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Abstract — Vitamin D3 up-regulated protein 1 (VDUP1) is a turnsappressor of which expression is reduced inrigtysof

cancer cells, and enforced expression inhibits ttheor cell proliferation. It inhibits the activitgf thioredoxin, thus
contributing cellular ROS generation. Since ROS égsitical factor for angiogenesis, we investigated tole of VDUP1 in
angiogenesis and endothelial proliferation. Theresgion of VDUP1 was upregulated by overexpressfoan oncogene,
Ras. Enforced expression of VDUP1 increases ROS ptioduand proliferation of Ras-overexpressing enelh cells.

Overexpression of VDUPL1 increases the resistandbeanchorage-dependent cell death and tube fmaf the Ras-
overexpressing endothelial cell. In addition, temoval of ROS by ROS scavenger attenuates the eff&UP1 on tube
formation. These results suggest that VDUP1 islirashin Ras-mediated angiogenesis via ROS generatiendothelial
cells.
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INTRODUCTION In addition, abnormal regulation of angiogenic
process may cause certain diseases such as
Angiogenesis is a cellular procesdliabetes, macular degeneration, and rheumatoid

involving the growth of new blood vessels fronfthritis, where too many blood vessels can lead
pre-existing vessels. This process is a normi fissue death (1, 4, 26, 29). _

process for growth and development to keep the ~ Ras and Ras-related proteins are often
supply of oxygen to tissues at a desirable levdnvolved in cancers, leading to increased
However, this is also a critical step for thdnvasion and metastasis and decreased apoptosis

malignant tumorigenesis or metastasis (28). (5, 13, 18, 21). In addition, Ras has been known
as a potent angiogenic oncogene that induce
Abbreviations: NAC, N Acetyl L CysteineROS, Reactive angiogenesis via reactive oxygen species (ROS)
oxygen speciesrx, thioredoxin;VDUP1, Vitamin D3 up-  (15). ROS generated by Ras induces the
regulated protein 1ASK-1, Apoptosis signal-regulating expression of VEGF in endothelial cells (26),
kinase 1, PAG, Proliferation-associated gen®MEM, —\\nich in turn directly regulates the proliferation

Dulbecco’s Modified Eagle’s MediunfBS; Fetal bovine . : .
Sarum. g of endothelial cells and angiogenesis (7, 22, 27).
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Vitamin D3 up-regulated protein 1 with the manufacturer’s instructions. Aliquotsy(§) of total
(VDUP1) is a redox regulator that is involved inRNA were transcribed into cDNA at 37°C for 1 h inotat

. oS . . volume of 20ul with 2.5 U of Moloney murine leukemia
ROS generation by inhibiting thioredoxin (TRX)virus reverse transcriptase (Roche). Reverse-trémestri

activity (8, 30). TRX regulates the protein-cpNA samples were added to a PCR mixture consisting
nucleic acid interactions through the redoi0 x PCR buffer, 0.2 mM dNTP, 0.5 U Taq DNA

regulation of cysteine residues (23). VDUPPolymerase (Takara, Tokyo, Japan), and 10 pmofiofeps
or each gene. The primer sequences were as follows

directly interacts with redox active 'domaln ol"VEGFl 5 ACCTCACCAAAGCCAGCACA3 and 5-
TRX, and blocks the reducing activity of TRXGGcGTGGTGGTGACATGGTT-3', VDUPL1, 5'-

and as well as interactions between TRX antdATGAGGCCTGGAAACAAAT-3' and 5

other factors such as ASK-1 and PAG (14, 23gCCATTGGCAAGGTAAGTGT-3', mousep actin, 5'-
TGGGCCGCTCTAGGCACCAA-3' and 5

Because_ TR.X system regulates cellular redqx tSéerTGATGTCAcG(:Ac(3ATTT<:-3'. Amplifications
scavenglng_ intracellular ROS, VDUP1 _funCt'On%ere conducted with 25 cycles fpractin and at 30 cycles
as a negative regulator of TRX, thus increasingr the others.

the intracellular level of ROS.
In this study, we investigated theMeasurementof ROS

