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The vertebrate circulatory system comprises blood and lymphatic vascular systems. Lymphatic
endothelial cells (LECs) are differentiated from venous endothelial cells and form a blind-end
and unidirectional system of lymphatic capillaries and collecting lymphatic vessels. Lymphatic
capillaries form a random network in peripheral tissues, such as the skin. Recent studies
indicated that lymphatic network patterning is regulated by blood vessels which develop earlier
than lymphatic vessels. Previous reports showed that Cxcr4* LECs migrate adjacent to Cxcl12*
arteries. Following migration along arteries, LECs should eventually be repelled from blood
vessels to form a random [ymphatic vascular network in the peripheral tissues. However, little is
known about which factors provide the repulsive guidance cues from arteries to LECs.

The class 3 semaphorins (Sema3s) represent a family of secreted factors characterized by a
conserved semaphorin domain and have been implicated in a variety of functions, including
axon guidance, cell migration, and vascular development. Most of these effects are mediated by
plexins, one of the large transmembrane receptors with highly conserved cytoplasmic domains,
and co-receptors such as neuropilins (Nrp). Among these Plexins, Sema3E/PlexinD1 axis is
knows to provide a repulsive guidance cue in endothelial cells. However, it remains to be
elucidated whether PlexinD1 plays a role in lymphatic vascular patterning. Sema3G is the most
recently discovered member of class 3 semaphorins. Previous studies showed that Sema3G
strongly binds to Nrp2, but little is known about the in vivo role and its signaling mechanisms.
In this study, we investigated the role of PlexinD1 or Sema3G in lymphatic vascular patterning,

To investigate the lymphatic vascular patterning as well as blood vessel development in
mouse embryonic back skin, we performed confocal microscopy using antibodies to
pan-endothelial marker PECAM-1, a-smooth muscle actin (¢SMA), and LEC marker Nrp2. An
incomplete lymphatic network is formed near arteries by E13.5 and extended to subsequent
branching after E14.5, suggesting that lymphatic vascular formation in mouse embryonic back
skin is regulated by some guidance cues from arteries.

Since PlexinD1 signaling has been implicated in a repulsive guidance cue during blood
vascular network formation, we studied the role of PlexinD1 in lymphatic vascular patterning of
mouse embryonic back skin by using antibodies to PECAM-1, and LEC marker VEGFR3 at
E15.5. In control littermates, lymphatic vessels form a random network, whereas lymphatic
vessels are tightly associated with arteries in PlexinD1™~ embryos, leading to reduced lymphatic
vascular branching. We found that Prox1* LECs number is not changed in PlexinD1™"~ embryos
compared to control littermates, suggesting that abnormal lymphatic vascular patterning is
caused by abnormal distribution of LECs. We also noticed that the formation of large-caliber
veins is disturbed in PlexinDI”~ embryos. When we analyzed LEC-specific PlexinDI
conditional knockout embryos, we found abnormal artery-lymph alignment without venous
defect. These results indicate that abnormal artery-lymph alignment is caused primarily by the



loss of PlexinD1 in LECs.

We next tried to identify the PlexinD1 ligand regulating lymphatic vascular patterning in
mouse embryonic back skin. Since it has been reported that Sema3E is implicated in a repulsive
guidance cue in endothelial cells directly via PlexinD1, we investigated the network formation
of blood and lymphatic vessels in Sema3E™ embryos. Sema3E”" embryos showed that
lymphatic vessels form a random network with a pattern that is not related to blood vessels,
indicating that Sema3E is not required for proper lymphatic vascular patterning in mouse
embryonic back skin. Previous studies reported that Sema3G is preferentially expressed in
arterial endothelial cells but Sema3G-deficient mice exhibit no overt vascular phenotype. We
hypothesized that Sema3G is a good candidate for the ligand. By detecting a lac Z reporter
knocked into the Sema3G locus, we confirmed that Sema3G is predominantly expressed by
arterial endothelial cells in mouse embryonic back skin. We investigated vascular patterning in
Sema3G™~ mouse embryonic back skin and found that Sema3G™ embryos showed abnormal
artery-lymph alignment and a disturbed formation of large-caliber veins, similar to those in
PlexinDI™" embryos.

