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Roles of prostanoids in facilitation of lymphangiogenesis and lymph node metastasis
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Lymphatic vasculature forms a network of vessels that drain interstitial fluid
from tissues and return this fluid to the blood. Lymphangiogesis, the formation of lymphatic vessels from
preexisting lymphatic vessels, plays an important role in homeostasis of interstitial fluids and
immunity. We found that lymphangiogenesis in chronic inflammation and secondary lymphedema was regulated
by COX-2. The lymphatic system is an important route for cancer dissemination, and lymph node metastasis
(LNM) serves as a critical prognostic determinant in cancer patients. We clarified contribution of
COX-2-derived PGE2 in formation of a premetastatic niche and LNM. Stromal cell-derived factor-1 (SDF-1)
was elevated in DCs before LLC cell infiltration to lymph nodes, and was important to form premetastatic

niche. Accumulation of Tregs and lymph node lymphangiogenesis was also COX-2/EP3-dependent. These results
indicate that DCs induce a premetastatic niche via COX-2/EP3-dependent induction of SDF-1.



LPS

mPGES-1
LPA

BLTL )

LPS

(PG)

(PG BLTL

(PG

in vivo

FGF-2
COX-2 PGE2
E mPGES-1
VEGFR-3
FGF-2 COX-2
celecoxib VEGFR-3
podoplanin  LYVE-1 VEGFR-3
celecoxib
COX-2 mPGES-1
PGE
PGE
EP1~EP4 EP

(EP1-/- EP2-/- EP3-/-

EP4-/-)
EP4-/-" VEGFR-3
LYVE-1/VEGFR-3

EP3-/- EP4-/-

EP3/EP4

fibroblast
fibroblast

fibroblast L929
EP
VEGF-C
PGE EP4
VEGF-D

EP3 EP4
VEGF-C EP3
VEGF-D

EP3-/-

PGE2

PGE



fibroblast VEGF-C
VEGF-D
PGE
fibroblast
PGE EP3/EP4
PG
FITC
dextran
COX-2
PG
Lyve-1
COX-2
COX-2
Invitro
PGE VEGF-C
PG
LPS
LPS
COX-2
mPGES-1
T VEGF-C/D
PG
EP3 TP
LPS
TP T
in vitro VEGF-C/D
TP
TP flox
Cre
TP

(premetastatic phase)

(premetastatic niche)

premetastatic
niche

premetastatic niche
niche COX
PGs

cytokine(SDF-1/CXCR4  TGF-f3 )
(dendritic cells, regulatory

T cells)

premetastatic niche

COX-2
PGE, EP3
stromal

COX-2

cell derived factor (SDF)-1
subcapsular region
premetastatic niche
COX-2 SDF-1
EP3 TGF-B
regulatory T cell (Tregs)

Lewis lung carcinoma(LLC)
Matrigel®

10 12
21

Cox-2
subcapsular sinus
COX-2
Cox-2
COX-2 inhibitor (celecoxib)
vehicle

celecoxib
EP3

COX-2

PGE, EP3 signaling

PG



SDF-1
niche
subcapsular
SDF-1
COX-2 PG
PG receptor EP3
celecoxib

vehicle
subcapsular sinus
(pre-metastatic phase)

SDF-1 vehicle
subcapsular sinus SDF-1
celecoxib

SDF-1 antagonist(AMD3100)
CXCR4 EP3
vehicle

(premetastatic site) COX-2

PGE, EP3 signaling
SDF-1/CXCR4 axis  signaling
premetastatic niche

premetastatic
niche COX-2  SDF-1

fibroblast

DCs  regulatory T cells (Tregs)

PGs
premetastatic niche
DCs CD1ic  IDO
COX-2 SDF-1
DCs  COX-2 SDF-1
vehicle celecoxib
SDF-1 antagonist (AMD3100) CXCR4
subcapsular
sinus
premetastatic site DCs
SDF-1 premetastatic niche
DCs
CCR7
vehicle
invitro DCs  EP3 agonist
DCs
SDF-1/TGF-f3

