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localization of PNP cells at the border of necrotic foci in the center
of the tumor suggests that these cells are subjected to low oxygen
partial pressure. Although there is no experimental evidence to

date, it is widely assumed that this special microenvironment
provides a major stimulus for the increased expression of VEGF in
the PNP cells. Data supporting this view came from experiments
with multicellular spheroids, a commonly used model for solid
tumors. Exposure of cultured cell spheroids to hypoxia leads to the
up-regulation of VEGF gene expression in the inner cell layers (7).
Recently, a new method has been developed for assessing tissue
oxygen concentrations using EF5, a nitroimidazole whose binding
affinity for macromolecules varies according to the cellular oxygen
partial pressure. Waleh et a!. (8) used this method to demonstrate
that expression of VEGF colocalizes with regions of low oxygen
partial pressure in HT 29 and EMT 6 multicellular spheroids (8),
consistent with the hypothesis that hypoxia can regulate VEGF
gene expression. Cell culture experiments have further revealed
that the hypoxia-induced regulation of VEGF gene expression
occurs at the levels of both mRNA transcription and stability (9).

It has been reported that transcriptional up-regulation of the VEGF
gene during hypoxia is dependent upon transactivation by the
HIF I transcription factor, which binds to a HIF 1 consensus site
located in the 5' flanking region of the VEGF gene (10), and that
determinants for the hypoxia-regulated mRNA stability are located
in the 3' untranslated region of the VEGF mRNA (1 1â€”13).

The evidence on the regulation of VEGF gene expression by
hypoxia in gliomas has thus far been based on the colocalization of
increased VEGF mRNA expression and regions of low oxygen and
on transfection studies performed with VEGF reporter gene con
structs using cultured glioma cells in vitro. To assess the necessary
conditions for VEGF expression in glioma tumors growing in
animals, which is restricted to the distinctive PNP cells, we used
the transplantable GS9L glioma cell line. When injected s.c. into
syngeneic rats, GS9L cells form tumors with distinctive necrotic

foci that are histologically similar to human gliomas. In situ

hybridization revealed high level expression of VEGF mRNA in
PNP cells of these experimental tumors (14). To study the mech
anisms regulating this expression, we stably transfected GS9L cells
with mouse VEGF-lacZ reporter gene constructs and injected the
resultant cell clones into syngeneic rats. The data reveal that
although GS9L cells clonally selected to contain the reporter gene
were used to produce the transplanted tumors, such that all GS9L
cells in the tumor should contain the VEGF reporter gene, only the
PNP cells up-regulated its expression, confirming that the special
microenvironment of the PNP cells confers a distinct regulation
onto the VEGF gene. Two elements previously implicated by in
vitro studies demonstrably contribute to this cell type-specific
expression in the solid tumors: the HIF 1 binding site; and 3'
untranslated sequences that affect mRNA stability. EF 5 immuno
staining for regions of low oxygen partial pressure overlapped with
expression of a-gal driven by mouse VEGF regulatory sequences.
Thus, we could demonstrate that hypoxia is indeed the microen
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ABSTRACT

Up-regulation of vascular endothelial growth factor (VEGF) expression
is a major event leading to neovascularization in malignant gliomas.

Hypoxia is believed to be the crucial environmental stimulus for this
up-regulation. To critically assess this hypothesis, we asked whether the
mechanisms defined previously for hypoxia-induced VEGF expression in
vitro are similarly involved and sufficient for up-regulation of VEGF gene
expression in vivo, using a lacZ reporter gene under the control of VEGF
regulatory sequences in an experimental glioma model. Inclusion of the
binding site for hypoxia-inducible factor 1 (HIF 1) in the 5' regulatory
sequences used in the hybrid gene produced weak @3-galactosidase staining

in a special tumor cell subtype, the so-called perinecrotic palisading (PNP)
cells that flank necrotic regions within the tumor. Deletion of the HIF 1