. . . . Cells were incubated with 2M of 2.,7-
regulation of VDUP1 expression in endothelIfa(ljichlorofluorescein diacetate (H2-DCFDA) for 30 min,

cells by oncogenic Ras and its role ifyashed with PBS, trypsinized and collected in 1 fi®BS,
angiogenesis. Unexpectedly, we found thaind subjected to fluorescence-activated cell sprtin
VDUP1, which has been known as a tumofBeckton Dickinson FACScan).
suppressor, induced proliferation of endotheliag T

lls and functioned as an angiogenic factor waromerat'On assay
ce ; 9109 . Endothelial cells were seeded at 2 ¥ t@lls/well
ROS generation. Although ROS often functiongto a 96-well platethen incubated for 24 h at 37°C in a
as a toxic agent of the cells, recent studigsmidified atmospheref 5% CQ. Cells were washed twice
revealed that ROS-inducible oxidative stress is'th PBS, then exposédr 6 h to HuMedia-EB2 containing

" % FBS. Cell proliferationvas estimated by measuriogfl
critical factor for many cellular phenomenarznetabolic activity using a Cell Counting Kit-8 (CCK-8)

inClUdinQ proliferation, ceII-cyc_:I_e arrest, andaccording to the manufacturer's protocol  (Dojindo,
apoptosis (2, 19, 31). In addition, ROS play&umomato, Japan).
important roles in  tumorigenesis and

. . ; noikis Experiments
angiogenesis (6) In fact, VDUP1 plays dlverSé A 2-ml volume of growth medium containing 0.66%

roles '_n ROS-mediated  cellular Processeg,cto agar (Difcojvas poured into a 6-well dish to form the
depending on the cell types (16). Our nov@jottom layer. A totabf 1x10* cells were suspended 2nml
findings will add further insights into the of medium containing 0.4% agar, and this suspensias

functions of VDUPl, Contributing to a neWoverIaid on the hardened bottom layer. A 1-ml vatuof

: : . shmedium containing 0.4% agar was added to the dish
effective strategy in anti-cancer therapy and Cu{e%ery week. Colonies were visualized after 3 weeks of

of cardiovascular diseases. incubation.

MATERIALS AND METHODS Tube formation assay

For tube formations assay, 48 well culture plates
L _ _ were coated with 200p! of Matri® basement Membrane
Antibodies, Cell lines and transfection Matrix (Cat. No. 356234, BD Biosciences) per wellsert
Pancreatic islet endothelial cell lines, MS-1 an llowed to polymerize for 20 min at %7. Cells were
SVR were purchased from ATCC (ATCC CRL-2279 andeeged on coated plates at a density of 2sdis per well
2280, respectively). SVR is a derivative of MS1ptduced 500p1 DMEM medium containing 10% FBS at°G7

with a retrovirus encoding Iras (3, 20). These endothelial £ othelial tube formation was observed after r&ou
cell lines were maintained in DMEM media supplersent

with 5% FBS and the appropriate antibiotics. Statistical analysis
For overexpression of VDUP1 in endothelial cellsjrime Values are expressed as mean = SEM. Statistical

full-length cDNA of VDUP1 was amplified by RT-PCR, onhomogeneity was tested with Student's unpaireest.
inserted with C-terminal HA tag tBcoRI andXhd sites of 5 p value of <0.05 was considered significant.

pcDNA3.1(+) (Invitrogen, Carlsbad, CA, USA), and

transiently transfected to MS-1 or SVR cell linesngs

Lipofectaminé™ Reagent (#50470, Invitrogen) following RESULTS

the manufacturer’'s protocol. For Western blot agialyof

VDUP1 expression, anti-VDUP1 antibody (Code NoOncogenic Ras induces VDUP1 expression in
K0204-3) was purchased from MBL internationalendothe|ia| cells

