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Fig. 11. Effects of methylglyoxal (MG) on ...
a-smooth muscle actin (SMA) protein ex-
pression in human cardiac fibroblasts. A:
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effects of various concentrations of methyl-  control [ ———
glyoxal on a-SMA protein expression. The MG 304 M ¢ UM
cells were treated for 24 h in the absence or
presence of various concentration of meth- B (105
ylglyoxal (30-300 pM). Western blotting 35 X
for a-SMA is indicated (n = 3 in cach
concentration). B: concentration-dependent =30} i
effects of methyglyoxal on a-SMA protein ~ § e
expression analyzed by Western blotting. F25 +
Each datum represents the means * SD of <]
the data shown in A, **P < 0.01 vs. control. 4520 F
C: immunostaining for «-SMA in cells =
treated with methylglyoxal for 24 h. Double % 15
staining of nuclei DAPI to visualize nuclei is g
illustrated. Negative control is the lower A 10 F
part.

5t

controlMG30uM 100u4M 300u4M
Limitation of the present study. We used the commercially  Conclusions

available cultured cardiac fibroblasts obtained from healthy
donors. The aspects of cardiac fibroblast phenotype, such as
ion channel and receptor function and calcium modulation
mechanisms, may change after isolation and during culture
conditions. Therefore, further studies using intact heart are
needed to clarify the usefulness and validity of conclusions
from the present study.

The present results provide the first evidence that MG
activates TRPA1 and promotes cell cycle progression and
differentiation in human cardiac fibroblasts. MG might
participate the development of pathophysiological condi-
tions including diabetic cardiomyopathy via activation of
TRPAI.

A B ”
M C 30 300 +HC+RR )
50 1.2 1
kS
o <43kDa @
Fig. 12. Effects of ruthenium red (RR), 37 a-actin £ 0.8
HC030031 (HC), and L'Y2157299 (LY) on e
MG-enhanced a-SMA expression in human ‘ z 0.6
cardiac fibroblasts. A and B: effects of ) 2z
HC030031 (100 £M) and ruthenium red (10 50 = S 04
uM) on MG-enhanced a-SMA expression 72
analyzed by Western blotting. Treatment 0.2
with ruthenium red and HC030031 signifi-
cantly inhibited MG-enhanced a-SMA ex- 0 - !
pression. C and D: effects of LY2157299
(0.1 and 1 pM) on MG-enhanced a-SMA C MG30MG300 +HC +RR
expression. The «-SMA expression was C D
measured by Western blotting, and the ratio 0.8 1
of @-SMA Ioptical density to the corresponding M C 30 300+LY0.1+LY1.0
GAPDH optical density is shown. Each da- =
tum represents the means = SD of paired 3 50 -g 0.6
different experiments. *P < 0.05; **P < i i o e <43kD2 G
0.01 vs. control. Note that LY2157299 did e actin B 0.4
not inhibit the MG-enhanced a-SMA ex- . 5
pression, as shown in C and D. 37= P
2 02
=
=
G e i G e s 36K D2 v ‘
37 = T " GAPDH C MG30MG 300+LY0.1 +LY1.0

AJP-Heart Circ Physiol » doi:10.1152/ajpheart.01021.2013 - www.ajpheart.org

163



TRPA1 IN CARDIAC FIBROBLASTS

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Abramochkin DV, Lozinsky IT, Kamkin A. Influence of mechanical
stress on fibroblast-myocyte interactions in mammalian heart. J Mol Cell
Cardiol '70: 27-36, 2014.

. Akhand AA, Hossain K, Mitsui H, Kato M, Miyata T, Inagi R, Du J,

Takeda K, Kawamoto Y, Suzuki H, Kurokawa K, Nakashima I
Glyoxal and methylglyoxal trigger distinct signals for map family kinases
and caspase activation in human endothelial cells. Free Radic Biol Med
31: 20-30, 2001.

. Andersson DA, Gentry C, Light E, Vastani N, Vallortigara J, Bier-

haus A, Fleming T, Bevan S. Methylglyoxal evokes pain by stimulating
TRPAL. PLoS One 8: €77986, 2013.

. Arora PD, Narani N, McCulloch CA. The compliance of collagen gels

regulates transforming growth factor-beta induction of alpha-smooth mus-
cle actin in fibroblasts. Am J Pathol 154: 871-882, 1999.

. Asbun J, Manso AM, Villarreal FJ. Profibrotic influence of high glucose

concentration on cardiac fibroblast functions: effects of losartan and
vitamin E. Am J Physiol Heart Circ Physiol 288: H227-H234, 2005.

. Bandell M, Story GM, Hwang SW, Viswanath V, Eid SR, Petrus MJ,

Earley TJ, Patapoutian A. Noxious cold ion channel TRPA1 is activated
by pungent compounds and bradykinin. Neuron 41: 849-857, 2004.

. Baynes JW, Thorpe SR. Role of oxidative stress in diabetic complica-

tions: a new perspective on an old paradigm. Diabetes 48: 1-9, 1999.

. Beisswenger PJ, Howell SK, O'Dell RM, Wood ME, Touchette AD,

Szwergold BS. a-Dicarbonyls increase in the, postprandial period and
reflect the degree of hyperglycemia. Diabetes Care 24: 726732, 2001.

. Bierhaus A, Fleming T, Stoyanov S, Leffler A, Babes A, Neacsa C,

Sauer SK, Eberhardt M, Schnolzer M, Lasitschka F, Neuhuber WL,
Kichko TI, Konrade I, Elvert R, Mier W, Pirags V, Lukic IK, Morcos
M, Dehmer T, Rabbani N, Thornalley PJ, Edelstein D, Nau C, Forbes
J, Humpert PM, Schwaninger M, Ziegler D, Stern DM, Cooper ME,
Haberkorn U, Brownlee M, Reeh PW, Nawroth PP. Methylglyoxal
modification of Navl.8 facilitates nociceptive neuron firing and causes
hyperalgesia in diabetic neuropathy. Nat Med 18: 926-933, 2012.
Boudina S, Abel ED. Diabetic cardiomyopathy revisited. Circulation
115: 32133223, 2007.

Brouwers O, Niessen PM, Haenen G, Miyata T, Brownlee M, Stehou-
wer CD, De Mey JG, Schalkwijk CG. Hyperglycaemia-induced impair-
ment of endothelium-dependent vasorelaxation in rat mesenteric arteries is
mediated by intracellular methylglyoxal levels in a pathway dependent on
oxidative stress. Diabetologia 53: 989-1000, 2010.

Brown RD, Ambler SK, Mitchell MD, Long CS. The cardiac fibroblast:
therapeutic target in myocardial remodeling and failure. Annu Rev Phar-
macol Toxicol 45: 657-687, 2005.

Cao DS, Zhong L, Hsieh TH, Abooj M, Bishnoi M, Hughes L,
Premkumar LS. Expression of transient receptor potential ankyrin 1
(TRPA1) and its role in insulin release from rat pancreatic beta cells. PLoS
One 7: €38005, 2012.

Chang T, Wang R, Olson DJ, Mousseau DD, Ross AR, Wu L.
Modification of Aktl by methylglyoxal promotes the proliferation of
vascular smooth muscle cells. FASEB J 25: 1746-1757, 2011.

Chaplen ¥W, Fahl WE, Cameron DC. Evidence of high levels of
methylglyoxal in cultured Chinese hamster ovary cells. Proc Natl Acad Sci
USA 95: 5533-5538, 1998.

Che W, Asahi M, Takahashi M, Kaneto H, Okado A, Higashiyama S,
Taniguchi N. Selective induction of heparin-binding epidermal growth
factor-like growth factor by methylglyoxal and 3-deoxyglucosone in rat
aortic smooth muscle cells. The involvement of reactive oxygen species
formation and a possible implication for atherogenesis in diabetes. J Biol
Chem 272: 1845318459, 1997.

Chen JB, Tao R, Sun HY, Tse HF, Lau CP, Li GR. Multiple Ca®>*
signaling pathways regulate intracellular Ca?* activity in human cardiac
fibroblasts. J Cell Physiol 223: 68-75, 2010.

Chen K, Mehta JL, Li D, Joseph L, Joseph J. Transformmu growth
factor beta receptor endoglin is expressed in cardiac fibroblasts and
modulates profibrogenic actions of angiotensin II. Circ Res 95: 1167-
1173, 2004.

Cook LJ, Davies J, Yates AP, Elliott AC, Lovell J, Joule JA, Pember-
ton P, Thornalley PJ, Best L. Effects of methylglyoxal on rat pancreatic
beta-cells. Biochem Pharmacol 55: 1361-1367, 1998.

Cruz-Orengo L, Dhaka A, Heuermann RJ, Young TJ, Montana MC,
Cavanaugh EJ, Kim D, Story GM. Cutaneous nociception evoked by

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

H1351

15-delta PGJ2 via activation of ion channel TRPA1. Mol Pain 4: 30-
80697-4-30, 2008.

Dai B, Cui M, Zhu M, Su WL, Qiu MC, Zhang H. STAT1/3 and
ERK1/2 synergistically regulate cardiac fibrosis induced by high glucose.
Cell Physiol Biochem 32: 960-971, 2013.

Davis J, Burr AR, Davis GF, Birnbaumer L, Molkentin JD. A
TRPC6-dependent pathway for myofibroblast transdifferentiation and
wound healing in vivo. Dev Cell 23: 705-715, 2012.

Desai K, Wu L. Methylglyoxal and advanced glycation endproducts: new
therapeutic horizons? Recent Pat Cardiovasc Drug Discov 2: 89-99,
2007.

Dhar A, Desai K, Kazachmov M, Yu P, Wu L. Methylglyoxal produc-
tion in vascular smooth muscle cells from different metabolic precursors.
Metabolism 57: 1211-1220, 2008.

Du J, Xie J, Zhang Z, Tsujikawa H, Fusco D, Silverman D, Liang B,
Yue L. TRPM7-mediated Ca* signals confer fibrogenesis in human atrial
fibrillation. Circ Res 106: 992-1003, 2010.

Eberhardt MJ, Filipovic MR, Leffler A, de la Roche J, Kistner K,
Fischer MJ, Fleming T, Zimmermann K, Ivanovic-Burmazovic I,
Nawroth PP, Bierhaus A, Reeh PW, Sauer SK. Methylglyoxal activates
nociceptors through transient receptor potential channel Al (TRPA1): a
possible mechanism of metabolic neuropathies. J Biol Chem 287: 28291—
28306, 2012.

From AM, Scott CG, Chen HH. The development of heart failure in
patients with diabetes mellitus and pre-clinical diastolic dysfunction a
population-based study. J Am Coll Cardiol 55: 300305, 2010.
Gabbiani G, Ryan GB, Majne G. Presence of modified fibroblasts in
granulation tissue and their possible role in wound contraction. Experien-
tia 27: 549-550, 1971.

Graham S, Gorin Y, Abboud HE, Ding M, Lee DY, Shi H, Ding Y, Ma
R. Abundance of TRPC6 protein in glomerular mesangial cells is de-
creased by ROS and PKC in diabetes. Am J Physiol Cell Physiol 301:
C304-C315, 2011.

Grynkiewicz G, Poenie M, Tsien RY. A new generation of Ca®*
indicators with greatly improved fluorescence properties. J Biol Chem
260: 3440-3450, 1985.

Guinamard R, Bois P. Involvement of transient receptor potential pro-
teins in cardiac hypertrophy. Biochim Biophys Acta 1772: 885-894, 2007.
Harada M, Luo X, Qi XY, Tadevosyan A, Maguy A, Ordog B, Ledoux
J, Kato T, Naud P, Voigt N, Shi Y, Kamiya K, Murohara T, Kodama
I, Tardif JC, Schotten U, Van Wagoner DR, Dobrev D, Nattel S.
Transient receptor potential canonical-3 channel-dependent fibroblast reg-
ulation in atrial fibrillation. Circulation 126: 2051-2064, 2012.