binding site abolished reporter gene expression in the PNP cells, indicating
that transcriptional activation of VEGF expression in gliomas is mediated
by HIF 1. Inclusion of 3' untranslated sequences from the VEGF gene in
the reporter constructs resulted in an increased @3-galactosidasestaining
in the PNP cells, suggesting that mRNA stabilization also contributes to
VEGF up-regulation in glioblastoma ceUsgrowing as solid tumors. Corn
bination of the 5' flanking region including the HIF 1 site along with 3'
untranslated sequences produced increased leveis of @3-galactosidaseex
pression in PNP cells. EF 5 immunostaining for regions of low oxygen
partial pressure covered the same PNP cells that were stained for @1-ga

lactosidase. Collectively, the data provide experimental evidence that

VEGF gene expression is activated in a distinct tumor cell subpopulation,
the perinecrotic palisading cells ofgliornas, by two distinct hypoxia-driven
regulatory mechanisms.

INTRODUCTION

The growth of solid tumors beyond a diameter of 0.4 mm
critically requires neovascularization (1). One of the factors in
volved in this process is the endothelial-specific mitogen VEGF@
(2). Neoplasias can be divided into two groups according to their
VEGF expression pattern: one group constitutively expresses
VEGF in all tumor cells (e.g., von Hippel-Lindau disease-associ
ated hemangioblastomas; Ref. 3), whereas the second is character
ized by up-regulation of VEGF expression in advanced stages of
tumor development in a subset of tumor cells. Gliomas, the most
malignant human brain tumors, belong to this latter group. Expres
sion of VEGF in these tumors is highly up-regulated and restricted

to perinecrotic cells (4, 5). Due to their special morphology and
location, these cells have been designated PNP cells (6). The
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P1130

Fig. 1. lacZ reporter gene constructs used in the analysis of
mechanisms up-regulating VEGF expression in vivo. The length of
the mouse VEGF 5' (mVEGF5') flanking region in the construct
names is given relative to the transcription start site.
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vironmental stimulus for up-regulation of VEGF expression in the
PNP cells of gliomas.

MATERIALS AND METHODS

Plasmid Construction. Expression vectors were constructed using a
Kozak/Shine-DaigarnoÃ±acZ/SV4O-poly(A)-cassette,which contains a nuclear
localization signal (kindly provided by J. Rossant, Samuel Lunenfeld Research

Institute, Toronto, Canada). 5' flanking sequences of the mouse VEGF gene
(nucleotides 469-1247 of GenBank accession no. U41383) were obtained from
pVSNBgl63, a subclone resulting from a screen of a AFIXII genomic library
(PCC4 teratocarcinoma cell line; Stratagene) with a mouse VEGF cDNA
probe. In addition, a 530-bp fragment of genomic sequence, including the
binding site for HIF 1, was amplified by PCR from I29SVJ mouse genomic
DNA using the oligonucleotide primers 5'-CCTGGTGGGAGCTCT
GGGCAG-3' (human sequence) and 5'-GACTfTGAG-CTCCCAAATA
AUG-3'. The cloned PCR product was reamplified with an upstream mouse
primer (5'-CTGGCCTACCTACC'ITFCTG-3'). The fragments obtained from
the genomic clone and by PCR reamplification were fused using the common

Sad site and cloned in front of the lacZ cassette. Deletion of the HIF I binding
consensus sequence was obtained by BsaAI restriction digestion. For genera
tion of lacZ constructs bearing the mouse VEGF 3' UTR, a 2.4-kb HincIlJ
HindllI fragment of a AFIXII genomic clone5 was subcloned behind the lacZ
gene. Fusion to the stop codon was achieved by in vitro mutagenesis using the
last 30 bp of the lacZ gene and the first 137 bp of the mouse VEGF 3' UTR
as the mutated oligomer. Mutagenesis was performed using the M 13 in vitro

mutagenesis kit (Bio-Rad), according to the manufacturer's instructions. The

SV4O promoter was derived from the pGL2 promoter vector (Promega Corp.).
All plasmid constructions were verified by dideoxy sequencing.

