Published OnlineFirst March 26, 2013; DOI: 10.1158/1078-0432.CCR-12-3726
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MRI signal in cancer-bearing mice injected with TEMPOL
(partially water soluble, BBB-penetrating, and cell-penetrat-
ing), carbamoyl-PROXYL (water soluble, partially BBB-pen-
etrating, and partially cell-penetrating), or carboxy-
PROXYL (water soluble, BBB nonpenetrating, and cell
nonpenetrating). The tumor was grafted in the right hind
paw of C3H mice, and the left hind paw was used for
comparison. The authors found that the intensity of the
nitroxide-enhanced MRI/EPR signal in the noncancerous
hind paw was significantly smaller than that in the cancer-
bearing hind paw (22), which is similar to our observations
(Fig. 3A). The authors do not provide data about the MRI/
EPR signal decay in healthy mice. They have calculated that
the rate of the MRI signal decay of TEMPOL and carbamoyl-
PROXYL in cancerous tissue is more rapid than in noncan-
cerous tissue of cancer-bearing mice. However, the ROI
covers the central portion of the tumor (tumor core; ref. 22).
It is very difficult for water-soluble and even partially
hydrophobic substances to penetrate the tumor core, espe-
cially within a short time (within 15-20 minutes) and
without a specific transport mechanism. In our studies, we
observed a significant difference in the intensity and dura-
tion of the nitroxide-enhanced MRI signal between the
tumor core and periphery in the terminal stage of cancer
(data are not shown). In the tumor core, the signal enhance-
ment was usually negligible even after the injection of cell-
penetrating nitroxide (e.g, TEMPOL or SLENU). It is
unclear whether the absence of a signal was a result of the
rapid reduction of nitroxide or an inability to penetrate the
tumor core. In this study, our ROI covers the entire cancer
area, which minimizes the effect of different penetration
and distribution of nitroxide in different parts of tumor
(Figs. 2-5).

Most likely, for water-soluble nitroxides (such as carba-
moyl-PROXYL and carboxy-PROXYL), the tumor is visual-
ized predominantly on the basis of angiogenesis and the
prolonged circulation of nitroxides in the bloodstream and/
or prolonged retention in the EES of cancerous tissue. In this
case, the MRI signal decay should be a result of nitroxide

reduction in the bloodstream and/or EES and clearance
from the organism through the kidneys. The same authors
have shown that nitroxide-enhanced MRI signal appears
first in kidney and after that in cancer area after injection of
carboxy-PROXYL (23). Our previous report indicates that
the penetration of nitroxide in cells and tissues is obligatory
for MRI of the cancer based on the TRA (20).

Even when the BBB is disrupted (as in brain cancer), the
water-soluble nitroxides are accumulated and retained in
the EES despite penetrating the cells. This is a major contrast
mechanism for the visualization of tumors using water-
soluble gadolinium contrast agents.

In our study, we used SLENU, which is a strongly
hydrophobic drug [octanol/PBS partition coefficient
(log Pocyprs) was 1.000 vs. 0.575 for TEMPOL, —0.158
for carbamoyl-PROXYL, and -2.000 for -carboxy-
PROXYL]. Nitrosoureas are well-known DNA-annealing
agents, penetrating cellular and even nuclear membranes
(35, 40). Thus, the dynamics of the nitroxide-enhanced
MRI signal using SLENU (Figs. 2-5) could be attributed to
its penetration into the cells and subsequent intracellular
reduction/oxidation.

Recently, Davis and colleagues have reported that the
dynamic of nitroxide-enhanced MRI is very heterogeneous
in different tissues of the same cancer-bearing organism
(24). We also established that the intensity, half-life, and
duration of nitroxide enhancement were different in brain
tissue, tissues around the brain, and muscle tissue of the
hind paw (Figs. 3-5; refs. 21, 39). Moreover, different
cancerous tissues (e.g., glioma and neuroblastoma) showed
heterogeneous dynamic of nitroxide-enhanced MRI (Fig. 3A
vs. 5B). Heterogeneity of the signal existed in the same
cancerous tissue using different cell-penetrating nitroxide
probes: SLENU or TEMPOL (Figs. 5 and 6). Therefore, the
different rates of MRI signal decay could be a result of
overlaping of several processes occuring simultaneously in
tissues: different penetration rates, different reduction rates,
different retention time, and different excretion rates of
nitroxide from different tissues.
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The different interpretations of the experimental data
from the nitroxide-enhanced MRI studies that are published
in the literature can be explained by several reasons: (i) the
use of nitroxides with different cell-penetrating ability,
place of retention, and excretion rate, (ii) the heterogeneity
of the signal in different tissues (as a result of their different
structure and metabolism), (iii) the heterogeneity of the
signal in same tissue for different cell-penetrating nitroxide
probes (as a result of their different pharmacokinetics), and
(iv) the different analytic approaches (conclusions based
on: rate of MRI signal decay, half-life of nitroxide-enhanced
MRI signal, and intensity of nitroxide-enhanced MRI signal;
refs. 19-24).

Each of the previous interpretations is correct, but none of

“them takes into account all factors that may affect the
intensity and dynamics of nitroxide-enhanced MRI signal
in living organism. To assess whether oxidation dominates
over reduction in carcinogenesis or vice versa, it is necessary
to compare the intensity and dynamics of nitroxide-
enhanced MRI signal (rate of decay or half-life) in the same
tissue between 2 animal species—healthy and cancer bear-
ing. Only in this case, the penetration, retention, and
excretion of nitroxide will occur at approximately same
speed in the selected RO, allowing us to ignore the impact
of these factors on the dynamics of the signal. Because the
cancerous tissue is completely different (structurally and
metabolically) from noncancerous, presumably, the most
indicative parameter for its redox activity is the duration of
nitroxide-enhanced MRI signal. The presence of long-lived
signal in the cancerous tissue, whereas in healthy tissues it is
on baseline (Fig. 8), is an indicator for the presence of
nitroxide in oxidized form, respectively, for the higher
tissue-oxidative activity in cancer. The results with reduced
TEMPOL support this assumption (Fig. 6). In the case of
reduced TEMPOL, the nitroxide-enhanced MRI signal can
appear only if noncontrast hydroxylamine is oxidized to
contrast-enhancing nitroxide radical. The data showed that
nitroxide enhancement appeared only in neuroblastoma-
bearing brain in terminal stage, but not in healthy brain or
neuroblastoma-bearing brain in early stage of cancer.

Our study also shows that the tissue redox balance is very
sensitive to the progression of cancer and can be used as a
diagnostic marker of carcinogenesis. In the early stage of
cancer, the target tissue is characterized by a high-reducing
activity, whereas it is characterized by a high-oxidative
activity in the terminal stage. Carcinogenesis correlates with
the redox potential of nontarget surrounding tissues and
tissues distant from the tumor. In both stages of cancer
development, the oxidative status of noncancerous tissues
increases and they become susceptible to oxidative stress
and damage.

What is the potential molecular mechanismy(s) of these
observations? Our hypothesis assumes that the inocula-
tion of cancer cells in the brain can be considered an
"inflammatory signal" (Fig. 9; refs. 41, 42). This inocula-
tion leads to a local migration and an activation of a wide
variety of immune cells in the target tissue, especially in the
microenvironment of the primary tumor locus. This acti-
vation may trigger redox imbalance due to the "oxidative
burst" of the immune cells and the production and release
of ROS/RNS in the grafted area. In turn, this process will
activate the antioxidant defense systems in the "inflamed”
area as a compensatory mechanism to prevent oxidative
stress in the microenvironment of the primary tumor locus
(1, 41, 42). Our study shows that the TAC of the cancer-
grafted brain slightly increased in the early stage of cancer
development (Fig. 7A). Because the experiments were
carried out on immunodeficient mice (Balb/c nude), the
early phase was comparatively short (within 3-4 or 7-9
days for brain neuroblastoma or glioma, respectively).
Shortly after inoculation, cell proliferation accelerated
after overcoming the immune response, and the solid
tumor grew.

The initial redox imbalance and subsequent signal trans-
duction in the grafted area could be a critical regulator of
cancer progression. ROS/RNS, produced by the immune
cells in the primary tumor locus, could provoke signal
transduction in 3 targets with equal probability: (i) the
grafted cancer cells, (ii) the surrounding normal cells, and
(iii) the surrounding extracellular matrix.
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Figure 8. Typical nitroxide-
enhanced MR images of healthy
and cancer-bearing mice in the
early or terminal stage of cancer
(brain neuroblastoma or brain
glioma). A, MR images of the brain
with arrows indicating the tumor.
B and C, extracted nitroxide-
enhanced MRI signal obtained 6
and 14 minutes after injection of
SLENU.
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Figure €. Molecular hypothesis. The inoculation of cancer cells in the brain can be considered an "inflammatory signal." The inoculation leads to a local
migration and an activation of immune cells in the microenvironment of the primary tumor locus. ROS/RNS, produced by the activated immune cells in the
grafted area, could provoke signal transduction in 3 targets with equal probability: (i) grafted cancer cells, (i) surrounding normal cells, and (jii) the surrounding
extracellular matrix. ROS/RNS and cross talk between cancer cells and the extracellular matrix activate the integrin signaling cascade. The oncogenic

miRNAs, secreted by cancer cells into the environment, are considered a primary mediator of this process. The activation of integrins is linked to additional
ROS/RNS production, leading to a vicious cycle. As a result, the tissue redox balance shifts toward oxidation. Cancer cells are adapted to high levels of ROS/

RNS and survive. However, the normal surrounding cells and extracellular matrix
irreversible changes.

