FED RIS T 2 BETFRHROFEH T H-
TW3.

Hippo BEHIBWT Y 7P VRERK L LCoRZE %2
T, VY /Mo d = FF—ED Mstl/2 & Latsl/2
WEAFF—V¥HIAr—FTH5H. Mstl/213 Latsl/2 2 Y
YEAR L TIEREAL S S . AL S T Lats1/2 13 YAP
D5 HFOE) VEEEY) VERET A (R2B). 127FRH
DX VERENY VBALEND &, 1433 7 VST HENBZ

BALICEBEREATAI LIZE ) YAP 2 IR
20 FOFER, YAP OBARBELFPIH & T YAP KF
WABEFRERAFBIHBEE NS, 72, YAPD 397 %
Bt YERENFLasl/2125 Y YE{Esha e, ¥
FF VYN —EHEAREOMEERAFFELIN, YAP I
AEFRF Y- TUTTY - ARREHICHHEEINEY.
® X 912, Hippo FEEITY VELE AL T YAP DMl M

RELZERFHETA I LT, YAPIZ X AilfaEsE<
FERAMREGROFTE LI L TV 5. ,

Hippo SO EEMME T, & 2 SWREmcE2
BABWEICB W GELRCITIZRE STV 2%, 1l
WIRESR TRV 00, —HOBEMBEGEYIZE
THRFE SN TS EITERIEY:. Hippo fREORIFIL 3
FERRC BT A 2B S ST/ (Mitotic Exit Network)
RPORBEIIBT LMK ST (Septation Initiation
Network) 2B EZZONTEY, FEBRETFIEE
ENTWBERTTRL, YZFVEEBRBLIENL TYw
57 YAP BEREEBFICRES LT EVWb OO0, JERE
EWThHHT A —NEOERKEMEEY Capsaspora
owczarzaki VAXRFEEINTWBEY, ZOYAP A EUZ H
B4 AREED 2R T ARV ayTay ekl
VBRI WRENTW S, 2D, Hippo-YAP #&
BRI IR  RFE S il o B Hl R ch 5 &
BT ENRTEL.

A

H1bE 486 4T 47 (2014)
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R

4, HBEOEBEMIKEEZBUTIT7I/FOHBERICES
YAP O EMHHIH

EFBREICB W THERR U OB 2 iz E
F MBS EE L FIcEmL-REICH 5. flC: a8
RO BMIIEMOEERREFICEETH Y, FORE
M, FEESMENRAR DA E (contact inhibition)
LV BHEBERICAONAMIEE L BEEET A,
2 H R ENS. Hippo MM MR OBMIZ & - TH
MbEh, BMEEOSTHEEL LTHRETLI I LIRS
NTWaBY. iz, FEMREsTIELMBEHREAC
ToTHELMBEBEICESEL TS, LEMEE
ARFNIZ Lo TR ENS LEMEEEOMERT, Mk
DOESZIEEO—oTH Y, FNOHEL MR
YAP BEHAEL TWB I EFREINTWEY, EERFEWT
L2, Hippo BHO EFHHMEAF L LTRZEEINTVWES
L DGTH, BERE, BEKE HnEEEaEofR
FHFELTashTwa.,

RS EEE LB A TR B IC DB LT
D, ZOX)HEMICLZNANLYENEDZBALT,
WHEPEEL Vo 28T EERMBOREEGZHML T
B, TI2FUREOHMBABESIOL ) RYENELO
BAA#HsTWBD, 2OV T FVHEYAP BX U TAZ %
AL TERNTORETFRBAFEICEDL I LNEEHE LIS
ol BT AMRALEEOMENTV L E XML
BENLER - TVRABEAICIE, EERZA L THRRD T
I FVRMEDETINE T, YAP B XU TAZ DiEMIL%
SHET D, TIFUEMEND YAP DIFHALICE A 5T
FEIL R MR 72 A% 0%, Hippo BERIKTERY 22 484 & B4R
BRGZBEIRESNTWAS, ERBENZ L2, WHENE
HZMAT, G &y BERBEREZHFME (GPCR) ¥ 7 F
WRERM L woil, TI2F VHBHOEESRPA MV AT 7
AN—DOTHEHET LD YAP OEELEFET S
S EFME SISO, T, LEMBIEBILEEEED
MIEBC R T 7 F v BEPERLTBY, BEEREI
Lo TR SN D EEMREEICIXT 7 F ML
EThEH INSDIEDS, HBOEMIREIKREL
77 F MR ROENRIIRE LT YAP OFEH{LIRE S
FEL, Wl SMbe o illasteEE RIE
LTWwWhEEZ LA,

5 FEFIEE X FIEIC K B YAP D # /- &2 &4
g

1) FHEFIEICE B YAP OFlE
FREo X2, MBEEIZBT S YAP OHIHEEERE L FEM

IR ST W BDY, YAP D EERE S A B TR AR
WOWTIRAEZENS V. BLIZIOHICERL, YAP
OHMHNBIT2HET HRIWEFHE L TENICBIT 5 YAP
DEMBEEZIERL, YAPBFH -7 EFMEEhaz
LERRWIELEY. BITOKR, OYAP D CERWmEED
2HFHDY Y R (K494 & K497) A7 L F VLiEHi %
ZFr2l, QYAP DT EFUEBBHICRET A7 &
F VALEES CBP/p300 12 L o THbhTWwB I L, @R
tFNALREIBEIRISIRTITH 2 2L, @7 F V1t
BUEOERIZLY YAP OBEFEIEIELTELI L%
Rw22 L7z (K3A). CBP/p300 it YAP & MikicEE
BRFELTEETLIZEMONTEY, T/, SIRTI
BTV AT 4 v 7tz L CEEFEREAS T
ABIEFHLNTWS., D), ThbDBERILYAP
DT EFMEREZHBL T, YAPIZ X 2EETREF

A .
8127
Y
| CBP/p300  Sl2Z.
K494 K497 S'RTT
F-actin Marge

B YAP B

X3 YAP OFIERZGE & MILHBEFH
(A) YAP @) Y BRIk, 7 EF ML, T A F VLIS & il
B (B) AR YAP (LB LEREYAP (B, TE) @
< AR R RE

A
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A

BERE LT WHEELE R b b,

2) EJAFIALIZE D YA OfilfH

YAP O 7 & F VAL L O — D Tdh B K494 1, ¥ a
TawNIhbe MIEL T T EEEICRE ST
H7IBIRILTH D, Fhxld Zaph DTN — T E Dt
FIRFZEIZ & Y, YAP @ K494 2587\ 2 €8 A Fvfbah b
ZEEHELMICLA (J3A)Y. g ofid, ©XF vk
W3 Set? 25 YAP OF J A F WAbE L UHERERAE -3 ¢
DHPE~DFEABLETHH L, @Set7 #XKIAL
7oy A ONE LR B VORISR OB & o 5 TR
FHRELLZ L, @Z ORI TIZ YAP ONRHE D
JToHe U TR E T RO FBIATLHET 5 S L RwniZ L7z,
R BERHESE RN B W C Set7 W EICHITBEICRAEL Tw
LI EDD, YAP OE AFVLEHIBEHCELTEY,
YAP % MR B 220 L T v B 2 & AR
ENnb. Fi, Set7 R Y ATEHESN L EBEII
Hippo B OWFEIZ & > THELARBULHPL TV 5,
IhooRRE, U VBB T, ' 2SS
i X 5 YAP O HEREHI D 48 R o MURIE B PEMERR IC B v
TEEZERHZPH-TVAI L EZRBL TV,