corporation (Woburn, MA, USA). . .
P ( ) Ras has been known as an angiogenic

RT-PCR analysis factor that induces ROS generation and
Total cellular RNA was extracted using proliferation of angiogenic endothelial cells (15),
TRIzol°Reagent (Invitrogen, Carlsbad, CA) in accordancgnd VDUPL1 is a potent inducer for cellular ROS
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(23, 24, 32). Thus, to investigate the relationshigDUP1 in ROS production in Ras-activated
between Ras and a redox regulator VDUP1, wendothelial cell line (SVR). FACS analysis
measured the expression level of VDUPL1 in Rashowed that the level of ROS in the Ras-
overexpressing endothelial SVR cells. RT-PCRctivated endothelial SVR cells was higher than
and immunoblot analysis showed that VDUPhormal endothelial cells (MS-1). In addition,
expression is significantly increased in SVR cellsverexpression of VDUPL1 further increased ROS
both in MRNA and protein levels (Fig. 1 A andevel in SVR (Fig. 1C). These results suggested
B, respectively). To investigate the role othat the Ras-mediated ROS production in
VDUP1 in Ras-mediated ROS generation iendothelial cells is, at least partially, due te th
endothelial cells, we next measured the effect @icreased expression of VDUPL1 induced by Ras.
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Figure 1. Level of VDUP1 expression and ROS in Ras-overexprgendothelial cells. (A) Total RNA was isolatedrr
normal (MS-1) and Ras-overexpressing (SVR) pancrésitit endothelial cell lines, and the expressiorVBDUP1 was
determined via RT-PCR. (B) Protein level of VDUP1 icle cell line was determined by immunoblot. Theultssare
representative of three individual experiments. TBwels of mMRNA and proteins were quantified by dmnsetric analysis
normalized to actin (5<0.05). (C) To investigate the effect of VDUP1 orsReediated ROS generation, SVR cell line was
transfected with pcDNA3.1-VDUP1 (SVR-VDUP1), andngeation of ROS was measured byDEFDA technique. For
control, MS-1 and SVR cell lines were transfectetth\wcDNA3.1. One representative experiment ofetiseshown.
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Effect of VDUP1 in VEGF expression andoroliferation of endothelial cells. Since VDUP1
proliferation of Ras-overexpressing endotheliaincreased VEGF expression in endothelial cells,
cells we next investigated the effect of VDUP1 on

Ras has been previously known to inducendothelial proliferation. CCK-8 assays showed
VEGF expression via ROS generation (15}that enforced expression of VDUP1 was able to
Thus, we next investigated the effect of VDUPiIncrease the proliferation of endothelial cellsj an
on VEGF expression in endothelial cells. RTthe effect was further emphasized in Ras-
PCR analysis showed that VEGF expression waserexrpessing endothelial cells (SVR) (Fig. 2C),
significantly increased by VDUPL1 in endotheliakhat is coincident with the expression of VEGF
cells (MS-1), and the induction of VEGF by(Fig. 2A). Taken together, these results suggested
VDUP1 was further increased when Ras wakat VDUP1 plays a critical role in Ras-mediated
overexrpessed (SVR) (Fig. 2A, B). VEGF is andothelial proliferation via induction of VEGF
potent angiogenic factor that inducesxpression.
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Figure 2. VDUP1 increases VEGF expression and proliferatibiRas-activated endothelial cells. (A) MS-1 or SV&l ¢
lines were transfected with pcDNA3.1-VDUP1 or veatontrols, and the expression of VEGF variantsewatalyzed by
RT-PCR. Expression of VEGF-165 is shown as a reprateatof VEGF isoformsp-actin was used as a control. One
representative experiment of three is shown. (B) mR#N#&ls of VEGF-165 band was determined by dengtamanalysis
normalized to actin (5<0.05). (C) Cellular proliferation was measured bingshe cell counting kit (CCK-8). Note that
overexpression of both Ras and VDUP1 synergistidatlyeased rate of cell proliferation.
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VDUP1lincreases proliferation and inhibits theVDUP1 enhances the tube formation of Ras-
anoikis of Ras-overexpressing endothelial cells overexpressing endothelial cells via ROS
VEGF has been reported to inhibit thegeneration

