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[CANCER RESEARCH 61, 4206—4213, May 15, 2001]
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ABSTRACT anaerobic metabolism, altered expression of a set of polypeptides
termed ORPs (5). ORP150 was first identified and cloned from

cultured astrocytes (6, 7) based on their ability to withstand and even
produce neurotrophic factors in response to severe hypoxia (8). Ex-

plasmic reticulum (ER) chaperones. Coexpression of VEGF and 150-kDa pres_’slon of ORP150 in Culture_d human cells is ess?”“a' for their
oxygen-regulated protein (ORP), a novel ER chaperone, in human glio- survival under prolonged hypoxia (9). Subsequent studies have shown

blastoma suggested a link between angiogenesis and ORP150. C6 gliomdhis polypeptide to be presentin the ER and to share structural features
cells stably transfected with ORP150 antisense displayed selectively re-with GRPs which function as chaperones, such as GRP78 and GRP94
duced ORP150 expression. Tumors raised after inoculation of immuno- (10). This suggests the possibility that ORP150 may be a component
compromised mice with ORP150 antisense C6 glioma transfectants dem- of the ER stress response to hypoxia potentially facilitating protein
onstrated an initial phase of growth comparable to wild-type C6 glioma processing.
cells which was followed by marked regression within 8 days. Decreased A |ink between tumor growth and ORP150 was suggested by our
density of platelet/endothelial cell adhesion molecule 1-positive structures recent observation that ORP150 was up-regulated in human malignant
W'.th'n the tumor bed was consistent with reduced angiogenesis in C6 tumors (11). Here, we demonstrate that increased levels of ORP150
gliomas expressing ORP150 antisense, compared with tumors derived . .
from C6 cells overexpressing ORP150 sense or vector controls vitro, promote VEGF processing with subsequent transport from ER to
inhibition of ORP150 expression decreased release of VEGF into culture Golgi, followed by export_out of the cell. In transplantable C6 glioma
supernatants; in ORP150 antisense transfectants, VEGF accumulated Cells, enhanced expression of ORP150 promoted tumor growth (and
intracellularly within the ER. These findings demonstrate a critical role ~ was associated with increased VEGF antigen), whereas suppression of
for the inducible ER chaperone ORP150 in tumor-mediated angiogenesis ORP150 caused regression of the neoplasm (and was associated with
via processing of VEGF, and, thus, highlight a new facet of angiogenic decreased VEGF antigen). Our results suggest an unexplored thera-
mechanisms amenable to therapeutic manipulation in tumors. peutic target for modulation of angiogenesis, expression of the induc-
ible ER chaperone ORP150.

Expression of angiogenic factors such as vascular endothelial growth
factor (VEGF) under conditions of cell stress involves both transcriptional
and translational events, as well as an important role for inducible endo-

INTRODUCTION

Formation of new blood vessels occurs throughout developme'\(lltA‘TERlAI‘S AND METHODS

and adult life, accompanying both physiological and pathophysiolog-nalysis of Human Glioblastoma and Rat C6 Glioma Tissue.Human
ical situations (1). Among angiogenic factors, VEGTas come under glioblastoma samples were obtained from surgical pathology specimens under
intensive study because of its facile export from the cell, its uniquiee auspices of an approved Institutional Review Board protocol, and C6
targeting of the endothelium, and its association with a range @fomas were grown and harvested from nude mice as described previously
neoplastic and nonneoplastic disorders. For example, increased (@%)- Adjacent sections were stained with either anti-human-ORP150 I9G (7),
pression of VEGF in tumors has been shown to be critical for theifti-VEGF IgG (Santa Cruz Biotechnology, Santa Cruz, CA), or anti-PECAM-
growth, as blocking antibodies (2) or expression of dominant-negativ&-231 19G (Santa Cruz Biotechnology). Sites of primary antibody binding

~ . Wwere visualized using an indirect immunoperoxidase technique with a com-
VEGF receptor (3) suppressed tumor growth. Furthermore, up regl"rgjercially available kit (Vectastain avidin-biotin complex kit; Vector Labora-

lation of VEGF in hy'poxic.tumor cells localizes its production to site%riesy Burlingame, CA) as described previously (11).

targeted for an angiogenic response (4). _ Detection of Anti-ORP150 Autoantibody in Patient Sera. Serum was
Up-regulation of VEGF transcripts is often equated with cellulagptained from six outpatients with a diagnosis of malignant tumor at the time

elaboration of the mature protein and induction of a robust angiogeiCtheir regular clinic visit when blood was drawn for patient care purposes.