3) FHEFIAE AFIALRELOEEICEFETS
PDZ-binding motif OHEHE

YAP O 7 v F WAL/ € AF VLB CH A K494 @ C
A O T I W5, PDZ-BM (PDZ-binding motif)
DBEET A, FHxl3HE, 2O PDZ-BM A EE< Y A F
JEDOFEZRMBICBVT, YAP OBHBEILLHEATH S
ZERRWRELAY(R3B). HAEMD YAP (WT) 1ZIFE
BRI B IR Z BT 545, Hippo BHEIZ L 2 Y
VEEEAL R T T = Y REICERE S E2 YAP (BSA) i
BRICRLSBEYT A, LA L, PDZ-BM % K& L7 YAP
(5SA/APDZ) IIHMIZBIET AT LT TE R V. YAP D
WA BEZHEST 25FD—2E LTPDZ FAA V%
B4 5 7202 (zonula occludens 2) ASH|E SN TWALY, =
D7z, YAP DT EF VL E ) A F VAKITEED PDZ-
BM DBEEICHE L5 2, 202 EDOPDZ F A4 VEF
FUNZBEEOHMEEREENLSED I L TYAP OHE
HNBIEZHE L TV ATREMNE L S5NLA.

Y'Y VR T £ F VL & 2 F L % FRC S
WTAZENRTERNI RS, VY YRECEBHREDE
7 v BORERZNVEZLSLAL vF & LTELT
BERHSL. TNETIE, CAMYHIDOKIBT EF IV
1b& P XFMLDEHZZT, ThoDEfdlra<s
VBEOEBRDAA v FORERRTIEFMON T
A8 FnWwz, YAPIZBITS KM OT F bk £/
AFIVALD YAP OEREZHIH T HAf v F & LTEHE,

WR G o> R 3 <0 MR AR AE 38 2 48 5 TR 3% 2
Hib. :

6. BHYIC

SE OV A AR R WA TH o 7228, EED
RO L Y, $FEY A X %283 5 MR 0515
B (Hippo-YAP #%%) %ML, 4 OMIBL2E» N T
WAIRE (5IR) MmNz 50 FHE (725>
ML EAE & DI IROER) KL E 2 ) D0 H 5.
ZOXHHMRAEERE LT, WEYA A B W
TWERAHZEOL N, BRELAVEfilar~rvo=o
OFSER O Y 3 5 5 T OMBERME I LS.
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A R

E5E
s 2B (37 LioHUL)

? - BAREMIRESERNIEE (PD), ERX
- FRFREFAFEIEBLELETE.
- EEEL

| BREFE 1983 EERIZA D, 2006 FEH
| RERRFEEGHEREE IEERRE
FERRERZERE GRS METRRE
CET. 08~114F B AR WIERL BRI
B (DCY). 11~13 EHRERER A F HBE BT SERTHED
#. 134 XD HER.

BWRT—< LA EEINGIEEE O % Hippo B OBIK
POHToTWD, UEIAPLFAY - N TRV 7 RE
Elmar Schiebel TFZEE & L FEFFED /-0, EHOEMR. KA
VEBERE LA
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Hippo-YAPY I 7 L& DEE]

Roles of Hippo—YAP signaling pathway for liver formation and liver cancer

FERN (s (CRHiEE

Takanori CHiBA™? and Hiroshi NisHINAT

HREMNENALEREETANRETEEDENT, FAERERFRATANS FROBREELE

OFF IS - BEE - IBEL CORBE B Uy, HEWEOESPRITBMOLR - ik & BIHICD 7= 3468
EELTHY, EHOESMERCDERTRARETH S, 70 HEATEEEHERT 50+ HFHsE
ARETE5L5, FEOAICEYABEY 1 XEMES V5. RE MRABRESREOUVEDT
%% Hippo & J F IR, BERERTFTHS YAP DEMSMEEN LTI I XDOMFH A XEB/E LTS
ZERBBHEL o £z, Hippo-YAP LRI I FFERECHNBEORECHES T2 EHE
HEh TV, EBICERETE, £ NOFEREY/NEDEEFEICKH T 5 Hippo-YAP ¥ 7 FILEROME
BT AMENAME MBS HESNTVE. FETRINLSEBEOMEEBEA, YIS LUE
FDOFFICE 3 Hippo-YAP & J FIVBRBOEENZ DWTENT 3.

Prey, | Hippo, YAP, BFU1 X, BFE, MBS

PRI B S Ic NEDRETH D, 20
BRI EROIICERS T 5. R e: S
P RERI R RIS (FFRE, EmiE,
FFEEiE: &) Ch 5. B, FFa@Ry s
[EEMICEET 2 I X D FET 5, FE, I
EREELT B HIIRET 2 B Fo k) KHET SN
TV B, BEFEMR LI L VBB ES
5 E, 9 LEEOFIHE D & A NERFIC
WL, HRNCEZEET 2. INET
FFOMIass T 5 A h = AL EFRHCTH > 7=
B, EEIRNVRACBEAZINODH B,

& Hippo-YAPY 517 L

Hippo ¥ 7" W& X mammalian Ste20-like
kinase 1/2(MST1/2), large tumor suppressor
1/2(LATS1/2), salvador 1(SAV1), mps one
binder 1a/I1b(MOBIA/IB)IC X DB ENTEH
v, Hippo ¥ 7/ T VR EBEELRRFCTH S
YAPZY VAT B Z gk DEIHIET 2 (K1),

63

| Hippo 7 FIViZEE '

o {RBRIETE

o fAfaiEARIEE

o b K FEEERR

o SRl AT

o fFEROKESE &

e

1 B4DBEISE%EHIEY BHippo-YAPY J FIVEER

MER i Hippo & 7/ F VER D EFAFCH b, Hippo
S FVRRERIE YAP 2 EICEIEIT B, YAP IZTEL DO
&2 &R TEBTOXRALHHET 2.
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+Dox
(HEYAPHFIRTB)

—Dox

-+Dox
8BREILL L

FEEE R /R NS

#125%

JTER i/ R i
#156%

2 HERYAPFERFEEIC L BITOU o X8k & IFRESEE
Dox {RAFIYICHIR YAP 2@ FIFBLT 2 Tg w7 ADM., HEICED % FHEi O]
A iGN SN REETH 505, Dox 2595 LRI 6% HNd 5. LirL, Dox O
Ly 3 oy ZdTuiciRs, —7, 8HEMELL Dox & Rififvicf5.9% &

R4 L .