anchorage-dependent apoptosis (anoikis) of Next, to investigate the direct involvement
endothelial cells (11). Thus, we next performedf VDUP1 in angiogenesis, we performed tube
soft agar assay to investigate the effect dbrmation assays with MS-1 and SVR cell lines
VDUP1 on anoikis of the endothelial cells. ASn the absence or presence of VDUP1
expected from the previous reports (15, 17, 18verexpression. In consistent with proliferation
21), the results showed that anoikis of ther survival patterns (Fig. 2B and 3),
endothelial cells was significantly reduced wheoverexpression of VDUP1 prominently induces
the Ras was overexpressed. Interestingly, thlee tube formation of Ras-overxpressing SVR,
survival rate of the SVR cell line was furthewhile VDUP1 moderately increase tube
increased by the enforced expression of VDUFbrmation in normal endothelial MS-1 (Fig. 4).
(Fig. 3). These results suggested that VDUPRurthermore, the effect of VDUP1 on endothelial
regulates not only the Ras-mediated endothelialbe formation was inhibited by the addition of
proliferation but also the survival of theROS scavenger, N Acetyl L Cysteine (NAC)
endothelial cells, via induction of VEGF that is gFig. 4). These results strongly suggested that
critical factor for angiogenesis. VDUP1 plays an important role in Ras-mediated
angiogenesis via ROS generation in endothelial
cells.

MS1-HA DISCUSSION

Ras is an oncogene that is involved in the
cellular proliferation and tumorigenesis (13, 5, 9,
25, 33, 12, 10). In endothelial cells, Ras
functions as a potent angiogenic factor that
promotes the proliferation of endothelial cells via
ROS generation (31). In this study, we first found
that VDUP1 is upregulated by overexpression of
SVR-VDUP1 Ras in endothelial cells. Since VDUPL1 is a redox

regulator that increases cellular ROS (8, 30), the
fact that the expression of VDUPL1 is induced by
Ras may imply the involvement of VDUP1 in
Ras-mediated ROS generation in endothelial
*% cells. In addition, ROS has been reported to

:2 e induce VEGF expression in endothelial cells.
o Thus, increased level of ROS by VDUP1 in
_33120 | endothelial cells may affect the proliferation of
- | endothelial cells or angiogenesis. In fact,
E ol enforced expression of VDUP1 increases ROS
B e L generation and VEGF expression in endothelial
i L cells, leading to the increased cellular
20 | proliferation. The induction of VEGF expression

0 by VDUP1 was maximal when the Ras was

MS-1-HA SVR-HA SVR-VDUP1 overexpressed in endothelial cells, suggesting
that VDUP1 and Ras may be functionally
interrelated in endothelial cells. Indeed, VDUP1

Figure 3. VDUPL1 inhibits anoikis of Ras-overexpressing ihi ioti

endothelial cells. MS-1 and SVR cell lines were $fanted andl.f R?S ethIt(;It?g i Slyne”rgIStIC effect on
with pcDNA3.1-VDUP1 or vector control (HA), and gie profireration or endotnelial cells. L
cell suspensions were seeded into soft-agar a Ras has been reported to suppress anoikis

photographed &x50 magnification (left) and the number of of endothelial cells (21) to which resistance is a
tFE‘e CO'OP"ES puere CX”“teO‘I" t(:',gtht)l 1 |Weelf( laterprerequisite for the development and progression
epresentative figures (A) and statistical analf@sfrom ¢ -5ncarsor angiogenesis. With the similar

three individual experiments are shown p<6.05, . . .
5 p<0.01). P & pattern of proliferation, VDUP1 synergistically
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Figure 4. VDUP1 induces tube formation of Ras-overexpressgindothelial cells. Capillary tube formation was meead
with MS-1 and SVR cells transfected with pcDNA3.1-WP1 or vector control in the absence or presencHACL as
indicated. Pictures of capillary tubes were takgrabmicroscope after 9-hour incubations. (A) Edghre is representative
of three independent experiments (Bar,[58). (B) The results of the experiments are expresséerms of the number of
capillary tubes formed per nfirand presented as the me&&EM from six different experiments (<0.05).
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increased resistance to endothelial anoikis with Bainbridge, J., B. Sivakumar, and E. Paleolog.