ROS/RNS have emerged as important mediators of signal
transduction that are associated with the activation of the
integrin pathway and modulation of integrin function
through conformational changes (43). The cross talk
between cancer cells and the extracellular matrix also acti-
vates integrin-related signal cascades. The. oncogenic
miRNAs, secreted by cancer cells into the environment, are
considered a primary mediator of this process (44, 45). The
activation of integrins is linked to additional ROS/RNS
production by NADPH oxidases, lipoxygenases, mitochon-
dria, etc., leading to a vicious cycle (46). As a result, the
antioxidant defense system crashes with the progression of
cancer and tissue redox balance shifts toward oxidation in
the intermediate/terminal stage (Fig. 7A).

Integrin signaling also facilitates cell proliferation and
migration, which is intimately linked to the degradation of
the extracellular matrix, and activated MMPs are a prereq-
uisite for cancer cell invasion (46). We established that the

” plasma level of MMP9 increases approximately 2 times even
in the early stage of cancer development and approximately
3.5 times in the terminal stage (Fig. 7B). The plasma level of
MMP2 also increases significantly in the terminal stage of
cancer.

Cancer cells are adapted to the high levels of ROS/RNS
and survive. However, the normal surrounding cells and

are not adapted to this abnormal free radical attack and can undergo

extracellular matrix are not adapted to the abnormal free
radical attack and can undergo irreversible changes. Our
study also indicates that an antioxidant deficiency develops
in tissues distant from the cancer locus of a cancer-bearing
organism in the terminal stage. These normal tissues
become highly sensitive to oxidative damage.

The data suggest that the cancerous and noncancerous
tissues of a cancer-bearing organism are equally important
therapeutic targets. Combining anticancer therapy with the
protection of noncancerous tissues against oxidative stress
may be essential for the survival and recovery of the
organism.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions

Conception and design: R. Bakalova, Z. Zhelev

Development of methodology: R. Bakalova, Z. Zhelev

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): R. Bakalova, I. Aoki

Analysis and interpretation of data (e.g., statistical analysis, biosta-
tistics, computational analysis): R. Bakalova, Z. Zhelev, 1. Aoki
Writing, review, and/or r of the ript: R. Bakalova,
Z. Zhelev, T. Saga

Administrative, technical, or material support (i.e., reporting or orga-
nizing data, constructing databases): I. Aoki

Study supervision: T. Saga

www.aacrjournals.org

Clin Cancer Res; 19(9) May 1, 2013

Downloaded from clincancerres.aacrjournals.org on May 21, 2013. © 2013 American Association for Cancer Research.

2515



2516

Published OnlineFirst March 26, 2013; DOI: 10.1158/1078-0432.CCR-12-3726

Bakalova et al.

Acknowledgments

The authors thank Ms. Sayaka Shibata and Mr. Nobuhiro Nitta (Molecular
Imaging Center, National Institute of Radiological Sciences, Japan) for their
participation in the MRI measurements.

Grant Support
The study was partially supported by a grant-in-aid (Kakenhi) from the
Ministry of Education, Science and Technology of Japan.

References

1.

10.

11.

12

13.
14,

15,

16.

17.

18.

19.

20.

21.

Trachootham D, Alexandre J, Huang P. Targeting cancer cells by ROS-
mediated mechanisms: a radical therapeutic approach? Nat Rev Drug
Discov 2009;8:579-91.

Gius D, Spitz DR. Redox signaling in cancer biology. Antioxid Redox
Signal 2006;8:1249-52.

Diaz B, Courtneidge SA. Redox signaling at invasive microdomains in
cancer cells. Free Radic Biol Med 2012;52:247-56.

Irwin ME, Rivera-Del Valle N, Chandra J. Redox control of leukemia:
from molecular mechanisms to therapeutic opportunities. Antioxid
Redox Signal 2012;8:1349-83.

Ziech D, Franco R, Pappa A, Panayiotidis M. Reactive oxygen species
(ROS)-induced genetic and epigenetic alterations in human carcino-
genesis. Mutat Res 2011;711:167-73.

Zienolddiny S, Ryberg D, Haugen A. Induction of microsatellite muta-
tions by oxidative agents in human lung cancer cell lines. Carcino-
genesis 2000;21:1521-6.

Trachootham D, Lu W, Ogasawara MA, Del Valle NR, Huang P. Redox
regulation in cell survival. Antioxid Redox Signal 2008;10:1343-74.
Kroemer G, Pouyssegur J. Tumour cell metabolism: cancer's Achilles'
heel. Cancer Cell 2008;13:472-82.

Kagan V, Bakalova R, Karakashev P. Lipid peroxidation in the tumour
cells and tissues of tumour-bearing animals. In:Vigo-Pelfrey C, editor.
Membrane lipid oxidation. Boca Raton (FL): CRC Press; 1992;Volume
lil:p. 191-208.

Gupta SC, Hevia D, Patchva S, Park B, Koh W, Aggrawal BB. Upsides
and downsides of ROS for cancer: the roles of ROS in tumourogenesis,
prevention, and therapy. Antioxid Redox Signal 2012;16:1295-322.
Mandal S, Lindgren AG, Srivastava AS, Clark AT, Banerjee U. Mito-
chondrial function controls proliferation and early differentiation poten-
tial of embryonic stem cells. Stem Cells 2011;29:486-95.

Fulda S, Galluzzi L, Kroemer G. Targeting mitochondria for cancer
therapy. Nat Rev Drug Discov 2010;9:447-64.

Kroemer G. Mitochondria in cancer. Oncogene 2006;25:4630~2.
Sanchez-Aragé M, Formentini L., Cuezva M. Mitochondria-mediated
energy adaptation in cancer: the H(+)-ATP synthase-geared switch of
metabolism in human tumors. Antioxid Redox Signal. 2012 Sep 24.
[Epub ahead of print].

Chan EC, Jiang F, Peshavariya HM, Dusting GJ. Regulation of cell
proliferation by NAHDH oxidase-mediated signaling: potential role in
tissue repair, regenerative medicine and tissue engineering. Pharma-
col Ther 2009;122:97-108.

Hayes P, Knaus UG. Balancing reactive oxygen species in the epi-
genome: NADPH oxidases as target and perpetrator. Antioxid Redox
Signal. 2012 Nov 5. [Epub ahead of print].

Chaiswing L, Zhong W, Liang Y, Jones DP, Oberley TD. Regulation of
prostate cancer cell invasion my modulating of extra- and intracellular
redox balance. Free Radic Biol Med 2012;52:452-61.

Hamanaka RB, Chandel BS. Mitochondrial reactive oxygen species
regulate hypoxic signaling. Curr Opin Cell Biol 2009;21:894-9.
Zhelev Z, Bakalova R, Aoki |, Gadjeva V, Kanno |. imaging of cancer by
redox-mediated mechanism: a radical diagnostic approach. Mol Bio-
Syst 2010;6:2386-8.

Zhelev Z, Gadjeva V, Aoki |, Bakalova R, Saga T. Cell-penetrating
nitroxides as molecular sensors for imaging of cancer in vivo, based on
tissue redox activity. Mol BioSyst 2012;8:2733-40.

Zhelev Z, Aoki |, Gadjeva V, Nikolova B, Bakalova R, Saga T. Tissue
redox activity as a sensing platform for imaging of cancer based on
nitroxide redox cycle. Eur J Cancer. 2012 Dec 19. [Epub ahead of print].

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received December 3, 2012; revised February 8, 2013; accepted March 2,
2013; published OnlineFirst March 26, 2013.

23.

24.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

. Matsumoto K, Hyodo F, Matsumoto A, Koretsky AP, Sowers AL,

Mitchell JB, et al. High-resolution mapping of tumor redox status by
MRI using nitroxides as redox-sensitive contrast agents. Clin Cancer
Res 2006;12:2355-62.

Hyodo F, Matsumoto K, Matsumoto A, Mitchell JB, Krishna MC.
Probing the intracellular redox status of tumors with magnetic reso-
nance imaging and redox-sensitive contrast agents. Cancer Res
2006;66:9921-8.

Davis RM, Matsumoto S, Brnardo M, Sowers A, Matsumoto K, Krishna
MC, et al. Magnetic resonance imaging of organic contrast agents in
mice: capturing the whole-body redox landscape. Free Rad Biol Med
2011;50:459-68.

Fuchs J, Groth N, Herrling T, Zimmer G. Electron paramagnetic
resonance studies on nitroxide radical 2,2,5,5-tetramethyl-4-piperi-
din-1-oxy! (TEMPO) redox reactions in human skin. Free Radic Biol
Med 1997;22:967-76.

Batinic-Haberle |, Reboucas JS, Spasijevic |. Superoxide dismutase
mimetics: chemistry, pharmacology, and therapeutic potential. Anti-
oxid Redox Signal 2010;13:877-918.

Mehihorn RJ. Ascorbate- and dehydroascorbic acid-mediated reduc-
tion of free radicals in the human erythrocytes. J Biol Chem
1991;266:2724-31.

Bobko AA, Kirilyuk IA, Grigor'ev IA, Zweier JL, Khramtsov VV. Revers-
ible reduction of nitroxides to hydroxylamines: the roles for ascorbate
and glutathione. Free Radic Biol Med 2007;42:404-12.

Matsumoto A, Matsumoto K, Matsumoto S, Hyodo F, Sowers AL,
Koscielniak JW, et al. Intracellular hypoxia of tumor tissue estimated by
noninvasive EPR oximetry technique using paramagnetic probes. Biol
Pharm Bull 2011;34:142-5.

Ui |, Okajo A, Endo K, Utsumi H, Matsumoto K. Effect of hydrogen
peroxide in redox status estimation using nitroxyl spin probe. Free
Radic Biol Med 2004;37:2012-7.