response. However, mechanisms underlying protein processing, &amples were generously provided by Dr. H. Tanigawa (Amagasaki Seikyo

operating in an environment of cell stress (as in an hypoxic milieujospital, Hyogo, Japan) with patient consent, along with samples from six

must be considered. In this context, the cellular response to oxyig-matched controls, as described previously (12). The diagnoses in the six

deprivation is complex and involves, in addition to a switch t@atients (tumor group) included: two patients with gastric cancer (65M and
71F), two patients with hepatocellular carcinoma (56M and 61M), one patient

] with adenocarcinoma of the gall bladder (67M), and one patient with thyroid
Received 11/21/00; accepted 3/19/01. ancer (48F)

The costs of publication of this article were defrayed in part by the payment of page . . .
charges. This article must therefore be hereby maekbartisemenin accordance with To detect autoantibody to ORP150 in patient sera, an ELISA was developed

18 U.S.C. Section 1734 solely to indicate this fact. as described previously (12). In brief, ORP150 was purified from 293 cells

1 To whom requests for reprints should be addressed, at Department of Neuroanatqijng ion exchange chromatography on fast protein liquid chromatography
Kanazawa University 13-1 Takaramachi, Kanazawa City, 920-8640, Ishikawa, Jap%no Q, and ORP150 was absorbed onto microtiter wells of ELISA plates to
Phone: 81-76-265-2162; Fax: 81-76-234-4222; E-mail: ozawa@nanat.m.kanazaWﬁ-_ P R .
u.ac.jp. which rabbit antihuman ORP150 IgG had already been bound. After incuba-

2 The abbreviations used are: VEGF, vascular endothelial growth factor; ORP, oxygéien at 37°C for 1 h, plates were washed three times with PBS containing
regulated protein; ORP1504, 150,000 ORP; PECAM-1, platelet/endothelial cell adhe-Tween 20 (0.05%) and incubated for 1 h at 37°C with the serum of patients at

sion molecule 1; ER, endoplasmic reticulum; PMSF, phenylmethylsulfonyl fluoride; TG " AR L 0 . -
transforming growth factor; bFGF, basic fibroblast growth factor; LDH, lactate dehydrghe indicated dilution in PBS containing Tween 20 (0.05%). Sites of primary