We next investigated whether Sema3G prox"ides signals via PlexinD1. Since previous reports
showed that Sema3G binds Nrp2, COS-7 cells were transfected with expression vectors
carrying PlexinD1, Nrp2 fused to FLAG tag (Nrp2-FLAG), or both. The transfected cells were
incubated with Sema3G fused to alkaline phosphatase (Sema3G-AP) or Sema3E-AP as a
control, and stained for AP activity to detect the ligand binding. We found that Sema3E-AP
directly binds to PlexinD1-expressing cells, whereas Sema3G-AP binds to Nrp2-expressing
cells but not PlexinD1-expressing cells, indicating that PlexinD1 is not a direct receptor for
Sema3G. Co-immunoprecipitation experiments followed by western blot analysis detected
binding of Nrp2 and PlexinD1 from HEK293T cells lysate when the cells were transfected with
expression vectors carrying PlexinD1 and Nrp2-FLAG both. Next we confirmed the binding
between Nrp2 and PlexinD1 endogenous proteins in human LECs. We also found that Sema3G
induced COS-7 cell collapse when both PlexinD1 and Nrp2 were transfected. These results
indicated that Sema3G provides signals via Nrp2/PlexinD1 receptor complex. In order to
investigate whether SémaSG affects LEC migration induced by VEGF-C, we performed wound
healing assay and transwell migration assay using human LECs. The results showed that
Sema3G did not affect VEGF-C-induced migration, whereas Sema3G added to the lower
chamber suppressed VEGF-C-induced transwell migration. These results indicated that Sema3G
did not affect LEC motility but serves as a repulsive factor for LECs.

In this study, we found that proper patterning of LECs is regulated by the Sema/Plexin
signaling pathway. Loss of Sema3G or PlexinD1 results in abnormal artery-lymph alignment
and reduced lymphatic vascular branching in mouse embryonic back skin. Arterial Sema3G

binds to lymphatic receptor complex comprised of Nrp2 and PlexinD1 and provides a repulsive
guidance cue to LECs. In conclusion, our findings shed light on a mechanism by which LECs
can be distributed away from arteries and form a branching network during lymphatic vascular

development.



HFRFERZREZGROFRR (HLiRE)

RS CEFE I O SRDE =

T E | B H2666% K 4 |8 &g
Semaphorin 3G Provides a Repulsive Guidance Cue to Lymphatic
% B B Endothelial Cells via Neuropilin-2/PlexinD1
Title of o
Dissertation 1 7:41)2 3G & Neuropilin—2/PlexinD1 Z L TY /N ERRBRAIZR
REHAT RV TFNEERS
= = ) H #H TR
Chief Examiner
EAE &R -
Examiner .E'J ,E /F% ZE % }ig
Vice-examiner
L. 1;;%%;;%321,
Vice-examiner
(EEiX1, 000%F~2, 00 0FREE)

[Ex]

BFEHDHORERIIOEL Y VREMLRY | ZOZSRBAEENIZLHBIMICLEN
BB LBRICH D, EEDHRT, RB4E - HELRLY VAENERERMRIE S e A
v Cxcl12-Cxerd & 7T VARTFRNCBIARICI o CEET B Z ¢ BB LI &N, —F, K
KO XS Z2EMABIIREB O TY v ABEHIRS v ARSHLTWB I b, REEFH
ERT2Z L TY yRENKMRPER» SEBEN D FIREMERH DM, ThETIZEDOLD
REFRBEESHLTHRY, 7572374V (Sema3) 3R MBEHE - EILMEE -
HERMHEORE - MEFERERTIHMMEO A X ZARF7 7 IV —T, ZRE
FLF v (Plexin) EHZFF=a—a Yy (Nip) EWIENEFADOT 73 Y —HH
BLTY S TAEREIDIEBALATWVWSD, ZhETIZ, Sema3E/PlexinDl ¥ & F 33
THEMIBIIRRE S TV EE XD I LBRESNEMN, U EBRIZEITS PlexinD]
DEENEFATH o7z, Ei2, SemadGiENm2 ST 32 EBMBATWAR, £LiEN
TOREB LV S HAVEREITONWTIHEHTRBE Tholz, FHHRTIX, vV RBIFERE)Y
UIENRE — = ZITRIT B PlexinDl & Sema3G DHRFIB IV INEDHF L Np2 & D
HEERIZ OV TR Uiz,