FoxP3 Treg

subcapsular sinus COX-2

EP3
COXx-2 PGE,
SDF-1
premetastatic niche
Treg
COX-2/EP3 Treg

PGE,-EP3

signaling premetastatic phase

Amano H., Ito V., Eshima K., Kato S.,
Ogawa F., Hosono K., Oba K., Tamaki H.,
Sakagami H., Shibuya M., Narumiya S.,
Majima M. ThromboxaneA2 induces
blood flow recovery via platelet adhesion
to ischemic regions. Cardiovascular
Res. 2015 DOI:10.1093/cvr/cvv139

Kamata M, Hosono K, Fuijita T, Kamata K,
Majima M. Role of cyclooxygenase-2 in
the development of interstitial fibrosis in
kidneys following unilateral ureteral
obstruction in mice. Biomed
Pharmacother. 2015 Mar;70:174-80. doi:
10.1016/j.biopha.2015.01.010. Epub
2015 Jan 15. PMID: 25776498

Minamino T. Ito Y. Ohkubo H. Shimizu Y.
Kojo K. Nishizawa N. Amano H.
Narumiya S. Koizumi W, Majima M.
Adhesion of platelets through
thromboxane A2 receptor signaling
facilitates liver repair during acute
chemical-induced hepatotoxicity. Life
Sciences. 2015 Apr 25. pii:
S0024-3205(15)00172-1. doi:
10.1016/).1fs.2015.03.015. [Epub ahead
of print] PMID: 25921763

Okizaki S, Ito Y, Hosono K, Oba K,
Ohkubo H, Amano H, Shichiri M,
Majima M. Suppressed recruitment of
alternatively activated macrophages
reduces TGF-f1 and impairs wound
healing in streptozotocin-induced
diabetic mice. Biomed Pharmacother.
2014, Oct 31. pii:
S0753-3322(14)00149-8. doi:
10.1016/j.biopha.2014.10.020. [Epub
ahead of print] PMID: 25677561.

Oba K, Hosono K, Amano H, Okizaki S,
Ito Y, Shichiri M, Majima M.
Downregulation of the proangiogenic
prostaglandin E receptor EP3 and
reduced angiogenesis in a mouse
model of diabetes mellitus. Biomed



Pharmacother. 2014 Oct;68(8):1125-33.
doi: 10.1016/j.biopha.2014.10.022.
Epub 2014 Oct 31. PMID:25465154

Matsui Y, Amano H, Ito Y, Eshima K,
Tamaki H, Ogawa F, lyoda A, Shibuya M,
Kumagai Y, Satoh Y, Majima M. The
role of vascular endothelial growth
factor receptor-1 signaling in
compensatory contralateral lung growth
following unilateral pneumonectomy.
Laboratory Investigation. 2014 Feb 2.
doi: 10.1038/labinvest.2014.159.

Ogawa F, Amano H, Eshima Y, Ito Y,
Matsui Y, Hosono K, Kitasato H, lyoda A,
Iwabuchi K, Kumagai Y, Satoh Y,
Narumiiya S, Majima M. Prostanoid
induces premetastatic niche in regional
lymph nodes. J. Clin. Invest. 2014 Nov
3;124(11):4882-94. doi:
10.1172/JC173530.