Hippo ¥ 7' WG IC & > T U VML S L7z YAP
HIEE R E 3OS B, — 8, VB
L2521 T YAP R L L COENCIR
BERTFLEAEL, YAPRFEN L BETFHAIRLH
B9 5. Hippo ¥ 7 V&R ONRGERW 2 Bifio+
LT, b b IARAREREEO RENEETF & L
TRSE & N7z neurofibromatosis type 2(Nf2) BiE
F3a— K9 2 EHE merlin((MER) 23815 ¢
V3%, Hippo-YAP ¥ 7 Vg, figr v
DOHERE & L Ol IEETE, fHIEEEMBEE (contact
inhibition), bk RI%EERHA (epithelial mesenchy-
mal transition), FFfHREMER, ¥ X OCHFMEDH
Sl Bl dinbh B I EBHREI N TR BT,

1B

o Hippo-YAPY T 7 )LIREEIC KD

B~ ™ A DFFH - Xl & S

2007 4£ic Dong 51%, F¥> ¥4 7Y > (Dox)
WREFICHIFCYAP 2BRIFHHAT A2 7 VAP =
=y 7 (Tg)w v AREHLEY(M2). ATg~
2BV Dox 25T 5 &, OV A4 X038
Rl AL B L TRSBIcEcEmL7z, i
DY 4 A3 WHEOR” L WEOAE ST Tk
DHEINDD, KTgwv2FEDIC WD
5 OB DOV A XBERLTHB I E
DS E 0T, BERENI LI, TOBKRL
72OV A4 X Dox 52 HIET % EIUICRS.
Thibb, YAPIC X 5F0¥ A HIHIZ %N
THBIENRENE, —7, SHEHEM OB
Mich7z b Dox ##E LT 7&K Tg <7 R
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The liver has a remarkable capacity to regenerate after injury. Although the regulatory mechanisms of
hepatocytic regeneration have been a subject of intense study, the dynamism of the sinusoids,
specialized blood vessels in the liver, remains largely unknown. Transient activation of hepatic stellate
cells and hepatic sinusoidal endothelial cells, which constitute the sinusoids, contributes to biver
regeneration during acute injury, whereas their sustained activation causes liver fibrosis during chronic
injury. We focused on understanding the association between damaged hepatocytes and sinusoidal
regeneration or liver fibrogenesis using a carbon tetrachloride~induced liver injury mouse model.
Damaged hepatocytes rapidly expressed semaphorin 3E (Sema3e), which induced contraction of sinu-
soidal endothelial cells and thereby contributed to activating hepatic stellate cells for wound healing.
In addition, ectopic and consecutive expression of Sema3e in hepatocytes by the hydrodynamic tail-
vein injection method resulted in disorganized regeneration of sinusoids and sustained activation of
hepatic stellate cells. In contrast, liver fibrosis ameliorated in Sema3e-knockout mice compared
with wild-type mice in a chronic liver injury model. Our results indicate that Sema3e, secreted by
damaged hepatocytes, affects sinusoidal regeneration in a paracrine manner during liver regeneration,
suggesting that Sema3e is a novel therapeutic target in liver fibrogenesis. (Am J Pathol 2014, 184:
2250—2259; http://dx.doi.org/10.1016/].ajpath.2014.04.018)

The liver has a remarkable capacity to regenerate from sur-
gical resection and damage caused by various insults, such as
toxic chemicals and viral infection. Many injuries cause
death of hepatocytes, which are liver parenchymal cells,
followed by compensatory proliferation of the remaining
hepatocytes to regenerate.” Therefore, the mechanisms of
liver regeneration are focused on hepatocytes,>> whereas the
regenerative process of sinusoids, unique capillary vessels in
the liver, remains largely unknown. The hepatic sinusoid is
composed of fenestrated sinusoidal endothelial cells (SECs)
and hepatic stellate cells (HSCs). In general, the process of
liver regeneration after injury is accompanied by sinusoid
fibrogenesis. Although transient fibrogenesis is beneficial for
wound healing by providing mechanical stability and a
scaffold for hepatocytic regeneration,* prolonged fibro-
genesis during chronic hepatitis often leads to the accumu-
lation of extracellular matrix (ECM), resulting in nodule

Copyright © 2014 Published by Eisevier Inc. on behalf of the
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formation and alterations in hepatic function and blood flow.
Therefore, liver fibrosis is a pathologic sign that results in
severe hepatic diseases, such as cirrhosis and carcinogen-
esis.” Previous studies have revealed that HSCs, character-
istic pericytes that line the hepatic sinusoid, are a key celtular
source for the ECM and that activated HSCs acquire myo-
fibroblastic characteristics by secreting excess ECM protein,
such as collagen types I and IIL.° In addition, SECs and HSCs
cooperate to maintain the sinusoidal environment. For
example, vascular endothelial growth factor (VEGF) secreted
by HSCs maintains SEC homeostasis by preventing their
capillarization.” Conversely, SECs revert activated HSCs to a
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quiescent status via nitric oxide synthesis.” These observa-
tions suggest that the reciprocal cell-to-cell communication
between SECs and HSCs is critical for sinusoidal regenera-
tion and liver fibrosis after liver injury and that SEC angio-
genic factors could be the regulators of liver fibrogenesis
through indirect activation of HSCs. Because liver injury is
accompanied by inflammation and hepatocytic insults, in-
flammatory cells are involved in sinusoidal fibrogenesis.” In
addition, molecules secreted from damaged hepatocytes
contribute to the compensatory proliferation of surrounding
hepatocytes.'>!" However, whether there is a direct associ-
ation between damaged hepatocytes and sinusoidal regen-
eration or liver fibrogenesis is currently unknown.