Heymes C, Vanderheyden M, Bronzwaer JG, Shah AM, Paulus WJ.
Endomyocardial nitric oxide synthase and left ventricular preload reserve
in dilated cardiomyopathy. Circulation 99: 3009-3016, 1999.

Huang W, Rubinstein J, Prieto AR, Wang DH. Enhanced postmyocar-
dial infarction fibrosis via stimulation of the transforming growth factor-
beta-Smad2 signaling pathway: role of transient receptor potential vanil-
loid type 1 channels. J Hypertens 28: 367-376, 2010.

Ikeda K, Nakajima T, Yamamoto Y, Takano N, Tanaka T, Kikuchi H,
Oguri G, Morita T, Nakamura F, Komuro I. Roles of transient receptor
potential canonical (TRPC) channels and reverse-mode Na*/Ca?* ex-
changer on cell proliferation in human cardiac fibroblasts: effects of
transforming growth factor betal. Cell Calcium 54: 213-225, 2013.
Inoue R, Jensen LJ, Shi J, Morita H, Nishida M, Honda A, Ito Y.
Transient receptor potential channels in cardiovascular function and dis-
ease. Circ Res 99: 119-131, 2006.

Jia X, Chang T, Wilson TW, Wu L. Methylglyoxal mediates adipocyte
proliferation by increasing phosphorylation of Aktl. PLoS One 7: €36610,
2012.

Jordt SE, Bautista DM, Chuang HH, McKemy DD, Zygmunt PM,
Hogestatt ED, Meng ID, Julius D. Mustard oils and cannabinoids excite
sensory nerve fibres through the TRP channel ANKTMI1. Nature 427:
260-265, 2004.

Kakkar R, Lee RT. Intramyocardial fibroblast myocyte communication.
Circ Res 106: 47-57, 2010.

Karashima Y, Talavera K, Everaerts W, Janssens A, Kwan KY,
Vennekens R, Nilius B, Voets T. TRPA1 acts as a cold sensor in vitro and
in vivo. Proc Natl Acad Sci USA 106: 1273-1278, 2009.

Kelly DJ, Zhang Y, Connelly K, Cox AJ, Martin J, Krum H, Gilbert
RE. Tranilast attenuates diastolic dysfunction and structural injury in
experimental diabetic cardiomyopathy. Am J Physiol Heart Circ Physiol
293: H2860-H2869, 2007.

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.01021.2013 « www.ajpheart.org

164



H1352

42.

43.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Koch SE, Gao X, Haar L, Jiang M, Lasko VM, Robbins N, Cai W,
Brokamp C, Varma P, Tranter M, Liu Y, Ren X, Lorenz JN, Wang
HS, Jones WK, Rubinstein J. Probenecid: novel use as a non-injurious
positive inotrope acting via cardiac TRPV2 stimulation. J Mol Cell
Cardiol 53: 134144, 2012.

Kumaran C, Shivakumar K. Calcium- and superoxide anion-mediated
mitogenic action of substance P on cardiac fibroblasts, Am J Physiol Heart
Cire Physiol 282; H1855-H1862, 2002,

. Kuwahara K, Wang Y, McAnally J, Richardson JA, Bassel-Duby R,

Hill JA, Olson EN. TRPC6 fulfills a calcineurin signaling circuit during
pathologic cardiac remodeling. J Clin Invest 116: 31143126, 2006.
Lapolla A, Flamini R, Dalla Vedova A, Senesi A, Reitano R, Fedele D,
Basso E, Seraglia R, Traldi P. Glyoxal and methylglyoxal levels in
diabetic patients: quantitative determination by a new GC/MS method.
Clin Chem Lab Med 41: 1166-1173, 2003.

Lo TW, Selwood T, Thornalley PJ. The reaction of methylglyoxal with
aminoguanidine under physiological conditions and prevention of meth-
ylglyoxal binding to plasma proteins. Biochem Pharmacol 48: 1865-1870,
1994.

Minke B, Cook B. TRP channel proteins and signal transduction. Physiol
Rev 82: 429-472, 2002.

Mukherjee S, Kolb MR, Duan F, Janssen LJ. Transforming growth
factor-beta evokes Ca®* waves and enhances gene expression in human
pulmonary fibroblasts. Am J Respir Cell Mol Biol 46: 757-764, 2012.
Mukhopadhyay I, Gomes P, Aranake S, Shetty M, Karnik P, Damle
M, Kuruganti S, Thorat S, Khairatkar-Joshi N. Expression of func-
tional TRPAT1 receptor on human lung fibroblast and epithelial cells. J
Recept Signal Transduct Res 31: 350-358, 2011.

Mukohda M, Yamawaki H, Nomura H, Okada M, Hara Y. Methylg-
Iyoxal inhibits smooth muscle contraction in isolated blood vessels. J
Pharmacol Sci 109: 305-310, 2009.

Nagata K, Duggan A, Kumar G, Garcia-Anoveros J. Nociceptor and
hair cell transducer properties of TRPA1, a channel for pain and hearing.
J Neurosci 25: 4052-4061, 2005,

Nakajima T, Okuda Y, Chisaki K, Shin WS, Iwasawa K, Morita T,
Matsumoto A, Suzuki JI, Suzuki S, Yamada N, Toyo-Oka T, Nagai R,
Omata M. Bile acids increase intracellular Ca®* concentration and nitric
oxide production in vascular endothelial cells. Br J Pharmacol 130:
1457-1467, 2000.

Ohkawara S, Tanaka-Kagawa T, Furukawa Y, Jinno H. Methylg-
lyoxal activates the human transient receptor potential ankyrin 1 channel.
J Toxicol Sci 37: 831-833, 2012.

Porter KE, Turner NA. Cardiac fibroblasts: at the heart of myocardial
remodeling. Pharmacol Ther 123: 255-278, 2009.

Redfield MM, Jacobsen SJ, Burnett JC, Jr Mahoney DW, Bailey KR,
Rodeheffer RJ. Burden of systolic and diastolic ventricular dysfunction in
the community: appreciating the scope of the heart failure epidemic.
JAMA 289: 194-202, 2003.

Shao CH, Capek HL, Patel KP, Wang M, Tang K, DeSouza C, Nagai
R, Mayhan W, Periasamy M, Bidasee KR. Carbonylation contributes to
SERCA2a activity loss and diastolic dysfunction in a rat model of type 1
diabetes. Diabetes 60: 947-959, 2011.

Stahrenberg R, Edelmann F, Mende M, Kockskamper A, Dungen HD,
Scherer M, Kochen MM, Binder L, Herrmann-Lingen C, Schonbrunn
L, Gelbrich G, Hasenfuss G, Pieske B, Wachter R. Association of
glucose metabolism with diastolic function along the diabetic continuum.
Diabetologia 53: 1331-1340, 2010.

Stokes A, Wakano C, Koblan-Huberson M, Adra CN, Fleig A, Turner
H. TRPA1 is a substrate for de-ubiquitination by the tumor suppressor
CYLD. Cell Signal 18: 1584-15%4, 2006.

59.

60.

61.

63.

65.

66.

67.

68.

69.

70.

71.

73.

74.

75.

TRPA1 IN CARDIAC FIBROBLASTS

Story GM, Peier AM, Reeve AJ, Eid SR, Mosbacher J, Hricik TR,
Earley TJ, Hergarden AC, Andersson DA, Hwang SW, Mclntyre P,
Jegla T, Bevan S, Patapoutian A, ANKTMI, a TRP-like channel
expressed in nociceptive neurons, is activated by cold temperatures. Cell
112: 819-829, 2003.

Suskin N, McKelvie RS, Burns RJ, Latini R, Pericak D, Probstfield J,
Rouleau JL, Sigouin C, Solymoss CB, Tsuyuki R, White M, Yusuf S.
Glucose and insulin abnormalities relate to functional capacity in patients
with congestive heart failure. Eur Heart J 21: 13681375, 2000.

Tang M, Zhang W, Lin H, Jiang H, Dai H, Zhang Y. High glucose
promotes the production of collagen types I and III by cardiac fibroblasts
through a pathway dependent on extracellular-signal-regulated kinase 1/2.
Mol Cell Biochem 301: 109-114, 2007.

. Thornalley PJ, Hooper NI, Jennings PE, Florkowski CM, Jones AF,

Lunec J, Barnett AH. The human red blood cell glyoxalase system in
diabetes mellitus. Diabetes Res Clin Pract 7. 115120, 1989.

van Heerebeek L, Hamdani N, Handoko ML, Falcao-Pires 1, Musters
RJ, Kupreishvili K, Ijsselmuiden AJ, Schalkwijk CG, Bronzwaer JG,
Diamant M, Borbely A, van der Velden J, Stienen GJ, Laarman GJ,
Niessen HW, Paulus WJ. Diastolic stiffness of the failing diabetic heart:
importance of fibrosis, advanced glycation end products, and myocyte
resting tension. Circulation 117: 43-51, 2008.

. Wahl M, Gruenstein E. Intracellular free Ca®* in the cell cycle in human

fibroblasts: transitions between G1 and GO and progression into S phase.
Mol Biol Cell 4: 293-302, 1993.

Wang H, Meng QH, Gordon JR, Khandwala H, Wu L. Proinflamma-
tory and proapoptotic effects of methylglyoxal on neutrophils from pa-
tients with type 2 diabetes mellitus. Clin Biochem 40: 1232-1239, 2007.
Wang P, Li HW, Wang YP, Chen H, Zhang P. Effects of recombinant
human relaxin upon proliferation of cardiac fibroblast and synthesis of
collagen under high glucose condition. J Endocrinol Invest 32: 242-247,
2009.

Wang X, Chang T, Jiang B, Desai K, Wu L. Attenuation of hypertension
development by aminoguanidine in spontaneously hypertensive rats: role
of methylglyoxal. Am J Hypertens 20: 629-636, 2007.

Wang X, Desai K, Chang T, Wu L. Vascular methylglyoxal metabolism
and the development of hypertension. J Hypertens 23: 1565-1573, 2005.
Wang YJ, Sung RJ, Lin MW, Wu SN. Contribution of BKc,-channel
activity in human cardiac fibroblasts to electrical coupling of cardiomyo-
cytes-fibroblasts. J Membr Biol 213: 175-185, 2006.

Wang YY, Chang RB, Waters HN, McKemy DD, Liman ER. The
nociceptor ion channel TRPA1 is potentiated and inactivated by perme-
ating calcium ions. J Biol Chem 283: 3269132703, 2008.

Weber KT. Fibrosis in hypertensive heart disease: focus on cardiac
fibroblasts. J Hypertens 22: 47-50, 2004.

. Wu X, Eder P, Chang B, Molkentin JD. TRPC channels are necessary

mediators of pathologic cardiac hypertrophy. Proc Natl Acad Sci USA
107: 15: 7000-7005, 2010.

Wuensch T, Thilo F, Krueger K, Scholze A, Ristow M, Tepel M. High
glucose-induced oxidative stress increases transient receptor potential
channel expression in human monocytes. Diabetes 59: 4: 844849, 2010.
Yuen A, Laschinger C, Talior I, Lee W, Chan M, Birek J, Young EW,
Sivagurunathan K, Won E, Simmons CA, McCulloch CA. Methylg-
lyoxal-modified collagen promotes myofibroblast differentiation. Matrix
Biol 29: 6: 537-548, 2010.

Zhao Y, Huang H, Jiang Y, Wei H, Liu P, Wang W, Niu W. Unusual
localization and translocation of TRPV4 protein in cultured ventricular
myocytes of the neonatal rat. Eur J Histochem 56: 3: 32, 2012.