Soule BP, Hyodo F, Matsumoto K, Simone NL, Cook JA, Krishna MC,
et al. Therapeutic and clinical applications of nitroxide compounds.
Antioxid Redox Signal 2007;9:1731-42.

Hyodo F, Soule BP, Matsumoto K, Matsumoto S, Cook JA, Hyodo E,
et al. Assessment of tissue redox status using metabolic responsive
contrast agents and magnetic resonance imaging. J Pharm Pharmacol
2008;60:1049-60.

Hyodo F, Murugesan R, Matsumoto K, Hyodo E, Subramanian S,
Mitchell JB, et al. Monitoring redox-sensitive paramagnetic con-
trast agent by EPR!, OMR! and MRI. J Magn Reson 2008;190:
105-12.

Rosen GM, Cohen MC, Britigan BE, Pou S. Application of spin traps to
biological systems. Free Radic Res Commun 1990;9:187-85.
Zhelev Z, Matsumoto K, Gadjeva V, Bakalova R, Aokil, Zheleva A, et al.
EPR signal reduction kinetic of several nitroxyl derivatives in blood in
vitro and in vivo. Gen Physiol Biophys 2009;28:356-62.

Okajo A, Matsumoto K, Mitchell JB, Krishna MC, Endo K. Compe-
tition of nitroxyl contrast agents as an in vivo tissue redox probe:
comparison of pharmacokinetics by the bile flow monitoring (BFM)
and blood circulating monitoring (BCM) methods using X-band EPR
and simulation of decay profiles. Magn Reson Med 2006;56:
422-31.

Hyodo F, Chuang KH, Goloshevsky AG, Sulima A, Griffiths GL, Mitchell
JB, et al. Brain redox imaging using blood-brain barrier-permeable
nitroxide MRI contrast agent. J Cereb Blood Flow Metab 2008;28:
1165-74.

Clin Cancer Res; 19(9) May 1, 2013

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on May 21, 2013. © 2013 American Association for Cancer Research.



Published OnlineFirst March 26, 2013; DOI: 10.1158/1078-0432.CCR-12-3726

Tissue Redox Activity as a Hallmark of Carcinogenesis

38

39.

40.

4.

. Gadjeva V. Structure-based design of nitrosoureas containing tyrosine
derivatives as potential antimelanoma agents. Eur J Med Chem
2002;37:295-7.

Zhelev Z, Bakalova R, Aoki |, Matsumoto K, Gadjeva V, Anzai K, et al.
Nitroxyl radicals for labeling of conventional therapeutics and nonin-
vasive magnetic resonance imaging of their permeability for blood-
brain barrier: relationship between structure, blood clearance, and MRI
signal dynamic in the brain. Mol Pharm 2009,;6:504-12.

. Lage H, Dietel M. Involvement of the DNA mismatch repair system in
antineoplastic drug resistance. J Cancer Res Clin Oncol 1999;125:
156-65.

Kundu JK, Surh Y-J. Emerging avenues linking inflammation and
cancer. Free Radic Biol Med 2012;52:2013-37.

42,

43.

44.

45.

46.

Paez D, Labonte MJ, Bohanes P, Zhang W, Benhanim L, Ning Y, et al.
Cancer dormancy: a model of early dissemination and late cancer
recurrence. Clin Cancer Res 2011;18:645-53.

Gregg D, de Carvalho DD, Kavacic H. Integrins and coagulation: a role
for ROS/redox signaling? Antioxid Redox Signal 2004;6:757-64.
Rutnam ZJ, Wight TN, Yang BB. miRNAs regulate expression and
function of extracellular matrix molecules. Matrix Biol. 2012 Nov 15.
[Epub ahead of print].

Dalmay T, Edwards DR. MicroRNAs and the hallmarks of cancer.
Oncogene 2006;25:6170-5.

Svineng G, Ravuri C, Rikardsen O, Huseby NE, Winberg JO. The role of
reactive oxygen species in integrin and matrix metalloproteinase
expression and function. Connect Tissue Res 2008;49:197-202.

www.aacrjournals.org

Downloaded from clincancerres.aacrjournals.org on May 21, 2013. © 2013 American Association for Cancer Research.

Clin Cancer Res; 19(9) May 1, 2013

2517



YRR 2 5 EEFEEIRAD ARE RIS E R

HOERRAE . RTINS D RIS EETLDS ATRIR D B%E

PR ¢ H24-3IRDS A-—H%-005

REREFFE  BUETRFEREREZEER BRAEES
)1 254

1. KEEOHIEHE

BRI L DBEEHE CARRME) 1319 0 0FERM OB TV, FOSE CTHERH D
BlIASNTeDIX 7 SHELUETH Y . AEH2FBE KT 2881132 0 0 5ELKETH S,
BRI MIE R R SR OIS Ch V) AR E & OBRENEN, BEET20-50
FrET D, ZOEDERTEREMIBPEOBELROEMATFHIND, FRFFZITHN
BRI AHETH V. BEHREFHIREIC D IEE & L COERMENER . B TED
BERETH D, LBFEL LT AT TF o B4 b Ut REFRRIENEAIZ N,
ERoOEEGEEIT, BWERDORBIZL > THIBREZZ 1T 5, Flo—EOEEERME TIX
BREROER STV A0, FEREMIZEZ Tldd 208, BEENI A IBRIE TRV,

BEMEERION T 2 RBEEOREEIT 1 9 i & By, BRI ZRIBRITISAE &z o
6 OFERDDLTH D, MIBER CIIBAHIIT42.5E L EI1272 5 LR LT < A
Do T TEMEZAVTHRAMBEEREZED, (LFEEEOROEEEZB Tz~ A /LK
BRI X5 EFERFREPRASNTVWD, Zhiddh < ETHIRERIEORHBIFEIETHY |
BIERIZA 220 EEHDIR OB E Tk, ITEMCK TEAM INHEL, BENREIC
L DREEHRIGRIE T D, 872 & OREMERRL 7 & EBAEBICEEEA L, B EN
WX - TRASYE, BPAMBLZRET HEELTH D, RHIERESND OIS AER
R VR T A RBVE L LCERAT O DA TH D, i AR E EEERIZFREAT
He, BMERITICLDRADEOTIBRARINERELTLE I L THD, BEIRE {LF
FIEDNFIFFHEAT CE L, REDRITEBIRICERT 5 2 L IR TE 5,

Fx OHFFETIE, ;ni”(#ﬁ%lﬁ%& SNAEMEFEEICS LT, {LFEE CIREEE
O BT ZHE Lz, ZO7DICIZBEFOHMR AFISLERIT Cide < . FBMER
NAHK (E1236) VWS, VAT TFUHOBOANAERERE T TR,
RFRESREIINZ & - TIHRWEEVER 2>, Z D7 OHNRAERNEMNET 2 = L7z,
RO ARG « IBBIRENFRETH D Z L N0 o7z, FREMIENIEEVRZ T
bbb, AP AAE PRERFNICHEEFET 22 A TE, S OICRIRBEE RN TR
TEIE, BE - (EEEORBHEITN TE D L 01y, BiERREIC L TEMMEE
EMOTIREEE LTHREPTE L EEX 6N, &V DITERTEREEZ D) b7z gkHhL
FIZ X 2 BENEBVRIEICH LT, ZNE2EET SEHNZRRARRESL AN G R IZm
TTRETHIENTEDEEZLNS,



REGEEE D b OMEFERICH VT, b Mk OB R IEMIE I 3517 5 BB 2 HEt
L7z, b MEFOHIEKIIEHERI SN TREY ., b DR - HREICH L TRED
BETEAT o7z, BBEVEZMHIZOWCIKREITHLER L, 4 2ETHREZRTH, 4 3ER
EICETERSETHEBBZMELZ TSI LRS00 o7, BEVEZ I EER TOL
BihiebF Tid/e <. MOBMAE L ARICHBRNOA NV EERERETHZENTED
ZEWRgholz, Fle ZOBRERICEBWT, EI286& OFFRICE D W TR AEERTT
ETHZENHERINT, EEEOERER) G, EI2362 10uMAT#IZ W CIREVRIE 72
L CH0%FREDATEEN, BEEE TICB W TIIRKR30%UTIET L, & HICEAIRE
FEHD &, MRAFHEIIAERFEEICET T30, BRI X 2 MR EERmERIXET
THILERDNo TS, REEOHKELEOE T, BREDRENERKBICHETE 258
AFIBEZBRF L, RIEEOIHERE CIREEITI 2 &4, PROLBEEICHEN2 Z
LR SN,

EI236 DFEFFEOHIEIZ 1T, BRBELSMNC, RIS RAEBOMEENEE &S %
RT3 holz, ZIHARETOMETIEZL, EATIAEKLEENICL ST
HESNDZENnDoTz, SOICEKEREIZL > T, EHEEELHRGIcE &R
DY, ZNIEMEFREOREICHT- - T, KEPOOREIZLY, FEREFEEZEL
EHDHZEINE > TRBDEEZRBLTEDLZ LR oTz, Bx ORIEHTH AYOKI-1
50013 E—4&fETRI236ICE W REALIE Z S 508, & 510, B RSiEL v
TAHEMRIC X - T, RECETLAG TE 52 L BboTz, BEEREEIZE VTS MR
TORBECRENERD PO RABEIEETHDL EEZ DN,