Ras. As a result. endothelial tube formation wathgiogenesis as a therapeutic target in arthrigssons
. Hy | ! d wh Ltj) th VDUP1 éom oncology.Curr. Pharm. Des2006,12:2631-2644.
prominently increased wnhen DO an . Billadeau, D.D. Cell growth and metastasis in paatic

Ras were overexpressed in the endothelial cellgncer: is Vav the Rho'd to activationt. J. Gastrointest.
supporting the direct involvement of VDUP1 inCancer.2002,31:5-13.
Ras-mediated angiogenesis_ The fact thﬁ:[ Blanchetot, C., and J. Boonstra. The ROS-NOX

R connection in cancer and angiogeneSist. Rev. Eukaryot.
removal of cellular ROS inhibited the tubeg, . Expr2008,18:35-45.

forrr_lation. implies thgt VUDP; is involved N7 chen, 3.X., H. Zeng, Q.H. Tuo, H. Yu, B. Meyrigid
angiogenic process via generation of ROS. J.L. Aschner. NADPH oxidase modulates myocardiat, Ak
VDUP1 is a multifunctional factor that ERK1/2 activation, and angiogenesis after hypoxia-

regulates a variety of cellular physiologyz%‘g‘ﬁzgiﬂfgam J. Physiol. Heart. Circ. Physio2007,

'”_C'Ud'”g . pm“feratlon’ apoptosis and8. Chung, J.W., J.H. Jeon, S.R. Yoon, and |. Chdar¥in
differentiation (8, 16). However, for theps upregulated protein 1 (VDUP1) is a regulator fiedox
proliferation, VDUP1 has been known only as aignaling and stress-mediated diseasesDermatol. 2006
tumor suppressor that negatively regulates th&662-669.

cellular proliferation until recently. In our study i‘ Bfozr'] RJ" h'h'a;ﬁgsvzs'BsrcﬁgﬁbEésAg”’Ii;r;?gcé?érﬁﬁﬁd

a novel function of VDUP1 has been revealed 3%jicer. Complex effects of Ras proto-oncogenes in
an angiogenic factor in endothelial cells viaumorigenesisCarcinogenesis2004,25:535-539.

regulating Ras-mediated ROS generation. Thul). Duesbery, N.S., J. Resau, C.P. Webb, S. Koochekpo
modulation of VDUP1 activity depending on the!M. Koo, S.H. Leppla, and G.F. Vande Woude.

Il t b fect] trat uppression of ras-mediated transformation andbitibm
cell types may be a new erective strategy Nk ,mqr growth and angiogenesis by anthrax lefetbr, a

OnIY_ in an_ti-cqncer therapy, but also aga_inSt Othﬁfoteolwic inhibitor of multiple MEK pathway#roc. Natl.
angiogenic diseases such as rheumatoid arthritégad. Sci. U. S. £2001,98:4089-4094.

systemic sclerosis, diabetic retinopathy, anhlla':turfifi; T ?I”de- Wa'slh- Aktdmtehdilf?‘t‘fs Cyjﬁﬁ?g“-’” of
Cardlovascular d|SeaseS endotnelial cells by vascular enaotnelial gro In an

. . . anchorage-dependent manned. Biol. Chem. 1999,
In conclusion, the expression of VDUP1 '52741634?9-163?54.

upregulated by oncogenic Ras in endotheliab. lerardi, E., M. Principi, R. Francavilla, S.sBaro, F.
cells, mediating ROS generation. Enforce#loviello, O. Burattini, and A. Francavilla. Epithel
expression of VDUP1 enhances proliferation arfgfoliferation and ras p21 oncoprotein expressionectal

. . mucosa of patients with ulcerative colitiBig. Dis. Sci.
survival of endothelial cells. ROS produced b}2001,46:1083_1087.

VDUP1 directly regulates Ras-mediateds. janda, E., G. Litos, S. Grunert, J. Downward] H.

angiogenesis. Beug. Oncogenic Ras/Her-2 mediate hyperproliferatbn
polarized epithelial cells in 3D cultures and rapignor
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