[Fis - #ER]

T UABFEBIIBTAMEYET VI e Y o _ERZ—= Y OBER T LT,
mENEME~—5 —PECAM-1, o« BT 7 F 2, U v 8RR MRS~ —5 —Nrp2 TH
BLT77y beuy MERBERL HEALV—F—BRETHRIT LI Z 5 84135
B (E13.5) DB BWT, LEBAROY A X ARFNRY VSRR E SR EHE LT
HEREMMS TR ENT, Y BN EZ —= FI231T B PlexinD1 DBENZOUWTER S NI
T 57291, PlexinDl Kig~ U X 2B LTz, E15.5 OBFRE LR LT, PECAM-1 &
VU ENE - — 4 —VEGFR3 TIRALTY Sy hwry MERZERIL, £ESL
—F—BRMSITRRIT LTz, 2 P —URRF TR Y RIS & BT LT s,
PlexinD1 XKIBIEA{F T ) v AE DB BIRISERE L TWToEESEA LT =, Prox] Btk
Y U NEABMRIRICIZEERRD bk otz tivd, VU AEREBIAORE ST
LS TRERY VERE—UBELTWDR EEX BN, £, PlexinDl KIBRFT
IR RE bIRY biviz, U /NS R PlexinD] KIB< U X E2/ETF LIz E
5, FIRERIZEENRZSTH Y VAAENBRICEE LT, Thbno b, #
WRFZRR & IEERIRIZ Y VSN HBEAD PlexinDl & 7 F A Y 8 RY —=V S IZHE
THHZEBRALNE T,




MENRE —= FIZBN T, PlexinD1 1Y 2 K Sema3E I2#E4 LCREER LRI o
EBHMBNTVD, £ T, Sema3E KB U ADMBFER ) o/ VERRFLEMN, 3 b
u—)VERF L FRIZ Y VBT  F AIZHF LTV, 22T, BIRERAICRELY
ZZLTHONDT7 7 1Y —5F Sema3G 12 H L7z, Sema3G RiE~< U ADBIFREE
FRAT L7 & 25, PlexinD1 K< U R L RIBIZ Y /38 S EIIRITERE LTV TR
PLTEY, FHIREREERRD LN,

RIZ, Sema3G 23 PlexinDl Z LT ZFAEEGEIEINY I NEHRLI-, “hE Tz
Sema3G 25 Nrp2 IZHEET 5 Z &b TV 525, PlexinD1 & QBHEIXHA HMIT STV
72N, COS-7 #8B3IZ Nrp2, PlexinDl, HAWIAHERBEICTTAD YV KR T 7 & —F

(AP) 1Hi U7 Sema3G 2{EM S ¥z, BEERDEY Sema3G-AP i Nrp2 REMEIICHS L
7e 3, PlexinD] IZIXEHERE LM o7z, £ 2T, Nrp2 & PlexinDl OHEE/ERAZE &
I 5720, 23T ML TN bR BB S ¥ T, RELMIETHIT Lz, = O T Nip2
& PlexinDl BHEETHZ EMNHALMIZARY, b FEERRY U AASNEBICBWTYLE
BOKEEE. S5IZ, Sema3G X Nrp2 & PlexinD1 OFF % R L7- COS-7 #lja% =
TTRSEBIERG 2Tz, THHDZ LA 6, SemadG id Nrp2/PlexinD]1 LA S 4

B LTI TAEEBRTHZENALMIR o/, Ei2, b MY L oSSHEHRIZS
LT, Sema3G BRERF L LTERATZZ LBBHLMTR ST, .

[

AFHFRT, BINRPIBTHERRE SRAYICRIRT B Sema3G 23 Y /% PIEZ#BA2 D Nrp2/PlexinDl1
RBEBEEHEA LT, VU ERF—= v P EHETE o L BN oz, Vst
ENRMROSTHZHHT 2 RERTIET 2D TORETHY . SHROHFETY L1
EHEET DRBICRIT AENS T E R BN D B,

FHRIL, Sema3G Y U ESHEFHIET D LB IV EDERABFELRLELDT
HY. YA EREETIRER IRV TEOSHEMGTE DR ER LR L
LTHESH DERTH D LBYD, LoT, FHFREREE (ER) ORM2EDEEHN
HHLRED B,