Ohkubo H, Ito Y, Minamino T, Eshima K,
Kojo K, Okizaki S, Hirata M, Shibuya M,
Watanabe M, Majima M.
VEGFR1-positive macrophages
facilitate liver repair and sinusoidal
reconstruction after hepatic
ischemia/reperfusion injury. PLoS One
2014 Aug 27;9(8):e105533. doi:
10.1371/journal.pone.0105533.
eCollection 2014. PMID: 25162491

Kurashige C, Hosono K, Matsuda H,
Tsujikawa K, Okamoto H, Majima M.
Roles of receptor activity-modifying
protein 1 in angiogenesis and
lymphangiogenesis during skin wound
healing in mice. FASEB J. 2014
Mar;28(3):1237-47. doi:
10.1096/fj.13-238998. Epub 2013 Dec 5.
PMID: 24308973

Sato T, Amano H, Ito Y, Eshima K,
Minamino T, Ae T, Katada C, Ohno T,
Hosono K, Suzuki T, Shibuya M,
Koizumi W, Majima M. Vascular
endothelial growth factor receptor 1
signaling facilitates gastric ulcer healing
and angiogenesis through the up
regulation of epidermal growth factor
expression on VEGFR1+ CXCR4+ cells
recruited from bone marrow. J
Gastroenterol. 2013 Aug 24. doi:
10.1007/s00535-013-0869-z. PMID:
23982810

Ohkubo H, Ito Y, Minamino T, Mishima T,
Hirata M, Hosono K, Shibuya M,
Yokomizo T, Shimizu T, Watanabe M,
Majima M. Leukotriene B4 type-1
receptor signaling promotes liver repair
after hepatic ischemia/reperfusion injury
through the enhancement of
macrophage recruitment. FASEB J.

2013 Aug;27(8):3132-43. doi:
10.1096/fj.13-227421. Epub 2013 Apr
29. PMID: 23629862

Amano H, lto Y, Ogawa F, Eshima K,
Suzuki T, Oba K, Matsui Y, Kato S,
Fukui T, Nakamura M, Kitasato H,
Fukamizu A, Majima M. Angiotensin Il
type 1a signaling facilitates tumor
metastasis formation through
P-selectin-mediated interaction of tumor
cells with platelets and endothelial cells.
Am J Pathol. 2013 Feb;182(2):553-64.
doi: 10.1016/j.ajpath.2012.10.026.

Fuijita T, Ishihara K, Yasuda S,
Nakamura T, Maeda M, Kobayashi M,
Sahashi K, Ikeda Y, Kumagai Y, Majima
M. In vivo kinetics of indoxyl sulfate in
humans and its renal interaction with
angiotensin-converting enzyme inhibitor
quinapril in rats. J Pharmacol Exp
Ther. 2012 Jun;341(3):626-33. doi:
10.1124/jpet.111.187732. Epub 2012
Mar 2. PMID: 22389425

Matsui Y, Amano H, Ito Y, Eshima K,
Suzuki T, Ogawa F, lyoda A, Satoh Y,
Kato S, Nakamura M, Kitasato H,
Narumiya S, Majima M. Thromboxane
A2 receptor signaling facilitates tumor
colonization through P-selectin
mediated interaction of platelets with
tumor cells and endothelial cells.
Cancer Sci. 2012 Apr;103(4):700-7. doi:
10.1111/j.1349-7006.2012.02200.x.
Epub 2012 Feb 2. PMID: 22296266
Nagashima Y, Igaki M, Suzuki A,
Tsuchiya S, Yamazaki Y, Hishinuma M,
Oh-Ishi S, Majima M. Application of a
heat- and steam-generating sheet
increases peripheral blood flow and
induces parasympathetic predominance.
Evid Based Complement Alternat Med.
2011;2011:965095. doi:
10.1155/2011/965095 Epub 2011 Apr
26. PMID: 21584198

Minamino T, Ito Y, Ohkubo H, Hosono K,
Suzuki T, Sato T, Ae T, Shibuya A,
Sakagami H, Narumiya S, Koizumi W,
Majima M. Thromboxane A(2) receptor
signaling promotes liver tissue repair
after toxic injury through the
enhancement of macrophage
recruitment. Toxicol Appl Pharmacol.
2012;259(1):104-14. doi:
10.1016/j.taap.2011.12.013.
Nagashima Y, Igaki M, Suzuki A,
Tsuchiya S, Yamazaki Y, Hishinuma M,
Oh-Ishi S, Majima M. Application of a
heat- and steam-generating sheet
increases peripheral blood flow and
induces parasympathetic predominance.