We found that semaphorin 3E (Sema3e) is up-regulated
by 3,5-diethoxycarbonyl-1,4-dihydrocollidine feeding in a
mouse model of chronic hepatitis.'*'* Sema3e is a secretory
protein that belongs to the class 3 semaphorin family'* and
plays a neurogenic and angiogenic repulsive role in devel-
opment.'>'® The receptors for semaphorins are plexins and
neuropilins, and Sema3e specifically binds to plexin DI
(Plxnd1)."” Sakurai et al'® reported that Sema3e/Plxndl
signaling initiates the antiangiogenic response by regulating
Arf6 and R-Ras, inhibiting endothelial tip cell adhesion to
the ECM, and retracting filopodia. Moreover, the Sema3e/
Plxndl axis interferes with VEGF and VEGF receptor
(VEGFR)-2 signaling via a feedback mechanism.'? Indeed,
Sema3e/Plxnd1 signaling plays an essential role in devel-
opment because Sema3e-knockout (KO) mice display
aberrant vascularization of intersomitic blood vessels.'’
However, the involvement of Sema3e/Plxndl signaling in
liver regeneration and pathogenesis remains largely un-
known. In this study, we focused on the mechanisms of
sinusoidal regeneration after liver injury and found that
Sema3e produced by damaged hepatocytes activates SECs
via Plxndl and thereby plays a critical role in sinusoidal
regeneration and liver fibrosis.

Materials and Methods
Mice

C57BL/6 mice were obtained from CLEA Japan (Tokyo,
Japan). Sema3e-KO mice were provided by Dr. Yutaka
Yoshida (Cincinnati Children’s Hospital Medical Center,
Cincinnati, OH),'7 The littermates were subjected to carbon
tetrachloride (CCly)—induced liver fibrosis. All animal ex-
periments were performed in accordance with our institu-
tional guidelines.

Induction of CCl,-Induced Acute Liver Injury and Liver
Fibrosis

Acute liver injury was induced by single i.p. injection of
CCl,. CCly (Wako Pure Chemical, Osaka, Japan) was
diluted in corn o0il (Wako) to 20% and injected into mice at a
dose of 1 mL/kg of CCl,. Liver fibrosis was induced by
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repeated injection of CCly, twice per week for 4 weeks.
Livers were harvested 3 days after the final CCl, injection.

H&E and Sirius Red Staining

Liver cryosections (8 pm) were mounted on glass slides and
fixed with Zamboni fixative solution for 10 minutes for im-
munostaining. The fixed sections were incubated with 5%
skim milk (w/v) in phosphate-buffered saline and then incu-
bated with primary antibodies, followed by secondary anti-
bodies. The antibodies used in this study are listed in Table 1.
Images were captured using Observer Z1 with an AxioCam
HRc (Zeiss, Oberkochen, Germany). The hematoxylin and
eosin (H&E) staining was performed after immunostaining in
some specific experiments as stated later. The cover glass on
enclosed sections was eliminated carefully with adequate
phosphate-buffered saline (Wako) and then stained with H&E
(Muto Pure Chemicals, Tokyo, Japan). Sirius Red staining was
performed followed by Bouin’s solution (Sigma-Aldrich, St.
Louis, MO) fixation, as described previously. In brief, nuclei
were stained with Weigert’s iron hematoxylin (Wako) and
then stained with collagen and Direct Red 80 (Sigma-Aldrich).

RT-PCR and Real-time RT-PCR

Total RNA was isolated from mouse livers or hepatic cells
using TRIzol reagent (Invitrogen). Reverse transcription to
cDNA templates was performed using random primers and a
High-Capacity ¢cDNA Reverse-Transcription Kit (Applied
Biosystems, Foster City, CA). Real-time RT-PCR experiments
were conducted with a LightCycler 480 system and Universal
Probe Library (Roche Diagnostics, Indianapolis, IN). The
mouse ACTB gene assay in ProbeLibrary was used as the
normalization control. The sequence information for the primer
pairs used is listed in Table 2. Probes #63 and #27 were used for
Sema3e and Plxndl, respectively. Sema3e primers were used
for experiments by analyzing the Sema3e expression. Sema3e
vector primers were used to construct the expression vector.

Table 1

Protein

Antibodies Used in the Study
Supplier

Abgent (San Diego, CA)

Nonaka et al*

BD Biosciences (San Diego, CA)
R&D Systems (Minneapolis, MN)

Semaphorin 3E (Sema3e)

Stabilin-2 (Stab-2)

(D45

Nerve growth factor receptor
(NGFR, p75NTR)

Actin, a,, smooth muscle,
aorta (a-SMA)

Abcam (Cambridge, MA)

(D16/CD32 BD Biosciences

(Fey III/IT Receptor)
Ki-67 eBioscience (San Diego, CA)
Collagen I AbD Serotec (Kidlington, UK)
Phalloidin Invitrogen (Carlsbad, CA)
GAPDH Merck Millipore (Billerica, MA)

a-SMA, a-smooth muscle actin; GAPDH, glyceraldehyde-3-phosphate de-
hydrogenase; p75NTR, p75 low-affinity neurotrophic growth factor receptor.
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Table 2 Primer Sequences Used for This Study

Gene Sense primer sequence Antisense primer sequence

Sema3e 5'-GGGGCAGATGTCCTTTTGA-3' 5/~ AGTCCAGCAAACAGCTCATTC-3’
Plxnd1 5/~-CTGGATGTCCATCTGCATGT-3’ 5/-CAGGAAGAACGGCTCACCTA-3’

Construction for Sema3e expression vector 5'-AGCTAGCCCCTGGAGGGAAGTACTAA-3' 5'-GTCGACTCCTAGGTTCCTCAGCCGCC-3'

Cell Isolation

A single-cell suspension was obtained from the liver by a
modified collagenase perfusion method, as described previ-
ously.”! In brief, liver specimens were perfused with a basic
perfusion solution containing 0.5 g/L of collagenase-Yakult
(Yakult Pharmaceutical Industry Co. Ltd., Tokyo, Japan) and
50 mg/L of DNase I (Sigma-Aldrich). The digested liver was
passed through a 70-um cell strainer. After centrifugation at
60 x g for 1 minute, the precipitated cells were used as he-
patocytes after Percoll (GE Healthcare, Piscataway, NJ) density
centrifugation. The supernatant was transferred to a new tube
and centrifuged at 120 x g for 2 minutes repeatedly until no
pellet was visible. The final supernatant was centrifuged at
340 x g for 5 minutes, and the precipitated cells were used as
non-parenchymal cells for cell isolation. Aliquots of cells were
blocked with anti-FcyR antibody, co-stained with fluores-
cence- and/or biotin-conjugated antibodies, and then incubated
with allophycocyanin-conjugated streptavidin  (BD Bio-
sciences, San Diego, CA) if needed. The samples were sorted
by Moflo XDP (Beckman-Coulter, Fullerton, CA) or auto-
MACS pro (Miltenyi Biotec, Bergisch Gladbach, Germany)
with anti-allophycocyanin microbeads. Dead cells were
excluded by propidium iodide staining.

