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FIG. 6. GATA-3 expression is induced by PPARy ligand, rosig-
litazone. Resiglitazons {30 my/kg) or control vehicle in triplicate
was administered by daily gavage 1 day belore administration of
2.5% DSS. Western blot analysis was performed using whole
colon -tissue obtained from day 7 of DSS treatment. Equal
amounts of protein were loaded per lane.

and inducing Th2-associated cytokines and transcription
factors in a model of colitis associated with disruption of
the intestinal epithelial cell barrier. Previous experiments
in the DSS model of colitis have revealed different in-
flammatory responses when administered chronically
(29,40,41), or acutely, as performed here. Whereas the
chronic form of DSS colitis has been demonstrated to
represent a Thl- and Th2-associated inflammation (41),
the acute form of DSS administration has been shown to
represent a predominantly Thl model of inflammation
(42}. Thus in the latter case, the TZDs appear to shift the
cytokine balance to a noninflammatory Th2 response.
Therefore, based on our findings in the DSS model of
acute colitis, and previously described studies of colitis
associated with the TNBS model (38), PPARy likely
plays an important role in down-regulating Th1 intestinal
inflammation.

The increase in susceptibility to colitis in the PPARy
heterozygote, as also observed here, also suggests that
PPAR~y normally provides protection against intestinal
inflammation and injury. Another potential possibility is
that a lack of PPAR~y results in constitutively increased
production of innate inflammatory mediators leading to
increased inflammation. However, against this latter hy-
pothesis is the fact that no increase in endogenous in-
flammation was observed in the heterozygotic mice,

During the initiation phase of DSS colitis, intestinal
macrophages/dendritic cells appear to play a particularly
critical role by driving inflammation through the produc-
tion of mediators associated with innate immunity (43),
such as iNOS (44). DSS-stimulated macrophages also
can abnormally activate CD4* T cells (45,46) promoting
the development of a Thl response. It is very likely that
IL-12 plays a crucial role in this outcome. In this regard,
PPAR-y has been shown to inhibit IL-12 expression by
macrophage/dendritic cells (34,47), and DSS colitis can
be exacerbated through the presence of excess IL-12 by
increasing [FNYy levels (48). Moreover, our observation
that there was no effect by PPARy agonist ligands on
acute DSS colitis when administered the day after colitis
onset is consistent with the concept that PPAR~y activa-
tion primarily impacts the initiation phase of the inflam-
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mation. In support of this finding, studies in the predomi-
nant Thi-driven TNBS model of colitis also suggested
that PPARy activation resulted in greater inhibitory ef-
fects when initiated the day before, rather than the day of,
TNBS administration (38).

Based on these findings, it can be suggested that ac-
tivation of macrophage/dendritic cells is the major factor
in influencing the development of the acute inflamma-
tory colitis associated with DSS administration. This hy-
pothesis is supported by the observation that DSS colitis
can occur in severe combined immunodeficiency mice
{49) and recombinase activase gene-deficient mice
(39), which lack both T and B cells. T cells may, how-
ever, potentially play a role in augmenting or reducing
the continved inflammation initiated by activation of the
antigen-presenting cells (50). Support of this medula-
tory function of T cells in the DSS colitis model is
noted by inhibitory effects of TNFa blockade, albeit
macrophages may be a source of this cytokine as well
(51,52). Since PPAR-y activation can directly reduce the
levels of TNFa by inhibition of (NFxkB) complex activity
(26,30), the observed effects of PPARy ligation in re-
ducing DSS-induced inflammation as shown here may
be through this mechanism as well as direct inhibition of
macrophage/dendritic cell function.

Another potential mechanism for the reduction in in-
flammation and cytokine shift away from a Thl inflam-
matory state towards a Th2 environment may be through
alterations in T-cell differentiation. As suggested, the
development of a Thl cell response is most likely
curtailed by the effects of PPARy on the macro-
phage/dendritic cell’s ability to produce IL-12. Since
sustained TNFw levels can induce IL-12 production,
PPARy-associated reduction of TNFea levels may also
indirectly reduce IL-12 and contribute to the develop-
ment of a Thl response (53). Also, IL-12 maintains ac-
tivated Thl cells, and a reduction of I[L.-12 could lead to
an increase in Th1 apoptosis and affect the Th1/Th2 cell
populations (54,55). Alternatively, PPAR~y activation
could directly result in driving naive cells to develop into
Th2 cells. Very litile is known about the effects of
PPAR-~y activation on Th2 cytokine production or T-cell
differentiation. In one study, the PPARy activator pros-
tanoid, 15-6PGJ, (47), has been shown to enhance IL-10
inhibition of macrophages. In addition, IL-4 has been
repeatedly demonstrated to induce PPARYy expression
(56-60). Our findings would then suggest that Th2 cy-
tokines may be regulated by, and also potentially regu-
late, PPARy. Consistent with this shift from Thl to Th2
cytokine production in the presence of PPAR+y-activation
is our detection of increased levels of the transcription
factor GATA-3 in the PPAR~y-treated mice. Along with
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c-Maf, GATA-3 can influence the differentiation of
naive T cells into Th2 cells (33). Along with increasing
Th2 development, PPARy activation may concomitantly
inhibit Thl development, as PPARy can directly inhibit
NFAT activity, which is also involved in Thl cell dif-
ferentiation (36).

In the current study, we also observed differences in
the clinical efficacy of the TZD class of molecules in the
acute DSS-induced colitis model. The different dose re-
sponses observed with the PPAR+y ligands as shown here
may be due to either their affinity levels for PPARYy or
with differences in the conformations induced by the
different TZD ligands on the PPARy receptor. For ex-
ample, in vitro studies have indicated that pioglitazone
has a stronger affinity to PPAR+y then does rosiglitazone
(61). We noted, however, the opposite effects on colitis
in our studies suggesting the latter mechanism may be
dominant, Similarly, even though relatively equivalent
doses of troglitazone were used, this TZD clearly had
significantly less of a clinical effect. This difference in
efficacy between troglitazone and rosiglitazone has been
observed in other studies and is confirmed in the present
report (29,38). Troglitazone has affinities for both
PPAR~y and PPARa (62), which may contribute to its
hepatotoxicity in clinical use. Thus, it is becoming in-
creasingly evident that different PPARYy agonist ligands
can have different clinical effects despite binding to a
common receptor {63). The different effects require in-
terpretation in terms of potentia} future therapy of these
agonists in IBD.

CONCLUSION

In conclusion, PPARYy activation represents a novel
mechanism for reducing the development of a Thl in-
flammatory response and shifting it towards a Th2 re-
sponse. Based on the data presented here and previous
studies by others, it can be suggested that PPARy acti-
vation may affect a number of pathways involved with
down-regulating intestinal tissue inflammation associ-
ated with excessive Thl cytokine production. These
probably include inhibition of NFxB activation, down-
regulation of Thl cytokines, up-regulation of Th2 cyto-
kines, and regulation of Thl and Th2 cell differentiation.
Furthermore, these effects vary with respect to the spe-
cific TZD analog studied, suggesting significant differ-
ences may exist between these agents and their potential
use in humag inflammatory conditions such as IBD.,

Acknowledgment: This work was supported in part by a
grant from The Japanese Health Sciences Foundation. Dr.
Saubermann also is supported through National Institutes of

—513—

Heaith grant DK20532. Dr. Nakajima was supported in part by
a prant (Tokuteiryouiki C#13204072) from the Ministry of
Education, Culture, Sports, Science and Technology, Japan. Dr.
Blumberg is supported through NIH grants DK44319,
DK51362, and DK53056, and the Harvard Digestive Discases
Center.

We thank SmithKline-Beecham, Inc. (Tokyo, Japan) for
their generous gift of rosiglitazone (BRL-49653), and the Sato
Chemical Corporation, Japan, for their very generous donation
of pioglitazone.

REFERENCES

1. Bames PJ, Karin M. Nuclear factor kappa-B: a pivotal transcrip-
tion factor in chronic inflammatory diseases. N Engl J Med 1997,
336:1066-71. )

. Schreiber 8, Nikolaus 8, Hampe J. Activation of nuclear factor
kappa B inflammatory bowel disease. Gt 1998;42:477-84.

3. Sands BE. Novel therapies for inflammatory bowel disease. Gas-
troenterol Clin North Am 1999;28:323-51.

4, Neurath MF, Pathogenesis of inflammatory bowel disease: tran-
scription factors in the spotlight. Gur 1998;42:458-5,

5. Ogura Y, Bonen DK, Inchara N, et al. A frameshift mutation in
NCD?2 associated with susceptibility to Crohn's disease. Nature
2001;411:603-6.

6. Hugot IP, Chamaillard M, Zouali H, et al. Association of NOD2
leucine-rich repeat variants with susceptibility to Crohn’s disease.
Nature 2001;411:599-603.

7. Hampe ], Cuthbert A, Croucher PJ, et al. Association between
insertion mutation in NOD?2 gene and Crohn's disease in German
and British populations. Lancer 2001;357:1925-8.

8. Fajas L, Auboeuf D, Raspe E, et al. The organization, promoter
analysis, and expression of the human PPAR-gamma gene. J Biol
Chem 1097;272:18779-89.

9. Delerive P, Fruchart JC, Staels B. Eurosterone meeting. Peroxi-
some proliferator-activated receptors in inflammation control. J
Endocrinol 2001;169:453-9.

10. Chinetti G, Fruchart JC, Staels B. Peroxisome proliferator-
activated receptors (PPARs): nuclear receptors at the crossroads
between lipid metabolism and inflammation. Inflanen Res 2000;
49:497-505.

11. Gelman L, Fruchart JC, Auwerx J. An update on the mechanisms
of action of the peroxisome proliferator-activated receptors
(PPARs) and their roles in inflammation and cancer. Cell Mol Life
Sci 1999:55:93243.

12. Andersen O, Eijsink VG, Thomassen M. Multiple variants of the
peroxisome proliferator-activated receptor (PPAR) gamma are ex-
pressed in the liver of atlantic salmon (Salme satar). Gene 2000;
255:411-18.

13. Sundvold H, Brzozowska A, Lien 8. Characterisation of bovine
peroxisome preliferator-activated receptors gamma 1 and gamma
2: genetic mapping and differential expression of the two isoforms.
Biochem Biophys Res Commun 1997,23%:857-61.

14, Mansen A, Guardiola-Diaz H, Rafter J, et al. Expression of the
peroxisome proliferator-activated receptor (PPAR) in the mouse
colonic mucosa. Biochem Biophys Res Commun 1996;222:844-51.

15. Lefebvre M, Paulweber B, Fajas L, et al. Peroxisome proliferator-
activated receptor gamma is induced during differentiation of co-
lon epithelium cells. J Endocrinol 1999;162:331-40,

16, Braissant O, Wahli W. Differential expression of peroxisome pro-
liferator-activated receptor-alpha, -beta, and -gamma during rat
embryonic development. Endocrinology 1998;139:2748-54,

17, Huin C, Corriveau L, Bianchi A, et al. Differential expression of
petoxisome proliferator-activated receptors (PPARSs) in the devel-
oping human fetal digestive tract. J Histochem Cytochem 2000;48;
603-11.

18. Yang W, Rachez C, Freedman LP. Discrete roles for peroxisome

[

Inflanmatory Bowel Disvases®, Vol. 8, No. 5, September 2002



338

i9.

20,

21

23

24,

26,

27

28.

29.

30.

31,

32,

33.

34,

35,

36.

proliferator-activated receptor gamma and retinoid X receptor in
recruiting nuclear receptor coactivators. Mol Cell Biol 2000;20;
8008-17.

Shao G, Heyman RA, Schulman IG. Three amino acids specify
coactivator choice by retinoid X receptors. Mol Endocrinel 2000;
14:1198-209.