MEEE DR REN S, vV AER LV THIENICBOTERB ST Z EXFTETDH
DT ENbnoled, T KRAEERA FERE) DY TH0, B/ INERA & HlEk
TICEDIALZ ERUETH o7, ARDIZ. b MNERICHTZ > TUIEAWTIERY, 22
TE y 7= URBARO/NRCA 2 B MIREAT, BMICHEAE A "R MEERASE
% Z L TR 5 ~DEBR AR TH D02 met Lic, MIRO/NEBA ZHVIAATZ R
hZ&2ERL L. EI236% IENIZIEA LTS, BEATa N~ U AMEEIZH1- 5 L 51T b
BIEESY, vUARSHEBEBRTE L &Y, vV AMELZR Y H L, EI236% ke
L7l Z A, R MEREEFEBIZ—H L THRWEBKOBS R ONTZ, ZOZ LIFRAa~R
NEFIZ L > TEI286% BANICHETE -2 & 2T, AEOERZEEICBWNTHITo
LA BRNEBEELZENTEE, b MIBWTIEE b N 2/ MR NMERNE
2722 EBZX NN, B TRVWEEESET, REmEH» OMEFEL IS L THiT 5
ZLNRFREL B B,

EI2361Z & 2 IBEZROFTEICIS VN TIL, BT 7 /L CIIMBE L B hid 72 637, K
BBz & BiRE R EROICEHET 2 Z L ARETH D, 2 TEEKL L THEER
OWHABETES LS. MRIKL2HEEBZEOFIEZBRRE Lz, £ITHE,DL, vV
ACHEEEBE L C, ~V ABETRETTNVEERTD I ENAERTH D Z EBoHh



>TWV5, TOEFMIBNT, MRIOBEZEGEZRIT S LICL Y. RREOMRIC
L AHEERBURTREREENTRETHD Z ENbh o, & BICHEL SNEETEE~ Y
AETMIRNT, ElI2836% %5 L, ARE) bMIEFHFELY T2, ZOMRIEGZET VIC
BWTH, EI2863MRIV 7TV & LTRIITE A2 LM onolc, TOIZ &Ik, BHEFE
FEREICEI236 % 3% 5 LInBAIT, BRISIEEEALIC & OREDE L2 HET 5 Tl
EROTRT OO TH D, SHICHEFTELNT BRI, BEHL~OERBORBE % EEHE
I EET D ATREME A T,

EBICFR 4 1L, BEAFOSpring8% V7 E1286 Dt S ERENT R & . BBz
E. BEMACTEAESERSN TV ABFEORB AR B LTz, Z ORI A
X, PIDAAER & UCEARNREEENRFHE MRS LR 6, BBFHEIZ > TRATC
FEIFLZLNARETHHZ LB Ghol, S HICMRICEBWTEBRRENFRETH D
ZEbmhol,

LAEDFRL 2 5 FEDOERBERNG, 1) O MNEMESREMIBKIIEI23612% LT
BV ERAIES M S IRBVES R R T L. 2) RIRBEERIINER OREIZ LV . ERIC
B DGO EEI BRI S, ZOFRGETCTE b~DIGAMEREESLZ &, 3) vV X
AR V-V TIEEEMNICREA I L AEI286 DEFEFIENEY. SN2 & 4) EI236D15K
RERENCBETE S~ RAESRPRET T VAR S, < U AERITBO TS
FEEXMRITIMET 22 3 TEH 2L, 5) BRFEOCHBAAOHMEIEATELZ L. A
HIBA L7z, T b OBREERIZ. EI2 3 6 2 AW BT EEOHHAIBRIEORREIERD
THEZRbOILRDFREER RSN, 4%ITE LI MNERISA % B, FRERE
SHTWVEZN,

2. MERROERL LUESHOFKEME

HBAFNCIR ST — R OERREWIT, BIHFHEICK L THoiEr vt
End, LoxLasrvb hosk (M) RFI3Becaicfh<, & 2 CRMERRIT 2RI A L TR
EEECHIG R E AT OMEN 6 OFRIVED LN TE Tz, —BEHRFIEL, ST &
MBAKIZIREEDETY R — MBS, 2ELTHATHEET D, LNALRBL, 6K
E¥PE BV THIRAA & SRR F O G AERICY A Y —ACEE I TWHDED0, HDHW
IXEEEN 1 1 CTHICEEINDI D COMBER D o 7o, T HITIFZED R Y — LADTFER,
B pHICL o TU R Y — AREENET BT DREE, ROBENEE: & OBERH
Do & ICRAEEL OFRIZRBW T, BUC XTI RY — 295 LTLE S 2o,
MITHEETH D,

EANZER T B RO & BATE OBIR I IIRMEOHIE A LB TH Y . THT () OFEMEEI
T CIImE MM ORI 2E T 5, =L 7 br=J AS5HTIXZOHENEFAH#HS
AF—FREOBRBIIIEALTWS, BaIZENEEELCEMTISA L. St
AEUEEY (EI236) BEAF SN, AIBAFNIT AT T FEBETHY, THT ()



(BENBBEETY) OEMEIIBIT T V0B BRRENE. EXMLEY
BSISA L THREINE, MR REEGERZRE Y ¥ —0E &% TERL
DIRFTEFEIZAT L TR Y . ZHOERN - EERFTFIC L - THXF Il B8 72 e
WchHsd, AFRITFENRLRAFIRE LD 2D, AP THERTIRE - BIBEEICH
LT, BEEXRZII LD &2 TEMEE (MTHRFER) EoWmhzE CRIEML
YOKI-1500 iZ L 2 #Ft 24 ViR LT & /o, REEOHERENL, AREREZ DL IZ
KR LTV DBOEHI RSN, ERBREFREMEFTOMR I 5FA A —VEME

(EAFHEF—LY) —F—) ICLD2EBEMEPREOKRFHIBVTIE., £EL~LT EI236
EARALT D LI LTWD, ZIUIEBEFREARTIAAA L L TEEREE & R
TIENTEDLLEEZLND,

WE 8 EMICR SETHEICB N T, BEEET 2B AFCEB P ERRE Sz,
AEEDOHRMED D, FRBETIRARZ RO 5721 T2 BFEOHRAANIK L
TR RN ST 2 ERTRETH H 2 LR ENTZ, ABOFEEZRNSZ LIk,
FNRARIDOZRI: BT MO FOEEMMEAEWEBELT 2R EE N, ZiUTEH
~OEBNEE LWVWEEZ ONAERMT T LSEEE 525 2 LICX Y, BiEH
2L BFETEAAREMEZ LYY, E5612 MRI ICXBEE L~V TOEBEAFEET
HDHIEND, EENICEES LERICED L D ROHERTONEEBGDWRT5 Z & AT
BEIZ72 D LHIfF S LD, AEMMIMEERETCTHY . ZHEERTHS L L biC, ERED
Hiftx EFRICERA Lz, EFEEOSBMRENBER THL LEX N, SBROTBBED
EERAIZVEMTE D LEX TN D,

SBHEHEMIChZ > TREREART S LEZ DN A B REORIGHIAEIEIT K
iR TH DA, DEHERHCIIT TIZEEIZER L TWD Z EN%L L, SRR oE: &
RBIRNI ERZN, SFHREIIEEN TS, BERTEBRE I EEWZD, RT3
BEE T LAEERMNENUNETHS (BRMEZEETA RTAY) . FIRHREGHIC
% U TR SHRIRIECLERIEN B b s 08, HBSAFIC L 51REIL7 5B L0
EBEITHREIN TV, ZTORDASEBEMATE S TV 2 EEE I 5L EE
LT, ERMMRBELEZOND, BB IIFA AR L CEBWERORR R &
Wied, DETHEDRABARRLETH S, EFBHEENCKTIZEY . BIEAORHE
FRPHEETH D, £ THEREENOEHTIIET TR, 74 7 —A— FRKREE
DIRENRVETH D, I OIERBMZT 2 B L LIBREE TR, 1RESDROHE
EAEIE TEDNA NP — I TEEOHLNLETH D, BERNAFIZEOWFNRIC
LR TEDTHPABENARETH Y, &bt TRBIIMEENSE ) 720, BRIC X
FE (K777 UNY—) BHEEEERZD, BERBAROBEG TH D, SEIORTHE
BEnb, FOERE~OTREENR S RENT,

AWFRIZ LY, BB ARIC X 2EEEICEITZE0 - BLeBBEEFEEOTN ARG
BEBERTDIZ LD, AHFEORROHETHWHSERTH 5,



3. WEE~DOEE ,

AHRFEIL, BB OFTE 3 2 EMAEEEICRT 2B EERE O EMICEE T 5 EAEH K
OBIETIN. RFEFD CED - MEHES 4 ET L TT 5, 8Wx AV ERIT, BER
DEBEET L. KRB ERBREE T LORTIEE ST 5, EFEE, MERILR,
FERARBR, MERFEIC Yo T, BMRER X BRI 2FIRAE K & DI SFRkEE
BREEBa L TFIA T R e+HoBSFLTIT Y, AT TIL, BimE#ED
BaErb, WELEINIEMEREER/NRIZE ED D, AEBRARE ¥ — 08
T AW OBEMRZORELZIT o217 ),

4. BRWXRE
1. Okamoto Y, Hirota M, Monden Y, Murata S, Koyama C, Mitsudo K, Iwai T, Ishikawa Y, and
Tohnai I:Hight-dose zoledronic acid narrows the periodontal space in rats. Int J Oral
Maxillofac Surg. 42:627-631, 2013
2. Saito S, Hasegawa S, Sekita A, Bakalova R, Furukawa T, Murase K, Saga T, Aoki I:
Manganese-enhanced MRI reveals early-phase radiation-induced cell alterations in vivo.
Cancer Res. 73:3216-24, 2013.