AJP-Heart Circ Physiol » doi:10.1152/ajpheart.01021.2013 - www.ajpheart.org

165



ARTICLE

Received 16 Dec 2013 | Accepted 27 Jun 2014 | Published 29 Jul 2014

OPEN

Myocardium-derived angiopoietin-1 is essential for
coronary vein formation in the developing heart

Yoh Arita!, Yoshikazu Nakaoka'?, Taichi Matsunaga3, Hiroyasu Kidoya?, Kohei Yamamizu3, Yuichiro Arima®,
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The origin and developmental mechanisms underlying coronary vessels are not fully
elucidated. Here we show that myocardium-derived angiopoietin-1 (Angl) is essential for
coronary vein formation in the developing heart. Cardiomyocyte-specific AngT deletion results
in defective formation of the subepicardial coronary veins, but had no significant effect on the
formation of intramyocardial coronary arteries. The endothelial cells (ECs) of the sinus
venosus (SV) are heterogeneous population, composed of API-positive and APJ-negative
ECs. Among these, the APJ-negative ECs migrate from the SV into the atrial and ventricular
myocardium in Angl-dependent manner. In addition, Angl may positively regulate venous
differentiation of the subepicardial APJ-negative ECs in the heart. Consistently, in vitro
experiments show that Angl indeed promotes venous differentiation of the immature ECs.
Collectively, our results indicate that myocardial Angl positively regulates coronary vein
formation presumably by promoting the proliferation, migration and differentiation of
immature ECs derived from the SV.
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s the heart develops and the chamber walls thicken during
embryonic development, passive diffusion of oxygen and
£ Snutrients is replaced by a vascular plexus, which is
remodelled and expands to form a mature coronary vascular
systemb2. The coronary arteries and veins ensure the continued
development of the heart and progressively increase cardiac
output towards birth. Elucidating the cellular and molecular
signals involved in vascularizing the embryonic heart would
provide significant insights into adult heart disease and tissue
regeneration. However, many aspects of the developmental
origins of coronary endothelial cells (ECs) and the specific
signaless determining their fate have not been fully elucidated to
date=”.

The heart is arranged in three layers: the endocardium,
myocardium and epicardium. The epicardium is the outermost
layer and is derived from the proepicardium located outside, but
close to the heart. The myocardium is the central layer, within
which the coronary vasculature develops. It is unclear whether
proepicardium/epicardial cells contribute significantly to coron-
ary EC formation in mammals, although some coronary ECs in
avian species are derived from proepicardial cells?~®. However,
more recent studies in mammals demonstrated that epicardial
cells generate coronary vascular smooth muscle cells but not
coronary ECs”®, A recent report showed that the coronary vessels
in mammals are primarily derived from a common origin, the
differentiated venous ECs in the sinus venosus (SV), a major vein
located just above the developing liver that returns blood to the
embryonic heart?, According to that report, the sprouting venous
ECs dedifferentiate when they migrate over or invade the
myocardium. The intramyocardial invading ECs redifferentiate
into arteries, whereas the ECs proceeding along the subepicardial
layer of the heart redifferentiate into veins®. Another recent study
reported that the Semaphorin3D/Scleraxis lineage-traced
proepicardial cells, which traverse through SV endothelium en
route to the heart and/or transiently contribute to the
endocardium, differentiate into the coronary ECs'®. A more
recent report suggested that endocardial ECs generate the
endothelium of coronary arteries through myocardial-
endothelial signalling by vascular endothelial growth factor-A
(VEGF-A) and vascular endothelial growth factor receptor 2
(VEGFR2)!. These findings suggest that coronary arteries and
veins have distinct origins and are formed by different molecular
mechanisms. Especially, the molecular mechanisms of coronary
vein formation have been elusive to date.

Angiopoietin-1 (Angl) is a member of the angiopoietin family
of growth factors and is a major ligand for Tie2, a tyrosine kinase
receptor primarily expressed on ECs'>1%, Angl/Tie2 signalling is
required for EC quiescence, pericyte recruitment and the
formation of stable vessels'?. The Angl/Tie2 signalling pathway
is critical for normal development, since conventional Angl or
Tie2 knockout mice exhibit embryonic lethality between E9.5 and
E12.5, with similar abnormal vascular phenotypes and loss of
heart trabeculation'*!>, We previously found that neuregulin-
1(NRG-1)/ErbB signalling is essential for cardiac homeostasis
presumably via Angl secreted from cardiomyocytes'6. Thus, we
investigated the role of myocardial-derived Angl in coronary
vessel formation and cardiac homeostasis by creating
cardiomyocyte-specific Angl-knockout mice.

In the present study, we show that myocardium-derived Angl
is indispensable for coronary vein formation in the developing
heart. Cardiomyocyte-specific Angl deletion results in defective
formation of the subepicardial coronary veins, but does not affect
the formation of the intramyocardial coronary arteries. The ECs
of the SV consist of two heterogeneous populations, namely APJ-
positive and APJ-negative ECs. Among these, the APJ-negative
ECs migrate from the SV into the atrial and ventricular

myocardium in Angl-dependent fashion. In addition, Angl
promotes venous differentiation of the subepicardial APJ-negative
ECs in the heart. Furthermore, in vitro experiments using the
Flk1-positive immature endothelial progenitor cells demonstrate
that Angl indeed promotes venous differentiation. Taken
together, these findings suggest that myocardial Angl has an
essential role in coronary vein formation presumably by
promoting the proliferation, migration and differentiation of
immature ECs derived from the SV.

Results

Myocardial deletion of Angl results in embryonic lethality. We
hypothesized that myocardium-derived Angl is essential for heart
development by mediating coronary vessel formation. To test this
hypothesis, we generated cardiomyocyte-specific Angl-knockout
(AnglCKO) mice using the Cre-loxP system. We created an
Ang1/'°% allele by introducing two loxP sites into introns flanking
exon 1, which encodes part of the signal sequence!”. To generate
AnglCKO mice, we crossed Anglo¥flox mice with «-MHC-Cre
transgenic mice!®>. We confirmed the expected genetic
recombination at the Angl locus in the heart, but not in the
head of AnglCKO (Anglfo¥flox; o MFHC-Cre) embryos
(Supplementary Fig. la). We also confirmed that Angl mRNA
was ablated from the ventricles of AnglCKO embryos compared
with that of control (Angt/10¥flo%) embryos by whole-mount
in situ hybridization (Supplementary Fig. 1b)!8. In addition, Angl
mRNA expression was significantly reduced in the hearts of
AnglCKO embryos compared with those of control embryos at
E8.5-E10.5 as assessed by quantitative reverse transcription ~PCR
(qRT-PCR; Supplementary Fig. 1c). Consistently, we confirmed
that the Cre-mediated recombination at E8.5 and E9.5 through
crossing o-MHC-Cre mice with enhanced GFP reporter mice
(CAG-CAT-EGFP mice) (Supplementary Fig. 1d). No live
AnglCKO mice were obtained, and AnglCKO embryos died in
uterus between E12.5 and E14.5, slightly later than conventional
Angl-knockout (AnglKO) mice, which die at EI25
(Supplementary Table 1)!>19,

AnglCKO embryos show defects in coronary vein formation.
To examine the effect of myocardial deletion of Angl on the
coronary vessel formation, we performed a histological analysis of
the hearts of AnglCKO embryos. Whole-mount CD31-immu-
nostaining revealed that AnglCKO embryos exhibited impaired
subepicardial coronary vessel remodelling compared with control
embryos (Fig. 1a-d, Supplementary Fig. 2a-d). The whole-mount
stained samples were then sectioned for analysis. The sub-
epicardial CD31-positive vessel formation was specifically
disturbed in AnglCKO embryos (Fig. le,f), whereas the intra-
myocardial CD31-positive vessel formation was almost similar in
control and AnglCKO embryos (Fig. le,fh). Although the sub-
epicardial CD31-positive vessels were detected uniformly from
the dorsal to ventral side in the ventricles of control embryos
(Fig. 1le), the number of subepicardial CD31-positive vessels
gradually decreased from the dorsal (Fig. 1f, area 1) to ventral side
(Fig. 1f, area 3) in the ventricles of AnglCKO embryos. The
number of subepicardial CD31-positive coronary vessels in the
transverse section containing the inflow-tract area in Ang1CKO
embryos was indeed smaller by 57% than that of control (Fig. 1g),
indicating that the cardiomyocyte-specific deletion of Angl
resulted in the impaired formation of subepicardial CD31-posi-
tive coronary vessels in the heart.

The subepicardial and intramyocardial CD31-positive vessels
are reported to give rise to the coronary veins and arteries,
respectively®?®. Thus, “our findings suggest that the
cardiomyocyte-specific deletion of Angl may lead to defective
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Figure 1 | Myocardial Angl is crucial for subepicardial coronary vessel formation. (a-d) Whole-mount immunostaining of embryonic hearts at E14.0
with anti-CD31 antibody. Myocardial Angl was required for subepicardial CD31-positive vessel remodelling (a,b: arrowheads in magnified image of inset).
The CD31-positive vessel formation was impaired in the ventricles of Ang1CKO embryos (c,d: arrowheads in magnified image of inset). (e f) Sectioned
analysis of the whole-mount immunostained embryonic heart. Subepicardial CD31-positive vessels were detected uniformly in all the sections from
control embryo ventricles (e), whereas the density of subepicardial CD31-positive vessels decreased gradually from the dorsal (area 1) to the ventral side
(area 3) in AnglCKO embryos (f). Arrows and arrowheads indicate the intramyocardial CD31-positive vessels and subepicardial CD31-positive vessels,
respectively. Area 1, dorsal side; area 2, lateral side; area 3, ventral side of the ventricles. (gh) Quantification of the number of subepicardial and
intramyocardial CD31-positive vessels in the transverse section including inflow-tract of ventricle from E14.0 (n=3). Scale bars, 400 um in a,c; 100 pm in
b,d; 200 um in e f; and 50 um in magnified images of insets 1-3. LV, left ventricle; RV, right ventricle. Values are shown as means + s.e.m. for three separate
experiments. Student’s t-test was used to analyse differences. **P<0.01 compared with control. NS, not significant.

formation of the subepicardial coronary veins. To characterize the
lost vessels in the hearts of AnglCKO embryos, we examined
the expression of APJ, which is confined to the veins, by
whole-mount immunostaining?’?%. Intriguingly, APJ-positive
subepicardial venous vessels were observed in both atria and
ventricles of control embryos, but not in those of AnglCKO
embryos (Fig. 2a-d, Supplementary Fig. 3a,b). Analysis of the
sectioned samples clearly revealed subepicardial APJ-positive
vessel structures in the control but not in the AnglCKO embryos
(Fig. 2e-h, Supplementary Fig. 3cd), suggesting that
cardiomyocyte-derived Angl is required for the formation of
subepicardial APJ-positive mature coronary veins.

To examine the expression of Eph receptor B4 (EphB4),
another venous endothelial marker, in the AnglCKO embryos,
we created Anglflox/flox; «-MHC-Cre(+ ); EphB4 tau-lacZ(+)

by crossing Angl+ /flox; a-MHC-Cre-TG mice with EphB4
tau-lacZ knockin mice, which express the lacZ reporter gene in
the venous ECs?3. EphB4-lacZ-positive signals were observed in
the subepicardial region of the hearts of control embryos at E13.0,
but not in those of AnglCKO embryos (Fig. 2i-1, Supplementary
Fig. 3e-h).