Lee SK, Lee B, Lee JW. Mutations in retinoid X receptor that
impair heterodimerization with specific nuclear hormone receptor.
J Biol Chem 2000;275:33522-6.

Wang P, Anderson PO, Chen 8, et al. Inhibition of the transcription
factors AP-1 and NF-kappaB in CD4 T cells by peroxisome pro-
liferator-activated receptor gamma ligands. fnt Inmunophanmacol
2001;1:803~-12,

. Delerive P, De Bosscher K, Besnard S, et al. Peroxisome prolif-

erator-activated receptar alpha negatively regulates the vascular
inflammatory gene response by negative cross-talk with transcrip-
tion factors NF-kappa-B and AP-1. J Biol Chem 1999;274;
32048-54.

Guyton K, Bond R, Reilly C, et al. Differential effects of 15-
deoxy-delta{12,14)-prostaglandin J2 and a peroxisome prolifera-
tor-activated receptor gamma agonist on macrophage activation. J
Leukoe Biol 2001,69:631-8.

Heneka MT, Klockgether T, Feinstein DL. Peroxisome prolifara-
tor-activated receptor-gamma ligands reduce neurenal inducible
nitric oxide synthase expression and cell death in vivo. J Neurosci
2000,20:6862-7.

. Liang YC, Tsai $H, Tsai DC, et al. Suppression of inducible cy-

clooxygenase and nitric oxide synthase through activation of per-
oxisome proliferator-activated receptor-gamma by flavenoids in
mouse macrophages. FEBS Lert 2001:496:12-18.

Uchimura K, Nakamuta M, Enjoji M, et al. Activation of retinoic
X receptor and peroxisome proliferator-activated receptor-gamma
inhibits nitric oxide and tumor necrosis factor-alpha production in
rat Kupffer cells, Hepatology 2001;33:91-9.

Petrova TV, Akama KT, Van Eldik LJ. Cyclopentenong prosta-
glandins suppress activation of microglia: downregulation of in-
ducible nitric-oxide synthase by 15-deoxy-Deltal2,14-
prostaglandin J2. Proc Nat! Acad Sei U 5 A 1999:96:4668-73,
Fahmi H, Di Battista JA, Pelletier JP, et al. Peroxisome prolifera-
tor-activated receptor gamma activators inhibit interleukin-1beta-
induced nitric oxide and matrix metalloproteinase 13 production in
human chondrocytes. Arthritis Rhewm 2001;44:595-607.

Su CG, Wen X, Bailey ST, et al. A novel therapy for colitis
utilizing PPAR-gamma ligands to inhibit the epithelial inflamrna-
tory response. J Clin Invest 1999;104:383-9.

Nakajima A, Wada K, Miki H, et al. Endogenous PPAR-gamma
mediates anti-inflammatory activity in murine ischemia-
reperfusion injury. Gastreenterology 2001;120:460-9,

Kintscher U, Goetze S, Wakino S, et al. Peroxisome proliferator-
activated receptor and retinoid X receptor ligands inhibit monocyte
chemotactic protein-I-directed migration of monocytes. Eur J
Pharmacol 2001;40:259-70.

Marx N, Mach F, Sauty A, et al. Peroxisome proliferator-activated
receptor-gamma activators inhibit IFN-gamma-induced expression
of the T cell-active CXC chemokines IP-108, Mig, and 1-TAC in
human endothelial cells. J hinmunol 2000;164:6503-8.
Rengarajan J, Szaba $J, Glimcher LH. Transcriptional regulation
of Th1/Th2 polarization. Jmmuno! Today 2000;21:479-83,
Faveeuw C, Fougeray S, Angeli V, et al. Peroxisome proliferator-
activated receptor gamma activators inhibit interlevkin-12 produc-
tion in murine dendritic cells. FEBS Lets 2000;486:261-6.

Clark RB, Bishop-Bailey D, Estrada-Hernandez T, et al. The
nuclear receptor PPAR gamma and immunoregulation: PPAR
gamma mediates inhibition of helper T cell responses. J Immuno!
2000;164:1364-71.

Yang XY, Wang LH, Chen T, et al, Activation of human T lym-
phocytes is inhibited by peroxisome proliferator-activated receptor
gamma (PPARgamma) agonists. PPAR gamma co-association with
transcription factor NFAT. J Biol Chem 2000;275:4541-4.

Inflanimatory Bowel Diseases®, Yol. 8, No. 5, September 2002

37

38.

39,

40.

41.

42,

43,

45.

46.

41.

43.

49,

50.

51.

52,

53.

54.

55.

36.

57

L. J. SAUBERMANN ET AL

Harris 8G, Phipps RP. The nuclear receptor PPAR gamma is ex-
pressed by mouse T lymphocyies and PPAR gamma agonists in-
duce apoptosis. Eur J Imntunol 2001,31:1098-105.

Desreumaux P, Dubuquoy L, Nutten 8, et al, Attenuation of colon
inflammation through activators of the retinoid X receptor
(RXR)/peroxisome proliferator-activated rReceptor gamma
(PPAR-gamma) heterodimer. A basis for new lhenpeutlc strate-
gies. J Exp Med 2001;193:827-38,

Saubermann LI, Beck P, De Jong YP, et al. Activation of natural
killer T cells by alpha-galactosylceramide in the presence of CD1d
provides protection against colitis in mice, Gastroenterology 2000;
119:119-28.

Coaper HS, Murthy SN, Shah RS, et al. Clinicopathologic study of
dextran sulfate sodium experimental murine colitis, Lab Jivest
1993;69:238—49.

Dicleman LA, Palmen MIJ, Akol H, et al. Chronic experimental
colitis induced by dextran sulphate sodium (DSS) is characterized
by Thl and Th2 cytokines. Clin Exp Immuno! 1998;114;385-91.
Egger B, Bajaj-Elliott M, MacDonald TT, et al. Characterisation of
acute murine dextran sodium sulphate colitis: cytokine profils and
dose dependency. Digestion 2000,62:240-8.

Kitajima §, Takuma S, Morimoto M. Tissue distribution of dextran
sulfate sodium (DSS) in the acute phase of murine DSS-induced
colitis, J Vet Med Sci 1999;61:67-70.

. Yoshida Y, Iwai A, Itoh K, et al. Role of inducible nitric oxide

synthase in dextran sulphate sodium-induced coiitis. Aliment Phar-
macol Ther 2000;14(Suppl. 1 %x26-32.

Shintani N, Nakajima T, Sugiura M, et al, Proliferative effect of
dexran svlfate sodium (DSS)-pulsed macrophages on T cells from
mice with DSS-induced colitis and inhibition of effect by IgG.
Scand J Immuno! 1997;46:581-6,

Shintani N, Nakajima T, Okamoto T, et al. Involvement of CD4+
T cells in the development of dexiran sulfate sodinm-induced ex-
perimental colitis and suppressive effect of YgG on their action.
Gen Pharmacol 1998:31:477-81.

Azuma Y, Shinchara M, Wang PL, et al. 15-Deoxy-delia{12,14)-
prostaglandin j(2) inhibits IL-10 and IL-12 production by macro-
phages. Biochem Biophys Res Commun 2001;283:344-6,

Hans W, Scholmerich J, Gross V, et al. Interleukin-12 induced
interferon-gamma increases inflammation in acute dextran sulfate
sodium induced colitis in mice. Eur Cytokine Netw 2000;11:67-74.
Dieleman LA, Ridwan BU, Tennyson GS, et al. Dextran sulfate
sodium-induced colitis occurs in severe combined immunodefi-
cient mice. Gastroenterology 1994;107:1643-52.

Strober W, Fuss II, Blumberg RS. The immunology of mucosal
models of inflammation. Annut Rev Inmunol 2002;20:495-549
Murthy §, Cooper HS, Yoshitake H, et al. Combination therapy of
pentoxifylline and TNF-alpha monoc]onal antibody in dextran sul-
phate-induced mouse colitis, Aliment Pharmaco! Ther 1999;13;
251-60. .

Kojouharoff G, Hans W, Obermeier F, et al. Neutralization of
tumor necrosis factor {TNF) but not of IL-1 reduces inflammation
in chronic dextran sulphate sodium-induced colitis in mice. Clin
Exp Intunol 1997;107:353-8.

Neurath MF, Finotto §, Fuss 1, et al. Regulation of T-cell apoptosis
in inflammatory bowel disease: to die or not to die, that is the
mucosal question. Trends ol 2001:22:21-6,

Marth T, Zeitz M, Ludviksson BR, et al. Extinction of IL-12 sig-
naling promotes Fas-mediated apoptosis of antigen-specific T
cells. J Immunol 1999;162:7233-40,

Fuss [}, Marth T, Neurath MF, et al. Anti-interleukin 12 treatment
regulates apoptosis of Thl T cells in experimental colitis in mice.
Gastroenterology 1999;117:1078-88.

Berndixen AC, Shevde NK, Dienger KM, et al. IL-4 inhibits os-
teaclast formation through a direct action on osteoclast precursors
via peroxisome proliferator-activated receptor gamma 1. Proc Nail
Acad Sci U § A 2001;98:2443-8.

Ricote M, Welch JS, Glass CK. Regulation of macrophage gene

—514—



38.

3.

6L.

PPAR~y LIGANDS STIMULATE TH2 CYTOKINE RESPONSE IN COLITIS

expression by the peroxisome proliferator-activated receptor-
gamma, Horm Res 2000;34:275-80.

Wang AC, Dai X, Luu B, et al. Peroxisome proliferator-activated
recepior-gamma regulates airway epithelial cell activation. Am J
Respir Cell Mol Biol 2001;24:688-93,

Kitamura Y, Taniguchi T, Kimura H, et al. Interleukin-4-inhibited
mRNA expression in mixed rat glial and in isolated microglial
cultures. J Neuroimnmunol 2000;106:95-104.

., Huang JT, Welch JS, Ricote M, et al. Interleukin-4-dependent

production of PPAR-gamma lipands in macrophages by 12/15-
lipoxygenase. Nature 1999,400:378-82.
Sakamoto J, Kimura H, Moriyama S, et al. Activation of human

—515—

62.

339

peroxiseme proliferator-activated receptor (PPAR) subtypes
by pioglitazone. Biochem Biophys Res Commun 2000;278:
704-11,

Memon RA, Tecott LH, Nonogaki K, et al. Up-regulation of per-
oxisome proliferator-activated receptors (PPAR-alpha) and PPAR-

' gamma messenger ribonucleic acid expression in the liver in mu-

63.

rine obesity: troglitazone induces expression of PPAR-gamma-
responsive adipose tissue-specific genes in the liver of obese
diabetic mice. Endocrinology 2000;141:4021-3],

Camp HS, Li O, Wise SC, et al. Differential activation of peroxi-
some proliferator-activated receptor-gamma by troglitazone and
rosiglitazone, Diaberes 2000;49:539-47.