Generation and Analysis of Stable Transfectants. GS9L glioma cells
(kindly provided by T. Budd, St. Lawrence University, Canton, NY) were
cultured in RPM! 1640 supplemented with 10% FCS. Cells (5 X 106)were
transfected by electroporation with 10 ,@gof linearized lacZ reporter plasmid
and 1 @.Lgof selection plasmid (pSV2Neo). After 48 h, cells were split into
RPM! 1640/10% FCS containing 0.5 mg/ml G4l8. Selection was performed
on 96-well plates, and arising clones were expanded. For genotyping, cells
were lysed in proteinase K/PCR lysis buffer (15), and PCR analysis was
performed using the lacZ-specific primers 5'-ATCCTCTGCATGGTCAG
GTC-3' and 5'-CGTGGCCTGA11'CATTCC-3'. An in vitro expression anal
ysis of the selected clones was performed under normoxic and hypoxic (1%

02; 5% CO2. 94% N2 for 18 h in a Forma Scientific/Labotect culture system;
model 3015) conditions. At least seven independent clones were tested for each
construct. Approximately one-half of the P1130-, PsvUTR-, or P113OUTR
transfected clones showed hypoxia-inducible reporter gene expression. Cell
clones expressing the reporter gene under normoxic conditions or not express
ing the reporter gene under hypoxic conditions were omitted from further

analysis.
Transplantation and Expression Analysis in Vivo. s.c. transplantation

into syngeneic Fischer 344 rats, excision of tumors, and embedding were
performed as described (14). Cell clones preselected for inducible reporter
gene expression in vitro were found to show regulated expression in vivo as
assessed by 13â€”galstaining on sections. For detection of regions of low oxygen
partial pressure in the tumors, 1% of the rat body mass EF 5 (8) was given iv.

as a 10 mM solution in PBS. Three h after injection, the animal was narcoti

sized, and the tumor was removed, immediately cooled in cold PBS, and

embedded in Tissue-Tek (Miles Scientific). EF 5 and the corresponding
antibody were kindly provided by Cameron J. Koch (University of Pennsyl
vania, Philadelphia, PA).

Histochemical Analysis and in Situ Hybridization. For detection of 3-gal

activity, I0-@m cryostat sections of the tumors were fixed in 2% paraformal

dehyde in PIPES buffer (0. 1 M PIPES, 2 mt@iMgCl,, and 2 inM EGTA, pH 6.9)
for 5 mm at room temperature. Staining was performed overnight at 37Â°Cin
10 inM each of potassium ferrocyanide/femcyanide, 1 mM MgC1,, and 0.02%
X-gal in PBS. Sections were counterstained with neutral red. Controls included
staining of sections with neutral red only and incubation of GS9L wild-type

tumor sections with X-Gal.
lmmunofluorescence for EF 5 was performed essentially as described by

Waleh et a!. (8).
In situ hybridization of the sections with a cRNA probe for VEGF164 was

performed after fixation in 4% paraformaldehyde as described (16). The cRNA
probe for mouse HIF 1a was obtained by reverse transcription-PCR on
cytoplasmic RNA prepared from L929 cells that had been exposed to hypoxic

conditions for 2 h. A 591-bp fragment containing the PAS A and B domains

of the protein was amplified using the degenerate primers PAS B3' (5'-
KGTGGTSACTFGTCC'Vr-3') and PAS A 5' (5'-GATGGYRAMATGA
TYTACAT-3') deduced from the human sequence (17).

RESULTS AND DISCUSSION

To assess the possible contribution of the HIF 1 transcriptional
enhancer site and the 3' mRNA stabilization element of the VEGF
gene to the expression of VEGF in gliomas, we produced four
reporter gene constructs that express a-gal (Fig. I ). The reporter
constructs P1 130 and P915 were designed to investigate the role of

the 5' regulatory region and, in particular, the HIF 1 enhancer
binding site. P1 130 includes the consensus binding site for the HIF
1, whereas P915 lacks this site but contains more proximal 5'
sequences. Both of these constructs use the polyadenylation site
from SV4O. Two other constructs addressed the contribution of the
3' UTR of VEGF. PsvUTR uses a generic 5' promoter region,
derived from the SV4O early region, linked to the lacZ gene,
followed by the 3' UTR of the VEGF gene. P1 13OUTR uses the
VEGF 5' regulatory region, including the HIF 1 site, along with the
VEGF 3' region. All four constructs were transfected into GS9L
cells, and multiple stable clones were selected for each. A prelim