Chicken ovalbumin upstream promoter-transcription factor
1T (COUP-TFII), is reported to be a critical transcription factor
for the venous identity of ECs22°, I situ hybridization revealed
that the expression of COUP-TFII is observed in the
subepicardial region of the hearts of control embryos at E13.5,
but not in those of AnglCKO embryos (Fig. 2m-p). The
numbers of subepicardial differentiated coronary veins
identified by APJ-positive vessels, EphB4-lacZ-positive vessels
and COUP-TFII-positive vessels in AnglCKO embryos were
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Figure 2 | Myocardial Ang1 is essential for coronary vein formation. (a-d) Whole-mount immunostaining of embryonic hearts with anti-APJ antibody.
APJ-positive coronary veins were observed on the surfaces of both the RA (a, arrowheads) and RV (¢, arrowheads) of control embryos, but not on the
RA (b) or RV (d) of Ang1CKO embryos. (e-h) Sectioned analyses of the whole-mount immunostained embryonic hearts revealed subepicardial APJ-
positive coronary veins with vessel-like structures in the RA (e, arrowheads) and RV (g, arrowheads) of control, but not Ang1CKO embryos (fh). (i-I; Note:
for the experiment presented in i-l, both ‘control’ and ‘Ang1CKO" mice contained the EphB4 tau-lacZ knockin allele; see Results.) EphB4-lacZ-positive
signals in the hearts of control and Ang1CKO embryos at E13.0. EphB4-lacZ-positive subepicardial coronary veins were observed in control (i j, arrowhead),
but not Ang1CKO embryos (k 1, arrowhead). EphB4-lacZ-positive signals were also detected in the endocardial endothelium in both control and AnglCKO
embryos. (m-p) Expression patterns of COUP-TFI! in the hearts at E13.5. COUP-TFIl-positive subepicardial coronary veins were observed in control
(m,n, arrowhead), but not in Ang1CKO embryos (o,p, arrowhead). (g-s) Quantification of the number of subepicardial APJ (q, E13.5), EphB4-lacZ (r, E13.0)
and COUP-TFII (s, E13.5) -positive vessels in the transverse section including inflow-tract of ventricle (n=3). (¥) The number of the EphB4-positive
vessels especially with vessel-like structures or with red blood cells were quantified. Scale bars, 100 um in a-h; 300 um in ikm,0; 25um in jI; and 75 um
in n,p. RA, right atrium; RV, right ventricle. Values are shown as means £ s.e.m. for three separate experiments. Student’s t-test was used to analyse
differences. **P<0.01 compared with control.

reduced by 84-89% compared with those of control embryos of subepicardial immature CD31-positive vessels. Taken
(Fig. 2q-s). In addition, the quantification revealed that the together, these findings suggest that cardiomyocyte-specific
number of subepicardial mature coronary veins positive for the deletion of Angl impairs the formation of subepicardial
above venous markers in the ventricles was much less than that  coronary veins.
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AnglCKO embryos show no defects in coronary artery
formation. Next, we examined the effect of cardiomyocyte-spe-
cific Angl deletion on the formation of coronary arteries. Since
the coronary arteries penetrate the aorta at E13.5 (ref. 1), we
performed coronary angiography in E13.5 embryos using an ink
injection technique (see Methods)?®. The results revealed that
there was no significant difference in coronary artery formation
between the control and AnglCKO embryos (Fig. 3a-d).

To confirm the expression of arterial endothelial marker
EphrinB2 in the AnglCKO embryos, we created Anglflox/flox;
o-MHC-Cre(+); EphrinB2 tau-lacZ(+) mice by crossing
Angl + /flox; o-MHC-Cre-TG mice with EphrinB2 tau-lacZ
knockin mice, which express the lacZ reporter gene in arterial
ECs?. EphrinB2-lacZ-positive signals were comparably observed
in the intramyocardial layers of control and AnglCKO embryos
at E13.0 (Fig. 3e-h). The number of EphrinB2-lacZ-positive
vessels in AnglCKO embryos was almost similar to that in
control embryos (Fig. 3i). These findings suggest that
cardiomyocyte-specific deletion of Angl did not affect the
formation of the intramyocardial coronary arteries.

Myocardial deletion of Angl reduces venous marker expres-
sion. To confirm the defect in coronary vein formation in
AnglCKO embryos quantitatively, we examined the expression
levels of venous marker genes including APJ, Ephb4 and COUP-
TFI?8. The expression levels of these mRNAs were significantly
reduced in the hearts of AnglCKO embryos compared with those

of controls (Fig. 4a—c). In contrast, the expression levels of arterial
marker genes such as Efnb2, neuropilin-1 (Nrpl), Delta-like 4
(Dll4), hairy and enhancer of split 1 (Hesl), activin receptor-like
kinase 1 (Acvrll) and Notchl were not significantly affected in the
hearts of AnglCKO embryos compared with those of controls
(Fig. 4d-i). These data indicate that myocardial Angl is
specifically involved in the formation of coronary veins, but not
coronary arteries.

AnglCKO embryos display impaired development of myo-

cardium. Through the analysis of AnglCKO embryos, we noticed
that AnglCKO embryos display impaired development of the
hearts. The thicknesses of compact layers in AnglCKO embryos
were significantly thinner. by approximately 40% than those in
control embryos (Supplementary Fig. 4a-d). In addition,
AnglCKO embryos displayed a mild defect in trabeculation
compared with control embryos (Supplementary Fig. 4a,b).
Therefore, we next performed immunostaining with anti-phos-
pho-histone H3 (pHH3) antibody. AnglCKO embryos display
impaired proliferation of cardiomyocytes compared with control
embryos (Supplementary Fig. 4e-g). We previously reported that
NRG-1/ErbB signalling is essential for cardiac homeostasis
presumably in part via secretion of Angl from cardiomyocytes'.
NRG-1 is an EGF-family growth factor, which is essential for
myocardial growth and trabeculation through the activation of
ErbB receptors during embryogenesis®®. Thus, we examined
whether myocardial deletion of Angl might affect the expression
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Figure 3 | Myocardial Ang1 is dispensable for coronary artery formation. (a-d) Coronary angiography by ink injection into the hearts of control (a,b) and
AnglCKO embryos (c,d) at E13.5. (e-h; Note: for the experiment presented in e-h, both ‘control’ and ‘Ang1CKO' mice contained the EphrinB2 tau-lacZ

knockin allele; see Results.) EphrinB2-lacZ-positive signals in the hearts of control and Ang1CKO embryos at E13.5. EphrinB2-lacZ-positive intramyocardial
coronary arteries (containing red blood cells) were similarly observed in control (ef, arrowhead) and AnglCKO embryos (gh, arrowhead). The arrow

indicates impaired formation of the interventricular septum in Ang1CKO embryos. (i) Quantification of the number of RV + LV free wall EphrinB2-lacZ-
positive vessels in the transverse section including inflow-tract of ventricle from E13.5 (n=3). Scale bars, 100 um in a-d; 300 um in e,g; and 50 um in fh.
Ao, aorta; LCA, left coronary artery; RCA, right coronary artery. Values are shown as means £ s.e.m. for three separate experiments. Student's t-test was

used to analyse differences. NS, not significant.
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Figure 4 | The expression levels of venous marker genes are significantly lower in the hearts of Ang1CKO embryos than in those of control.

(a-i) Quantitative expression analysis of venous and arterial marker mRNAs in the ventricles at E12.5-E13.0 (normalized to GAPDH mRNA; n=3). The
expression levels of venous marker genes such as APJ (a), Ephb4 (b), COUP-TFII (c), were significantly reduced in AnglCKO embryos compared with
control. However, the expression levels of arterial marker genes such as EfnbB2 (d), Nrpl (e), Dil4 (f), Hesl (g), Acwrll ¢h) and NotchT (i) were not
significantly affected in Ang1CKO embryos compared with control. Values are shown as means * s.e.m. for three separate experiments. Student's t-test was
used to analyse differences. *P<0.05, **P<0.01, ***P <0.001 compared with control. NS, not significant.

level of NRG-1 in the hearts. We found that the mRNA level of
Nrg-1 in the hearts of AnglCKO embryos was significantly lower
than in those of control embryos (Supplementary Fig. 4h).
Therefore, the reduced myocardial growth of AnglCKO embryos
might be partly attributed to the reduced expression of Nrg-1
gene in the hearts of AnglCKO embryos. In addition, we also
found that the formation of interventricular septum was
significantly impaired in all AnglCKO embryos compared with
control at E13.5-E14.0 presumably due to the impaired
myocardial growth (Fig. 3e,g, Supplementary Fig. 4a,b). Taken
together, these findings indicate that the embryonic lethality of
Agnl1CKO embryos between E12.5 and E14.5 might be ascribed
to the combinatorial defects in both coronary vein formation and
myocardial growth.

Angl is predominantly expressed in the atria and ventricles.
We next examined the expression pattern of Angl in the
embryonic heart during coronary vessel formation. We generated
an Angl-mCherry reporter mouse as described in Methods, since
commercial antibodies were not available to detect the endo-
genous expression of Angl in murine tissue. Immunostaining
with an anti-DsRed antibody in the cryosectioned samples of
Angl-mCherry reporter mice demonstrated that Angl was
strongly expressed in the atria and ventricles to a similar extent at
E11.5 (Supplementary Fig. 5a). At E13.5, Angl expression was
confined to the atria and ventricular trabeculae (Supplementary
Fig. 5b).

We next evaluated the expression of Tie2 by X-gal staining
using Tie2-lacZ transgenic mice3®. At E10.5, the strongest Tie2-
lacZ signal in the cardiovascular system of these mice was
detected in the SV (Fig. 5ab). Tie2-lacZ signals were also

observed in the endocardial endothelium of the atria and
ventricles at E10.5, but were markedly weaker than those in the
SV (Fig. 5a,b), indicating that Angl may be involved in the
migration of Tie2-positive ECs of the SV toward the myocardium.

Myocardial Angl attracts Tie2-positive ECs from SV. Previous
study suggested that the ECs of the SV are one of the most
plausible candidate sources of coronary ECs®. In addition, Tie2
was most strongly expressed in the ECs of the SV at E10.5, when
the ECs of the SV begin to invade the atrium (Fig. 5a,b). Thus, we
hypothesized that myocardial Angl might attract the ECs of the
SV. Therefore, we examined whether myocardial Angl is indeed
responsible for the migration of ECs from the SV into the
ventricular myocardium by using a cardiac organ culture system
modified to enable the detection of Tie2-lacZ-positive ECs
migrating from the SV>%. Developing hearts were isolated
from Tie2-lacZ transgenic mice, Anglflox/flox (control) mice or
AnglCKO mice at E10.5, after the proepicardium has spread over
the heart surface to form the epicardium but before any coronary
sprouts are present. Since Tie2-lacZ was expressed in the
endocardial endothelium of the embryonic heart, Tie2-lacZ
signals were detected throughout the embryonic heart when the
intact hearts were resected from Tie2-lacZ transgenic mice,
cultured for 72 h and stained with X-gal (Supplementary Fig. 6a).
On the contrary, no Tie2-lacZ-positive signals were detected
throughout the embryonic heart resected from wild-type
(control) embryos (Supplementary Fig. 6b). Therefore, the
hearts were dissected to separate the ventricles with their
epicardial covering (V + Epi) from the SV and atria (SV + A).
When the SV+A or V+4Epi resected from Tie2-lacZ mice
were cultured separately for 72h and stained with X-gal,

6 NATURE COMMUNICATIONS | 5:4552 | DOI: 10.1038/ncomms5552 | www.nature.com/naturecommunications
© 2014 Macmillan Publishers Limited. All rights reserved.