Inflammatory Bowel Diseases®, Vol. 8, No. 5, Sepiember 2002



JOURNAL OF CELLULAR PHYSIOLOGY 193:209-318 (2002)

Targets of Transcriptional Regulation by Two Distinct
Type 1 Receptors for Transforming Growth Factor-f in
Human Umbilical Vein Endothelial Cells
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Transforming growth factor-B (TGF-P) plays a crucial role in vascular development
and homeostasis by regulating many transcriptional targets. Activin receptor-like
kinase 5 (ALK-5) is a TGF-B type I receptor expressed in various TGF-B-responsive
cells. In contrast, ALK-1 functions as a TGF-P type | receptor in endothelial cells,
and is responsible for human hereditary hemorrhagic telangiectasia (HHT) type IL.
ALK-5 and ALK-1 mediate TGF-p signals through distinct Smad proteins, i.e.,
Smad2/Smad3 and Smad1/Smads5, respectively. To identify target genes of ALK-1
and ALK-5 in endothelial cells, we conducted oligonucleotide microarray analysis.
Human umbilical vein endothelial cells (HUVEC) were infected with recombinant
adenoviruses carrying a constitutively active form of ALK-1 or ALK-5. ALK-5
inhibited the proliferation, network formation, and tube formation of HUVEC and
induced their apoptosis, whereas ALK-1 did not exhibit significant effects on
HUVEC in vitro. mRNAs were extracted from HUVEC and used for hybridization of
oligonucleaticle arrays representing approximately 7,000 human genes. Northern
blot and quantitative real-time polymerase chain reaction (PCR) analyses were
also performed for some of these genes, confirming the validity of this microarray
analysis. We found that ALK-1 specifically upregulated Smad6, Smad?, Id1, 1d2,
endloglin, STAT1, and interleukin 1 receptor-like 1. ALK-5, in contrast, upregulated
PIGF, SM22«, connexin 37, BIG-H3, and LTBP1. ALK-1 downregulated Smad1,
CXCR4, Ephrin-A1, and plakoglobin, whereas ALK-5 downregulated claudin 5 and
integrin Bs. These results revealed some new targets of TGF-B in endothelial cells,
and differences in transcriptional regulation patterns between ALK-1 and ALK-5.

§. Cell. Physiol. 193: 299-318, 2002. ® 2002 Wiley-Liss, Inc.

Transforming growth factor-p (TGF-B) belongs to a
large superfamily of related polypeptides, including
activins, bone morphogenetic proteins (BMPs), growth/
differentiation factors, and anti-Miillerian hormone
(Heldin et al., 1997). TGF-p is involved in diverse bio-
logical processes, such as cell proliferation, migration,
differentiation, survival, and cell—cell and cell-matrix
interaction. TGF-B plays a very important role in the
development of the vascular system, affecting func-
tions of both endothelial cells and periendothelial cells
(Carmeliet, 2000). The cellular responses mediated by
TGF-B are complex and can be stimulatory or inhibitory,
depending on cell type and conditions. TGF-B gene-
rally inhibits proliferation and migration of endothelial
cells, but potently stimulates extracellular matrix
(ECM) production. Importantly, TGF-f is essential for
the recruitment and regulation of pericytes and smooth
muscle cells, which lead to vascular maturation and
stabilization (Pepper, 1997).

@ 2002 WILEY-LISS, INC,
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TGF-p superfamily members bind to heteromeric
complexes of type I and II transmembrane serine/thre-
onine kinase receptors (Heldin et al., 1997). Upon ligand
binding, type II receptors recruit and transphosphor-
ylate type I receptors, which subsequently activate )
downstream signal mediators, Smads. Only one TGF-f

Contract grant sponsor: Ministry of Education, Culture, Sports,
Science, and Technology of Japan.

*Correspondence to: Kohei Miyazono, Department of Molecular
Pathalogy, Graduate School of Medicine, University of Tokyo, 7-3-
1 Hongo, Bunkyo-ku, Tokye 113-0033, Japan.

E-mail: miyazono-ind@umin.ac.jp

Received 4 February 2002; Accepted 19 July 2002

Published online in Wiley InterScience
(www.interscience. wiley.com.), 16 Septernber 2002.
DOI: 10.1002/jep.10170



300

type II receptor (TPR-II) is present in mammals, where-
as two type I receptors appear to serve as TGF-p type I
receptors. Activin receptor-like kinase 5 (ALK-5) is
a TGF-p type I receptor ubiquitously expressed in TGF-
B-responsive cells. ALK-5 mediates TGF-f signaling
through phosphorylating Smad2/Smad3. In addition,
another type I receptor, ALK-1, is expressed in endothe-
lial cells and binds to TGF-B and possibly other ligands
(Lux et al,, 1999; Oh et al., 2000). ALK-1 signals are
transduced through Smadl/Smad5, which are major
downstream mediators of BMPs. Thus, in endothe-
lial cells, ALK-5 and ALK-1 mediate TGF-B signaling
through distinct transcriptional regulation of target
genes.

Previous investigations have shown that mutations
of the ALK-1 gene are linked to human hereditary
hemorrhagic telangiectasia (HHT) type II, also known
as Oster—Rendu—Weber syndrome (Johnson et al., 1996).
In addition, endoglin, an accessory receptor modulat-
ing TGF-p signals, has been reported to be responsible
for HHT type I (McAllister et al., 1994). HHTs are
autosomal dominant disorders, characterized by recur-
rent bleeding in mucosal telangiectasias, and arteriove-
nous malformations in lung, brain, and liver {(Jacobson,
2000). HHT patientshave dilated blood vessels with thin
walls, and exhibit abnormal arteriovenous fusion and
shunting.

Studies by gene targeting have revealed that disrup-
tion of components of the TGF-p signaling pathway,
including TGF-B1 (Dickson et al., 1995), TRR-II (Oshima
et al., 1996), and ALK-5 (Larsson et al., 2001), resulted
in severe vascular abnormalities in mice. In addition,
mice lacking endoglin (Li et al., 1999), ALK-1 (Oh et al.,
2000; Urness et al., 2000), or Smad5 (Chang et al., 1899:
Yang et al,, 1999) exhibit similar phenotypes in vas-
cular tissues, although they are not identical to those
of TGF-B1-, TBR-II-, and ALK-5-null mice. These mice
have overlapping vascular phenotypes characterized by
distended vessels and defects of smooth muscle cell
differentiation. It has been reported that the forma-
tion of primary capillary plexuses is relatively normal,
whereas sprouting and branching of vessels are im-
paired in these mice (Larsson et al., 2001).

TGF-pB signaling is thus essential for vascular devel-
opment and maturation, but the mechanisms of tran-
scriptional regulation of this signaling have not been
clearly defined. To determine targets of TGF-p medi-
ated by the two type I receptors, ALK-1 and ALK-5, we
performed oligonucleotide micrearray analysis. Human
umbilical vein endothelial cells (HUVEC) infected with
a constitutively active form of ALK-1 or ALK-5 were
used in this study. This approach allowed us to identify
novel target genes of TGF-B, and provided insights into
the regulation of vascular development by ALK-1 and
ALK-5.

MATERIALS AND METHODS
Cell culture and adenovirus infection

HUVEC were obtained from Sanko Junyaku (Tokyo,
Japan), and cultured on type I collagen-coated dishes
at 37°C in a 5% CO; atmosphere in endothelial basal
medium (EBM) containing 2% fetal bovine serum (FBS)
and endothelial cell growth supplements (Clonetics
Corp., East Rutherford, NJ). HUVEC wereused between

OTA ET AL.

passages 2 and 5. Recombinant adenoviruses with
P-galactosidase as a control, or with a constitutively
active form of ALK-1 or ALK-5, were infected into
HUVEC at a multiplicity of infection (m.o.i.) of 100 pfu/
cell except for growth and tube formation assays
(see below). Appropriate m.o.i. had been previously
determined by B-galactosidase assay.

Growth assay

Cells were seeded at a density of 1 x 10° cells per well
in 6-well plates and cultured as described above. The
next day, cells were infected with adenoviruses at a
m.o.i. of 50 and 100 pfu/cell. After 48 h, cells were
trypsinized and the numbers of cells were counted by a
Coulter counter. The experiments were performed in
duplicate.

DNA fragmentation assay

HUVEC infected with adenoviruses containing p-
galactosidase or constitutively active ALK-1 or ALK-5
at a m.o.i. of 100 pfu/cell were cultured for 48 h as
described above. Cells were lysed with 20 mM Tris-HCI,
pH 7.5, 10 mM EDTA, and 0.5% Triton X-100, and the
Iysates were treated with 0.2 mg/ml proteinase K and
0.1 mg/ml RNase for 1 h at 42°C to remove protein and
RNA. DNA was extracted from the lysates and sub-
jected to electrophoresis on a 2% agarose gel.

Network formation assay

Cells were cultured and infected with adenoviruses at
a m.o.i. of 100 pfu/cell as described above. Forty-eight
hours after infection, cells were trypsinized and resus-
pended in Dulbecco’s modified Eagle’s medium (DMEM)
with 5% FBS. Cell suspension was seeded at a density
of 3 x 10® cells per dish on a 35-mm Matrigel (Becton
Dickinson Labware, Bedford, MA). Cells on Matrigel
dishes were incubated for 12 h and examined by phaze-
contrast microscopy,

Tube formation assay

Cells were trypsinized and suspended at a final con-
centration of 1 x 10° cells/ml in a 7:2:1 mixture of type I
collagen solution (Nitta Gelatin, Osaka), five times
DMEM and 0.05 N NaOH solution containing 2.2%
NaHCOj; and 200 mM HEPES. Five hundred microliters
of this preparation was placed in 24-well plates and
incubated for 30 min at 37°C in a humidified incubator to
allow poiymerization. After gel formation, EBM contain-
ing 2% FBS, endothelial cell growth supplements, and
20 ng/ml of vascular endothelial growth factor (VEGF:
R&D Systems, Minneapolis, MN) were added and
adenoviruses were infected at a m.o.i of 200 pfu/cell,
Appropriate m.o.i. in collagen gels had been previously
determined by B-galactosidase assay, Cells immersed
in collagen gels were cultured for 7 days and examined
by phase-contrast microscopy.

Immunoblotting analysis

Cells were infected with adenoviruses as described
above. The cells were solubilized in a buffer containing
20 mM Tris-HCL, pH 7.5, 150 mM NaCl, 1% Nonidet
P-40, 1% aprotinin, and 1 mM phenylmethyl sulfonyl
fluoride, and the cell lysates were subjected to SDS—
PAGE. Proteins were electrotransferred to FluoroTrans
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W membranes (Pall), immunoblotted with anti-HA 3F10
{Roche Diagnostics-Gelman, Ann Arbor, MI), anti-
phospho-Smad1/5/8, or anti-phospho-Smad3 antibodies
(Sugizaki, T., unpublished data), and detected using

an enhanced chemiluminescence detection system

(Amersham Pharmacia Biotech, Piscataway, NJ).

RNA extraction

Forty-eight hours after infection with recombinant
adenoviruses, total RNAs were extracted from HUVEC
using ISOGEN (Nippon Gene, Toyama). mENAs were
isolated from total RNAs with oligotex dT-30 Superlatex
beads (TaKaRa Biochemicals, Tokyo), following the
manufacturer’s protocol.

Oligonucleotide microarray analysis

We conducted oligonucleotide microarray analysis
using GeneChip (Affymetrix, Santa Clara, CA) as de-
seribed previously (Akiyoshi et al., 2001). Two micro-
grams of mRNAs were used for the preparation for
probes hybridized to a GeneChip array containing
approximately 7,000 human genes. From measured
hybridization intensities, average difference and abso-
lute call were calculated by GeneChip software of
Affymetrix. Average difference directly reflects gene
expression level, and absolute call determines whether
gene expression is present or absent compared with
mismatch probe intensity as a control for cross-hybridi-
zation. Fold change was also calculated by taking the
difference between control and sample average differ-
ence intensities. However, it should be noted that fold
change does not necessarily match the ratio of average
differences, since the mathematical equations used to
determine it take other factors into consideration. A
negative fold change value indicates that gene expres-
sion has decreased to below the control level. In this
analysis, we considered twofold change as the threshold
for significant change in accordance with the manufac-
turer’s recommendations. To more accurately detect
genes with significant change in expression, we
excluded genes whose average differences were less
than 100 and absolute calls were absent after increase or
before decrease. However, we extracted important genes
involved in vascular function whose intensities were
less than 100 or absolute calls were absent. Detailed
information is available at the following URL: (http:/
www?2.genome.reast.u-tokyo.ac.jp/database/db.asp).