Evid Based Complement Alternat Med.
2011;2011:965095.doi:
10.1155/2011/965095.

Kashiwagi S, Hosono K, Suzuki T,
Takeda A, Uchinuma E, Majima M. Role
of COX-2 in lymphangiogenesis and
restoration of lymphatic flow in
secondary lymphedema. Lab Invest.
2011;91(9):1314-25. doi:
10.1038/labinvest.2011.84.
Hosono K, Suzuki T, Tamaki H,
Sakagami H, Hayashi |, Narumiya S,
Alitalo K, Majima M. Roles of
prostaglandin E2-EP3/EP4 receptor
signaling in the enhancement of
lymphangiogenesis during fibroblast
growth factor-2-induced granulation
formation. Arterioscler Thromb Vasc
Biol. 2011;31(5):1049-58. doi:
10.1161/ATVBAHA.110.222356.

Numao A, Hosono K, Suzuki T, Hayashi
I, Uematsu S, Akira S, Ogino Y,
Kawauchi H, Unno N, Majima M. The
inducible prostaglandin E synthase
mPGES-1 regulates growth of
endometrial tissues and angiogenesis in
a mouse implantation model. Biomed
Pharmacother. 2011;65(1):77-84. doi:
10.1016/j.biopha.2010.12.008.

M Majima, Roles of Arachidonic Acid
Metabolites in Angiogenesis. Gordon
Research Conference; Endothelial Cell
Phenotypes in Health & Disease.
2014/7/6-11, Girona, Spain.

M Majima, Prostanoids as Regulators of
Pathological Lymphangiogenesis.
Gordon Research Conference;
Molecular Mechanisms in Lymphatic
Function & Disease. 2014/3/9-14, Lucca
(Barga), Italy.

M Majima, Novel insights into sPLAZ2s in
health and disease. The 16th GEM-10th
GERLI meeting: from membranes to
pathologies. 2013.11.11-14, Saint-Jean
Cap Ferrat, France.

M Majima, Microsomal prostaglandin E
synthase-1 as a regulator of
angiogenesis Gordon Research
Conference; Angiogenesis. 2013/08/4-9,
Newport, USA.

M Majima, Prostanoids regulate tumor
stromal profiles via specific G-protein
coupled receptors. 4th International
conference on tumor-host interaction and
Angiogenesis 2013/06/2-5, Ascona,
Switzerland.

M Majima, Roles of thromboxane
receptor signaling in enhancement of
angiogenesis. 17th International Vascular
Biology Meeting (IVBM) 2012 2012/6/2-5,
Wiesbaden, Germany.

M Majima, Roles of prostaglandins in
enhancement of angiogenesis and
lymphangiogenesis during the
developments of cancers and
inflammation. Keystone Symposium:
Inflammation during Carcinogenesis
2012/5/20-25, Dublin, Ireland.

M Majima, Roles of prostaglandins in
enhancement of angiogenesis and
lymphangiogenesis in pathological
conditions. Gordon Research
Conference: Molecular Mechanisms in
Lymphatic Functions & Disease
2012/3/4-9, Ventura, USA.

M Majima, Roles of prostaglandins in
enhancement of angiogenesis and
lymphangiogenesis in pathological
conditions. Keystone Symposium:
Angiogenesis. 2012/1/16-21, Snowbird,
USA.

M Majima, Heterogeniety of endothelial
cells: Thromboxane-dependent platelet
adhesion and angiogenesis. Gordon
Research Conference; Angiogenesis.
2011/8/21-26, Newport, USA

2015
559-606
- MOOK 24
2013 5
253-259
3

http://ww.med.kitasato-u.ac. jp/pharm/
@
MAJIMA, Masataka

70181641

@
FUJITA, Tomoe

20296510