* Sawada K, Horiuchi-Hirose M, Saito S, Aoki I: MRI-based morphometric characterizations of

(98]

sexual dimorphism of the cerebrum of ferrets (Mustela putorius). Neuroimage. 2013 in press

4. Ota S, Takahashi Y, Tomitaka A, Yamada T, Kami D, Watanabe M, Takemura Y:Transfection
efficiency influenced by aggregation of DNA/polyethylenimine max/magnetic nanoparticle
complexes J Nanoparticle Res. 15:1-12,2013.

5. Song Z, Yamada T, Shitara H and Takemura Y: Quantitative Analysis of Transverse Cracking
of Rail using Eddy Current Non-Destructive Testing
Appl Mechan Mat. 249-250:70-75, 2013.

6. M&EJIEE TH25411A8H [RREERE~DEITE BABE BEAOHE
A%

7. 7¥. WAL 25 FEICBWTIATZEEEEDRFFRFECPCD & 5 41T o 7z,



. ¢ American

) Heart
Associations

Circulation

JOU??NAL OF“I’HE AMEQ\CAN HEART AsSOClA'ﬂON

Prostaglandin E, Inhibits Elastogenesis in the Ductus Arteriosus via EP4 Signaling
Utako Yokoyama, Susumu Minamisawa, Aki Shioda, Ryo Ishiwata, Mei-Hua Jin, Munetaka
Masuda, Toshihide Asou, Yukihiko Sug1moto Hiroki Aoki, Tomoyukl Nakamura and
Yoshihiro Ishikawa

Circulation. 2014;129:487-496; originally published online October 21, 2013;

doi: 10.1161/CIRCULATIONAHA.113.004726
Circulation is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2013 American Heart Association, Inc. All rights reserved.
Print ISSN: 0009-7322. Online ISSN: 1524-4539

The online version of this article, along with updated information and services, is located on the
World Wide Web at:
http://circ.ahajournals.org/content/129/4/487

Data Supplement (unedited) at:
http://circ.ahajournals.org/content/suppl/2013/10/21/CIRCULATIONAHA.113.004726.DC1 .html]

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Circulation can be obtained via RightsLink, a service of the Copyright Clearance Center, not the Editorial
Office. Once the online version of the published article for which permission is being requested is located,
click Request Permissions in the middle column of the Web page under Services. Further 1nformat10n about
this process is available in the Permissions and Rights Question and Answer document.

Reprints: Information about reprints can be found online at:
http://www.lww.com/reprints

Subscriptions: Information about subscribing to Circulation is online at:
http://circ.ahajournals.org//subscriptions/

Downloaded from http://circ.ahajournals.org/ at YOKOHAMA SHIDAI MED DA81329 on May 1, 2014




Pediatric Cardiolog

Prostaglandin E, Inhibits Elastogenesis in the Ductus
Arteriosus via EP4 Signaling

Utako Yokoyama, MD, PhD; Susumu Minamisawa, MD, PhD; Aki Shioda, MS;
Ryo Ishiwata, MS; Mei-Hua Jin, PhD; Munetaka Masuda, MD, PhD;
Toshihide Asou, MD, PhD; Yukihiko Sugimoto, PhD; Hiroki Aoki, MD, PhD;
Tomoyuki Nakamura, MD, PhD; Yoshihiro Ishikawa, MD, PhD

Background—ZElastic fiber formation begins in mid-gestation and increases dramatically during the last trimester in the
great arteries, providing elasticity and thus preventing vascular wall structure collapse. However, the ductus arteriosus
(DA), a fetal bypass artery between the aorta and pulmonary artery, exhibits lower levels of elastic fiber formation, which
promotes vascular collapse and subsequent closure of the DA after birth. The molecular mechanisms for this inhibited
elastogenesis in the DA, which is necessary for the establishment of adult circulation, remain largely unknown.

Methods and Results—Stimulation of the prostaglandin E, (PGE,) receptor EP4 significantly inhibited elastogenesis and
decreased lysyl oxidase (LOX) protein, which catalyzes elastin cross-links in DA smooth muscle cells (SMCs), but not in
aortic SMCs. Aortic SMCs expressed much less EP4 than DASMCs. Adenovirus-mediated overexpression of LOX restored
the EP4-mediated inhibition of elastogenesis in DASMCs. In EP4-knockout mice, electron microscopic examination
showed that the DA acquired an elastic phenotype that was similar to the neighboring aorta. More importantly, human
DA and aorta tissues from 7 patients showed a negative correlation between elastic fiber formation and EP4 expression,
as well as between EP4 and LOX expression. The PGE,-EP4-c-Src-phospholipase C (PLC)y-signaling pathway most

likely promoted the lysosomal degradation of LOX.

Conclusions—Our data suggest that PGE, signaling inhibits elastogenesis in the DA, but not in the aorta, through degrading
LOX protein. Elastogenesis is spatially regulated by PGE -EP4 signaling in the DA. (Circulation. 2014;129:487-496.)

Key Words: elasticity m muscle, smooth m pediatrics m prostaglandins m signal transduction

lastic fibers are the largest structures in the extracellular

matrix. Beginning with the onset of pulsatile blood flow
in the developing aorta and pulmonary artery, smooth muscle
cells (SMCs) in the vessel wall produce a complex extracel-
lular matrix that ultimately defines the mechanical properties
that are critical for proper function of the neonatal and adult
vascular system.! As such, hemodynamics and mechanical
stress are considered to be the main regulators in the forma-
tion of the vascular elastic fiber system during development.?

Clinical Perspective on p 496

The ductus arteriosus (DA) and its connecting elastic arter-
ies (ie, the descending aorta and the main pulmonary trunk) are
exposed to essentially the same mechanical forces and hemo-
dynamics. However, since 1914, it has been widely recognized
in multiple species that the DA exhibits sparse elastic fibers in
the middle layer compared with adjacent elastic arteries, as

well as disassembly and fragmentation of the internal elas-
tic lamina.*-® In the human fetal aorta, newly synthesized un-
crosslinked elastin appears at 23 weeks of gestational age to
be unevenly distributed on the surface of microfibrils, where it
forms continuous strips of variable width.° However, the DA
exhibits fewer elastic fibers than the aorta.*® This decreased
elastogenesis is the hallmark of the vascular remodeling of
the DA in humans and a variety of other species.>” It has been
suggested that this muscular phenotype of the DA allows it
to collapse easily at birth when prostaglandin E, (PGE,) is
withdrawn and blood flow between the aorta and the pulmo-
nary artery is reduced, thereby permitting immediate postnatal
closure of the DA. Conversely, it is known that abnormalities
of elastic fibers and elastic lamina are primarily responsible
for the persistence of the DA in some human cases.!®!! These
abnormalities likely prevent intimal cushion formation and
make it difficult to collapse the arterial wall. Therefore, it is

Received July 2, 2013; accepted October 7, 2013.

From the Cardiovascular Research Institute, Yokohama City University, Yokohama, Japan (U.Y., S.M., A.S., R.I., M.-H.J., Y.1); the Department of Life
Science and Medical Bioscience, Waseda University Graduate School of Advanced Science and Engineering, Tokyo, Japan (S.M., R.1); the Department
of Cell Physiology, Jikei University School of Medicine, Tokyo, Japan (S.M.); the Department of Surgery, Yokohama City University, Yokohama, Japan
(M.M.); the Department of Cardiovascular Surgery, Kanagawa Children’s Medical Center, Yokohama, Japan (T.A.); the Department of Pharmaceutical
Biochemistry, Kumamoto University, Kumamoto, Japan (Y.S.); Cardiovascular Research Institute, Kurume University, Kurume, Japan (H.A.); and the
Department of Pharmacology, Kansai Medical University, Osaka, Japan (T.N.).

The online-only Data Supplement is available with this article at http://circ.ahajournals.org/lookup/suppl/doi:10.1161/CIRCULATIONAHA.
113.004726/-/DC1.

Correspondence to Susumu Minamisawa, MD, PhD, Department of Cell Physiology, Jikei University School of Medicine, Tokyo 105-8461, Japan.
E-mail sminamis @jikei.ac.jp

© 2013 American Heart Association, Inc.

Circulation is available at http://circ.ahajournals.org DOI: 10.1161/CIRCULATIONAHA.113.004726

Downloaded from http://circ.ahajournals.org/ at Y@EOHAMA SHIDAI MED DA81329 on May 1, 2014



488 Circulation January 28, 2014

important to understand the molecular mechanisms of how
elastogenesis is regulated in the DA. Although Hinek et al'*!3
have demonstrated that truncated 52-kDa tropoelastin and the
reduction of elastin binding protein negatively regulates elas-
tic fiber formation in the DA, the mechanisms for impaired
elastogenesis in the DA wall are not yet fully understood,
despite nearly a century of research.®

During mid- to late gestation, fetuses are exposed to abun-
dant PGE, that is released from the placenta' in accordance
with the time course of impaired elastic fiber formation in the
DA. The biological effects of PGE, depend on the prostanoid
EP receptor subtypes EP1 through EP4'. Among the EP
subtypes, EP4 is highly expressed in the DA of multiple spe-
cies, including mice, rats, and humans, and regulates the DA
muscular tone.’** In addition to the DA muscular contrac-
tion, remodeling of the extracellular matrix during the fetal
and neonatal period is.necessary to complete the anatomical
closure of the DA.'¢22! Qur previous studies have demon-
strated the role of PGE,-EP4 signaling in DA remodeling, in
which EP4 stimulation promotes intimal thickening, which is
characteristic of the remodeling of the DA, in a hyaluronan-
dependent and -independent manner.!61-23

In this context, we hypothesized that PGE, inhibits elasto-
genesis in the DA through PGE,-EP4 signaling. In the present
study, we examined the molecular mechanisms of the inhibi-
tory regulation of elastogenesis in human DA tissues and
rodent DASMCs. We demonstrated that activation of EP4 pro-
moted degradation of the mature lysyl oxidase (LOX) protein,
a cross-linking enzyme for elastic fibers, only in the DA (and
not in the aorta), leading to poor elastogenesis.