Primary Culture of Hepatocytes and SECs

Primary hepatocytes separated by Percoll were seeded in type I
collagen—coated 6-well dishes (BD Biosciences) at 5 x 10°
per well with William’s Medium E (Life Technologies,
Carlsbad, CA) that contained 10% fetal bovine serum (JRH
Biosciences, Lenexa, KS). After 3 hours (0 hours), unattached
hepatocytes were washed out, and dimethyl sulfoxide
(vehicle) or CCl, dissolved in dimethyl sulfoxide was added to
the culture medium at a final concentration of 2.0 mmol/L.
Then, total RNA was extracted from hepatocytes at0, 3, 6, and
24 hours after CCly administration. Isolated primary SECs
were seeded in dishes coated with collagen type I-C (Nitta
gelatin, Osaka, Japan) with Dulbecco’s modified Eagle’s
medium/Ham’s nutrient mixture F-12 (Sigma-Aldrich). After
12 hours, recombinant mouse Sema3e (R&D Systems) was
added to the culture medium for a final concentration of 500
ng/mL. After incubation for 30 minutes, the morphologic
status of SECs was analyzed by immunocytochemistry using
fluorescein-conjugated phalloidin and Hoechst stain.

Forced Expression of Sema3e in Hepatocytes

We used the pLIVE vector and TransIT-EE Hydrodynamic
Delivery solution (Mirus Bio, Madison, WI) to introduce
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Sema3e cDNA into 8-week-old mice by hydrodynamic
tail-vein injection (HTVi). The primer pairs used for the
expression vector are listed in Table 2.

Quantitative Analysis of Liver Sections Stained with
Immunohistochemistry and Sirius Red

The vascular density was determined by analyzing stabilin
(Stab)-2—positive area in the fields, including the central vein
(CV). Four independent images of liver sections at x200
magnification per animal were analyzed using the Imagel
software version 1.46r (NIH, Bethesda, MD). The parenchymal
area was evaluated by subtracting vascular luminal area from
the total field area and used for calculation. The fibrosis area was
assessed by analyzing the Sirius Red—stained collagen areas in
the liver sections at x50 magnification. Ki-67—positive hepa-
tocytes were counted using In Cell Analyzer 2000 (GE
Healthcare), as described previously.22

Measurement of Serum ALT, Serum Albumin, and
Hydroxyproline Content

Serum alanine aminotransferase (ALT) and albumin were
measured at the Oriental Yeast Company (Tokyo, Japan) or
by the Transaminase Cl-test Wako (Wako). Hydroxypro-
line content was measured as described previously.”?

Statistical Analysis

Statistical analysis was performed using the unpaired two-
tailed Student’s #test. Gene expression in multiple liver cell
fractions was compared by one-way analysis of variance
and subsequent Tukey’s tests. P < 0.05 was considered
statistically significant.

Results

Sinusoidal Regeneration in CCl;-Induced Liver Injuryin
Mice

The i.p. injection of CCly produces a conventional liver
injury model to study liver regeneration and subsequent
fibrosis. We treated mice with CCl, and monitored the status
of hepatocytes and SECs to investigate sinusoidal regener-
ation after liver injury. We have reported previously that
Stab-2, a scavenger receptor, and receptors II (CD32) and 11T
(CD16) for Fc fragment of IgG (FcyRs) are highly
expressed in SECs and make it possible to distinguish SECs
from other kinds of endothelial cells.**** Frozen liver sec-
tions were subjected to immunohistochemistry (IHC) using
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anti—Stab-2 or anti-FeyR antibodies, followed by H&E
staining to visualize SECs in CCly-treated liver. Sinusoids in
normal liver (0 hours) extended from the CV in a high-density
radial pattern (Figure 1, A and B, and Supplemental Figure S1,
A and B). Because CCl, is metabolized by cytochrome P450
in hepatocytes surrounding the CV to produce toxic free rad-
icals as intermediate n}@taboﬁtes,25 administering CCly causes
massive hepatocytic death around the CV. H&E staining
revealed mild and obvious degeneration of hepatocytes at 24
and 48 hours after CCly treatment, respectively (Figure 1, C
and E, and Supplemental Figure S1, C and E). The sinusoidal
structure was disorganized 24 hours after CCl, treatment, and
most SECs in the degenerated region (Figure 1) seemed to be
contracted, suggesting that some substantial alterations
occurred in the SECs (Figure 1, C and D, and Supplemental
Figure S1, C and D). The degenerated region became more
obvious, and the arrangement of SECs remained disorganized
48 hours after CCl, treatment (Figure 1, E and F, and
Supplemental Figure S1, E and F). Degeneration of hepato-
cytes decreased and hepatocytes regenerated 72 and 96 hours
after CCly treatment, but immune cells accumulated around the
CV (Figure 1, G and I, and Supplemental Figure S1, G and I).
In contrast, SECs returned to their original position and
morphologic status during these phases (Figure 1, Hand J, and
Supplemental Figure S1, H and J). These data suggest that the
process of sinusoidal regeneration would be completed by 72
hours after CCly-induced injury in mice.

Sema3e Is Expressed by Degenerating Hepatocytes
during CCl-Induced Liver Injury

Because a sign of contraction was observed in SECs at 24 hours
after CCly treatment, it was supposed that some angiogenesis-
related factors might be involved in this morphologic change.
We found in our previous research about liver regeneration
during chronic hepatitis that Sema3e is up-regulated in injured
liver. Therefore, we examined the Sema3e expression pattern
by quantitative RT-PCR (RT-qPCR) after CCly treatment and
measured serum concentrations of ALT as a liver injury marker
(Figure 2, A and B). As a result, Sema3e expression was
negligible in normal liver but was up-regulated drastically at 24
hours after CCly treatment. Intriguingly, Sema3e expression
then decreased sharply at 48 hours and returned to the basal
level after 72 hours. These results suggest that up-regulation of
Sema3e might be related with degeneration of hepatocytes, as
evaluated by serum ALT (Figure 2, A and B), whereas rapid
Sema3e down-regulation may represent completion of hep-
atocytic death. Therefore, we hypothesized that damaged he-
patocytes could be a source for Sema3e. To address this
hypothesis, we examined Sema3e expression in injured liver
sections by IHC using an anti-Sema3e antibody. As expected,
strong Sema3e signals were detected within the degenerating
area around the CV 24 hours after CCly treatment (Figure 2C).
To investigate whether the cells expressing Sema3e were he-
patocytes, we stimulated hepatocytes isolated from normal liver
with CCl, in culture. Primary cultured hepatocytes became
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Figure 1  Morphologic transition of sinusoids after carbon tetrachloride
(CCl,)—induced liver injury. Identical sections were subjected to immu-
nohistochemistry using anti-stabilin (Stab)-2 antibody and hematoxylin
and eosin (H&E) staining (after immunostaining). A and B: The sinusoids
extend from the central vein (CV) in a high-density radial pattern in normat
liver (0 hours) before injury. C and D: Sinusoidal structure is affected 24
hours after CCl, treatment, followed by hepatocyte degeneration around
the CV. E and F: Most sinusoidal endothelial cells (SECs) in the degenerated
region (surrounded by the broken line) are strongly contracted. The
arrangement of SECs remains disordered 48 hours after CCl, treatment.
Degeneration of hepatocytes diminishes 72 (G and H) and 96 hours (I and
J) after CCl, treatment, hepatocytes regenerate, and immune cells accu-
mulate around the CV. Most of the SECs were stationed at the proper
position during these phases. Scale bars: 50 pm (A, C, E, G, and I).