Northern blotting

Two micrograms of mRNAs extracted from HUVEC
were electrophoresed on a 1% formaldehyde-agarose
gel. The RNAs were transferred to a Hybond-N mem-
brane (Amersham Pharmacia Biotech) and cross-linked
by UV irradiation. ¢®*P-dCTP-labeled probes were syn-
thesized with a Ready-To-Go Kit (Amersham Pharmacia
Biotech) and hyhridized to the membrane at 65°C over-
night in a solution containing five times SSC, five times
Denhardt's solution, 0.5% SDS, and 100 pg/ml salmon
sperm DNA. The membrane was washed for 20 min at
65°C in two times SSC with 0.1% SDS, then in one times
SSC with 0.1% SDS, and in 0.1 times SSC with 0.1%
SDS. The blots were exposed to imaging films and
analyzed with a FUJI BAS 2500. The membrane was
stripped by washing in 50% formamide and one times
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SSC at 65°C for at least 3 h, and then used for successive
hybridization as described above. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) ¢cDNA probe was
used as an internal contral for RNA loading.

Quantitative real-time reverse iranscriptase-
polymerase chain reaction (RT-PCR) analysis

BUVEC were infected with recombinant adeno-
viruses carrying LacZ, ALK-1 or ALK-5, or treated with
5 ng/ml of TGF-B3 (R&D Systems). Total RNA was iso-
lated, and first-strand cDNA was synthesized using the
Superscript First-Strand Synthesis System (Invitrogen,
Carlshad, CA) with random hexamer primers. Quanti-
tative real-time RTPCR analysis was performed using
GeneAmp 5700 Sequence Detection System (Applied
Biosystems, Foster City, CA). One microliter of the
diluted first strand ¢cDNA product was amplified in
triplicate in a 25-pl reaction containing 12.5 pl of SYBR
Green PCR Master Mix (Applied Biosystems) and
10 pmol of each primer. The primer sequences are avai-
lable upon request. The PCR program consisted of the
following two steps. The first step was an initial dena-
turation where the reaction was incubated for 10 min at
95°C. In the second step, DNA was amplified for 35
eycles of 15 sec at 95°C, and 1 min at 60°C. The data
generated from each PCR reaction were analyzed using
GeneAmp 5700 SDS software (Applied Biosystems).

RESULTS AND DISCUSSION
Effects of ALE-1 and ALK-5 on HUVEC in vitro

Since TGF-B is a potent inhibitor of cell growth and
an inducer of apoptosis, we first examined the effects
of ALK-1 and ALK-5 on the growth and apoptosis of
HUVEC in vitro. Forty-eight hours after infection of
ALK-5-adenovirus, growth of HUVEC was significantly
inhibited compared to the control cells infected with
the adenovirus carrying 8-galactosidase (Fig. 1A). On
the other hand, ALE-1 inhibited the growth of HUVEC
less potently than ALK-5. DNA ladder formation was
detected only in the ALK-5-infected HUVEC, indicating
%?‘atALK-S but not ALK-1, induced apoptosis of HUVEC

ig. 1B).

We next examined the effects of ALK-1 and ALK-5 on
differentiation of HUVEC. TGF-p inhibited the forma-
tion of tube-like structure of HUVEC in type I collagen
gels (data not shown). TGF-p also inhibited the network
formation of bovine aortic endothelial cells in Matrigel,
although this was not remarkable in HUVEC (data
not shown). We determined the network formation of
HUVEC in Matrigel and the formation of tube-like
structure in type I collagen gels using adenoviruses car-
rying constitutively active ALK-1 or ALK-5. Asshownin
Figure 1C,D, ALK-5 inhibited both the network and
tube formation of HUVEC in vitro. In contrast, ALK-1
did not significantly affect them of these cells.

Oligonucleotide microarray analyses of genes
regulated by ALK-1 and ALK-5

We next performed oligonucleotide microarray ana-
lyses of genes in HUVEC regulated by ALK-1 and ALK-
5. When ALK-1-adenovirus was infected into HUVEC
and the cell lysates were analyzed by immunoblotting,
we found that ALK-1 protein was expressed from 8
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Fig. 1. Biological effects of activin veceptor-like kinase 1 (ALK-1)
and activin receptor-like kinase 5 {ALK-5) on human umbilical vein
endothelial cells (HUVEC) in vitro. A: Growth inhibitory effects of
ALK-1 and ALK-5 on HUVEC. Cells were infected with recombinant
adenoviruses carrying LacZ as a control, or a constitutively active
form of ALK-1 or ALK-5 at a m.o.i. of 50 and 100 pfu/cell. After 48 h,
cell number was determined by a Coulter counter. B: Induction of
apoptosis by ALK-5 in HUVEC. DNA from HUVEC was analyzed by
agarose gel electrophoresis and visualized by ethidium bromide
staining. Migration of DNA molecular weight standards is shown in

to 48 h after infection (Fig. 2A). Phosphorylation of
Smad1/5/8, substrates of ALK-1, was detected at relati-
vely later periods and detected most prominently at 48 h
(Fig. 2A). Expression of ALK-5 and phosphorylation

OTA ET AL.

LacZ

ALK-1

ALK-5

the left lane. HUVEC without adenovirus infection was used as
control. C: Network formation of HUVEC, Cells were infected with
adenoviruses at a m.o.d. of 100 pfu/cell. Forty-eight hours after
infection, cells were seeded on a 35 mm-Matrigel and examined by
phase-contrast microscopy after 12 h. D: Tube-like structure forma-
tion of HUVEC. Cells were suspended in type I collagen solution,
placed in 24-well plates, and incubated for 30 min at 37°C to allow
polymerization. After gel formation, adenoviruses were infected at a
m.o.i of 200 pfu/cell. Cells immersed in collagen gels were cultured for
T days and examined by phase-contrast microscopy.

of its substrate Smad3 were detected from 8 to 48 h
(Fig. 2B). Because of the phosphorylation profile of
Smadl/5/8, we analyzed RNAs from HUVEC 48 h after
infection of adenoviruses.
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Fig. 2. Expression of activin receptor-like kinase 1 (ALK-1) and
activin receptor-like kinase 5 (ALK-5), and phosphorylation of Smads
in human umbilical vein endothelial cells (HHUVEC) infected with the
ALK-1- or ALK-5-adenoviruses. HUVEC infected with recombinant
adenoviruses carrying a constitutively active form of ALK-1 (A) or
ALI-5 (B) at a m.o.i. of 100 pfu/eell were harvested at different time
periods, and analyzed by immunoblotting using anti-HA antibody
to detect ALK-1 (A) or ALK-6 (B}, or anti-phospho-Smad1/5/8 (A) or
anti-phospho-Smad3 (B) antibodies.

Gene expression profiles regulated by ALK-1 and
ALK-5 are listed in Tables 1-5. Several genes showed
two results in GeneChip analysis, indicating that they
were examined by two probe sequences covering dif-
ferent regions of the genes. The discrepancy between the
two results may have depended on the intensities of
mismatch probes used as a control for cross-hybridiza-
tion, since the GeneChip intensities were calculated by
taking the difference between perfect match and mis-
match probes.

Weidentified 46 genesupregulated by ALK-1(Table I)
and 52 genes upregulated by ALK-5 (Table 2) from
among approximately 7,000 genes. On the other hand,
54 genes were downregulated by ALK-1 (Table 3) and
49 genes by ALK-5 (Table 4). Among identified genes,
eight genes were induced by both ALK-1 and ALK-5
(Tables 1 and 2), whereas 14 genes were repressed by
both (Tables 3 and 4). We also extracted other genes
possibly involved in vascular function (Table 5). Detail-
ed inspection of the total data suggested that ALK-1 or
ALK-5 regulated most genes in an almost independent
manner, and that the regulated genes were involved in
various cellular funetions. This may be one possible
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explanation for the lack of redundancy between ALK-1-
and ALEK-5-deficient mice, although these two types of
knockout mice exhibited vascular defects with certain
similarities,

Using the eriferia used for this analysis, we could not
detect genes exhibiting reciprocal change in regulation
of expression by ALK-1 and ALK-5, suggesting that
ALK-1 and ALK-5 do not control most genes in a com-
petitive fashion. However, by lowering the threshold of
sigmificant expression level or fold change, we identified
the KIAAQ018 gene, whose intensity was increased by
ALK-1 and decreased by ALK-5 (Table 1). On the other
hand, five genes, including placental growth factor
(PIGF), microfibril-associated protein 2, KIAA0123,
chloride channel kidney B, and Ephrin-Al, were
upregulated by ALK-5 but downregulated by ALK-1
(Tables 2 and 3).

Microarray analysis of the adenovirus-infected
HUVEC was performed one time in the present study.
In order to confirm the validity of the microarray
analysis, we also performed Northern blot analysis
(Fig. 3A—C) and quantitative real-time RT-PCR of some
of the genes regulated by ALK-1 or ALK-5 (see below,
Fig. 4). The results obtained from Northern blots and
real-time RT-PCR correlated well with those from
GeneChip intensities, which supported the validity of
our criteria for screening genes in this microarray.

Genes upregulated by ALK-1

High expression of ALK-1 gene was detected in
HUVEC without stimulation (Table 1). Moreover, ex-
pression of ALK-1 was strongly enhanced by infection
with ALK-1-adenovirus, confirming the validity of this
analysis.

ALK-1 induced inhibitory Smads, i.e.,, Smad6 and
Smad?7 (Table 1). These I-Smads can thus act as negative
feedback regulators of TGF-p signaling (Nakao et al.,
1997; Ishida et al., 2000). In contrast to previous reports
{Afrakhte et al., 1998}, neither Smad7 nor Smad6é was
significantly induced by ALK-5. They may be transi-
ently upregulated early and disappear under the con-
ditions used in the present study (measurement 48 h
after adenogvirus infection). Northern blot analysis con-
firmed the upregulation of Smad6 and Smad7 by ALK-1
(Fig. 34).

Inhibitor of DNA binding 1 (Id1) and Id2 were speci-
fically induced by ALK-1 (Table 1). Id3 was highly
expressed in HUVEC, although neither ALK-1 nor ALK-
5 significantly affected its expression (Tahle 5). The
expression of Id4 was very low in the presence and
ahsence of ALK-1 or ALK-5 (Table 5). Northern blot
analysis confirmed the levels of expression of Id genes
(Fig. 3B). Id proteins are helix-loop-helix proteins, which
dominant-negatively antagonize other basic helix-loop-
helix (bHLH) transeription factors including MyoD, and
regulate growth and differentiation of diverse types of
cells (Norton et al., 1998). Disruption of both Id1 and
1d3 genes results in vascular abnormalities with dilated
vessels without sprouting or branching of capillaries
(Lyden et al., 1999). These vessel deformities appear
similar to those in ALK-1- or ALK-5-deficient mice.
Recently, Id genes have been shown to be direct targets
of BMP signaling essentially mediated by Smadl/Smad5
(Hollnagel et al., 1999) and to play important roles in
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TABLE 1. Genes upregulated by ALK-1