Methods

Expanded methods are described in the online-only Data Supplement.

Animals and Tissues

We used Wistar rat fetuses from timed-pregnant mothers (SLC
Inc., Hamamatsu, Japan). Pooled tissues of the DA, aorta, and pul-
monary arteries were obtained from rats on day 21 of gestation
(n>60). Generation and phenotypes of EP4-knockout mice have been
described previously.!”” All mice were C57BL/6 background litter-
mates from heterozygote crosses. All animal studies were approved
by the institutional animal care and use committees of Yokohama City
University and Waseda University.

Human Tissues of the DA

Human DA tissues were obtained from Yokohama City University
Hospital and Kanagawa Children’s Medical Center at the time of
corrective operations. Detailed patient information is summarized in
Table I in the online-only Data Supplement. The study was approved
by the human subject committees at both Yokohama City University
and Kanagawa Children’s Medical Center. All samples were obtained
after receiving written informed parental consent.

Tissue Staining and Immunochistochemistry

Elastic fiber formation was evaluated by Elastica van Gieson stain-
ing. Immunohistochemical analysis was performed as previously
described.!® A color extraction method using BIOREVO bz-9000
and associated software (KEYENCE, Osaka, Japan) was performed
to quantify elastic fiber formation and expression of EP4 and LOX.
Three serial paraffin-embedded sections per each patient were sub-
jected to elastica staining and immunohistochemistry. More than 19
fields in the smooth muscle layer of the DA and aorta were examined

in each slide. The area stained dark purple indicated elastic fibers
and diaminobenzidine (DAB)-stained colors, EP4- or LOX-positive
areas, were extracted from matched area and counted using the
software. Correlations of elastic fiber formation and EP4 and LOX
expression were examined using >19 independent fields within 1
patient. We examined sections from a total of 7 patients, and the cor-
relation coefficient and P value of each patient are shown in Table IT
in the online-only Data Supplement.

Immunocytochemistry

Vascular SMCs were plated on glass coverslips in 10% FBS in
DMEM. The culture medium was then changed to 10% FBS in
DMEM/F-12 alone, PGE,, AE1-329, sulprostone, butaprost, or
[-aminopropionitrile fumarate (day 1). Each drug was added on day 4.
To examine the effect of silencing EP4 on elastic fiber formation,
reverse transfection of DASMCs with EP4-targeted siRNA was per-
formed according to the manufacturer’s instructions on days 1 and 4,
and treated with AE1-329 on days 2 and 5. To examine the effect of
overexpression of LOX or EP4, the cells were infected with adenovi-
ruses at 10 multiplicities of infection on days 1 and 4. AE1-329 was
added to the cells on days 2 and 5. All cells were fixed in 10% buff-
ered formalin on day 7. The fixed cells were stained with anti-elastin
antibody as previously described.”? All images were taken using a
Nikon TE2000 (Nikon Instruments Inc, Tokyo, Japan) and processed
under the same settings.

Quantitative Measurement of Insoluble Elastin

Newly synthesized insoluble elastin was measured as previously
described.? Briefly, DASMCs were subconfluently plated on 60-mm
dishes. Three days after plating, 20 pCi [*H]valine was added to each
dish (day 0). AE1-329 (1 pmol/L) or phosphate-buffered saline was
added on days 0 and 4. The cells were harvested in 0.1 mol/L acetic
acid on ice on day 7. The cells were boiled in 0.1N NaOH for 1 h. The
insoluble pellets were boiled with 5.7N HCl for 1 h. The radioactivity
was measured with a scintillation counter.

Statistical Analysis

Data are shown as the mean+SEM of independent experiments. The
Mann-Whitney U test, Kruskal-Walis test, and Pearson correlation
coefficient were used to determine the statistical significance of the
data. A value of P<0.05 was considered significant.

Results

EP4 Signaling Inhibits Elastogenesis in the DA

In Vivo

In the late gestation period, the DA exhibits disassembly and
fragmentation of the internal elastic lamina and sparse elas-
tic fibers in the middle layer compared to its two connect-
ing arteries, the aorta and the pulmonary artery (Figure 1A),
despite the fact that they are exposed to essentially the same
hemodynamics. The expression of rat EP4 is greater in the
DA than in the aorta and the pulmonary artery on the 21st day
of gestation (day 21; Figure 1B).!® We examined the associa-
tion between the expression of EP4 mRNA and elastogenesis
in developing mouse fetuses (Figure 1C). In day 12.5 mice,
organized elastic fibers were not observed in either the DA or
the aorta, whereas in situ hybridization analysis revealed that
the expression of EP4 mRNA was clearly higher in the DA
than in the aorta or the pulmonary artery. In day 16.5 and day
18.5 mice, the formation of elastic fibers was observed more
clearly in the aorta than in the DA. In these developing stages,
obvious abundant expression of EP4 mRNA was observed in
the DA, but not in the aorta. To examine the effect of EP4
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Figure 1. EP4 signaling attenuated elastic fiber formation in vivo. A, Elastica van Gieson stain (elastica stain) of rat fetus on day 21 of
gestation (e21). B, Expression of EP4 mRNA of the rat ductus arteriosus (DA), aorta, and pulmonary artery (PA) on day 21 of gestation.
n=6. C, Developmental changes in elastic fiber formation and EP4 mRNA by in situ hybridization in mouse fetus on days 12.5 (¢12.5), 16.5
(e16.5), and 18.5 (e18.5) of gestation. Expression of EP4 mRNA was higher in the DA than in the aorta and pulmonary artery. Conversely,
elastic fiber formation is sparser in the DA than in the other arteries. D, E, G, and H, Elastica stain and electron microscopic images of
wild-type and EP4-- mice on day 18.5 of gestation. Elastic fiber formation was restored in the DA of EP4~- mice. F, Quantification of the
elastic fiber formation of D and E using a color extraction method. n=8. *P<0.05, **P<0.01. Scale bars, 200 um (A); 100 nm (C, upper and

lower); 50 ym (D, E); 20 pm (C, middle); 5 pm (G, H).

on elastogenesis in vivo, we examined elastic fiber formation
in the DA of EP4~ mice. In EP47~ mice, which die postna-
tally as a result of persistent patent DA (PDA),""* we found
that the DA acquired an elastic phenotype that was similar to
that of the neighboring aorta, as determined by elastica stain-
ing (Figure 1D and 1E), a color extraction method of elastica
staining (Figure 1F), and electron microscopic examination
(Figure 1G and 1H).

Human Vascular Tissues Show a Negative
Correlation Between Elastic Fibers and EP4
Expression

We also investigated the relationship between elastic fiber
formation and EP4 expression in surgical samples from 7
patients with coarctation of the aorta who underwent surgical
repair of aortic narrowing (Figure 2A, Table I in the online-
only Data Supplement). In concurrence with the findings in
rodents, there was less elastic fiber formation in the DA than
in the normal aorta, and the cells stained with anti-EP4 anti-
body were far more abundant in the DA (Figure 2B). Indeed,
statistical analysis revealed that the correlation was signifi-
cant between the amount of EP4 expression and the degree
of inhibited elastic fiber formation (Figure 2C, Table II in the
online-only Data Supplement). Thus, elastogenesis is inhib-
ited when EP4 is abundant. Taken together, these in vivo data

suggest that EP4 plays a primary role in the inhibition of elas-
togenesis of the DA in humans and rodents.

EP4 Signaling Inhibits Elastogenesis in DASMCs

To clarify the role of EP4 in elastogenesis in detail, we evalu-
ated the elastic fiber assemblies in rat DASMCs using an in
vitro system, as reported previously.” In the control group,
DASMCs developed an abundant meshwork of elastic fibers
(Figure 3A). In the presence of PGE, or the EP4 agonist
ONO-AE1-329, however, DASMCs developed a poor mesh-
work of elastic fibers. Neither the EP1/3 agonist sulprostone
nor the EP2 agonist butaprost had any effect on elastic fiber
development. LOX is a cross-linking enzyme that forms
insoluble mature elastic fibers. Its specific small molecule
inhibitor f-aminopropionitrile fumarate impaired elastic fiber
formation (Figure 3A). To quantify the amount of mature (ie,
cross-linked) elastic fibers inhibited by EP4 stimulation, we
metabolically labeled newly synthesized elastin with [°H]
valine, and measured the incorporation of [*H]valine in the
NaOH-insoluble fraction of these cells, which reflects the
amount of newly synthesized mature elastic fibers.?* As shown
in Figure 3B, in DASMCs, we detected a significant decrease
in the incorporation of [*H]-valine into the insoluble fraction
when ONO-AE1-329 was added to the medium (Figure 3B).
When the expression of EP4 mRNA was decreased by §9%
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Figure 2. Human vascular tissues show a negative correlation
between elastic fibers and EP4 expression. A, A representative
image of the elastica stain of a human neonatal vessel.

B, Elastica stain and immunohistochemistry for EP4 in human
neonatal vessels. C, Representative results of quantification of
elastic fiber formation and EP4 protein expression using a color
extraction method. Values are shown in arbitrary units. Scale
bars, 200 pm (A); 50 pm (B). :

by RNA interference, DASMCs developed elastic fiber forma-
tion even in the presence of ONO-AE1-329 (Figure 3C). To
further confirm the existence of EP4-mediated impaired elas-
tic fiber formation, we used rat aortic SMCs, which express
much less EP4 than DASMCs (Figure 3D). When EP4 was
forcibly expressed in aortic SMCs by EP4 gene transfer, elas-
togenesis was markedly impaired by ONO-AE1-329, whereas
ONO-AE1-329 did not attenuate elastic fiber formation in the
LacZ control (Figure 3E). These in vitro results indicate that
PGE,-EP4 stimulation is responsible for the impaired elasto-
genesis of the DA.