genase; BrdUrd, bromodeoxyuridine; AS-ORP150/C6, antisense ORP150/C6; S-ORP#§Hjbody were visualized after addition of peroxidase-conjugated antihuman
C6, sense ORP150/C6. 1gG (Boehringer Mannheim, Mannheim, Germany) #ngs was measured by
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Titertek (Dainippon Co., Tokyo, Japan). Anti-ORP150 antoantibody in patienmiv). After centrifugation (5000 g for 10 min at 4°C), supernatant was
serum was tittered by the diluting un#,4; = 0.2 was obtained. subjected to ELISA for VEGF, bFGF, and TG#- antigens. Tissue homoge-
Cell Culture and Induction of Hypoxia. C6 glioma cells were plated in nates were also used to determine the content of ORP150 antigen as described
DMEM containing FCS (10%) and penicillin/streptomycin (100 units/ml/10@reviously (15). In brief, homogenates (1 mg/ml; 0.1 ml) were coated on Nunc
rg/ml). When cultures achieved confluence, they were exposed to hypolaxi-Soap plates (Nunc, Roskilde, Denmark. Wells were incubated with
using an incubator attached to a hypoxia chamber (Coy Laboratory Produetsti-ORP150 IgG (3Gwg/ml; 0.1 ml) for 2 h at 37°C, washed three times, and
Ann Arbor, MI), which maintained a humidified atmosphere with low oxygerncubated with peroxidase-labeled goat antirabbit IgG (1:3000 dilution; 0.1
tension (8—10 Torr), as described previously (13). Oxygen tension in thd). Followed by the development wittrphenylenediamine dihydrochloride,
medium was measured using a blood gas analyzer (ABL-2; Radiomet®RP150 equivalent values were determined using a standard curve prepared
Sweden). with human recombinant ORP150 (7). In each case, protein content in the
Development of ORP150 Sense/Antisense Stably Transfected C6 Gli-mixture was determined according to the method of Loetl. (16).
oma Clones.To construct the ORP150 antisense/sense vector, a fragmenSubcellular Localization of VEGF. Subcellular fractionation of C6 gli-
encoding the entire rat ORP150 cDNA was inserted into the vector pLNGXna cells was performed according to OptiPrep (Life Technologies, Inc.). In
(Clontech Laboratories, Palo Alto, CA) in either antisense or sense orientatibrief, C6 glioma cells (about & 10° cells) were exposed to hypoxia for 24 h
The orientation of the inserted ORP150 cDNA fragment was confirmed nd homogenates were subjected to subcellular fractionation using a self-
both restriction enzyme mapping and DNA sequencing. Transfection of sengeherated gradient. About 10y of protein from each sample were subjected
antisense ORP150 was performed according to the manufacturer's protdodELISA for VEGF. Fractions were also used for Western blot analysis with
(Retro-X System; Clontech Laboratories). Selection and maintenance of nadtimouse calnexin antibody (Transduction Laboratories, Lexington, KY) and
resistant transfectants were performed in the presence of G418 (1.0 mgnitimouse TGN38 antibody (Transduction Laboratories) as markers for ER
Sigma, St. Louis, MO). After 14 days, single colonies were resuspended atifl Golgi apparatus, respectively. Quantitative measurement of VEFG content
grown in 96-well plates at a density of about one cell per well. Several céfl ER was performed by subjecting the same lysate to ultracentrifugation (20%
lines were isolated, all of which were maintained in the presence of G418 (BWcrose in PBS, 100,000 g for 3 h at 4°C). The pellet was reconstituted in
mg/ml). Cells were switched to medium free of G418 24 h prior to exper200 ul of PBS, followed by the measurement of VEGF content by ELISA.
ments. Assessment of cell viability used morphological criteria (continued Immunoprecipitation. Interaction of ORP150 and VEGF was assessed by
adherence to the growth surface, maintenance of morphology) and releasémghunoprecipitation using anti-ORP150 IgG and anti-VEGF IgG as described
LDH activity into the culture (Cacatua Chemical Co., Tokyo, Japan). previously (6). In brief, about 5< 10° C6 glioma cells were subjected to
Northern and Western Blot Analysis. About 20 ug of total RNA were hypoxia and lysed in ice-cold PBS containing NP40 (1%), PMSF 3, rand
extracted from C6 glioma cells (about”€ells) exposed to either hypoxia or EDTA (5 mm), followed by incubation with either rabbit anti-ORP150 IgG (3
normoxia for 12 h, as described previously (6). The cDNA probe for Northewg/ml), nonimmune rabbit IgG (ag/ml), goat anti-VEGF 1gG (2@wg/ml), or
blot analysis of VEGF was generated by PCR §ifmer, 5'-ACC ATGAAC goat nonimmune IgG (2Qug/ml) overnight at 4°C. Mixtures were then
TTT CTG-3’; 3 primer, 5'-CCG CCT TGG CTT GTC ACA TCT GCA-3"), incubated with protein G-Sepharose (2 mg/ml) for 2 h at 4°C, followed by the
and the sequence of the probe was confirmed by DNA sequencing. FEentrifugation at 2000 rpm for 10 min. Immunoprecipitates were then sub-
Western blotting, cultured cells (about& 10°cells) were exposed to hypoxia jected to Western blotting with either anti-VEGF or anti-ORP150 IgG and a
and lysed in PBS (20@) containing NP40 (1%), EDTA (5 m), and PMSF  detection system as described above.
(1 mw). Cell lysates were then subjected to SDS-PAGE/immunoblotting using Statistical Analysis. Statistical analysis was performed by using either the
either antihuman ORP150 antibody (concentration of antibed@00) (7) or nonpaired test or ANOVA followed by multiple comparison analysis. Where
anti-VEGF antibody (concentration of antibod400; Santa Cruz Biotech- indicated, data were analyzed by two-way ANOVA followed by the multiple
nology). contrast analysis.
Growth of C6 Gliomas in Mice. Experimental tumors were grown in mice
as described elsewhere (14). In brief, confluent cultures of C6 glioma (about
3 X 107) cells were harvested with trypsin/EDTA (Life Technologies, Inc., GranRESULTS
Island, NY) and resuspended in 200 of PBS, followed by s.c. injection into . . .
8-week-old CD-1 nude mice (Charles River Breeding Laboratories, Wilmington, Expresgon ‘?f ORP150 in Tumors and Generation of Autqan-
MA) with an 18-gauge needle in the flank. Mice injected with C6 glioma celliPodies in Patient Plasma.In nontransformed cells, expression of
were monitored daily and tumor size was determined by caliper measureme@®RP150, analogous to that of VEGF, occurs most often in response to
Tumor volume was calculated as length width X height (mnf) based on environmental stress, such as oxygen deprivation. Tumors also dis-
measurements of three individuals unaware of the experimental protocol. Turpéaty high levels of ORP150, as shown in a section of human glio-
experiments were performed a minimum of three times, and the experimemistoma (Fig. 1A-tisplays an H&E section of the tumor, aadll
groups contained 10 animals each. In certain mice, 1 h before sacrifice, 1 mgay B-| show immunostaining for ORP150). Some ORP150 likely