171



NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5552

ARTICLE

SV+A: Tie2-lacZ
V+Epi: Control

E10.5

Tie2-lacZ

SV+A: Tie2-lacZ
V+Epi: Ang1CKO

g

400
B
2
& 200 *
c
3
2
=}

0
SV+A: Tie2-lacZ Tie2-lacZ
V+Epi: Controt  AngiCKO
(n=11) (n=7)

Figure 5 | Angl derived from the ventricular myocardium attracts Tie2-positive ECs from the SV. (ab) X-gal staining of Tie2-lacZ transgenic mice at
E10.5. Tie2-positive signals were observed most strongly in the SV (arrows), and to a much lesser extent in the endocardium of both the RA and RV
(arrowheads). (c-f) Analysis of coronary vessel sprouting in vitro. The SV and atrium (SV +A) resected from Tie2-LacZ transgenic embryos were
recombined with the ventricle and epicardium (V + Epi) resected from either control or Ang1CKO embryos at E10.5, cultured for 72h at 37°C, and
subjected to whole-mount staining with X-gal (¢,d). Tie2-lacZ-positive coronary sprouts formed when recombined with the V + Epi from control (¢), but
not with the V + Epi from Ang1CKO embryos (d). Whole-mount X-gal-stained samples were sectioned (e,f). The migratory distances from the combined
atrioventricular borderline (dotted line) to the forefront of the Tie2-lacZ-positive signals in the ventricles were measured. The mean migratory distance of
each group is shown in g. Scale bars, 100 um. A, atrium; Epi, epicardium; RV, right ventricle; SV, sinus venosus; V, ventricle. Values are shown as
means £ s.e.m.. Student's t-test was used to analyse differences. *P<0.05 compared with control.

Tie2-lacZ-positive signals were observed in the atria or ventricle
in a similar patchy fashion (Supplementary Fig. 6c,d).

The SV + A resected from Tie2-lacZ transgenic mice were
combined with the V+ Epi resected from either control or
AnglCKO mice, and then cultured for 72h and stained with
X-gal to determine whether Tie2-lacZ-positive coronary vessels
had sprouted and migrated into the ventricles (Fig. 5). When the
SV + A resected from Tie2-lacZ mice was cultured with the V 4
Epi of control mice, Tie2-lacZ-positive coronary vessels were
detected on the V + Epi (Fig. 5c.e; 7 of 11, 64%). However, when
the SV + A resected from Tie2-lacZ mice were cultured with the
V +Epi of AnglCKO mice, the formation of Tie2-lacZ-positive
coronary vessels on the V 4 Epi was disturbed (Fig. 5d,f; 2 of 7,
29%). Consistent with these findings, the mean migratory
distance from the border between the atrium and ventricle to
the leading edge of the Tie2-positive ECs in the ventricle was
significantly longer in the culture of the Tie2-lacZ atrium with the
control ventricle than in that of the Tie2-lacZ atrium with the
AnglCKO ventricle (Fig. 5g). Collectively, these experiments
suggest that Angl derived from the ventricular myocardium
might be involved in attraction of the Tie2-positive ECs from the
SV towards the ventricular myocardium.

The ECs of SV consist of APJ-positive and APJ-negative cells.
The SV is considered one of the most plausible sites of origin for
coronary vein ECs>!l. Therefore, we examined the expression
patterns of several EC markers in the SV. We performed double
immunostaining with anti-CD31 and anti-Tie2 antibodies.
Consistent with the results obtained from the X-gal staining of
Tie2-lacZ transgenic mice, all of the CD31-positive ECs in the
SV were positive for Tie2 in control embryos (Fig. 6a-c).
Furthermore, the expression pattern of Tie2 in AnglCKO and
control embryos was quite similar (Fig. 6d-f), suggesting that
Tie2 is uniformly expressed in the ECs of the SV in both control
and AnglCKO embryos. In addition, VEGFR2 immunostaining

colocalized with that of Tie2 in the SV of control and AnglCKO
embryos (Supplementary Fig. 7a—f), indicating that VEGFR2 is
also uniformly expressed in the ECs of the SV. We also performed
X-gal staining of EphrinB2-lacZ knockin mice at E10.5 and
confirmed that the arterial endothelial marker EphrinB2 is not
expressed in the SV at E10.5 (Supplementary Fig. 7g-i). These
data suggest that CD31, Tie2 and VEGFR2 are all expressed
uniformly in the ECs of the SV.

In clear contrast, AP] was not uniformly expressed in the ECs
of the SV in either control or AnglCKO embryos (Fig. 6g-1). This
finding indicates that the ECs in the SV at E10.5 consist of two
populations, namely the APJ-positive and APJ-negative ECs
(Fig. 6m).

The APJ-negative ECs migrate from SV into myocardium. We
next addressed the characteristics of the CD31-positive ECs
migrating from the SV into the atrium. Intriguingly, APJ-negative
ECs were exclusively detected in the coronary sprouts in the atria
of both control and Ang1CKO embryos at E11.5 (Fig. 6n-t). We
also confirmed that APJ-positive vessels were not detected in the
atrium of either control or AnglCKO embryos at E11.5 by
whole-mount immunostaining with an anti-AP] antibody
(Supplementary Fig. 7j-m). However, at E12.5, AP] was expressed
in the atrial CD31-positive vessels in control embryos, but not in
AnglCKO embryos (Fig. 6u-z, arrowheads). These data are
consistent with the data obtained from whole-mount immunos-
taining with the anti-AP] antibody at E13.0 (Fig. 2a,b). Taken
together, these findings suggest that Angl secreted from the atrial
myocardium promotes the upregulation of AP] and the venous
differentiation of ECs sprouting from the SV into the atrium of
control embryos (Fig. 6aa).

The expression of AP] in the vessels migrating from the atrium
into the ventricles was not detected in control or AnglCKO
embryos at E12.5 (Fig. 6u-z, arrow). These data indicate that the
APJ-negative ECs migrate from the SV into the atrium at E11.5

NATURE COMMUNICATIONS | 5:4552 | DOI: 10.1038/ncomms5552 | www.nature.com/naturecommunications 7
© 2014 Macmillan Publishers Limited. All rights reserved.

172



ARTICLE

HATURE COMMUNICATIONS | DOL 10,1038/ ncomms5552

(Fig. 6t) and subsequently into the ventricle at E12.5, followed by
the appearance of APJ-positive, mature ECs in the atrium
(Fig. 6aa). Whole-mount immunostaining analysis of the wild-
type embryos revealed the emergence of APJ-positive vessels on
the ventricular surface on and after EI3.5 (Supplementary
Fig. 2e-h), one day later than the emergence of CD31-positive
vessels (Supplementary Fig. 2a~d). These findings indicate that
the APJ-negative ECs precede the appearance of the APJ-positive
mature venous ECs in the ventricle.

The APJ-negative ECs were also detected in the ventricles of
wild-type embryos both at E12.5 (Fig. 7a-c, j, arrows in area 2)
and E13.5 (Fig. 7d-f, k, arrows in area 4). However, at E14.5, the
APJ-negative subepicardial ECs could not be detected at the
forefront of the invading vessels in the wild-type ventricles
(Fig. 7g-i, 1). These data suggest that immature APJ-negative ECs
in the ventricles may differentiate into APJ-positive ECs at E14.5
in response to myocardial Angl (Fig. 71).

Consistent with the whole-mount immunostaining with anti-
AP] antibody results (Fig. 2c,d,gh), APJ-positive ECs were
observed in the basal subepicardial layers of both the right and
left ventricles of control embryos, but not in those of AnglCKO
embryos at E13.5 (Supplementary Fig. 8a-g). Taken together,
these data suggest that the APJ-negative ECs migrate from the SV
into the atrium and subsequently into the ventricle at the
forefront of the invading vessels and precede the appearance of
APJ-positive ECs. The emergence of APJ-positive ECs occurs one
day later in the atria and ventricles and requires the presence of
myocardial Angl.

In addition, we examined the proliferation of the subepicardial
CD31-positive ECs in the hearts of both control and AnglCKO
embryos. Since we observed the invasion of CD31-positive
subepicardial ECs from atria into the basal region of the ventricles
in both control and AnglCKO embryos (Fig. 1e,f), we examined
the proliferation of CD31-positive subepicardial ECs in the
ventricles of control and AnglCKO embryos. The number of
subepicardial ECs double-positive for pHH3 and CD31 in the
ventricles of AnglCKO embryos was 44% smaller than that in
control embryos (Supplementary Fig. 9a-c), suggesting that
myocardial deletion of Angl led to the impaired proliferation of
CD31-positive subepicardial ECs.

We also examined the expression levels of VEGF-A and
VEGFR2 mRNAs in the hearts. They were almost comparable
between control and AnglCKO embryos (Supplementary
Fig. 9d.e), indicating that the CD3l-positive AP]-negative
immature ECs in the subepicardial region of AnglCKO hearts
might be recruited from SV partly by the action of myocardium-
derived VEGF-A. These findings suggest that myocardial Angl
contributes not only to the migration but also to the proliferation
of subepicardial immature ECs.

Angl promotes venous differentiation of the immature ECs.
The finding that APJ-negative ECs of the SV expressed AP] one

or two days after migrating into the myocardium in control mice,
but not in Angl CKO mice suggested that Angl might be critically
involved in the venous differentiation of immature ECs in the
heart. Therefore, we examined the effect of Angl on arterial-
venous specification using the Flki-positive endothelial pro-
genitor cells derived from embryonic stem (ES) cells (Flk1™
cells)?®31 Since the ECs that invade the atrium from the SV do
not express either the arterial marker EphrinB2 or the venous
marker APJ, we reasoned that the Flk1™ cells, which are double-
negative for these markers, would be suitable for analysing the
effects of Angl on the arterial-venous specification of the ECs.
Treatment with VEGF and 8-bromo-cyclic-AMP (cAMP)
upregulated the expression of the arterial marker EphrinB2 in
Flk1 ™ cells, as reported previously (Supplementary Fig. 10a,b)3,
Next, we examined the additive effects of treatment with cartilage
oligomeric matrix protein (COMP)-Angl, a potent variant of
Angl (ref. 32), VEGF and cAMP on Flk1* cells. Interestingly,
treatment with COMP-Angl inhibited the induction of EphrinB2
by VEGF and cAMP (Supplementary Fig. 10c). gRT-PCR
analysis also demonstrated that co-treatment with COMP-Angl
counteracted the upregulation of Efnb2 mRNA by VEGF and
cAMP (Supplementary Fig. 10d).

In contrast, immunocytochemical analysis revealed that the
transcription factor COUP-TFII, which is postulated to have a
key role in venous differentiation®?>, was significantly
upregulated in Flk1* cells when stimulated with VEGF, cAMP
and COMP-Angl (Fig. 8a-c). Consistent with these findings,
qRT-PCR analysis revealed that co-stimulation with VEGEF,
cAMP and COMP-Angl upregulated the expression level of
COUP-TFII in Fk1 7 cells, although neither the co-stimulation
with VEGF and cAMP nor that with VEGF and Angl
upregulated the expression level of COUP-TFII (Fig. 8d).

Interestingly, co-stimulation with VEGF and COMP-Angl did
upregulate the expression level of APJ mRNA in Flk1t cells,
whereas VEGF or co-stimulation with VEGF and cAMP did not
significantly affect the expression level of AP/, indicating that APJ
upregulation may be a prerequisite for the induction of COUP-
TFI in Flk1 T cells (Fig. 8e).