Control ALK-1 ALK-S
Fold Fold
Accession number Description Intensity Intensity change Intensity change
Receptors and related genes
D12763 Interleukin 1 receptor-like 1 (IL1RL1) -61 755 >36.3 16 »4.3
L17075 ALK-1 236 2,020 8.8 181 -13
X72012 Endoglin 917 2,376 2.7 1,155 1.2
Growth factors and related genes
X17094 Furin/PACE 20 180 >7.1 95 >4.3
Cell-cell and cell-matrix
interaction genes
L27624 Tissue factor pathway inhibitor 2 31 100 3.2 289 9.4
D299g2 Tissue facter pathway inhibitor 2 81 174 2.1 590 6.3
125851 Integrin oE 37 123 2.3 85 2.4
Intracellular regulators
Cytoskeleton
M938343 EMS1 30 144 48 67 2.3
MB1764 Tubulin gamma 1 114 309 2.7 188 1.6
Cell cycle related genes
1U21090 DNA polymerase delta-2 regulatory 16 100 >4.7 47 >2.3
subunit (POLD2)
1796915 Sin3-associated polypeptide 18-kD (SAP18) 50 147 3.0 167 3.4
X13293 MYBL2 65 180 2.8 105 1.6
J04611 Lupus autoantigen p70 131 348 2.7 301 2.3
X02596 Breakpoint cluster region (BCR) 75 198 2.6 148 2.0
X59798 : Cyelin D1 163 206 2.0 175 1.7
X14850 H2AX histone 188 384 20 261 14
Signal transduction and
related genes
M97936 STAT1 -47 348 >18.2 —47 >1.0
M97935 STAT1 231 514 2.2 306 11
U59914 Smad6 22 272 >11.9 38 >1.7
AF(10193 Smad7 39 203 6.5 62 1.6
M97796 Id2 55 311 5.7 48 -1.2
578825 Id1 311 1,339 4.0 386 11
059877 RAB31 -40 137 5.5 151 6.1
Differentiation and development
related genes
o ]}378511 Mesoderm specific transeript (MEST) 128 547 3.6 200 1.2
thers
X71874 Proteasome subunit MECL1 - 29 119 4.1 23 -1.3
D17793 Aldo-keto reductase B 56 259 3.9 a0 1.6
879839 Exostoses 1 (EXT1) 43 153 36 167 39
U32307 37 kDa leucine-rich repeat protein 63 244 34 247 3.5
ME5292 H factor-like 1 255 755 3.0 304 1.2
40572 Syntrophin beta 2 68 200 29 106 1.6
MBa3186 COX7Al1 70 101 2.7 108 1.0
M55621 N-acetylglucosaminyltransferase 1 48 124 2.6 72 1.5
45285 T cell immune regulater 1 63 281 2.6 195 1.6
D28473 Isoleucyl-tRNA synthetase 52 136 2.6 98 2.8
M62762 ATPase H+ transporting lysosomal 257 791 2.4 509 14
U23811 Golgi apparatus protein 1 167 397 2.4 214 1.3
U40369 Spermidine/spermine N1-acetyltransferase 110 305 2.3 64 -13
D13643 KIAA0018/Seladin-1 85 138 2.2 -32 <-4.4
X03100 Human mBNA for SB class IT 48 107 2.2 94 1.8
histocompatibility antigen alpha-chain
D11094 Proteasome 26S subunit ATPase 2 140 297 21 168 1.2
M31166 Pentraxin 3 113 235 21 62 -138
U19796 Melanoma-associated antigen recognized 82 171 2.1 95 1.2
by T lymphocytes
X92814 Rat HREV107-like protein 78 163 2.1 46 -1.9
X04654 Small nuclear ribonucleoprotein 70 kD 101 214 2.1 222 2.2
138503 Glutathione S-transferase theta 2 (GSTT2) 114 217 2.0 231 2.2
M32886 Sorcin 60 119 2.0 111 1.9
761263 Human acetolactate synthase homolog 113 107 2.0 94 -11
Us1802 Phosphatidylinositol 4-kinase eatalytic beta 100 135 2.0 82 1.2

Low or negative values of the intensity indicate that the gene expression levels were low or absent. Negative values of the fald change indicate that the expression of the
gene decreased below the control levels. A greater than sign () indicates that the fold change likely represents an overestimation, since the intensity of the gene was
below a certain threshold in the contrel sample. Consequently, the fold change was increased to an arbitrary, low value by the GeneChip software. A less than sign (<)
indjcates that the fold change likely represents an underestimation, since the intensity of the gene was below a eertain threshold in the control sample. The fold change
was decreased {0 an arbitvary, high value by the GeneChip software.
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TABLE 2. Genes upregulated by ALK-3

Control ALK-1 ALK-5
Accession number Description Intensity Intensity Fold change Intensity Fold change
Receptors and related genes
X668945 Fibroblast growth factor receptor 1 (FGFRI1) ip! 69 -1.0 170 2.4
Y09392 Tumor necrosis factor receptor 84 79 -11 114 2.4
superfamily member 12
Growth factors and related
genes
J03242 Insulin-like growth factor 2 (IGF2)} 185 94 -1.6 796 33
X54936 Placental growth factor (PIGF) 90 -8 <-5.3 214 24
M34057 Latent transforming growth factor beta 126 247 1.6 338 2.1
binding protein 1 (LTBP1)
Cell—cell and cell-matrix
interaction genes
L27624 Tissue factor pathway inhibitor 2 31 100 32 289 9.4
D25992 Tissue factor pathway inhibitor 2 81 174 2.1 590 6.3
M77349 pIG-H3 117 139 1.0 591 71
M96789 Connexin 37 230 347 1.5 505 2.7
U19718 Microfibril-associated protein 2 94 -112 <—45 123 21
Intracellular regulators
Cytoskeleton
Mo5787 SM222 —-32 -107 >1.7 114 >114
J04029 Keratin 10 28 86 3.0 139 3.7
M83214 Caldesmon 1 12 94 -1.2 219 2.3
J02854 Myosin regulatory light chain 2 smooth 51 76 15 114 22
muscle isoform )
M19267 Tropemyosin 1 455 497 1.1 973 2.1
724727 Tropomyoesin 1 638 609 -1.0 1,280 2.0
Cell cycle related genes
U96915 Sin3-associated polypeptide 18-kD (SAP18} 50 147 3.0 187 3.4
X05855 H3 histone family 3A 67 122 1.8 165 25
Ul1781 Cyelin H 36 o8 2.7 105 2.4
U31814 Histone deacctylase 2 (HDAC2) 78 103 1.3 176 2.3
X94232 APC-binding protein RP1/EB2 100 151 1.5 231 2.3
J04611 Lupus autcantigen p70 131 348 2.7 301 2.3
X63692 DNA methyltransferase 1 51 68 2.0 103 2.1
X02696 Brealpoint cluster region (BCR} 5 198 2.6 148 2.0
Signal transduction and
related genes
X54637 Tyrosine kinase 2 27 as 1.3 104 3.9
X12953 RABZ 63 111 18 315 34
X70683 50%4 104 135 -1.0 248 2.4
U37148 Nucleor receptor corepressor 2/SMART 245 329 1.0 500 2.0
X07767 Protein kinase cAMP-dependent catalytic alpha 71 102 14 139 2.0
U78313 MyoD) family inhibitor 50 54 11 135 2.0
Others
D50913 KIAA0123 -8 -232 <-10.8 202 >10.1
579639 Exostoses 1 (EXT1) 43 153 3.8 167 3.9
U32907 37 kDa leucine-rich repeat protein 63 244 3.4 247 3.5
06155 Human chromosome 1q subtelomeric sequence 43 60 14 146 34
D1S553
230644 Chloride channel kidney B 78 11 <-3.9 266 34
X87212 Cathepsin C 187 254 14 464 2.8
U16954 ALL]-fused gene from chromosome 1q 176 319 1.8 474 27
Us5206 Gamma-glutamyl hydrolase 43 69 3.0 110 26
Us6602 Nugleolar protein p40 40 97 24 103 2.8
M19961 COX5B 232 317 1.4 283 2.4
Y50939 Amyloid beta precurser protein-binding protein 1 48 85 13 117 2.4
145328 Ubiquitin-conjugating enzyme E21 (UBE21) 146 211 14 328 2.3
127460 UDP-glucose pyrophospherylase 2 87 a6 14 183 2.3
1.38503 Gluathione S-transferase theta 2 (GSTT2) 114 217 2.0 231 2.2
X01630 Argininesuccinate synthetase 50 96 =19 109 2.2
X79865 Mitochondrial ribosomal protein 112 60 84 2.9 135 2.2
X04654 Small nuclear ribonucleoprotein 70 kD 101 214 2.1 222 2.2
X91911 Glioma pathogenesis-related protein 104 171 1.2 266 2.1
U26312 Chromobox homolog/HP1-gamma 53 23 1.8 108 2.1
V20499 Sulfotransferase family 1A phenol-preferring 60 138 2.3 128 2.1
member 3
L12723 Heat-shock 70-kD protein 4 54 99 13 146 2.0
M23114 ATP2A2 7 134 1.7 155 2.0
X81003 Protein phosphatase 1, regulatory (inhibitor) 46 107 1.8 101 2.0
subunit 11
Jo2621 High mobility group protein 14 (HMG 14) 261 459 13 648 2.0

Values are shown as in Table 1.
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TABLE 3. Genes downregulated by ALK-1

Contral ALK-1 ALK-5
Accession number Description Intensity Intensity Fold change Intensity Fold change
Receptors and related genes
L06797 CXCR¢/fusin/neuropeptide Y receptor Y3 121 17 <-5.86 9.3 -11
MB0459 Erythropoietin receptor 148 56 -2.6 58 -2.8
X52425 Interleukin 4 receptor (IL4R) 146 139 -2.0 200 16
Growth Factors and related
genes
7249269 Small inducible cytekine subfamily 552 288 —24 179 -31
A member 14 (SCYA14)
M26683 MCP1/SCYA2 468 202 —-2.3 421 -1.1
Cell—cell and cell-matrix
interaction genes
M30269 Nidegen/enactin 253 50 -39 123 -2.1
M57730 Ephrin-Al 208 55 -3.8 432 19
788228 Plakoglobin/catenin gamma 744 224 -3.3 659 -11
41767 A disintegrin and metalloproteasels 924 271 ~2.4 376 -2.5
(ADAM15)
M32324 ICAM?2 2,300 1,044 —-2.2 1,429 -16
748481 MMP14/MT1-MMP 323 182 -2.1 150 -20
Intracellular regulators
Cytoskeleton
Y00503 Keratin 19 123 18 <-3.1 4 <-3.7
Cell cycle related genes
M60974 GATID45A 113 43 -2.6 70 -16
Us0079 Histone deacetylase 1 (HDACI) 265 216 -2.3 221 -1
050405 Histone deacetylase 1 (HDAC!) 231 79 ~2.1 117 -14
X98260 M-phase phosphoprotein 11/ZRF1 213 108 -20 97 -1.8
Signal transduction and
related genes
M35416 Ras-like protein B (RALB) 129 17 <—4.5 22 <—4.3
159423 Smadl 131 44 —-34 129 -1.0
X69699 Paired box pene 8 (PAXS) 267 123 —-2.3 213 -15
J04152 Tumor-associated caleium signal transducer 2 190 82 ~2.3 132 -14
Z31560 S0X2 115 55 -2.1 53 -21
Others
J02874 Fatty acid binding protein 4 (FABP4) 166 40 -6.6 258 1.2
U83115 Absent in melanoma 1 (ATM1) 221 as —5.4 148 -1.5
L42373 Protein phosphatase 2 regulatory subunit B 190 0 <—4.1 52 —-14
(B56) alpha
553911 CD34 662 160 —-4,1 257 -2.6
U41518 Aquaporin 1 395 134 -3.8 144 -2.7
U72649 B-cell translocation gene 2 296 121 -3.4 485 11
142176 Four and a half LIM domains 2 (FHL2) 288 85 -3.3 315 1.3
M34516 Human omega light chain protein 14.1 118 36 -3.3 94 -1.3
582597 GalNAe transferase 1 324 7 =31 181 -13
1710991 (G2 protein 194 65 -3.0 115 -13
U44755 Small nuclear RNA activating protein 164 57 -29 83 —-2.0
complex polypeptide 2
88629 ELL-related RNA polymerase [T (ELL2) 100 34 -2.9 71 -14
143579 Soares fetal liver spleen 1 NFLS 112 40 -2.8 20 <-5.0
D28416 Esterase D 481 143 -2.5 312 -1.1
D83777 KIAA0193 220 89 -2.5 203 -11
X55740 Nucleotidase 5-prime 121 48 -25 63 -1.8
D87460 Paralemmin 225 94 ~-2.4 178 -1.3
M12386 T-cell antigen receptor beta subunit 300 126 —24 295 -1.0
MO4856 Fatty acid binding protein 5 (FABP5) 576 239 —24 780 1.4
D49824 Major histocompatibility complex class I B/HLA-B 360 156 -2.3 117 -31
M23254 Calpain 2 913 328 -2.3 835 -1.1
Z18951 Caveolin 1 1,985 738 -23 1,099 -15
U09s20 ATRX 141 51 -2.3 80 -1.4
D61391 Phosphoribosyl pyrophosphate synthetase protein 1 150 68 -2.2 132 ~-1.1
UT7604 Glutathione S-transferase 408 187 -2.2 262 ~1.5
microsomal 2 (MGST2)
J03063 MYCL2 658 317 -21 284 -12
Mi6405 Cholinergic receptor muscarinie 4 152 117 -2.1 a5 -16
U21931 Human fructose-1, 6-bisphosphatase 1 (FBP1) 103 48 ~2.1 -18 -15
ABQ0R782 Galectin 9 566 270 -21 554 -1.4
D85527 LIM domain kinase 2 144 71 -2.0 146 -15
M59807 Natural killer cell transcript 4 1,262 621 -2.0 1,024 -1.2
X52008 Glycine receptor alpha-2 subunit 500 144 -2.0 185 -1.3
Y07867 Pirin 113 57 -2.0 105 -11
J02980 Beta-2-adrenergic receptor 260 131 -2.0 133 -2.0