BrdUrd (Sigma) was injected by i.p. administration. Tumor tissue was retrieveéiainS access to the extracellular space, resulting in the production of
fixed in paraformaldehyde (4%), and sections were prepared. Sections wj

stained with H&E or were simultaneously immunostained for detection of BrdUr%moamIbOdIeS dete_Ctable T the sera_ of patients with .a range  of
(anti-BrdUrd antibody; Sigma) and far situ apoptosis detection with a commer- neoplasms (45 nm = 0.53 = 0.03,n = 6) compared W.Ith age-
cially available kit (Trevigen, Inc., MD). To assess vascular structures in tumdf2{ched controls (fs n, = 0.31= 0.03,n = 6; P < 0.05; Fig. 1D).
wound tissue, immunostaining was performed with antimouse PECAM-1/cDSIRP150 antigen appears concentrated in tumor cells infiltrating the
antibody (Santa Cruz Biotechnology) according to the manufacturer’s protocgifoma, especially those closely associated with neovasculature (Fig.
Quantitative analysis was performed by scanning confocal microscopy and imagesompareB-I and B-l1l), and demonstrates a distribution overlap-
were analyzed by NIH Image. Experiments were performed in triplicate by tyging, at least in part, that of VEGF (Fig. B-Il andC). Consistent
individuals blinded to the protocol. with these data, increased levels of ORP150 have been observed in a

Determination of VEGF, bFGF, TGF-B1, and ORP150.C6 glioma cells  range of human tumors, including breast and pancreatic carcinoma
(5 X 10° cells) were either exposed to hypoxia/reoxygenation or maintain

under normo>_<|c co_ndmons after placement in serum-free medium. Elaborat!onRat C6 glioma cells provide an excellent system to study the
of VEGF antigen into culture supernatants was assessed by a commerciall

rePétionship between ORP150 and VEGF, as shown by their coex-

available kit (R&D Systems, Minneapolis, MN) according to the manufactur- L . ; . . .
er's instructions. VEGF content of cell lysates, made by three freeze-th&l&ess'on in tumors raised in CD-1 nude mice (Fig/2gindB display

cycles in PBS (20Qul) containing EDTA (5 nm) and PMSF (1 m), was Sites of ORP150 and VEGF expression, respectively, @umon-

determined by immunoblotting and densitometric analysis of the blots. Fafrates their association with vasculature, showing the condensation of
tissue levels of VEGF, samples (about 1 g) were homogenized using a PolyttdRP150 and VEGF signals just around the neovessel (PECAM-1-
homogenizer in 5 ml of ice-cold PBS containing EDTA (Mjrand PMSF (1 positive cells). Cultured C6 glioma cells expressed ORP150, and
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Fig. 1. Distribution of ORP150 and VEGF antigen in human tumors (A—C) and detection of human anti-ORP150 autoantibody in human sera from patients with tumors (D). Human
glioblastoma from a 67-year-old male was subjected either to H&E staining (A-I) or immunohistochemical analysis using antibody to either ORMBERa(AIC; 1), VEGF (B-II
andC-Il), or PECAM-1/CD31 (B-IIl).A-l andA-Il are adjacent sections (original magnificatiof2), andB-I-IIl are adjacent sections (original magnificatio,00).C, sections were
double stained with anti-ORP150 antibody (C-I; original magnificati800) and anti-VEGF antibody (C-II; original magnification200). ORP150 and VEGF signals were digitally
overlapped inC-Ill (original magnification,<200).D, sera obtained from patients bearing malignant tumors @) were subjected to ELISA as described in the t&xt 0.05 by
nonpairedt test compared with sera from age-matched control subjects §). Arrowheadsin A-1, tumor.