In addition, we also examined the requirement of Tie2
receptor for the effect of Angl on the venous differentiation
of Flkl-positive endothelial progenitor cells by siRNA-
mediated knockdown of Tie2. We first confirmed that the
expression level of Tie2 protein was significantly reduced by
approximately 80% in the immature Flkl-positive endothelial
progenitor cells (Supplementary Fig. 1la). We found that
siRNA-mediated knockdown of Tie2 significantly blunted
Angl-dependent upregulation of COUP-TFII and APJ
mRNAs (Supplementary Fig. 11b,¢). These findings suggest that
Tie2 activation is required for the Angl-dependent venous
differentiation of the immature Flkl-positive endothelial
progenitor cells. Collectively, these data suggest that
Angl/Tie2 signalling promotes the venous differentiation of

Figure 6 | APJ-negative ECs sprout off from the SV and migrate into the embryonic atria and ventricles. (a-f) Sagittal section through the SV of
control (a-¢) and Ang1CKO embryos (d-f) at E10.5 immunostained for CD31 (green) and Tie2 (red). CD31 and Tie2 were uniformly expressed in the ECs of
the SV (arrowheads). (g-I Sagittal section through the SV of control (g-i) and Ang1CKO embryos (§-I) at E10.5 immunostained for CD31 (green) and
APJ (red). APJ-negative ECs were detected among the CD31-positive ECs in both control and Ang1CKO embryos (arrows). ECs in the SV expressing
both CD31 and APJ were similarly observed in control and Ang1CKO embryos (arrowheads). (m) Schematic illustrations of the SV at E10.5 showing that
the ECs were heterogeneous for APJ expression. (n-s) Sagittal sections through the right atrium (RA) of control (n~-p) and Ang1CKO embryos (q-s) at
E11.5 immunostained for CD31 (green) and APJ (red). (t) Schematic illustrations of the RA at E11.5 showing that all of the invading ECs were negative
for APJ in both control and AnglCKO embryos. (u-z) Sagittal section through the RA and right ventricle (RV) of control (u-w) and AngiCKO embryos
(x-2) at E12.5 immunostained for CD31 (green) and APJ (red). The CD31-positive ECs invading the RV did not express APJ in either control or Ang1CKO
embryos (arrow). In contrast, AP) was expressed in all of the CD31-positive ECs in the RA of control, but not Ang1CKO embryos (arrowheads). (aa)
Schematic illustration of the RA and RV at E12.5 summarizing the expression of APJ. Blue line, APJ-positive ECs; black line, APJ-negative ECs. Scale bars,

50 um. RA, right atrium; RV, right ventricle; SV, sinus venosus.
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immature vascular progenitor Flk1* cells via the upregulation
of COUP-TFII and. APJ. Since the growth factor(s)
responsible for regulating COUP-TFII have not been identified
to date, Angl might be a promising candidate factor for
promoting the venous differentiation of immature ECs in the
developing heart.

Discussion

These findings demonstrate that Angl is essential for coronary
vein formation in developing heart (Fig. 9a,b). AnglCKO mice
displayed significant defects in the migration of the APJ-negative
immature ECs from the SV into the myocardium, the prolifera-
tion and the venous differentiation of the immature ECs.
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Figure 7 | APJ-negative ECs precede APJ-positive ECs on the ventricle surface. Sagittal sections through the RA and RV of wild-type embryos at E12.5
(a-c), E13.5 (d-f), E14.5 (g-i) immunostained for CD31 (green) and APJ (red). At E12.5 and E13.5, the APJ-negative (immature) ECs migrated at the
forefront of the sprouting subepicardial coronary vessels (arrows in a-c area 2, d-f area 4) and preceded the appearance of the APJ-positive (mature) ECs
(arrowheads). At E14.5, all of the subepicardial ECs were double-positive for CD31 and APJ (arrowheads in g-i). (j-D Schematic illustration of the SV, RA
and RV at E12.5 (§), E13.5 (k) and E14.5 (D). Blue line, APJ-positive ECs; black line, APJ-negative ECs. Scale bars, 200 pm (upper panels in a-i); 50 pm

(insets). RA, right atrium; RV, right ventricle; SV, sinus venosus.

Together, AnglCKO mice exhibited defective formation of
subepicardial coronary veins. In addition, Angl in combination
with VEGF and cAMP induced the venous differentiation of
Flk1 ™ vascular progenitor cells, whereas the combination of
VEGEF and cAMP promoted arterial differentiation of the Flk1+
vascular progenitor cells. To our knowledge, this is the first report

describing the growth factor responsible for the venous
differentiation of immature ECs.

The origin of coronary ECs has been a long-lasting question.
AnglCKO mice displayed specific defects in the development of
APJ-, EphB4-, COUP-TFII-positive coronary veins (Fig. 2);
however, they showed no significant defects in coronary artery
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Figure 8 | Ang1 enhances venous differentiation of FIk1™ immature endothelial progenitor cells synergistically with VEGF. (a-c) The venous marker
protein COUP-TFIl was upregulated in vascular progenitor Fik1™ cells by the addition of COMP-Ang1 to VEGF and cAMP. FIk1™* cells were immunostained
with anti-CD31 antibody (red) and anti-COUP-TFII antibody (green). Nuclei were stained with DAPI (blue). (d-e) Quantitative expression analysis of the
venous marker genes COUP-TFIf and APJ in the FIk1T cells (normalized to GAPDH mRNA; n=3). (d) The expression of COUP-TFIl mRNA was increased
exclusively by the combined treatment with VEGF, cAMP and COMP-Ang1. (e) The expression of AP/ mRNA in the FIki* cells was significantly

upregulated by stimulation with VEGF and Ang1 compared with treatment with VEGF alone. AP/ mRNA was further upregulated by the addition of COMP-
Angl to VEGF and cAMP. The resuits were expressed as relative intensity over cells treated with VEGF. Scale bars, 50 um. Values are shown as

means * s.e.m. for three separate experiments. One-way analysis of variance was used to compare differences. *P<0.05, **P<0.01, ***P<0.001 for the

indicated groups.

formation as evaluated by either coronary arteriogram with ink
injection or detection of EphrinB2-lacZ-positive coronary arteries
(Fig. 3). Wu et al.}! recently reported that both cardiomyocyte-
specific VEGF-A KO mice and endocardium-specific VEGFR2
KO mice exhibit specific defects in coronary artery formation, but
not in coronary vein formation. They reported that the ECs of the
ventricular endocardium, but not those of the SV, generate the
endothelium of coronary arteries. Their findings complement our
findings obtained with AnglCKO mice, suggesting that the
formation of coronary arteries and veins might be distinctly
regulated by VEGF-A/VEGFR2 signalling and Angl/Tie2
signalling, respectively.

On the other hand, Red-Horse et al.® reported that the ECs of
the SV are the common originators of both coronary arteries and
veins, using clonal analysis, crossing VE-Cadherin-Cre(ER)T2
mice with either Rosa-lacZ or multicolour Cre recombination
reporters, and organ culture experiments combining the SV and
atrium from Apelin-nLacZ-reporter mice with ventricles from
wild-type mice. We also performed- organ culture experiments
combining the SV and atrium from Tie2-lacZ reporter mice with
the ventricles and epicardium from either wild-type or AnglCKO
mice. These experiments suggested that Angl derived from the
ventricular myocardium might attract the Tie2-positive ECs from
the SV towards the ventricular myocardium presumably via
promotion of migration and proliferation of the immature ECs
(Fig. 5). Since we could not address the arterial-venous identity of
the Tie2-positive ECs migrating into the wild-type ventricles due
to the loss of the antigenicity in the organ culture samples, we
cannot exclude the possibility that the ECs of SV might partly

contribute to the formation of coronary arteries independent of
the action of myocardial Angl. So, the issues on the origin of the
coronary arteries should be clarified in the future.

Katz et al.'% recently reported that the Semaphorin3D/Scleraxis
lineage-traced proepicardial cells, which migrate via SV
endothelium into the myocardium and/or transiently contribute
to the endocardium, differentiate into the coronary ECs. This
finding indicates that the proepicardial cells as well as the SV ECs
might be one candidate source for coronary vein ECs. Since there
have been no appropriate reporter mice to specifically trace the
lineage of the SV ECs to date, we should determine the origins of
the coronary veins through identifying the marker genes
specifically expressed in the ECs of the SV in the future.

Angl is reported to enhance the migration of the vascular ECs
in cooperation with VEGEF?3, Consistent with this finding,
AnglCKO mice showed impaired migration of subepicardial
immature APJ-negative ECs compared with control mice (Fig. 1
and Supplementary Fig. 2). Since the coronary artery formation
was almost intact in AnglCKO mice (Fig. 3), the myocardium-
derived VEGF-dependent signalling and migration of ECs
appeared to be preserved in these mice. These data indicate
that Angl might regulate the migration of immature ECs from
the SV into the myocardium in cooperation with VEGF derived
from the myocardium.

On the other hand, we also found that AnglCKO embryos
showed impaired proliferation of subepicardial ECs compared
with control embryos (Supplementary Fig. 9a—c). Previous studies
revealed that Angl exerts opposing effects such as proliferation
and stabilization of the cell-cell contact of the ECs depending on
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Figure 9 | Role of Ang1 on coronary vessel formation. (a) Working mode! of coronary vein formation. The upper panel shows a schematic illustration of
coronary vein formation in wild-type mice. The ECs in the SV at E10.5 consist of APJ-positive mature ECs (blue) and APJ-negative immature ECs
(black). The APJ-negative ECs sprout off from the SV into the RA at E11.5. While the APJ-negative ECs migrate from the RA into the RV at E12.5, the APJ-
negative ECs in the RA undergo venous differentiation in response to the action of Angl secreted from the myocardium, and differentiate into APJ-positive
mature venous ECs. At E13.5, the APJ-negative ECs continue to migrate ahead of the APJ-positive ECs, which have emerged on the surface of the RV. At
E14.5, all of the subepicardial CD31-positive cells have differentiated into mature venous APJ-positive ECs. In AnglCKO mice, the migration, the
proliferation and the venous specification of the APJ-negative ECs are impaired, resulting in defective coronary vein formation (lower panels). (b) Schematic
diagram of coronary vessel formation in AngiCKO embryo. Cardiomyocyte-specific deletion of Angl disturbs coronary vein formation, but does not’
impair coronary artery formation. Blue: APJ-positive ECs, Black: APJ-negative ECs. ep, epicardium; myo, myocardium; RA, right atrium; RV, right ventricle;

SV, sinus venosus.

the cellular contexts*»*. While Angl can bridge Tie2 at cell-cell
contacts and mediates trans-association of Tie2 in the presence of
cell-cell contacts, extracellular matrix-bound Angl locates Tie2 at
cell-substratum contacts in isolated cells®®. Of note, Tie2
activated at cell-cell or cell-substratum contacts leads to
preferential activation of Akt and Erk, respectively’3>,
suggesting that Angl can evoke distinct cellular responses in
the ECs according to the cellular environment. Taken together,
myocardial Angl might contribute to the formation of coronary
veins by promoting both proliferation and migration of the
immature ECs derived from SV.

The ECs of the SV were found to be heterogeneous, consisting
of both APJ-positive and -negative cells. Among the ECs in the
SV, only the APJ-negative ECs were found to migrate into the
atrium and ventricles. Furthermore, all of the atrial subepicardial
ECs were APJ-positive following 1 day of exposure to Angl
expressed in the atrial myocardium (Fig. 6). Thus, the APJ-
positive ECs appeared to be produced through differentiation of
the APJ-negative ECs by the action of myocardial Angl.

Our findings indicate that myocardial Angl has a critical role
in coronary vein formation by mediating the migration,
proliferation and venous differentiation of immature ECs in the
developing hearts. Elucidation of the molecular mechanisms
underlying Angl-mediated venous differentiation will provide
insight into heart disease and tissue regeneration.

Methods

Animals. The targeting vector for creating Angl°% allele was constructed by
inserting loxP/PGK-Neo-pA/loxP into exon 1 of the genomic Angl locus'”. The
targeting vector was introduced into TT2 embryonic stem cells. The targeted
embryonic stem cell clones were injected into CD-1 8-cell stage embryos, and

the resultant male chimera mice were mated with C57BL/6 females to establish
germ line transmission. Anglf¥(20+) mice were maintained in CBA/CS7BL/6/
CD-1 mixed background. The neomycin cassette in Anglx("¢0+) allele was
excised through crossing with CAG-FLPe transgenic mice in C57BL/6 background
(B6-Tg(CAG-FLPe)36)%. To create AnglCKO mice, we crossed Ang]ﬂ‘”‘/ﬂ"" mice
with o-MHC-Cre transgenic mice in a C57BL/6 background'®V. Tie2-lacZ
transgenic (FVB/N-Tg(TIE2-lacZ)182Sato/]) mice were purchased from the
Jackson Laboratory®. The EphB4 tau-lacZ knockin mice and EphrinB2 tau-lacZ
knockin mice were used for determination of the arterial-venous lineages of the
coronary ECs**?’, Enhanced green fluorescent protein (EGFP) reporter mice
(CAG-CAT-EGFP) were obtained from J. Miyazaki, Osaka University37. The Angl-
mCherry gene construct was generated from a BAC clone (RP23-5]11) containing a
144-kb genomic fragment spanning the region upstream of the Angl locus. The
targeting vector used to modify BAC RP23-5]11 was designed to insert the
mCherry sequence into the first coding exon of the Angl gene. The 5' and 3’
homology sequence, the mCherry gene, and the fragment including the poly A
sequence were cloned into PL453, which contained the neomycin-resistance
cassette flanked by Frt sites.