Values are shown as in Table 1.
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TABLE 4. Genes downregulated by ALK-5

Control ALK-1 ALK-5
Accession number Description Intensity Intensity Fold change Intensity Fold change
Receptors and related genes
D49410 Interleukin 3 receptor alpha (IL3RA) 197 148 -1.3 50 -2.9
MB0459 Erythropoietin receptor 148 56 -2.6 58 -2.6
Growth factors and related
genes
249269 Small inducible cytokine subfamily 552 288 -24 179 =31
A member 14 (SCYA14)
Cell-cell and cell-matrix
interaction genes
AF000959 Claudin § 1,108 891 -12 350 -3.2
U41767 A disintegrin and metalloprotease 924 271 -2.4 376 —-2.5
15 (ADAMI15)
754367 Plectin 1 325 241 -14 192 -2.3
M30269 Nidogen/enactin 253 50 -3.9 123 -21
X63002 Integrin p& 364 256 -14 169 -2.1
748481 MMP14/MT1-MMP 323 182 -2.1 150 -2.0
Intracellular regulators
Cytoskeleton
Y00503 Keratin 19 123 18 <-3.1 4 <=3.7
X82207 Actin-related protein 1B 375 115 -1.9 103 -2.1
Signal transduction
related genes
M35416 Ras-like protein B (RALB}) 129 17 <—4.5 22 <—4.3
M12174 Ras homolog gene family member B/RHOB 272 384 14 165 -2.5
M31158 Protein kinase cAMP-dependent 102 127 -1.3 45 -2.3
regulatory type II beta
D13588 GDP dissociation inhibitor 2 428 223 -19 158 -2.2
Z31560 50X2 115 55 -2.1 53 -21
M38591 5100 calcium-binding protein A10 1,611 914 -1.8 806 -2.0
M34667 Phospholipase C gamma 1 130 90 -14 66 -2.0
44755 Small nuclear RNA activating protein 164 57 =29 83 -2.0
complex polypeptide 2
Others
UB0184 Flightless I homolog 110 58 -19 -4 <-5.9
143579 Soares fetal liver spleen INFLS 112 40 -2.8 20 <-5.0
102648 Transcobalamin II 278 157 -18 61 -4.5
AB001325 Aguaporin 3 259 229 -11 81 -2.2
D49824 Major histocompatibility complex class I 360 156 -2.3 117 -81
B/HLA-B
L16895 Lysyl oxidase 105 97 -1.1 39 -2.7
U41618 Aquaporin 1 395 134 —3.8 144 -2.7
784497 Bromodomain-containing 2 432 223 -15 126 -2.7
853911 Ch34 662 180 —4.1 257 -26
X90872 Gp25L2 307 2587 -1.2 82 -28
X98248 Sortilin 187 130 -1.4 71 -2.6
J03263 Lysosome-associated membrane 368 239 , -1.5 147 —-2.5
protein 1 (LAMP1)
572024 Fukaryotic translation initiation 285 218 -10 83 -2.5
factor BA (EIF5A)
D83018 NEL-like 2 (NELL2) 125 83 -1.5 51 -24
M55153 Transglutaminase 2 397 291 -1.5 166 -24
u92015 Human clone 1437890 defective mariner 104 86 -1.2 34 -2.4
transposon Hsmar2
31929 Nuclear receptor subfamily 0 group B 219 195 ~-11 36 -2.4
member 1/DAX1
D49387 Leukotriene B4 12-hydroxydehydrogenase 301 226 -15 146 -2.3
90552 Butyrophilin subfamily 3 member Al 239 91 -1.7 104 -2.3
AC000064 Human BAC clone RG083MO05 from 249 188 -13 90 -2.2
7921-7Tq22
M63379 Clusterin 3,664 2,197 ~1.7 1,631 -2.2
Ub4644 Tubby homolog 385 273 -1.4 178 -2.2
AF008937 Syntaxin 16 113 84 ~1.1 44 -2.1
D28137 Bone marrow stromal cell antigen 2 288 173 -1.1 136 =21
572487 ESTs moderately similar to S72487 144 83 -1.7 90 -2.1
U17077 BENE protein 207 268 1.3 100 -21
U31342 Nucleobindin 1 218 164 -1.3 103 -2.1
M37457 ATP1A3 208 204 -15 142 -2.1
735093 Surfeit 1 (SURF1) 230 143 -1.3 116 -2.0
J02960 Beta-2-adrenergic receptor 260 13 -2.0 133 -2.0

Values are shown as in Table 1.
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TABLE 5. Genes involved in vascular function

Control ALK-1 ATK-5
Accession number Description Intensity Intensity  Fold change Intensity  Fold change
Cell cycle regulators
UB6838 Cyclin Al 11 32 >1.9 4 <-1.8
X51688 Cyclin A2 46 73 1.0 20 -1.1
M25753 Cyclin Bl 85 83 -1.0 66 -1.3
M174001 Cyclin C 17 8 <-12 24 >1.5
X59798 Cyclin D1 163 2086 2.0 175 1.7
D13639 Cyclin D2 5 14 <-L5 4 <-11
M92287 Cyclin D3 145 166 1.1 168 12
M74093 Cyclin E1 -52 -87 <-17 -33 >1.8
Z36714 Cyclin F 39 -82 <-2.3 —-65 <-2.5
X77794 Cyclin G1 495 411 -1.2 423 -1.2
U47414 Cyclin G2 17 22 >1.2 9 <-1.3
U11781 Cyclin H 36 98 2.7 105 2.4
D50310 Cyclin I 576 363 -18 512 -1.1
X05360 CDC2/CDEK1 13 36 >2.0 14 >1.4
M81933 CDC25A 41 58 14 12 -1.2
578187 CDC25B 200 241 1.2 137 -15
L26584 CDC25C 29 1 <-2.2 74 2.6
ME8520 CDK2 7 33 >21 27 >1.9
U37022 CDK4 161 206 1.3 139 1.0
X66365 CDX6 -71 -58 >1.6 -32 »2.7
120320 CDX7 58 57 -1.0 88 1.5
09579 p21 273 150 -18 280 1.0
U10906 p27 19 -9 »>1.3 89 1.1
U22398 p57 14 8 <-13 5 <-1.4
U26727 plé ~30 -22 >13 -8 >»1.9
136844 pi5 70 60 -1.2 35 -2.0
U40343 pls 135 118 =11 73 -13
M225898 p53 119 61 =14 106 -11
U47677 E2F1 54 47 -11 27 -2.0
L22846 E2F2 24 41 1.7 28 Ll
D38550 E2F3 104 98 -11 a9 -1.0
U15641 E2F4 -26 —33 <-1.3 17 >2.8
U31556 E2F5 61 -2 -17 30 -2.0
L41870 RB1 14 13 >1l5 18 >1.5
L41870 RB1 20 -1 <-1.9 17 <=2.0
L14812 pl07 52 46 -1.1 51 =1.0
X76061 pl3n -8 14 >1.8 11 >1.8
123959 Dp-1 -155 -122 >2.4 -106 »3.1
140386 Dp-2 79 78 -1.0 31 11
L00058 c-Mye 83 84 11 114 1.4
Growth factors and related genes
M27281 VEGF 27 2 <-1.3 13 <—1.6
043142 VEGF-C -50 -11 >5.1 —44 >2.5
X54936 PIGF 20 -8 <-53 214 24
D13623 Angiopoietin 1 17 23 <-1.1 [ <=L7
M199389 PDGF-A ) 5 -3 <-1.3 61 -1.1
M12783 PDGF-B 11 ~18 <=2.3 13 >1.1
M27968 Basic 'GF -5 -19 <-1.6 2 )
Receptors and related genes
577812 VEGFR1/Flt-1 110 80 -14 50 -1.3
L04947 VEGFR2/Flk-VKDR 33 -31 <-3.8 -14 <-3.1
XB69878 VEGFR3/Flt-4 249 129 -19 273 1.1
L06139 Tie2/TEK 57 136 1.6 129 1.8
X60957 Tiel 887 523 -1.7 665 -1.3
L06797 CXCR4 121 17 <-5.6 23 -1.1
D50683 TBRR-1I 863 487 -18 642 -1.3
X12012 Endoglin 917 2,376 2.7 1,155 1.2
L07594 Betaglycan 21 31 07 19 >1.2
737976 LTBP2 467 297 ~1.6 696 15
M21574 PDGFRA 18 53 1.2 25 >1.3
J03278 PDGFRB 33 45 14 45 14
X66945 . FGFR1 71 69 ~10 170 2.4
J02958 HGF receptor 18 47 »2.3 35 >18
Cell-matrix interaction genes
774616 Collagen type I alpha 2 42 24 -14 84 3.0
M26576 Collagen type IV alpha 1 1,529 928 -16 2,889 1.9
X05610 Collagen type IV alpha 2 1,506 1,210 -1.2 2,656 1.8
M92642 Coilagen type XVI alpha 1 -41 —24 >1.7 a7 >7.0
L22548 : Collagen type XVIII alpha 1 495 392 -1.8 508 1.0
X02761 Fibronectin 1 4,090 3,513 -1.2 2,862 -14
X02761 Fibronectin 1 2,420 3,631 1.4 3,869 1.5
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TABLE 5. (Continued)