levels increased at both the mRNA (data not shown) and antigeiRP150 (S-ORP150/C6), or vector alone. Transfectants were cloned
levels (8-fold increase; Fig. 3 andB) when cells were subjected toby limiting dilution, and typical results with two different clones of
hypoxia, consistent with previous findings (6, 7, 9, 12). Expression e&ch type are shown: AS-ORP150/C6 transfectants displayed about
VEGF antigen in hypoxic C6 glioma cultures followed a similar timé&0-fold reduced levels of ORP150 mRNA (FigA4dLanes land?2),
course (Fig. 3C). whereas S-ORP150/C6 displayed about 10-fold increased ORP150
Characterization of Stable Sense/Antisense ORP150-trans- mRNA (Fig. 4A, Lanes 5and 6) compared with vector-transfected
fected C6 Glioma Cellsin Vitro and in Vivo. To analyze the role of controls or wild-type C6 glioma cells (Fig. 4A,anes 3and 4,
ORP150 in tumor growth and its possible relationship to posttranskespectively), as assessed by the densitometric analysis (B)g. 4
tional processing of VEGF, C6 glioma cells were stably transfectéshmunoblotting of C6 glioma cell lysates displayed similar differ-
with vectors encoding antisense ORP150 (AS-ORP150/C6), semsees in ORP150 antigen (Fig. 40;shows densitometric analysis).
4208
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““ .« was analyzed in neoplasms arising from the glioma cell lines. The
j g~} percentage of proliferating and apoptotic nuclei, in each group of
% - tumors derived from the different C6 glioma transfectants, was equiv-

> alent on day 2 (Fig. B-1 andB-II). However, as tumors derived from

the AS-ORP150/C6 cells began to regress on day 4, these tumors

- displayed an enhanced apoptotic rate (Fig. 5B-Il), considerably ex-

VEGE ceeding the decline in the fraction of proliferating cells (FiB-15. To

confirm a possible role for ORP150 in tumor growth, we extended our
studies to include several other clones of C6 glioma transfectants.
There was an apparent relationship between tumor volume (evaluated
10 days after inoculation of tumor cells) and the level of tissue
ORP150 level (Fig. 5C).

A strong factor influencing apoptosis in the tumor bed would be the
effectiveness with which the different tumor lines elicited formation

: of neovasculature (data not shown). Within 4 days of implantation,

Fig. 2. Expression of ORP150 and VEGF in C6 glioinarivo. C6 gliomas grown in  S-ORP150/C6 cells displayed an approximately 2-fold increase and
nude mice were subjected to immunohistochemical analysis using antibodies agamsgi_ ORP150/C6 cells showed an approximately 4-fold decrease in

either ORP150, VEGF, or PECAM-1. Tumor tissue was stained with antibody to ORP150 . .

(A; original magnification,x100), VEGF (B; original magnificationx100), or PE- vascular structures based on PECAM-1 staining, compared with tu-
CAM-1 (C; original magnification,x 100). mors derived from wild-type and vector-transfected C6 glioma cells

(Fig. 6A). More aggressive angiogenesis was evident at day 4 in

A B
0122436 (hr) 1 A B
r *k
- % 1 2 3 4 5 6 15 o

——— -175 5 = L b
= il 1 2 40

5 e «ORP150 £

w | i o
-83 - o L? 5

0
-62 0 6 12 36(hr)

4§ -actin 0 >
e e e 7
LAl
0 12 24 36 (hr) .
e * <€ VEGF G D
Pt e 8
Fig. 3. Expression of ORP150 and VEGF in C6 glioma ckillsitro. Protein extracts 12 3 4 5 6
from C6 cells were subjected to Western blotting using either antihuman ORR180 ( @
antimurine VEGF 1gG (C). Densitometric analysis of multiple Western blots is shown in ]
B, respectively (n= 6, mean+ SD is shown;#, P < 0.01 by nonpaired test; ands, -175 o
P < 0.01 by multiple comparison analysis, compared to normoxic lévigl, B E 4
-83 E
. . ) ) -62
Functional studies described below were performed on two lines =
derived from each of the stable transfectants in parallel. e =
Basic cellular properties were maintained in each of the transfectec & \p«-%éb oé\& o
cell lines. Proliferation of C6 glioma cells, either S-ORP150/C6, E L Qés*
K\

AS-ORP150/C6, or vector-only transfectants, was comparable to tha
of wild-type cultures (data not shown). When these cultures of stably
transfected tumor cells were subjected to hypoxia, viability of each of
the lines was well maintained based on lack of an increase in LDH
(Fig. 4E). Under the same conditions, studies to assess indices ¢
apoptosis, DNA fragmentation, and caspase-3 activity showed nc

changes comparing different clones of ORP150-transfected C6 gliom: -
cells and wild-type controls (data not shown). 0

Although each of the ORP150 transfectants appeared to have sim 18Time (hours)24
ilar propertiesin vitro, following their implantation into CD1-nude

mice. the resulting tumors differed markedly (FiQA)5 Whereas Fig. 4. Establishment of ORP150 stable transfectants and their behavior in normoxic
' ' condition. Either total RNA (2Qwg; A) or protein extract (1@.g; C) prepared from stably

wild-type, vector control, and S-ORP150/C6 cells produced tUmoggnsfected clones of C6 glioma cells was analyzed by Nortiyio Western (C) blot
which steadily increased in volume up to 16 days (longest time pokatalysis: AS-ORP150/C6 (Lanesahd2), nontransfected controls (Lane 3), vector alone