All animals were maintained in a virus-free facility on a 12-h light/12-h dark
cycle and fed a standard mouse diet. All experiments were carried out under the
guidelines of the Osaka University Committee for animal and recombinant DNA
experiments and were approved by the Osaka University Institutional Review
Board.

Genotyping of the animals. The PCR primers used for genotyping were as
follows: Angl flox: 5'-CCGGATTCAACATGGGCAATGTGCC-3', 5'-CAGTCA
AAATGCCTAAGATAAAC-3'; Cre: 5'-ACATGTTCAGGGATCGCCAG-3/,
5'-TAACCAGTGAAACAGCATTGC-3; lacZ: 5'-CAGACGATGGTGCAGGAT
AT-3, 5-ATACAGCGCGTCGTGATTAG-3'; Angl-mCherry: 5'-AGGACGGCG
AGTTCATCTAC-3', 5'-TGGTGTAGTCCTCGITGTGG-3'; EGFP: 5-AGCAA
GGGCGAGGAGCTGTT-3/, 5-GTAGGTCAGGGTGGTCACGA-3'.

Detection of B-galactosidase activity in embryonic tissues. Embryonic tissues
were fixed in 0.2% glutaraldehyde in phosphate-buffered saline (PBS) containing
5mM EGTA and 2 mM MgCl, at 4°C for 4h, washed in washing buffer (2mM

MgCl,, 0.02% NP-40, 0.1% sodium deoxycholate in PBS) for 30 min three times,
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cryoprotected with 30% sucrose, and frozen in OCT compound (Tissue Tek) and
cryosectioned. Samples were stained in X-gal staining buffer (5mM potassium
ferricyanide, 5mM potassium ferrocyanide, 1 mg/ml X-gal in washing buffer) at
37°C.

Histological analysis. Dissected embryonic hearts were fixed in 4% paraf-
ormaldehyde (PFA)/PBS overnight at 4 °C, embedded in paraffin and sectioned at
7 um thickness. Hematoxylin/eosin staining was performed according to standard

procedures on the paraffin sections!®,

Immunohistochemical analysis. The following antibodies were used: anti-CD31
(550274) and anti-VEGFR2 (550549) (BD Pharmingen), anti-Tie2 (sc-324, Santa
Cruz), anti-beta-galactosidase (NB100-2045, Novus Biologicals), anti-DsRed
(632496, Clontech), anti-phospho-Histone H3 (Ser10) (06-570, Merck Millipore).
The whole-mount immunohistochemistry of mouse embryos using anti-CD31
monoclonal (1:100) and anti-APJ antibodies (1:100) was performed®®3°,
Embryonic hearts were dissected and fixed in 4% PFA/PBS overnight at 4 °C.
Samples were washed in PBS, dehydrated in absolute methanol (MeOH) and stored
at — 20 °C until antibody staining. Embryonic hearts were incubated in Dent’s
bleach (MeOH: dimethyl sulfoxide: 30%H,0,, 4:1:1) for 3h at room temperature
and washed with a series of descending MeOH/PBST (PBS +0.1% Triton-X)
concentrations (70%MeOH, 50%MeOH, PBST). Samples were blocked in 2%
skimmed milk for 1h and incubated with primary antibodies overnight at 4 °C.
Next day samples were washed three times for 1h with PBST and incubated with
secondary antibodies overnight at 4 °C. Finally samples were washed three times
for 1 h with PBST and applied with DAB (Invitrogen) at room temperature. When
necessary, 7 pm sections were cut from paraffin-embedded whole-mounts.

For frozen section immunohistochemistry, embryos or isolated embryonic
hearts were fixed for 4h to overnight in 4% PFA/PBS. Fixed embryos or hearts
were soaked in a 15-30% sucrose gradient before being embedded in OCT (Tissue
Tek) for frozen sections and cut by cryosectioning (10 um). Sections were
rehydrated in PBS, incubated in blocking solution containing either 5% normal
goat serum, 1% bovine serum albumin and 2% skim milk or 10% normal goat
serum in PBST for 1 h and then incubated with primary antibodies (CD31 1:300,
Tie2 1:200, AP] 1:300, VEGFR2 1:100, Beta-galactosidase 1:4000, DsRed 1:1000,
phospho Historne H3 1:100) in Can Get Signal immunostain (TOYOBO, NKB-
601) overnight at 4 °C. Sections were then washed in PBST and incubated with
fluorescent-conjugated (Invitrogen; Alexa Fluor 488 and 546) or horseradish
peroxidase (HRP)-coupled (Cell Signaling Technology (7074), 1:200) secondary
antibodies for 30 min to 1h at room temperature. Images were acquired with a
microscope (Keyence, BZ-9000).

Whole-mount in situ hybridization. Embryos were fixed in 4% PFA/PBS over-
night at 4 °C and stored in 100% MeOH at — 20 °C until hybridization. The Angl
antisense probe was generated from mouse Angl cDNA!S. Whole-mount in situ
hybridization was performed at 70 °C for 18 h for each sample?’. The detection was
performed with alkaline phosphatase-coupled anti-digoxygenin antibody
(Boehringer Ingerheim) overnight at 4 °C. After washing, the chromogenic reaction
was performed with NBT-BCIP substrate (Promega). Photographs were captured
with a stereomicroscope (Olympus, SZX12).

In situ hybridization on frozen sections. Embryos were fixed overnight in 4%
PFA/PBS. Fixed embryos were soaked in a 15-30% sucrose gradient before being
embedded in OCT (Tissue Tek) for frozen sections (10 im). Sections were rehy-
drated in PBS. A 994 bp long in situ probe was generated of the mouse COUP-TFII
gene (Forward: CGGAATTCTCAACTGCCACTCGTACCT, Reverse: CCAC-
TAGTGCTTTCCACATGGGCTACAT). In situ hybridization was performed in a
similar method to whole-mount in situ hybridization®. Hybridized DIG-RNA
probes were detected with alkaline phosphatase-coupled anti-digoxygenin antibody
overnight at 4 °C. Photographs were captured with BZ-9000 (KEYENCE).

Coronary arteriogram of murine embryos. Hearts were resected from embryos
and placed in heparinized PBS. Ink (Kiwa-guro; Sailor) was injected in a retrograde
fashion from the ascending aorta using a glass micropipette and fixed in 4% PFA/
PBS?. Photographs were captured using a stereomicroscope (Olympus, SZX12).

Quantitative real-time RT-PCR. Quantitative real-time RT-PCR was carried out
using the QuantiFast SYBRGreen RT-PCR kit (Qiagen)39. For each reaction, 80 ng
of total RNA was transcribed for 10 min at 50 °C followed by a denaturing step at
95 °C for 5min and 40 cycles of 10s at 95°C and 30 s at 60 °C. Fluorescence data
were collected and analysed using ABI PRISM 7900HT. The primers used for
amplification of total RNA from murine hearts were as follows: GAPDH: 5'-TC
TCCACACCTATGGTGCAA-3', 5'-CAAGAAACAGGGGAGCTGAG-3'; Angl
5'-GCAGCCATAGCAATGCCAGAGGT-3/, 5-TCCCATGGCAACTCACAAAA
CTCC-3'; Efnb2: 5-TGTTGGGGACTTTTGATGGT-3": 5'-GTCCACTTTGGG
GCAAATAA-3'; Ephb4: 5'-CTGGATGGAGAACCCCTACA-3, 5-CCAGGTA
GAAGCCAGCTTTG-3'; COUP-TFIL: 5'-GCAAGTGGAGAAGCTCAAGG-3,

5'-TTCCAAAGCACACTGGGACT-3'; Notchl: 5'-TGTTGTGCTCCTGAAG
AACG-3, 5'-TCCATGTGATCCGTGATGTC-3'; Dll4: 5'-TGCCTGGGAAGT
ATCCTCAC-3', 5'-GTGGCAATCACACACTCGTT-3; Acvrll: 5'-CCAATGACC
CCAGTTTTGAG-3', 5'-TTGGGGTACCAGCACTCTCT-3'; Hesl: 5'-ATCATG
GAGAAGAGGCGAAG-3/, 5-CGGAGGTGCTTCACAGTCAT-3'; Nrpl: 5'-CC
GGAACCCTACCAGAGAAT-3, 5'-AAGGTGCAATCTTCCCACAG-3'; APJ:
5'-CAGTCTGAATGCGACTACGC-3, 5-CCATGACAGGCACAGCTAGA-3'.

Organ cultures. Heart cultures were carried out according to the previous report’.,
In brief, embryonic hearts were dissected from wild-type, Tie2-lacZ or AnglCKO
embryos, and the atria and attached sinus venosus (SV/A) were then dissected from
the ventricles. The SV/A tissues from the Tie2-lacZ embryos were placed adjacent
to the ventricles of either wild-type or AnglCKO embryos at the position where the
original SV/A was removed. The explants were cultured dorsal side up at the air-
liquid interface on 8-mm Millicell Cell Culture Insert Filters (Merck Millipore).
Cultures were maintained at 37 °C and 5% CO, in DMEM with 2 pgml ~ ! heparin,
100 U ml ! penicillin, 100 pgml ~! streptomycin, 2 mM L-glutamine and 10%
fetal bovine serum. After 72 h, explants were fixed with 4% PFA/PBS and subjected
to whole-mount X-gal staining. Some stained explants were embedded in paraffin
and then sectioned.

Cell culture and differentiation of embryonic stem cells. ES cell lines EStTA-
ROSA, and various EStTA derivatives were maintained with Glasgow’s MEM
(GMEM; Invitrogen) containing 1 x 10 ~*M 2-mercaptoethanol (Invitrogen), 10%
knockout serum replacement (KSR; Invitrogen), 1% fetal calf serum (FCS; SAFC
Biosciences), 1 mM sodium pyruvate (Sigma), 1% non-essential amino acids
solution (Invitrogen) and 2 x 10°Uml ! leukaemia inhibitory factor (Merck
Millipore). Differentiation was induced in these ES cell lines using differentiation
medium (DM) consisting of minimum essential medium alpha (Invitrogen) sup-
plemented with 10% FCS (Invitrogen) and 5 x 10~ > M 2-mercaptoethanol’41, In
brief, undifferentiated ES cells were cultured on gelatin-coated dishes without
leukaemia inhibitory factor at a density of 0.75-10 cells per cm? for 4.5 days.
Cultured cells were harvested and subjected to magnetic cell sorting (MACS)
purification. Purified FIk1* cells were then plated onto gelatin-coated dishes at a
density of 0.75-10% cells per cm? in DM. After 3 days, induced ECs were examined
by immunocytochemistry and FACS analysis. Human VEGF,ss (WAKO,

50 pgml ~?) and 8-bromoadenosine-3', 5'-cyclic monophosphate sodium salt
(8-bromo-cAMP; Nacalai, 0.5 mM) were added to the Flk1* cell culture. COMP-
Angl was added to the FIk1 ™ cell culture at the concentration of 100 ngml ~?
(ref. 32). ’

Stealth siRNAs targeting murine Tie2 gene were purchased from Invitrogen
(MSS211290, MSS211291, MSS278161). Cells were transfected with mixed three
siRNAs (total 50 nM) 12 h before Flk1*+ cell purification using Lipofectamine
RNAIMAX reagent (Invitrogen) according to the manufacturer’s instructions.
Furthermore, Flk1 * cells were plated and simultaneously transfected with mixed
siRNAs (total 20 nM).