EP4 Signaling Inhibits Elastic Fiber Formation by
Decreasing LOX Protein

In the process of elastic fiber assembly, soluble elastin precur-
sors (tropoelastin) are deposited on microfibrils.'?s They are
then cross-linked by LOX, which confers elastic properties to
elastic fibers.?” Inactivation of the LOX gene is known to cause
structural alterations in the arterial walls, leading to cardio-
vascular abnormalities.”® In this context, we investigated the
expression of LOX protein in human surgical samples. In con-
trast to EP4, there were significantly fewer cells stained with

anti-LOX antibody in the DA (Figure 4A). When elastic fiber
formation and the expression of EP4 and LOX were quanti-
fied, LOX expression was positively correlated with elastic
fiber formation, whereas it was negatively correlated with
EP4 expression (Figure 4B, Table II in the online-only Data
Supplement). Interestingly, elastic fiber formation and EP4- or
LOX-positive cells in the transitional zone appeared interme-
diate between the DA and aorta. We think that this finding
supports previous reports that suggested that the coarctative
ridge, a narrowed pathological segment in the aorta, is formed
by mixed tissues from the native aorta and migrated tissues of
DA origin.?*

Next, we examined the effect of EP4 stimulation on LOX
protein expression. We found that the amount of mature
LOX form was significantly decreased in the culture media
of DASMCs and DASMC lysates in the presence of PGE,
and ONO-AE1-329 (Figure 4C and 4D). The effects of
ONO-AE1-329 were dose- and time-dependent (Figure 4E
and 4F). Other EP isoform-specific agonists had little effect.
Interestingly, stimulation of EP4 did not change the expres-
sion levels of tropoelastin and fibrillin-1 proteins, which are
the main components of elastic fibers (Figure IA-ID in the
online-only Data Supplement). In the next LOX detection,
we used whole cell lysate containing both intracellular and
extracellular LOX protein. Although these EP4-mediated
effects were not detected in aortic SMCs (ASMCs), the
EP4 agonist significantly decreased the expression of LOX
protein in ASMCs when EP4 expression was induced using
the adenovirus (Figure 4G and 4H). When LOX expres-
sion was induced using the adenovirus (Figure IIA and IIB
in the online-only Data Supplement), elastogenesis was
largely restored in the ONO-AE1-329-treated DASMCs
(Figure 4I). Thus, the reduction in LOX played a primary
role in the EP4-mediated impairment of elastogenesis. The
expression levels of matrix metalloproteinases and their
activity were not altered in the DASMCs by EP4 stimulation
(Figure IIIA and IIB in the online-only Data Supplement).
Nor was there any difference in matrix metalloproteinase 2
activity between rat tissues of the DA and aorta (Figure I1IC
in the online-only Data Supplement), suggesting that EP4
signaling plays a role in inhibiting elastogenesis, but not in
promoting elastolysis in the DA.

The c-Src-PLC Signal Pathway Plays a Role in the
PGE -EP4-Induced Reduction in LOX Protein

Next, we examined the downstream signal pathway respon-
sible for the EP4-mediated reduction in LOX protein expres-
sion levels. Although our previous studies have demonstrated
that cAMP and its downstream pathways play a primary role
in EP4-mediated DA remodeling,!®?2? the cAMP-protein
kinase A or cAMP-exchange protein activated by the cAMP
pathway did not play a role in the EP4-mediated reduction
in LOX protein (Figure SA and 5B). Instead, we found that
the EP4-induced reduction in LOX protein was restored by
the PLC inhibitor U73122 (Figure SC-5E), but not by Gy,
protein kinase C, or phosphoinositide 3-kinase inhibitors (gal-
lein, bisindolylmaleimide I, LY294002; Figure 5C and 5D).
Furthermore, the PLC activator m-3M3FBS significantly
decreased the expression levels of LOX protein in DASMCs
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(Figure 5F). Because several recent studies have demonstrated
that PGE, promotes cancer cell migration via the EP4—c-Src
signal pathway®'32 and that c-Src plays a critical role in the
phosphorylation of PLCy in several cell types,*** we hypoth-
esized that the c-Src-PLCy signal pathway may be involved.
We found that ONO-AE1-329 significantly increased PLCy1
phosphorylation (Figure 5G). In contrast, the Src-family
kinase inhibitor PP2 significantly decreased PLCyl phos-
phorylation (Figure 5H and 5I) and restored the reduction in
LOX protein induced by ONO-AE1-329 (Figure 5J and 5K).
These results support our hypothesis that the c-Src-PLCy sig-
nal pathway plays a primary role in the PGE,-EP4-induced
reduction in LOX protein.

EP4 Signaling Promotes LOX Degradation

in Lysosomes

Although ONO-AE1-329 decreased the expression of LOX
protein in DASMCs, we found that ONO-AE1-329 did not
decrease the mRNA expression of LOX (Figure 6A). Active
LOX is synthesized as a 50-kDa inactive LOX proenzyme
(pro-LOX), which is secreted into the extracellular space.
Pro-LOX is then processed by proteolysis into a functional 32
kDa enzyme LOX and an 18-kDa propeptide.?’* Using a pro-
LOX-specific antibody, we found that the pro-LOX protein

or without AE1-329. Activation of EP4
did not affect elastic fiber formation in
LacZ-overexpressing ASMCs, whereas it
decreased elastic fiber formation in EP4-
overexpressing ASMCs. Each drug was
used at 1 umol/L. Scale bars, 20 pm.

itself was not decreased by ONO-AE1-329 (Figure 6B and
6C), indicating that LOX was decreased post-translationally.
BMP1 is a major protease that cleaves pro-LOX in the extra-
cellular space.”” However, ONO-AE1-329 did not change the
expression of BMP1 mRNA or protein in DASMCs (Figure
IVA and IVB in the online-only Data Supplement). Instead,
we found that lysosomal degradation inhibitors, such as NH,CI
and bafilomycin, eliminated the EP4-induced reduction in
LOX protein (Figure 6D and 6E). These lysosomal degrada-
tion inhibitors also restored the PLC-mediated reduction in
LOX protein (Figure 6F and 6G). Furthermore, we found that
the clathrin-mediated endocytosis inhibitors chlorpromazine
and phenylarsine oxide similarly restored the EP4-induced
reduction in LOX protein (Figure 6H~-6J). Administration of
chlorpromazine also restored the PLC-induced reduction in
LOX protein (Figure 6K and 6L). In comparison, the caveolar
endocytosis inhibitor methyl-beta-cyclodextrin (MBCD), the
macropinocytosis inhibitor ethylisopropylamiloride (EIPA),
and the proteosomal inhibitor MG132 showed little or no
effect on LOX protein reduction (Figure VA-VC in the online-
only Data Supplement). These data suggest that PGE,-EP4-
PLC stimulation promotes the degradation of the LOX protein
in lysosome through clathrin-mediated endocytosis.
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Discussion
Although it is widely recognized in multiple species that the
DA exhibits sparse elastic fibers in the middle layer and disas-
sembly and fragmentation of the internal elastic lamina, the
molecular mechanism for these has not yet been identified.
The current study demonstrated a novel role of PGE, in spa-
tially regulating elastogenesis by LOX protein degradation
via the EP4-c-Src-PLCy signal pathway in the DA, which
contributes to the transition from fetal to neonatal circulation.
Previous studies have demonstrated that abnormalities of elas-
tic fibers are primarily responsible for PDA in some human
cases.!®! According to the Gittenberger-de Groot group’s!”
observation, there are several types of abnormal elastogenesis
that can cause PDA. The following 2 types are of particular
importance: (1) thickened subendothelial elastic lamina with
sparse or slightly increased elastic fibers in the media, and (2)
aortification of the ductal wall. PDA with aortification of the

P2
©

-

(=]

&
w

4 8 12
Elastic fibers

formation via decreased lysyl
oxidase (LOX) expression.

A, Representative images of
immunohistochemistry for LOX
in human neonatal vessels.

B, Representative results of
quantification of elastic fiber
formation, LOX, and EP4
protein expression using

a color extraction method.
Values are shown in arbitrary
units. C, Western blotting for
LOX in surpernatant (sup.)

and lysate of smooth muscle
cells (SMCs) treated for 72 h.
D, Quantification of C. n=4,
*P<0.05 vs CTRL. Numbers

on the bars indicate P values.
Administration of prostaglandin
E, (PGE,) or the EP4 agonist
AE1-329 decreased the mature
LOX form in both supernatant
and lysate of ductus arteriosus
SMCs (DASMCs) but not in
aortic SMCs (ASMCs).

E, Dose-dependent effects

of AE1-329 (24 h incubation)
on LOX protein in DASMCs.

F, Time-dependent reduction
in LOX protein in DASMCs.

G, Protein expression of

LOX was decreased in EP4-
overexpressing ASMCs (Adv.
EP4) treated with AE-329

for 24 h. H, Quantification of
G. n=4, *P<0.05 vs CTRL.

1, Immunostaining for elastin
(red) and DNA (blue) of the
LOX- or LacZ-overexpressing
DASMCs treated with or without
AE1-329. Each drug was used
at 1 pmol/L. Scale bars, 50 um
(A); 20 pm (B).