: _ : ne 4), and S-ORP150/C6 (Laneard6). Densitometric analysis of multiple Northern
exammed)’ after day 4, tumors from AS-ORP150/C6 cells dISpIayg}% Western blots from several clones is showB andD (n = 6, meant SD is shown;

a progressive decline in tumor volume. By day 16, there was:& p < 0.01 by multiple comparison analysis, compared with wild-type). Migration of
2000-fold difference in tumor volume comparing tumors arising frormolecular weight markers (designated in thousands) is shown darthight sideof the

. gel (C). E, each type of transfectant and wild-type C6 glioma cells was exposed to
AS'ORP15QIC6 cells with the other tumoB{: O..OOOl). To analy_ze hypoxia. Cell death was assessed by detecting LDH in the supernatant and is expressed as
differences in tumor growth, cellular proliferatiorersusapoptosis percentage of LDH activity present in cell lysates<n6, mean+ SD is shown).
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A were expressed as nanograms of VEGF per milligram of total protein
in the tumor, this represents a very large difference in overall VEGF
10000 : : :
'y {000 A ' content comparing the very small tumors derlyed frpm AS-
E o ORP150/C6 cells with the large S-ORP150/C6-derived gliomas. In
E 100 I'E R contrast, Northern blot analysis of tumor extracts showed comparable
S 10/g | - induction of VEGF transcripts in AS-ORP150/C6-derived gliomas
E 1 | i | i versustumors arising from sense and vector transfectants and wild-
=01 246 810 12 14 16 type C6 cells (Fig. 7B). Furthermore, bFGF and T@F-antigens
: showed no significant difference in tissue extracts from the different
Time (days) C6 glioma-derived tumors (data not shown). Thus, the effect of
B ORP150 on VEGF expression was occurring at a point distal to

synthesis/stabilization of mMRNA for this angiogenic factor.
To investigate mechanisms underlying ORP150 regulation of
VEGF expression, studies were performed in cell culture. Consistent
with ourin vivoresults, both S-ORP150/C6 and AS-ORP150/C6 cells
in culture showed a similar elevation of VEGF mRNA when subjected
to hypoxia, compared with wild-type or vector-transfected controls
(Fig. 8B). However, there was a marked difference in elaboration of
4 VEGF into culture supernatants in the hypoxic cells; AS-ORP150/C6

0.8
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TUNEL Labeling Index
o
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BrdU Labeling Index
o
N

o
o

2 4 2

Time (days) Time (days) released almost no VEGF antigen whereas S-ORP150/C6 elaborated
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Fig. 5. Characterization of ORP150 stably transfected C6 gliomasvo. A, tumor
volume at the indicated days in AS-ORP150/C6 (filled column), wild-type (light gray
column), vector-only (dark gray column), or S-ORP150/C6 (open column) stable trans-
fectants (n= 4, meant SD is shown;:, P < 0.001 compared with wild-type by multiple 0 2 4

0 >
. . . _ . h _ i8] &
contrast analysis)B, BrdUrd (labeling indexB-I) and terminal deoxynucleotidyl trans .@é\ig‘.@eoff ORP150 Equivalent (ng/mi)
© &
&

&

*

ferase-mediated nick end labeling assay (cell death irigl¢R, were determined on days
2 and 4 after implantation of each of the stably transfected lines of C6 glioma cells as in
A (n = 20, mean+ SD is shown;+*, P < 0.01 compared with wild-type by multiple
comparison analysis)C, experiments similar to those iA but using additional C6 : - ’ ’
glioma-stable transfectants to establish tumors: four antisense f:bm_.ewv() wild-type n e:\;gégﬁlgﬁgaet?grs I:I%Sofar;tgg\sl?:;uIiﬁr|tzl?:r|]t())rr1$oEe(ﬁ\?;liﬁ)oaorzgrjtolg&%g/lggj av'?lciﬁj”-;pe,
gi?)Pi\gg vegtor—alone clorclies (I;I_)iSTd fo(;” selr;s% c_:Io?hestEO?ms, tissue content of vector control, and S-ORP150/C6 transfectants harvested after 4 days of growth in nude
antigen assessed by as described In the text. mice. PECAM-1/CD31 immunostaining followed by quantitative analysis to determine
percent area occupied by PECAM-1/CD31 immunoreactivity=(r6, mean* SD is
shown;##, P < 0.01 compared with wild-type controls by multiple comparison analysis).
. B, plots area occupied by PECAM-1/CD31 immunoreactivity is plottetsusrelative
tumors arising from the S-ORP150/C6 cells from the presence ®&p150 level, determined as in Fig. 5C. The symbols show i depict C6 glioma