Control ATK-1 ALK-5
Accession number Deseription Intensity Intensity  Fold change Intensity  Fold change
X03168 Vitronectin -23 -67 <-2.9 -2 >1.9
U77846 Elastin 10 72 >1.8 a8 >3.1
M10321 von Willebrand factor 3,661 3,761 1.0 3,140 -12
X14787 Thrombespondin 1 113 107 -11 147 1.3
112350 Thrombospondin 2 38 20 <—1.8 18 <=1.2
138969 Thromhbospondin 3 -15 -31 <-1.7 -13 >1.1
Z19585 Thrombospondin 4 2 -43 <-3.0 -10 <-1.5
M14219 Decorin 30 43 1.4 51 1.7
M34276 Plasminogen i ’ 65 ~1.4 52 -14
K03021 t-PA —56 -23 >2.4 60 >6.0
X02419 u-PA 30 33 -13 27 -1.1
V09937 u-PAR 193 50 -1.2 132 1.0
J03764 PAI-1 2,477 2,228 ~-1.1 3,053 1.2
X54925 MMP1 =20 -8 >1.3 -3 >1.5
M55593 MMP2 2,428 2,429 -1.2 2,867 1.1
X05232 MMP3 -17 —-24 <-13 -7 >1.4
L22524 MMP7 11 3 <-14 13 >1.1
J05556 MMP8 23 39 1.3 35 <-1.1
J05070 MMPS 22 3 <—18 28 »>1.2
X07820 MMP10 19 40 >1.9 57 >2.9
X57766 MMP11 280 228 =15 202 -1.3
123808 MMP12 -39 -15 =20 -13 >2.1
X75308 MMP13 42 11 <—18 6 <-2.0
Z4B481 MMP14/MT1-MMP 323 182 =21 150 =-2.0
748482 MMP15/MT2-MMP -179 -235 <—3.5 —68 =>5.9
D83646 MMP16/MT3-MMP 101 50 -2.1 57 -186
XB89576 MMP17 ~11 -19 <-1.3 —-34 >15
X92521 MMP19 55 31 -1.8 29 -1.8
D11139 TIMP1 3] 17 >14 8 >1.5
Ma32304 TIMP2 264 290 1.1 152 -1.7
D45917 TIMP3 11 22 >1.3 15 »>14
U76456 TIMP4 -6 -22 <—1.7 g9 <-1.8
X68742 Integrin al 14 5 «<—1.7 12 <-14
J02963 Integrin oIIb 22 14 <13 13 <-14
M59911 Integrin a3 68 65 -1.7 79 -14
¥16983 Integrin a4 11 9 >11 -8 <-1.3
X06256 Integrin «5 916 1,228 1.1 1,162 1.3
X53586 Integrin «6 85 41 -2.1 64 -1.3
X74295 Integrin o7 146 99 -1.5 82 -12
136531 Inteprin o8 84 69 -1.1 70 =11
D25303 Integrin o9 -0 89 >2.9 -46 <-1.5
40279 Integrin oD 130 129 -1.0 113 -11
L26851 Integrin «E 37 123 2.3 B85 24
Y00796 Integrin al 14 45 >2.3 20 >1.2
J03925 Integrin «M —4 -10 <~1.2 7 >1.1
M14648 Integrin «V 10 3 <=1.6 13 >1.1
M34189 Integrin pi _ 8 22 >1.6 14 <-11
M15395 Integrin B2 9 6 <-11 19 >1.1
M35999 Integrin B3 =3 32 =25 -2 >1.0
870348 Integrin B3 26 14 <~1.5 15 >1.1
X53587 Integrin p4 ~T9 -29 >3.2 -55 >2.4
X53002 Integrin B5 364 256 -14 169 =21
M35198 Integrin 6 2 -4 <-1.3 7 >1.2
580335 Integrin p7 15 41 »>2.2 17 >1.1
M73780 Integrin B8 13 85 >2.6 19 >1.3
Cell—cell interaction genes
L34657 PECAM1 1,531 924 -1.7 1,063 -1.4
M30257 vCaMl 0 26 >1.9 o] <-1.1
M24283 ICAMI =14 -3 >1.5 11 »>2.1
X62047 Connexin 43 163 132 1.1 301 1.8
X79981 VE-cadherin 1,737 1,744 1.0 2,310 1.2
D21255 OB-cadherin 38 62 2.3 23 ~-14
U03100 Catenin alpha 1 240 248 1.0 291 1.2
M94151 Catenin alpha 2 -10 ] >1.1 2 >15
Xa78238 Catenin beta 1 118 84 =14 91 ~-1.1
768226 Plakoplobin/catenin 744 224 -3.3 659 -1.1
gamma
MBE7730 Ephrin-Al 208 85 -3.8 432 1.9
14187 Ephrin-A3 204 94 -14 205 1.0
V26403 Ephrin-A5 12 34 >1.2 2 <-1.4
109303 Ephrin-B1 86 ki -11 67 -13
UB1262 Ephrin-B2 41 62 1.6 52 1.2
U66406 Ephrin-B3 -5 47 1.6 98 3.3
{Continued)
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TABLE 5. (Continued)
Control ALK-1 ALK-5

Accession number Deseription Intensity Intensity  Fold change Intensity Fold change
M18391 Eph-Al 51 -17 <-19 35 1.1
M59371 Eph-A2 -5 26 <-21 Z21 >2.2
M83941 Eph-A3 10 3 <—15 B <-1.1
L36645 Eph-A4 138 49 -2.3 82 -1.7
L36644 Eph-AS 54 2 <-3.3 2 <-20
136642 Eph-A7 -18 -3 >1.7 1 >1.9
140636 Eph-Bl 21 2 >1.0 37 -12
141939 Eph-B2 149 74 -12 94 -11
X75208 Eph-B3 [+8:] 38 -18 B0 -1.4
U695 Eph-B4 4886 207 1.4 575 -11

Cytoskeleton
X1383% Actin alpha 2 98 48 -1.9 89 1.1
X00351 Actin beta 4,774 4,685 -1.0 4222 -11
M63391 Desmin -124 —-41 »>2.2 -63 >3.7
Z19554 Vimentin 6,622 5,281 -13 4511 -~1.5

Transcription factors
U59423 Smadl 131 44 —-3.4 129 -1.0
U68018 Smad?2 45 29 -1.5 22 -12
Ue8019 Smad3 23 23 ~1.0 17 <-1.3
U44378 Smad4 18 19 >1.1 9 <=14
U59913 Smad5 14 -3 <—14 ] <-1.1
U59914 Smad6 22 272 »>11.9 a8 »>1.7
AP(10193 Smad? 39 203 6.5 62 16
M97936 STAT1 —-47 348 >18.2 —47 >1.0
Ma7935 STAT1 231 514 2.2 306 1.1
U18671 STAT2 GG 21 >1.1 25 >1.3
L29277 STAT3 256 209 -1.2 207 -1.2
L78440 STAT4 110 144 1.7 18 -1.2
U43185 STATSA =27 40 »>2.2 2 >2.2
U47686 STATSB 62 58 -14 47 =17
X56677 MyoD 51 71 -14 2 <-3.1
578825 Id1 -11 69 »5.1 -28 >1.0
5178825 Id1 311 1,339 4.0 386 1.1
M87796 1d2 55 311 5.7 48 ~1.2
X69111 143 966 1,559 1.6 1,174 1.2
U28368 Id4 -2 14 >1.7 8 >15
J04101 Ets-1 —-167 =213 <=3.0 =174 <-1.3
U22431 HIF-la 78 67 =12 151 1.2
M69238 HIF-1p/ARNT -23 53 <=1.5 -2 >1.9
Us1984 HIF-24/EPAS1 212 160 -1.3 115 -1.8
X67235 HEX 100 107 11 152 1.5
U11732 TEL 54 33 —-1.6 27 -2.1
X61755 HOX3D 123 -12 <—=5.7 95 -1.5
8557212 MEF2C 61 131 -1.1 102 1.0
M64497 COUP-TFIL 218 326 15 278 1.3
M98833 Fli-1 08 78 -1.2 67 -1.5
M6E8891 GATA2 -11 62 >4.2 b8 =2.7
M717810 GATA2 17 36 >1.8 -8 <-2.1
L34357 GATA4 -13 -11 >1.1 -21 <-13
166075 GATAG -14 11 >2.5 -2 >15
D43968 RUNX1/PEBP24B/AMI1 30 -15 <-29 2 <=22

Others
M93718 Nitrie oxide synthase 3 779 800 14 573 -1.5
X01877 Glyceraldehyde-3- 4,621 3,610 -1.3 3,001 -1.5

phasphate dehydrogenase

Values are shown as in Table 1.

the differentiation of neuronal cells (Nakashima et al.,
2001). The present findings suggest that Idl through
3 may also be critical regulators of endothelial cells,
and possibly control vascular functions as downstream
effectors of ALK-1. In agreement with the present
finding, Goumans et al. (2002) recently reported that
Id1 is induced by ALK-1 in endothelial cells,
Interestingly, ALK-1 specifically induced endoglin,
and expression of endoglin was very high in HUVEC
(Table 1). Northern blot analysis yielded a similar result
(Fig. 3C). Endoglin is a transmembrane glycoprotein
structurally similar to TGF-p type III receptor (also

termed betaglycan) and modulates TGF-8 signaling by
binding to TGF-B in association with TRR-II (Guerrero-
Esteo et al.,, 2002). Mutations of the human endoglin
gene are responsible for HHT type I (McAllister et al.,
1994). Endoglin-deficient mice exhibit vascular anoma-
lies characterized by enlarged and immature vessels
similar to those in ALK-1-null mice (Ii et al.,, 1999;
Urnesset al., 2000; Oh et al., 2000). Since abnormalities
in the ALK-1 and endoglin genes are linked to HHTs
(Johnson et al., 1996; McAllister et al., 1994), they may
cooperatively regulate the binding of TGF-p superfamily
ligands.
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A
GeneChip intensity

LacZ ALK-1 ALK-5

311

Northern blotting
(1%{-"\{-'6

PNV v
V. ?' v. {Relative intensity)

131 44 129 Smad1 (1.0:0.6:0.9)
45 29 22 Smad2
23 23 17 Smad3 (1.0:1.0:1.0)
18 19 9 Smad4
14 -3 5 Smad5
22 272 38 Smad6 (1.0:39:14)
39 203 62 Smad?7 (1.0:3.811.5)
Smads {1.0:25:1.2)
GAPDH (1.0:1.0:10)
B
GeneChip intensity Northern blotting
4 NP
LacZ ALK-1 ALK-5 F él-‘;,i-me]aﬁve -
311 1339 386 Id1 (1.0:2.9:1.6)
55 311 48 Id2 (1.0:29:09)
966 1559 1174 [d3 (1.0:13:1.2)
-2 14 8 Id4
GAPDH . {10:10:10)

Fig. 3. GeneChip intensity and Northern blotting in HUVEC.
A: The expression of Smad genes. B: The expression of Id genes.
C: The expression of genes involved vascular function. Human
umbilical vein endothelial cells (HUVEC) were infected with recombi-
nant adenoviruses carrying LacZ as a conirol, or a constitutively
active form of activin receptor-like kinase 1 {ALK-1) or activin
receptor-like kinase 5 (ALK-5). Total RNAs were extracted from
HUVEC 48 h after adenoviruses infection, and subjected to Northern

Signal transducer and activator of transcription 1
(STAT1) was upregulated by ALK-1 but not by ALK-5
{Table 1). This result was confirmed by Northern blot
analysis (Fig. 8C). We also found that other STAT
proteins, including STAT2 through STATS, were not
affected by ALK-1 or ALK-5 (Table 5). Probes for STAT6
were not present in this array. STAT proteins are
activated by tyrosine phosphorylation and modulate
diverse cellular functions as transcriptional regulators

blotting. GAPDH ¢DNA probe was used as an internal eontro! for
RNA loading. GeneChip intensity directly reflects gene expression
level. A negative value indicates that the intensity of perfect match
probe was below that of mismateh probe as a cross-hybridization
control, suggesting that the gene expression was low or absent.
Relative intensities of the bands in Northern blot analyses were
calculated using LacZ-infected cells as controls, (Continues.)