gradually swollen after CCl, treatment, and most of the hepa-
tocytes degenerated 24 hours after CCly challenge (Figure 2D).
Real-time RT-PCR revealed that the expression level of
Sema3e of CCly-treated hepatocytes was significantly increased
compared with that of vehicle-treated or nontreated hepatocytes
and 3.7-fold higher than that of injured liver 24 hours after
in vivo administration of CCly (whole liver), suggesting that
damaged hepatocyte by oxidative stress is a major source of
robust expression of Sema3e in CCly injury model (Figure 2E).
Although Sema3e is expressed in immune cells,”® CD45"
blood cells isolated from CCly-treated liver hardly expressed
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points. C: Livers were subjected to immunohistochemical staining with an anti-Sema3e antibody 24 hours after CCl, treatment. Sema3e expression is observed
in hepatocytes in the damaged region around the central vein. D: Morphologic alterations in primary cultured hepatocytes treated with CCly. E: The expression
levels for Sema3e of primary cultured hepatocytes at 0, 3, 6, and 24 hours after nontreatment, vehicle treatment, or CCl; treatment, respectively. The whole
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the whole liver is shown. Data are expressed as means == SEM. n = 3 per group. *P < 0.05, **P < 0.01, and ***P < 0.001 versus 0 hours after CCl, treatment.

Scale bars: 50 pm (C); 100 pum (D).

Sema3e (Supplemental Figure S2A). Moreover, Sema3e
was not induced after a 70% partial hepatectomy, which was
not accompanied by hepatocyte damage (Supplemental
Figure S2B). These results strongly suggest that Sema3e is
induced in hepatocytes in vitro and in vivo in a damage-
dependent manner.

Sema3e Has an Effect on Retracting SEC Filopodia

We isolated each type of liver cell by fluorescence-activated
cell sorting and analyzed Sema3e receptor (Plxndl) expres-
sion by RT-qPCR to identify the cell type that responded to
Sema3e in injured liver. Plxndl was predominantly
expressed in Stab-2* SECs (Figure 3A), suggesting that
Sema3e secreted from degenerating hepatocytes could affect
SECs in a paracrine fashion. Sema3e plays a role in repulsing
the endothelial tip and inhibiting cell migration. However,
the effect of Sema3e on SECs has not been examined.
Therefore, we investigated the effect of Sema3e on freshly
isolated SECs in culture. As a result, SEC filopodia retracted
significantly in the presence of Sema3e (Figure 3, B and C),
as reported previously in other endothelial cell lines.'**
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Prolonged Expression of Sema3e Results in Disoriented
Sinusoidal Regeneration

Given that Sema3e also induced retraction of SEC filopodia
in vivo, transient expression of Sema3e from damaged he-
patocytes could be involved in the morphologic contraction
of SECs as observed 24 hours after CCl, treatment
(Figure 1D and Supplemental Figure S1D). This idea was
supported by the result that SECs returned to their original
morphologic status during reconstruction of sinusoids after
the drastic decrease in Sema3e expression. To further verify
Sema3e function in vivo, we examined the effect of pro-
longed Sema3e expression by HTVi, which is a method of
delivering an expression vector into hepatocytes. We
initially injected either Sema3e or a control expression
vector into wild-type mice by HTVi. Then, each mouse was
treated with either CCly or vehicle 3 days after HTVi. We
first examined SEC by using H&E and IHC staining 1 day
after CCl; administration when endogenous Sema3e
expression is drastically induced. We observed no obvious
differences in the damaged area between control- and
Sema3e-HT Vi liver (Supplemental Figure S3). These results
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Figure 3  Semaphorin 3E (Sema3e) induces cantraction of sinusoidal endothelial cells (SECs). A: Real-time RT-PCR analysis of plexin D1 (Plnd1) in
hepatocytes, SECs, blood cells, and other non-parenchymal cells (NPCs). Each fraction was isolated from normal or 24-hour post—carbon tetrachloride (CCl;)
liver, and Plxnd1 mRNA levels were compared with those of whole livers. Remarkable Plxnd1 expression was observed in SECs in normal and 24-hour post-CCl,
livers. B: Marphologic changes in SECs after addition of Sema3e. C: SECs were subjected to primary culture with or without Sema3e. SECs cultured with Sema3e
have significant retraction of filopodia observed in control SECs. D: Scheme of in vivo analysis using the hydrodynamic tail-vein injection (HTVi) method. E: The
Sema3e expression vector was introduced into hepatocytes using the HTVi method. The mice were subjected to CCl, injection after 3 days. Then, livers were
harvested after an additional 3 days. Immunostaining of liver sections with an anti—stabilin (Stab)-2 antibody 3 days after injury. F: Normal sinusoidal
regeneration is observed in the control liver, whereas disorganized regeneration of contracted SECs is observed in Sema3e-expressed livers. Vascular density of
control- and Sema3e-expressed liver sections before and after injury. The SEC area significantly decreases in Sema3e-expressed livers after liver injury. Vascular
area was measured as Stab-2—positive area visualized by immunchistochemistry. Empty areas, such as the lumen, were subtracted for calculation. Data are
expressed as means == SEM. n = 3 per group (A); n = 4 per group (C); n = 4 to 5 per group (F). **P < 0.01, ***P < 0.001 for analysis of variance with
Tukey's post hoc tests. Scale bars: 20 um (D); 50 pum (F).