Immunocytochemical analysis of FIk1T cells. The cultured ECs were immu-
nostained according to the previous report*l. Briefly, for double-fluorescence
staining of COUP-TFII and CD31, ECs were fixed with 4% PFA/PBS. Fixed culture
slides were incubated with anti-COUP-TFII antibody (H7147, Perseus Proteomics)
and anti-CD31.(550274, BD Pharmingen). Culture slides were then washed in
PBST and incubated with fluorescent-conjugated secondary antibodies (Invitrogen;
Alexa Fluor 488 and 546). For double-fluorescence staining of EphrinB2 and CD31,
ECs were fixed with 5% dimethyl sulfoxide/MeOH. Fixed culture slides were
incubated with EphB4-human immunoglobulin (Ig) Fc portion chimeric protein
(EphB4-Fc; R&D Systems) followed by human IgG Fc peroxidase-conjugated goat
IgG fraction (ICN Biomedicals). The TSA biotin system (PerkinElmer) was used to
amplify the signal for EphB4-Fc staining. EphrinB2-positive cells were visualized
with streptavidin/Alexa Fluor 488 conjugate (Invitrogen). CD31-positive cells were
stained with PE-conjugated mAb for CD31.

Statistical analysis. All data were expressed as means * s.e.m. Differences among
multiple groups were compared by one-way analysis of variance. Student’s ¢-test
was used to analyse differences between two groups. A value of P<0.05 was
considered as statistically significant.
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Background: The consequences of calpain activation after myocardial infarction (MI) are not fully elucidated.
Results: Post-MI remodeling was exacerbated in calpastatin-deficient hearts, and calpain activation disrupted N-cadherin-

based cell adhesions.

Conclusion: Unregulated activation of calpains contributes to progression of post-MI remodeling.
Significance: Pharmacological intervention of the calpain-calpastatin system will be a promising strategy in the treatment of

post-MI remodeling.

Enzymatic proteolysis by calpains, Ca**-dependent intracel-
lular cysteine proteases, has been implicated in pathological
processes such as cellular degeneration or death. Here, we inves-
tigated the role of calpain activation in the hearts subjected to
myocardial infarction. We produced myocardial infarction in
Cast™'~ mice deficient for calpastatin, the specific endogenous
inhibitory protein for calpains, and Cast™'* mice. The activity of
cardiac calpains in Cast*’" mice was not elevated within 1 day
but showed a gradual elevation after 7 days following myocar-
dial infarction, which was further pronounced in Cast™'~ mice.
Although the prevalence of cardiomyocyte death was indistin-
guishable between Cast™'~ and Cast™™ mice, Cast™'~ mice
exhibited profound contractile dysfunction and chamber dilata-
tion and showed a significant reduction in survival rate after
myocardial infarction as compared with Cast™’* mice. Notably,
immunofluorescence revealed that at 28 days after myocardial
infarction, calpains were activated in cardiomyocytes exclu-
sively at the border zone and that Cast™'~ mice showed higher
intensity and a broader extent of calpain activation at the border
zone than Cast™* mice. In the border zone of Cast™'~ mice,
pronounced activation of calpains was associated with a
decrease in N-cadherin expression and up-regulation of molec-
ular markers for cardiac hypertrophy and fibrosis. In cultured
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rat neonatal cardiomyocytes, calpain activation by treatment
with ionomycin induced cleavage of N-cadherin and decreased
expression levels of B-catenin and connexin 43, which was
attenuated by calpain inhibitor. These results thus demonstrate
that activation of calpains disassembles cell-cell adhesion at
intercalated discs by degrading N-cadherin and thereby pro-
motes left ventricular remodeling after myocardial infarction.

The calpains represent a family of Ca>*-dependent cysteine
proteases consisting of several ubiquitously expressed and tis-
sue-specific isoforms (1). The main isoforms in mammalian
cells are ubiquitous p-calpain (calpain 1) and m-calpain (cal-
pain 2), which demand micromolar and millimolar levels of
Ca>*, respectively, for exhibiting proteolytic activity in vitro
(1). The p- and m-calpains are heterodimers consisting of an
isoform-specific catalytic subunit encoded by Capnl and
Capn2, respectively, and a common regulatory subunit
encoded by Capnsl (1). In vivo, the proteolytic activity of both
- and m-calpains is tightly controlled by calpastatin, a major
and specific endogenous inhibitory protein of calpains (2).
Recent studies have suggested that the calpain-calpastatin sys-
tem controls fundamental cellular functions such as cytoskel-
etal remodeling, cell cycle regulation, gene expression, and cell
death (1). Thus, the imbalance between calpains and calpastatin
can give rise to a wide spectrum of diseases, such as Alzheimer
disease, muscular dystrophy, cataract formation, diabetes mel-
litus, ischemia, and cancers (3).

In cardiac muscle, Ca®>* plays a crucial role in excitation-
contraction coupling, and dysregulation of cellular Ca®** home-
ostasis, often in the form of Ca®™ overload, leads to myocardial
cell injury. Although multiple destructive processes are trig-
gered by Ca®" overload, the cellular demise ensues largely from
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Ca®*-induced mitochondrial permeability transition and from
Ca>"-induced proteolysis (4). In ex vivo or in vivo hearts, Ca>*
overload after ischemia-reperfusion have caused contractile
dysfunction (post-ischemic stunning), which is associated with
proteolysis of structural and regulatory proteins such as a-ac-
tinin, desmin, a-spectrin, troponin I, Na*/K™-ATPase, and
protein kinase Ca (5-10). Furthermore, calpains have been
implicated in the execution of myocardial cell death during
ischemia-reperfusion. Calpain activation mediates Ca®>* over-
load-induced proteolysis in these processes, as is evident from
observations that pharmacological inhibition of calpains has
significantly attenuated myocardial stunning and reduced
infarct size after ischemia-reperfusion (5-9, 11-14).

However, the consequences of calpain activation after myo-
cardial infarction (MI)® remain to be fully elucidated in an in
vivo context. During acute ischemia, the intracellular Ca®* is
elevated mainly through Ca®>* entry by reverse mode Na*/
Ca®* exchanger (15, 16), leading to the assumption that calpain
activation during an acute phase may exacerbate myocardial
cell death. Meanwhile, it has been reported that enzymatic
activities as well as mRNA and protein levels of calpains are
elevated in a chronic phase (17-21), suggesting that calpain
activation may be implicated in the progression of left ventric-
ular (LV) remodeling after MI. Indeed, several reports have
demonstrated that calpain inhibitors reduced infarct size and
prevented LV dysfunction after MI in animal models (22, 23),
but there are significant limitations to these pharmacological
approaches. Most of the calpain inhibitors ineluctably exert
nonspecific effects on other proteases (such as caspases and
cathepsins) or proteasome activity in some degree and fail to
reach the effective concentrations in vivo because of low per-
meability across the cell membrane and measurable toxicity to
living cells (24).

In the present study we examined the temporal transition
and regional and subcellular distribution of calpain activity in
the heart after MI. Furthermore, we produced Ml in calpastatin
knock-out (Cast™’~) mice and wild-type (Cast™/*) mice to elu-
cidate the consequences of enhanced calpain activation. We
found that calpains were activated in the border zone, adjacent
to the infarct zone, during the chronic phase and that profound
activation of calpains exacerbated LV remodeling after MI in
Cast™’~ mice. Mechanistically, unregulated activation of cal-
pain induced cleavage of N-cadherin and disrupted the cad-
herin-based cell adhesions, which potentially led to progression
of LV remodeling after ML

EXPERIMENTAL PROCEDURES

Mice, MI Operation, Blood Pressure Measurement, Echocardio-
graphy—Generation of Cast™’~ mice has been described previ-
ously (25). The systolic and diastolic blood pressures and pulse
rates were measured in conscious mice noninvasively by a pro-
grammable sphygmomanometer (BP-98A, Softron) using the
tail-cuff method. To produce MI, we anesthetized 8 —12-week-
old mice by intraperitoneal injection of medetomidine hydro-
chloride (0.3 mg/kg), midazolam (4 mg/kg), and butorphanol (5

2 The abbreviations used are: Ml, myocardial infarction; Ang Il, angiotensin Ii;
Cx, connexin; LV, left ventricular.
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mg/kg) (26), and anesthesia was monitored by pinching the toe.
We ligated the left descending coronary artery with 10-0 nylon
suture at the level of below left atrium, and post-operative anal-
gesia (meloxicam, 5 mg/kg/24 h) was administered subcutane-
ously for 48 h. For evaluation of cardiac dimensions and con-
tractility, transthoracic echocardiography was performed on
conscious mice with Vevo 770 Imaging System using a 25-MHz
linear probe (Visual Sonics). At the indicated time points, mice
were anesthetized by intraperitoneal injection of an overdose of
pentobarbital (200 mg/kg). The hearts were removed and pre-
pared for further histological and molecular analysis. All proto-
cols were approved by the Institutional Animal Care and Use
Committee of Chiba University.

Histological Analysis, Immunohistochemistry, TUNEL Assay—
For histological analysis, hearts were excised, fixed in 10% neu-
tralized formalin, and embedded in paraffin. Serial sections at 5
pm were deparaffinized and stained with Masson’s trichrome
for evaluation of fibrosis. We evaluated a ratio of infarct area to
left ventricular free wall area for quantification of the infarct
area (%). Infarct length (mm) was measured as the midline of
the length of infarct that included >50% of the whole thickness
of the myocardial wall (27). For immunofluorescence, hearts
were excised and immediately embedded in Tissue-Tek OCT
cryo-embedding compound (Miles Laboratories). Cryostat sec-
tions at 5 wm were fixed in acetone, and primary antibodies
were applied overnight at 4 °C. Alexa Fluor 488-conjugated
anti-rabbit IgG antibody (Invitrogen) or Cy3-conjugated anti-
mouse IgG antibody (Jackson ImmunoResearch Laboratories)
was applied to visualize expression of specific proteins. Images
were acquired with either a microscope (Eclipse E600; Nikon)
using the Radiance 2000 confocal scanning system (Bio-Rad) or
an LSM 700 confocal microscope (Carl Zeiss). A TUNEL assay
with nuclear staining with Hoechst 33258 was performed using
an in sity apoptosis detection kit (Takara Bio), according to the
manufacturer’s protocol. Images were captured using a Nikon
Eclipse E600 microscope equipped with epifluorescence optics
and a CCD camera (Axiocam; Carl Zeiss). The images were
analyzed for calculation of areas with intense fluorescence
using the BZ-Analyzer software in Hybrid Cell Count mode
(Keyence).

Cell Culture, Immunocytochemistry, Calpain Activity Assay—
Primary cultures of cardiac myocytes were prepared from ven-
tricles of 1-day-old Wistar rats as described previously (28).
The experimental protocol was approved by the Animal Study
Committee of Osaka University. Briefly, cervical dislocation
euthanasia was performed by trained personal before harvest-
ing of the cardiac tissue according to the American Veterinary
Medical Association guidelines for the euthanasia of animals.
Cardiomyocytes were plated at a field density of 1 X 10° cells/
cm? and cultured in DMEM supplemented with 10% bovine
growth serum. Forty-eight hours after plating cells were washed
twice in phosphate-buffered saline, pretreated with 10 um
MDL28170 (Sigma) in serum-free DMEM for 1 h, and stimu-
lated with 10 puM ionomycin (Sigma) for 10 min. For immuno-
cytochemistry, the cells were fixed in PBS containing 4% para-
formaldehyde for 15 min at room temperature. The cells were
stained with primary antibodies and visualized with secondary
antibodies: Alexa Fluor 488-conjugated anti-rabbit IgG (H+L)
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