(Darnell et al., 1994). Certain growth factors or cyto-
kines, including interferon-c, interferon-y, epidermal
growth factor, platelet-derived growth factor (PDGF),
and interleukin 6 (IL-6), have been reported to acti-
vate STAT1. A previous study also demonstrated that
STAT1 is phosphorylated by a mutant form of angio-
poietin receptor, Tie2, resulting in venous malforma-
tions due to abnormally increased tyrosine kinase
activity (Korpelainen et al., 1999). Recently, VEGF
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C
GeneChip intensity

LacZ ALK-1 ALK-5

Northern blotting
@61, \l"\l"@

917 2376 1155
231 514 306
61 765 16
486 907 575
41 52 52
2477 2228 3053

v ?‘yv\_/ {Relative intensity)
Endoglin (1.0:1.9:04)
STAT1 (1.0:17:08)
IL1RL1 (1.0:24:1.9)
Eph-B4 (1.0:1.3:0.7)
Ephrin-B2 (10:13:1.3
PAI-1 (1.0:1.1:12)
GAPDH (1.0:1.0:1.0)

Fig. 3. (Continued)

was shown to activate STAT1 in bovine endothelial
cells through VEGF receptor 2 (VEGFR2/Flk-1/KDR)
{Bartoli et al, 2000). These results suggest that
signaling cross talk may exist between TGF-p and other
important endothelial ligands including angiopoietins
and VEGT through STAT1,

Interleukin 1 receptor-like 1 (IL1RL1) was strongly
induced by ALK-1, in both GeneChip (Table 1) and
Northern blot analysis (Fig. 3C). IL1RL1 is structurally
very similar to IL-1 receptor (Tominaga, 1939) and
belengs to a cluster of genes, including IL1R1, IL1R2,
IL1RL2, and IL18R1 (Dale and Nicklin, 1999). The
physiological ligands for IL1RL1 and its signal trans-
duction pathway have not been determined. IL1RL1 has
been suggested to be involved in the growth of cells, but
its role in regulation of endothelial cells remains to be
elucidated.

Genes upregulated by ALK-5

Enhancement of ALK-5 gene expression was not
detected in HUVEC infected with the ALK-5 adeno-
viruses in this array (data not shown), since the probe for
ALK-5 in this microarray was designed to cover only
the untranslated region of ALK-5, which is missing in
the recombinant adenovirus ¢cDNA. However, expres-
sion profiles of many genes were changed by ALK-5 in
comparison with those of control or ALK-1, and some of
the genes exhibited profiles similar to those stimulat-
ed by TGF-p in HaCaT keratinocytes (Akiyoshi et al.,
2001), confirming the validity of analysis using the ALK-
5 adenovirus (see below).

PIGF, which belongs to the VEGF family (Neufeld
et al.,, 1999), was upregulated by ALK-5 and possibly
downregulated by ALK-1, although its intensity before
decrease was less than 100 (Table 2). PIGF stimulates
vascular development by amplifying VEGF responses

through VEGFR1/Flt-1. Loss of PIGF in mice impaired
growth and migration of endothelial cells, and inhibited
recruitment of smooth muscle cells and monocytes/
macropharges under pathological conditions (Carmeliet
et al, 2001). The intensity of VEGFRI/Fli-1 was de-
creased from 110 to 50 by ALK-5 and slightly decreased
to 80 by ALK-1, but fold changes were —1.4 and -1.3,
indicating nosignificant changes (Table 5). These results
suggest the possibility that TGF-p can affect endothelial
cells by regulating the expression of PIGF, but it de-
pends largely on whether ALK-5 or ALK-1 dominantly
mediates TGF-p signals and on the phases of vasculo-
genesis and angiogenesis.

ALK-5 specifically induced SM22a, a highly expressed
gene in smooth muscle cells (Solway et al., 1995), and its
differentiation marker during development (Table 2).
In addition, caldesmon 1 and myosin regulatory light
chain 2, which are expressed in smooth muscle cells,
were uprepulated by ALK-6 (Table 2), ALK-5 also
increased the expression of tropomyosin 1 (Table 2).
Induction of these genes was not cbserved in ALK-1-
infected HUVEC. A recent study has shown that
VEGFR2/Flk-1-positive endothelial precursor cells
among embryonic stem cells can differentiate into
both endothelial cells and smooth muscle cells
(Yamashita et al., 2000). The present findings suggest
possible effects of TGF-B on differentiation and trans-
formation of mature endothelial cells by ALK-5, which
lead to vascular stabilization.

Connexin 37, a gap junction protein, was induced by
ALK-5 (Table 2), Connexin 37 is expressed in blood
vessels and vascular endothelial cells, and functions asa
cell-cell channel and adhesion molecule (Reed et al.,
1993). The induction of connexin 37 by ALK-5 may
affect intercellular communication and adhesion of
endothelial cells, possibly leading to both activation
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Fig. 4. Expression levels of TGF-p-target genes analyzed by quan-
titative real-time RT-PCR. A: Expression levels of some of the activin
receptor-like kinase 5 (ALK-5} and activin receptor-like kinase 1
{ALK-1) target genes identified by the cligonuclectide microarray
were analyzed by quantitative real-time RT-PCR. B: Human umbilieal

and stabilization of vessels depending on the phase of
vascular development. In the early phase, cell—cell com-
munication and adhesion are required for cell fusion,
network formation, and sprouting and branching of
vessels, On the other hand, during the late phase of
vascular formation, enhancement of cell contacts may
inhibit endothelial cell proliferation and migration, and
plasma extravasation, leading to vascular maturation.
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vein endothelial cells (HUVEC) were treated with § ng/ml TGF-p3
for the indicated times, and expression levels of the ALK-5 and ALK-1
targe& genes examined in (A) were analyzed by quantitative real-time
RT-PCR.

BIG-H3, also termed TGF-p-induced 68-kD (Skonier
et al., 1992), was upregulated by ALK-5 (Table 2). Indue-
tion of BIG-H3 was also observed in HaCaT keratinocyte
cells treated with TGF-p (Akiyoshi et al., 2001). pIG-H3
is a secreted protein with the Arg-Gly-Asp (RGD) motif
found in many ECM proteins, and modulates cell
adhesion and growth (Skonier et al.,, 1994; Billings
et al., 2002). Cell-matrix interaction is required for the
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regulation of cell growth, survival, migration, and tube
morphogenesis; and ECM accumulation leads to vaseu-
lar maturation. The induction of PIG-H3 by ALK-5 may
contribute to these functions, which would be consistent
with TGF--mediated vascular responses.

ALK-5induced latent TGF-p binding protein 1 (LTBP1)
(Table 2}, which is a component of the high-molecular-
weight complex of latent TGF-f. LTBP1 regulates secre-
tion and matrix-interaction of the latent TGF-B complex
{Saharinen et al., 1999). We also found that furin was
upregulated by ALK-5 and ALK-1, although the Gene-
Chip intensity of furin with ALK-5 was slightly less than
100 (Table 1). Furin has been reported to be induced by
TGF-B and to proteolytically process the pro-form
of TGF-B (Blanchette et al., 1997). The induction of
LTBP1 by ALK-5, together with the induction of furin,
may positively regulate TGF-J signaling. In this study,
neither ALK-5 nor ALK-1 affected levels of expression
of TGF-pl through B3 (data not shown). TPR-II was
highly expressed in HUVEC but did not exhibit
gignificant change over twofold with either ALK-1 or
ALK-5 (Table 5).

Genes downregulated by ALK-1

ALK-1 repressed Smadl, a downstream signal medi-
ator of ALK-1 (Table 3). Northern blot analysis con-
firmed thisresult, although the reduction of Smad1l gene
expression was lessremarkable in the Northern blotting
analysis (Fig. 3A). This is consistent with negative feed-
back regulation of ALK-1 signaling. Other R-Smads,
including Smad5, were not affected by ALK-1 (Table 5)
and not detected by Northern blot analysis under the
conditions tested (Fig. 3).

Chemokine (C-X-C) receptor 4 (CXCR4), also called
fusin or neuropeptide Y receptor Y3, was downregulated
by ALK-1 (Table 3). Other neuropeptide Y receptors were
not affected by ALK-1 in this array (data not shown).
CXCR4 is a G protein-coupled receptor containing
7-transmembrane regions, implicated in immune fune-
tion, organ development, and cancer metastasis in
regponse to its ligand, SDF-1 (Bleul et al., 1996). CXCR4
is expressed in developing vascular endothelial cells.
Mice lacking CXCR4 have exhibited defective forma-
tion of the large vessels in the gastrointestinal tract,
although vasculogenesis and angiogenesis were normal
inother vagcular tissues (Tachibana et al., 1998). SDF-1
and CXCR4 are positive regulators of vasculariza-
tion, but their effects on endothelial cell functions
remain to be determined. Further investigations will
be needed to determine whether the downregulation of
CXCR4 by ALK-1 is essential for vascular development
or maturation.

The expression of Ephrin-Al was decreased by ALK-1
and probably was increased by ALK-5, although the
fold change induced by ALK-5 was 1.9 (Table 3). Eph
proteins, which belong to the receptor tyrosine kinase
family and their ligands, Ephrins, play critical roles in
neural and vascular development through bi-direc-
tional intercellular signaling and cell-cell adhesion
{Frisen et al., 1999). In endothelial cells, tumeor necrosis
factor-u has been shown to induce Ephrin-Al (Holzman
et al., 1990). Ephrin-A1l binds Eph-A receptors {(Eph-Al
through 7), most of which were not expressed at signi-
ficant levels in HUVEC (Table &). Probes for Eph-A6

OTA ET AL.

were not present in this array. A previous study report-
ed that endothelial cells expressing Eph-B4 differenti-
ate into veins, whereas those expressing Ephrin-B2
differentiate into arteries during development (Wang
et al, 1998). Ephrin-B2 is also expressed in arterial
smooth muscle cells and possibly affects communica-
tion between periendothelial cells and endothelial cells
(Shin et al.,, 2001). Inspection of expression patterns of
Ephrins and Eph proteins revealed high expression of
Eph-B4 and low expression of Ephrin-B2 in HUVEC
(Table B), consistent with the evidence that Eph-B4 is a
marker gene for venous endothelial cells. The intensity
of Eph-B4 was increased from 486 to 907 by ALK-1,
Northern blot analysis of Eph-B4 and Ephrin-B2
revealed results similar to those ohtained with the
GeneChip (Fig. 3C). We also found that Ephrin-B3 was
increased 3.3-fold by ALK-5, although the intensity
induced by ALK-5 was 99 (Table 5). Ephrin-B3 is highly
expressed in forebrain and is considered important
for brain development (Tang et al., 1997). The roles of
Ephrin-Al and Ephrin-B3 in HUVEC have not been
determined, but our findings suggest that ALK-1
and ALK-5 may control the regulation of Ephrins and
Eph proteins and induce vascular development and
stabilization.

ALK-? repressed expression of plakoglobin, also ter-
med desmoplakin 3 or y-catenin (Table 3). Plakoglobin is
a cytoplasmic component of desmosomes and adhering
junctions Mathur et al., 1994) and mediates intracel-
lular signals through the connection of cadherin ta actin
filaments (Knudsen and Wheelock, 1992). Plakoglobin-
deficient mice have been reported to exhibit impaired
adhesion of myocardial cells and ventricular rupture as
aresult of defects in desmosomes (Ruiz et al., 1996). The
repression of expression of plakoglobin by ALK-1 may
result in detachment of endothelial cells. During the
initial phase of angiogenesis, activation and detachment
of endothelial cells are required for invasion, migration,
and proliferation. It is thus possible that ALK-1 may
positively regulate these processes, although many
other adhesive proteins are also involved in cell-cell
interaction.

Genes downregulated by ALK-5

In contrast to the repression of Smadi by ALK-1,
Smad3, which acts downstream of ALK-5 signaling,
was not affected by ALK-5 in GeneChip (Table 5) and
Northern blot analyses (Fig. 3A). Another R-Smad
mediating ALK-5 signals, Smad2, could not be detect-
ed by Northern blot analysis under the conditions tested
{Fig. 3A).

ALK-5 specifically repressed claudin 5 (Table 4), a
component of tight junction proteins expressed in end-
othelial cells (Morita et al., 1999). Only claudin 10 was
alsodetected in this array, butits level of expression was
very low (data not shown). Tight junctions constitute
seals around cells and function as a physical barrier
between the intravascular lumen and exiracellular
space. Claudin 5 thus plays an important role in end-
othelial cell adhesion and vascular permeability. Iis
repression by ALK-5 may permit plasma extravasa-
tion through tight junctions, affecting migration of
endothelial cells and monocytes/macrophages into the
extravascular space. Reduced cell adhesion may lead to
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