suggested that the additional overexpression of Sema3e was Disoriented Sinusoidal Regeneration by Sema3e

not effective because the amount of endogenous Sema3e Potentiates HSC Activation in Vivo

was enough to affect sinusoidal contraction 1 day after liver

injury. Then, we analyzed the livers 3 days after CCly We examined whether regeneration of hepatocytes was
administration when endogenous Sema3e expression is affected after liver injury because inhibiting sinusoidal
decreased (Figure 3D). Sinusoidal regeneration and SEC reconstruction in Sema3e-HTVi liver may affect blood flow
status were evaluated by THC using an anti—Stab-2 antibody in the liver. However, no significant differences were
and vascular density, as represented by the ratio of the Stab- observed between control- and Sema3e-HTVi livers after
2—positive area to total parenchymal area (Figure 3, E and H&E staining (Figure 4A) or by serum albumin concentra-
F). We confirmed that exogenous Sema3e expression by tion (Supplemental Figure S5). We next investigated the
HTVi was maintained irrespective of CCly treatment status of HSCs, another key component of the liver sinusoid.
(Supplemental Figure S4). Although the vascular system of Because HSCs express p75 low-affinity neurotrophic growth
Sema3e-HTVi livers tended to decrease compared with that factor receptor (p75NTR),**** SECs and HSCs in a regen-
of control-HTVi livers, no significant difference was erating sinusoid were visualized by IHC using anti—Stab-2
observed in vehicle treatment (Figure 3F). The Sema3e- and anti-p75NTR antibodies. Normal sinusoids were recon-
HTVi liver treated with CCl, had markedly disoriented structed in control-HT Vi liver 3 days after CCl4 treatment (e,
and contracted SECs, whereas radial arrays of SECs were each HSC-lined SEC was rearranged correctly). In contrast,
reconstructed around the CV in control-HTVi liver many extended HSCs were observed accompanied by
(Figure 3E), which was similar to the image 24 hours after disorganized revascularization in the Sema3e-HTVi liver
CCl, treatment (Figure 1D and Supplemental Figure S1D). (Figure 4B). Moreover, most of these HSCs were not lined by
Consistent with this observation, the vascular system of the SECs. HSCs and SECs are reciprocally regulated, and tran-
Sema3e-HTVi liver decreased significantly compared with sient activation of HSCs is beneficial for wound healing
that of the control-HTVi liver (Figure 3F). These results during regeneration. Therefore, we supposed that the acti-
suggest that Sema3e is able to affect the morphologic status vation of HSCs was prolonged because of the lack of regu-
of SECs in regeneration process in vivo and in vitro. lation by SECs. Actually, an expression analysis of a~smooth
The American Journal of Pathology m ajp.amjpathol.org » ) 2255
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Figure 4  Disoriented sinusoidal regeneration by semaphorin 3E (Sema3e)
potentiates hepatic stellate cell (HSC) activation in vivo. A: Hematoxylin and
eosin staining of liver sections 3 days after carbon tetrachloride (CCl;) treat-
ment. No apparent difference is observed between control—hydrodynamic
tail-vein injection (HTVi) and Sema3e-HTVi livers. B: Immunostaining of liver
sections with anti—stabilin-2 (Stab-2) and anti-p75 low-affinity neurotrophic
growth factor receptor (p75NTR) antibodies 3 days after CCl, treatment. Many
HSCs in Sema3e-HTVi liver are not lined by sinusoidal endothelial cells (SECs)
compared with that in control-HTVi liver. Broken line indicates central vein. C:
Western blot analysis of a-smooth muscle actin (o-SMA) in liver 3 days after
treatment with vehicle or CCl,. a-SMA protein level in CCl;-treated liver in-
creases markedly in Sema3e-HTVi liver compared with the control, whereas the
levels in vehicle-injected livers are not significantly different between Sema3e-
HTVi and control-HTVi liver. Scale bar = 50 pm. GAPDH, glyceraldehyde-
3-phosphate dehydrogenase.

muscle actin, an HSC activation marker, by Western blot
analysis revealed activation of HSCs in Sema3e-HTVi liver
compared with that in control-HT Vi liver (Figure 4C). In
contrast, the vehicle treatment did not activate the HSCs
irrespective of continuous Sema3e expression, suggesting
that Sema3e does not directly activate uninjured HSCs. Thus,
Sema3e is likely to activate HSCs through SECs only when
the sinusoid is undergoing reconstruction. These results
suggest that transient expression of Sema3e by degenerating
hepatocytes might contribute to the initial step of wound
healing by activating HSCs. '

Consecutive Expression of Sema3e Is a Risk Factor for
Liver Fibrosis

Hepatocytes continue to be damaged in chronic hepatitis,
and sinusoids are regenerated repeatedly. Given that
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continuous Sema3e expression resulted in activating HSCs,
consecutive exposure of Sema3e under chronic hepatitis
might contribute to the risk of fibrosis through prolonged
HSC activation. We used Sema3e-KO mice to address this
hypothesis. First, we compared hepatocellular damage
induced by a single administration of CCly between wild-
type and Sema3e-KO mice. We found no significant dif-
ference in serum ALT level between both genotypes after
CCl, administration (Supplemental Figure S6), suggesting
that Sema3e deficiency does not directly affect the CCly-
mediated hepatocellular cytotoxicity. Second, we evaluated
the morphologic status of SECs and HSCs 24 hours after
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Figure 5  tLack of semaphorin 3E (Sema3e) affects sinusoidal regener-
ation and attenuates liver fibrosis. A: Immunostaining of liver sections with
anti—stabilin-2 (Stab-2) and anti-p75 low-affinity neurotrophic growth
factor receptor (p75NTR) antibodies 24 hours after carbon tetrachloride
(CCl,) treatment. B: Sinusoidal endothelial cell (SEC) morphologic status in
wild-type (WT) mice is markedly contracted, whereas that of Sema3ze-
knockout (KO) mice is less affected. Broken line indicates central vein (CV).
Experimental scheme for liver fibrogenesis in wild-type and Sema3e-KO
mice. C and D: A total of 1.0 ml/kg of i.p. CCl; was injected into each
mouse twice per week for 4 weeks, and then the liver was harvested. Sirius
Red staining of liver sections after CCl; treatment. E: WT mouse liver ex-
hibits marked accumulation of fibers around the CV, whereas the Sema3e-
KO mouse liver appears less fibrotic. Relative hydroxyproline (Hp) content
in liver. Sema3e-KO livers contain less Hp than WT livers. Data are expressed
means + SEM. n = 5 per group. *P < 0.05, **P < 0.01. Scale bars: 50 pm
(B); 200 pm (E).
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CCl, treatment in wild-type and Sema3e-KO mice. The
SECs were markedly contracted in wild-type mice, whereas
they were less affected in Sema3e-KO mice (Figure 5A).
These results indicate that not only the robust expression of
Sema3e but also the lack of Sema3e could affect sinusoidal
regeneration. Moreover, almost all HSCs were associated
with SECs in Sema3e-KO mice, but many HSCs were not
lined by SECs in wild-type mice (Figure 5A). Finally, the
morphologic features of both wild-type and Sema3e-KO
SECs reverted to the original shape 72 hours after CCly
treatment (Supplemental Figure S7).