many vascular structures observed in the tumor itself (FAg. There clones are the same as in Fig. 5C.
were fewer vascular profiles in neoplasms arising from wild-type and

vector-only C6 glioma (Fig. 6A) transfectants; most were evident at A B

the tumor margin. The fewest vascular profiles were observed in gé?
tumors arising from the antisense transfectants (Fi). -urther 500 _— fe 5(? £ 4;‘?
studies using several different clones of C6 glioma transfectants £ 40 ¢ S
demonstrated a close relationship between angiogenesis in tumors and E 300 :
tissue content of ORP150 (FigBh These data suggested that tumors ¢ 200

from AS-ORP150/C6 cells might have a reduced capacity to induce S 100} *x

angiogenesisersusmore aggressive vascular in growth in tumors 0

arising from S-ORP150/C6 cells. ﬁi@ﬁ v J
Contribution of ORP150 to Posttranslational Processing of qf

VEGF. VEGF has been shown to have a central role in the growth of 5 %

C6 gliomas. Inhibition of VEGF using antibodies (2) and introduction

of dominant-negative VEGF receptors (3) both have been demon- ."“ B actin

strated to suppress growth of gliomas. A relationship between VEGF o o o

and ORP150 expression was shown by ELISA oftissue extracts fregfd% /, Shrecteriatn o VECF earesson n o6 slama celane. 1 vEer

the experimental tumors harvested on day 4 (Fi§). WWhereas column), wild type (light gray column), vector alone (dark gray column), and

tumors derived from S-ORP150/C6 cells showed increased levelsSgPRP150/C6 (open column;= 6, meant SD is shown;«x, P < 0.01 compared with
wild-type by multiple comparison analysid}, total RNA extracted from the indicated

VEGF antigen' there wgs a marked redugtion in VEGF amigen llyrbe of C6 glioma cell was subjected to Northern blotting with either radiolabeled VEGF
AS-ORP150/C6 cells (Fig. 7A) compared with controls. As these dataA probe (top) org-actin probe (bottom).
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increased amounts compared with controls (Fig).8hese differ-
ences were not associated with altered cell viability (there was n Time (hr) g
evidence of LDH release or DNA fragmentation in cultures subjecte: m f &

to hypoxia), but, rather, were due to intracellular retention of VEGF
in AS-ORP150/C6 cells. Immunoblotting showed high levels of | b = e o -
VEGF in lysates of AS-ORP150/C6 compared with S-ORP150/CI
and control cultures (Fig. 8 andD show densitometric analysis). I —
These data suggested a role for ORP150 in posttranslational proce
ing of VEGF allowing for efficient export of the angiogenic factor.

We hypothesized that ORP150 might function as a chaperone fB C6 glioma wild type C ocs glioma Antisense
VEGF in the ER, leading us to perform immunoprecipitation studie:
on hypoxic C6 glioma cells to determine whether VEGF and ORP15 Uk LR DR D 12 9465784010
might interact. Lysates of hypoxic C6 glioma cells were immunopre e ———— — B —

cipitated with anti-ORP150 monoclonal antibody followed by SDS- anti-Calnexin anti-Calnexin
PAGE/immunoblotting with antibody to VEGF. A prominent immu- _ :
noreactive band was observed (Fig. 9A). Complementary studies - - —— -

which cell lysates were immunoprecipitated with antibody to VEGF anti-TGN38 anti-TGN38

1

displayed the presence of ORP150 in these precipitates (Big. 9 600
These data, indicating an enhanced association of VEGF wit ‘E‘ =3
ORP150 in C6 glioma cells under hypoxic conditions, suggested 2 E 300
possible role for ORP150 in VEGF processing and led us to perforr § LEL

= =

subcellular fractionation studies. Wild-type C6 cells subjected tc
hypoxia showed two peaks of VEGF immunoreactivity (Fidg)9 %12 345678910 12345678910
corresponding to fractions enriched for calnexin and TGN38, marke! )

of ER (17), and Golgi (18), respectively. In contrast, AS-ORP150/Ct
subjected to hypoxia displayed VEGF immunoreactivity corresponc
ing to fractions enriched for the ER marker only (Fig. 9C; note that the
peak of VEGF antigen in fractions 9 and 10 is probably because ¢
immature protein unable to enter the ER). Furthermore, by extendir
these studies to several clones, a positive relationship was sho\
among the VEGF elaboration into culture supernatants and the abili
of ORP150 induction under maximal stimuli (hypoxic condition),