02468
EP4

DASMCs ASMCs

0.49

AE1-329
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ductal wall in EP4-knockout mice resembles the latter pheno-
type. These abnormalities of elastic fibers are likely to prohibit
intimal cushion formation and make it difficult to collapse the
arterial wall. This suggests that the control of elastogenesis
is clinically important. Pharmacological treatment for PDA,
such as indomethacin after birth, may have an adverse effect
on the inhibition of elastic fiber formation in the DA, espe-
cially in premature infants. This should be further investigated
in a future study.

The EP4 receptor is highly expressed in the DA compared
to the adjacent arteries’S; it is coupled to Gas and increases
intracellular cAMP formation. The roles of EP4-cAMP sig-
naling have been well studied in the DA. We and others have
demonstrated that EP4 signaling induces vasodilation and
hyaluronan-mediated vascular remodeling of the DA through
cAMP-dependent protein kinase A'6?2 and that it promotes
the migration of DASMCs and subsequent intimal thickening

Downloaded from http:/circ.ahajournals.org/ at YOKOHAMA SHIDAI MED DA81329 on May 1, 2014



Yokoyama et al

PGE, Inhibits Elastogenesis via EP4 Signaling 493

A

AE1-329

GAPDH

[
©

Relative expression of LOX
Relative expression of LOX

(N
4

)

R

AE1-329

N

m-3M3FBS

&
&

Figure 5. EP4 signaling decreased lysyl
oxidase (LOX) protein via the c-Src-PLCy
pathway in ductus arteriosus smooth
muscle cells (DASMCs). A, LOX protein
expression in DASMCs treated with
nonselective (Br-cAMP, 50 pmol/L),
protein kinase A (PKA)-selective (Bnz-
cAMP, 50 umol/L) or Epac-selective
(Me-cAMP, 50 nmol/L) cAMP analogs

for 24 h. The AE1-329 was administered
in the presence or absence of the PKA
inhibitor PKI (10 umol/L). B, Quantification
of A. n=4-6, *P<0.05, **P<0.01 vs CTRL.
cAMP signaling did not affect the EP4-
mediated reduction of LOX protein.

C, LOX protein expression in DASMCs
treated with gallein (G@y inhibitor, 10

0’3"&\6\9@%
o
S

AE1-329

U73122
5

10 (M)

G AE1-329 H I
0 2 103 2 4 6 s
{min) (h) @
3
@O
Z
8
G
414
! 5
AE1-829 a
PP2 pa
B —— 8
10 20 @v 3%
LOX . g
Q@
@
2
=
o
ol

through exchange protein activated by the cAMP.? Additional
downstream signaling pathways of EP4 have been demon-
strated in other cell types. EP4 uses Gai and phosphoinositide
3-kinase, which are generally activated by Gfy.>¢ In addition
to these well-known signaling pathways of EP4, our findings
revealed c-Src-PLCy signaling as a novel EP4 downstream
pathway, as well as the inhibitory role played by EP4 signal-
ing in elastogenesis. This EP4-signaling pathway was found to
be independent of cAMP signaling, including protein kinase
A and exchange protein activated by the cAMP, and Gy and
phosphoinositide 3-kinase. Studies using colorectal and lung
cancer cells have suggested that -arrestinl bound to EP4
activates c-Src.?'%2 In the DA, however, we did not identify
an association between EP4—c-Src signaling and -arrestinl
using f-arrestinl-targeted siRNA (data not shown). Ma et
al¥’ clearly demonstrated that Gas and Goi proteins directly

of p-PLCy/ PLCy

01 02 05

2.
1

1

pmol/L), U73122 (PLC inhibitor, 10
pmol/L), bis (bisindolylmaleimide: PKC
inhibitor, 10 pmol/L), or LY294002 (PI3K
inhibitor, 1 pmol/L) in the presence

of AE1-329. D, Quantification of

C. n=4-6, *P<0.05, *P<0.01 vs CTRL.
Inhibition of PLC eliminated the EP4-

1 M

p=0.48 mediated reduction of LOX protein.
0 * - E, Dose-dependent effect of U73122
in DASMCs treated with AE1-329.
5 F, Dose-dependent inhibitory effect of
0 m-3M3FBS on LOX protein expression.

G and H, Phosphorylation of PLCy in
DASMCs treated with PP2 (Src inhibitor)
or AE1-329. I, Quantification of H. n=4-6,
*P<0.05. Inhibition of Src attenuated

the EP4-mediated phosphorylation

of PLCy. J, PP2 attenuated the EP4-
mediated reduction of LOX protein.

K, Quantification of J. n=4-6. *P<0.05.
Whole cell lysate was used for LOX
detection. AE1-329 was used at 1 pmol/L.

stimulate the kinase activity of c-Src. Because the EP4 recep-
tor is coupled to Gos and Gai, direct association between
these G proteins and c-Src may activate its downstream sig-
naling in EP4-mediated degradation of LOX protein. This
possibility should be validated in a future study.

LOX is a copper-dependent amine oxidase that catalyzes
the cross-linking of elastin and collagen and ensures the stabil-
ity of the extracellular matrix.*® Because LOX is the isoform
responsible for 80% of the LOX activity in aortic SMCs,* it is
essential to the maintenance of the tensile and elastic features
of the vascular system.* LOX is synthesized as a pre-protein.
After signal peptide hydrolysis, enzyme glycosylation, coo-
per incorporation, and lysine tyrosylquinone generation, the
enzyme is released into the extracellular space. Then, BMP-1
processes LOX, yielding the mature LOX form and its pro-
peptide.”” The mechanisms of the transcriptional regulation of
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LOX have been extensively studied. Interferon-y, transform-
ing growth factor-B, platelet-derived growth factor, connec-
tive tissue growth factor, and angiotensin II induce LOX gene
expression via the interferon regulatory factor 1 transcriptional
factor in multiple tissues, including blood vessels.“*#! On the
other hand, atherogenic concentrations of low-density lipo-
protein and tumor necrosis factor o reduce LOX mRNA. %4
Song et al* have also shown that interferon-y inhibits LOX
gene expression through binding to the antagonistic transcrip-
tional factor, interferon regulatory factor 2, in vascular SMCs.

In contrast to our understanding of these transcriptional reg-
ulations of LOX, little is known regarding LOX protein metab-
olism. In the present study, we demonstrated for the first time
that the PGE,-EP4 signal promoted lysosomal degradation of
LOX protein. Recently, 1 study that used lysosomal inhibitors
and Vps18-deficient mice demonstrated that LOX protein was
degraded through lysosomes in Purkinje cells.* However, the
detailed molecular mechanisms triggering the degradation of
LOX protein have not been reported and should be examined
in future studies. Once LOX is cleaved from the proenzyme, it
acts as a highly reactive enzyme. The mature LOX form cata-
lyzes an oxidative deamination of lysine and hydroxylysine
residues to peptidyl a-aminoadipic-8-semialdehydes. These
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AE1-329 Figure 6. EP4 signaling decreased lysyl

oxidase (LOX) protein through lysosomal
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in ductus arteriosus smooth muscle

cells (DASMCs) treated with AE1-329.
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DASMCs. C, Quantification of B. n=4.
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24 h restored the m-3M3FBS (0.5 pmol/L)
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L, Quantification of K. *P<0.05, *P<0.01.
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highly reactive semialdehydes can spontaneously condense
to form intra- and intermolecular covalent cross-linkages.?’
Elastic fiber formation must be highly regulated to ensure the
integrity of vascular and other tissues. Therefore, in addition
to transcriptional regulation, the existence of protein regula-
tion of LOX that we demonstrated in this study is physiologi-
cally reasonable.

The Rabinovitch group has extensively studied the molec-
ular mechanisms of the sparse elastic fiber formation in the
medial layer of the DA. Their studies have demonstrated that
LOX activity does not differ between the lamb DA, aorta, and
pulmonary artery.* Our study demonstrated that LOX pro-
tein was dramatically decreased by EP4 signaling in rodents
and humans, suggesting that LOX activity is decreased in
these DAs. Currently, we do not have a clear explanation for
the apparent inconsistency in terms of LOX expression and
activity. Further research is required to determine the spe-
cies difference in LOX protein metabolism and activity. The
Rabinovitch group also demonstrated that there is decreased
insolubilization of elastin in the DA that is associated with
the truncated 52-kDa tropoelastin that lacks the C termi-
nus,'? which is unrelated to heightened elastolytic activity.*
Similarly, our results showed that matrix metalloproteinase 2
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activity does not differ between the DA and the aorta, suggest-
ing that impaired elastogenesis rather than enhanced elasto-
Iytic activity provides a muscular arterial property to the DA.

The present study demonstrated that LOX expression is
important during development. However, LOX expression is
known to be markedly responsive to a variety of pathological
states, including wound repair, aging, and tumorigenesis.* In
particular, strong evidence exists regarding the involvement
of a reduction in LOX activity in the pathogenesis of vascular
diseases characterized by destructive remodeling of the arte-
rial wall. Previous reports demonstrated that aortic aneurysm
and coronary dissections were related to a disturbance in
LOX expression in animal models and humans.** Therefore,
the regulation of LOX expression is considered an attractive
therapeutic target. In this study, it should be noted that there
seems to be a threshold value for EP4 expression to induce a
decrease in elastic fibers and LOX (Figures 2C and 4B). In our
previous report, analyses of human aortic aneurysmal tissues
demonstrated that EP4 expression is greater in aneurysmal
legions than that in nondiseased areas.® Further studies are
required to investigate whether EP4-mediated LOX regulation
plays a role in pathological conditions.

Taken together, these findings suggest that PGE,-EP4 signal-
ing inhibits elastogenesis in the DA by degrading LOX protein.
The PGE,-EP4-mediated LOX protein regulation via a previ-
ously unrecognized signaling pathway may also provide the
basis for therapeutic strategies that target vascular elastogeneis.
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