To further investigate the involvement of Sema3e in liver
regeneration and fibrosis, chronic hepatitis was induced in
wild-type and Sema3e-KO mice by repeated administration
of CCly (Figure 5B). We investigated the proliferation of
hepatocytes 72 hours after the final CCly injection by THC
using an anti—Ki-67 antibody. We found no significant dif-
ferences in the rate of Ki-67—positive hepatocytes around the
CV between wild-type and Sema3e-KO mice (Supplemental
Figure S8, A and B). However, Picro Sirius Red staining
revealed that the accumulation of collagen fibers was mark-
edly decreased in Sema3e-KO mice compared with wild-type
mice (Figure 5, C and D). Actually, the hydroxyproline
content in liver, which reflects the amount of collagen,
decreased significantly in Sema3e-KO mice compared with
wild-type mice (Figure SE), indicating that the lack of
Sema3e attenuates liver fibrosis. In addition, Sema3e-KO
SECs around the CV exhibited a more extended morphologic
status than wild-type SECs even after chronic injury
(Supplemental Figure S9). These results indicate that
continuous exposure to Sema3e under a chronic hepatitis
condition contributes to the exacerbation of liver fibrosis.

Discussion

We found that Sema3e plays significant roles in sinusoidal
regeneration and the progression of liver fibrosis (Figure 6).
We found that damaged hepatocytes transiently expressed
Sema3e, which induced contraction of SECs in CCl,-
mediated liver injury model. Because free radical derived
from CCl, metabolite damages the liver cells, we cannot
exclude the possibility that cytotoxicity or cellular alter-
ations due to proteolysis may partly contribute to the thinner
staining of SECs by IHC. However, the staining patterns by
two distinct SEC surface markers, Stab-2 and FcyR,
exhibited a similar contracted morphologic status. In addi-
tion, Sema3e-KO SECs were less contracted than wild-type
SECs after CCly administration despite no significant dif-
ferences in hepatocellular cytotoxicity, strongly suggesting
that contraction of SEC was caused by Sema3e actively
rather than passive cellular alterations.

Various functions of semaphorins and their receptors have
been revealed recently. Among them, regulation of angio-
genesis as a repulsive cue is a well-known function of type 3
semaphorins. In particular, Sema3e inhibits extension of
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endothelial tip cells that play a significant role in angiogenic
guidance. In contrast, Sema3e and Plxndl are expressed in
macrophages of advanced atherosclerotic plaques and regu-
late their retention.” However, the functional significance of
Sema3e in liver disease remains unknown. Because Sema3e
and Plxnd1 mRNA were not detected in CD45-positive blood
cells, including macrophages in either normal or CCly-treated
liver, it is unlikely that blood cells are related to a series of
SEC morphologic changes directly. Meanwhile, Sema3e
expression was induced in damaged hepatocytes. Although
the signaling pathway implicated in Sema3e expression is
Jargely unknown, Moriya et al’” found that p53 expression
up-regulated Sema3e expression in HUVEC and ischemic
limb. Considering that reactive oxygen species (ROS) relate
to the activation of p53 signaling,”" drastic expression of
Sema3e in CCly-injured liver may be promoted in a p53-
dependent manner. In addition, the modest induction of
Sema3e in primary cultured hepatocytes without ROS sug-
gests the possibility that a cellular stress by dissociation or
culture is involved in Sema3e expression. In fact, we have
observed that the other hepatitis models, such as
concanavalin-A injection or 3,5-diethoxycarbonyl-1,4-dihy-
drocollidine feeding, also induce potent expression of
Sema3e (data not shown), suggesting the existence of another
pathway independent of ROS stimuli. Further studies are
needed to elucidate alternative signaling pathways.

Secreted type 3 semaphorins have been considered to
function in an autocrine manner during angiogenesis.
However, our findings indicate that Sema3e may play a
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Figure 6 A model of the regulatory mechanism of sinusoidal regener-
ation and liver fibrosis by semaphorin 3E (Sema3e) signaling. Damaged
hepatocytes express Sema3e transiently to promote contraction of sinu-
soidal endothelial cells (SECs), which diminishes the influence by hepatic
stellate cells (HSCs). Consequently, isolated HSCs are more easily activated
to promote liver regeneration during wound healing. However, consecutive
Sema3e expression during chronic liver injury causes sustained inhibition
of sinusoidal regeneration and HSC activation, resulting in collagen
accumutation.
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significant role not only in the regulation of sinusoidal
regeneration but also in fibrogenesis through HSCs in a
paracrine manner. The Sema3e/Plxndl axis counteracts
VEGF/VEGFR-2 signaling via a feedback mechanism.'”
Because selective activation of VEGFR-1 on SECs stimu-
lates hepatocyte proliferation in vivo and reduces liver
damage in mice exposed to CCly,>* transient expression of
Sema3e may contribute to liver regeneration by skewing
VEGFR-2 signaling to VEGFR-1. Alternatively, consid-
ering that the activation of SECs and/or HSCs contributes to
the proliferation of hepatocytes by producing mitogenic
cytokines, the regeneration of hepatocytes may be aberrant
in Sema3e-KO mice. Although no significant difference was
found in hepatocyte proliferation between wild-type and
Sema3e-KO mice after chronic liver injury, further investi-
gation will be required to make a conclusion.

In terms of physiologic significance of transient Sema3e
expression by damaged hepatocytes, its possible role in
wound repair will be taken into account. The recruitment of
immune cells to a damaged site is a step for wound heal-
ing.”® Macrophages operate as voracious phagocytes,
clearing the wound of all matrix and cell debris. Therefore,
enhanced permeability and decreased density of sinusoids
by Sema3e could contribute to wound repair by facilitating
the migration of immune cells to damaged region.

Because a massive volume of blood flows into the liver
sinusoids, a fine balance between proangiogenic and anti-
angiogenic signaling is required for liver homeostasis. For
example, VEGF, the primary proangiogenic factor in sinu-
soidal regeneration, is transiently up-regulated after liver
injury.** However, constitutive expression of VEGF, which
is induced by chronic liver injury, results in aberrant
angiogenesis and the development of abnormal vascular
architecture that is strongly linked to progressive fibro-
genesis.*® Thus, disrupting the balance leads directly to
pathologic changes. Therefore, transient expression of
Sema3e by damaged hepatocytes may contribute to the fine-
tuning of sinusoidal regeneration and the inhibition of
aberrant angiogenesis. Taken together, our results suggest
that Sema3e contributes to the initial steps of liver regen-
eration by providing a scaffold for proliferating hepatocytes
through activating HSCs. In addition, progressive fibro-
genesis could be caused not only by consecutive expression
of a proangiogenic factor but also by an antiangiogenic
factor. In conclusion, our findings indicate that Sema3e is
the main antiangiogenic player of SECs during liver injury
and that consecutive Sema3e expression is a risk factor for
liver fibrosis. These results suggest that Sema3e or Plxnd1
could be a therapeutic target in liver fibrosis and cirrhosis.
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