600 5
0%
%’

300

0 ’
0 10 20
ORP150 Equivalent (ng/ml)

VEGF in Supernatant (ng/ml)

Fig. 9. Binding of VEGF to ORP150 in C6 glioma cells and retention of VEGF antigen
A B & f in ER in the antisense transformams wild-type C6 glioma cells were placed in hypoxia
; f f for 24 h, lysates were immunoprecipitated with anti-ORP150 IgG (A-I) or anti-VEGF IgG
dek -gp =
[ -
N H

600 = (A-I1), and were then subjected to SDS-PAGE/immunoblotting with anti-VEGF &@ (

replaced with nonimmune IgG (Nonimmune). Western blot analysis was also performed

NHNH ﬂ or anti-ORP150 1gG (A-Il). Where indicated, the immunoprecipitating antibody was
= dok
-5 400 ok 3 ! in the cell lysate in C6 glioma cells exposed to hypoxia for 24 h using antibody to either
é VEGF i 2 F VEGF (A-l; Western blot) or ORP150 (A-1l; Western bld@)andC, lysates prepared from
0] T . 1 wild-type C6 glioma (B) cells and AS-ORP150/C6 stable transfectants (C) were exposed
? 200 ok o . to hypoxia for 24 h and were then separated by OptiPrep, as described. Each fractionated
* sample was subjected to Western blotting with either anticalnexin IgG (top) or anti-
1 | | a a a TGN38 IgG (middle), along with the measurement of VEGF content by ELISA (bottom).
0 = = = B actin w D, studies were performed to assess VEGF antigen in culture supernatant using four
N 18hH 24hH 24hR antisense clones (@), two wild-type clones (<), two vector-alone clones (#), and four
sense clones (OX axis, content ORP150 antigen determined by ELISA in cell extracts
C D TR prepared after exposure of cells to hypoxia for 24 h, as described in the text.
f & ffj 8 : , o
& 8 8 whereas the opposite was true with respect to VEGF accumulation in
& 6 the ER-rich fraction (Fig. D). These data supported a role for
""“‘ £ ORP150 in posttranslational events involving processing VEGF es-

‘ '-':u:" sential for transit from ER to Golgi, requisite steps for eventual export
b 0 from the cell.
& «-%Qw d\“\ ,_,é*P
& & ¢
& &
Fig. 8. Characterization of VEGF expression in C6 glioma cillsitro. A, VEGF
ELISA was performed on conditioned media from the indicated cultured C6 glioma- One of the salient features of the cellular biosynthetic response to

ORP150 transfectants exposed to hypoxia (24 h): AS-ORP150/C6 (filled column), wijld L K . . . X .
type (light gray column), vector only (dark gray column), and S-ORP150/C6 (opJﬁ)’DOXIa is redirection of protein synthesis with production of ORPs,

column;n = 8, mean= SD is shown;+x, P < 0.005 by multiple contrast analysis which overlap with GRPs (5, 7, 19, 20). Common denominators of

compared with wild type)B, total RNA (20ug/lane), prepared from the indicated type of 4. ; ; : ;
cultured C6 glioma cell was exposed to hypoxia for 24 h and subjected to Northern bstr)]tIS group of polypeptldes include their placement in the heat shock

analysis C andD, lysates from C6 glioma cells subjected to hypoxia for up to 24 h werprotein family, the presence of ER retention sequences, and their
subjected to Western blot using anti-VEGF IgG (D).densitometric analysis of several _Properties as molecular chaperones in the ER to Golgi transfer of
experiments similar to that i€. Values are expressed as fold increase compared with | hesized . 21). Alth h originally d ibed i
wild-type C6 glioma cells (= 6, meant SD is shown;s#, P < 0.01 compared with wild newly synthesized proteins ( ) t OUQ. originally eSC“. ed n
type by multiple comparisons). tumor cells, ORPs/GRPs are known to be induced by hypoxic stress
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in a wide range of normal and tumor tissues and cell lines. This viawe cellular response to stress and suggest a new level of intervention,
highlights the role of ER stress in the cellular response to oxygéy modulating the expression of ORP150, especially in settings such
deprivation and suggests the possibility that enhancing expressias/tumor growth where protein processing events in the ER may
function of chaperones might accelerate repair consequent to hypaxigulate angiogenesis.
tissue injury. Conversely, suppressing expression of such chaperones
might diminish cellular recovery from environmental stress.
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