mary expression screen was performed on the cells cultured in
vitro under normoxic and hypoxic conditions; clones expressing
@3-galunder normoxia were eliminated, since VEGF itself is not

expressed in these conditions. Clones showing hypoxia-inducible
expression of @3-galwere inoculated into syngeneic rats, and the
resultant tumors were analyzed histologically for reporter gene
expression.

The analysis of tumors derived from P1 130-transfected cells (Table
1; Fig. 2b) revealed weak @3-galexpression only in PNP cells, mdi
caring that this part of the VEGF 5' flanking region is sufficient to
drive the expression of the reporter gene to this distinct cell popula5 G. Breier, unpublished observations.
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Table I Association of reporter-based @-ga1staining with PNP cells in experimental We next investigated the expression of the HIF lea mRNA by in

GS9L gliomas situ hybridization. In Fig. 3d, a strong signal for HIF ha mRNA is
Staining of palisading cells was visually evaluated over the necrotic areas of several . . . .

sections. The overall appearance of the staining of palisading cells is indicated by: â€”,no seen in the PNP cells, slmllar to VEGF mRNA (arrowheads an Flg. 3,
staining; +, weak staining (only part of the PNP cells stained); + +, strong staining of b and d). However, intense hybridization signals for HIF lea mRNA

many PNP cells and + + + intense staining of all PNP cells. were also detected in other parts of the tumor (Fig. 3, e and J). This

No. of No. of necroses- Staining of observation of relatively uniform expression of HIF let mRNA is in
Construct Clone animals bearing tumors PNP cells . .

accordance with the finding of Wenger et a!. (18), who did not find
P1130@@@ i:i any variation of HIF la mRNA expression levels in response to

+ hypoxia in vitro. Collectively, their in vitro and our in vivo analyses

@@ â€” suggestanadditionallevelof regulationof HIF 1activity.Recently,
11 2 â€” Huang et a!. (19) reported that HIF 1 activity depends on the stabi

14 4 1 lization of its a subunit.

â€” The weak 13-gal staining observed in the P1 130 tumors is in

3 2 + + accordance with the moderate transcriptional activation of VEGF gene

5 2 +_+ expression observed in response to hypoxia in C6 glioma cells in vitro

7 4 + + (9). This result is, however, in clear contrast to the high level of VEGF

i:ii:i mRNAdetectedinPNPcellsofsolidtumors.Thus,additionalmech
+ + anisms are implicated in the up-regulation of VEGF gene expression

@@ +++ in thePNPcellsof gliomas.Basedon in vitro indications,wetested
1 i:ii:i i:i the possible contribution of the 3' UTR of the VEGF gene to PNP

cell-specific expression in gliomas, using the GS9L cells stably trans
fected with PsvUTR and P1 13OUTR. Sections of tumors derived from

tion, albeit at a low level. In contrast, no a-gal staining was detectable PsvUTR-transfected cell clones showed an intense a-gal staining of
in sections of tumors derived from P915-transfected cells (Table 1; PNP cells, resembling the pattern found for VEGF mRNA in in situ
Fig. 2a). Because the binding site for HIF 1 was absent in this hybridizations (Table 1; Figs. 2c and 3b), indicating that the 3' UTR
construct, the observation argues for an involvement of HIF 1 binding contains regulatory sequences that elicit expression in PNP cells. Even
in the transcriptional activation of VEGF gene expression in a solid higher levels of 13-gal, as assessed by X-gal staining of tissue sections,
tumor in vivo. was observed in PNP cells of tumors derived from P1 13OUTR
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Fig. 2. Expression of the lacZ reporter gene in experimental GS9L gliomas. (3â€”galhistochemical staining is shown for tumors derived from GS9L cells stably transfected with the

constructs P915 (a), P1 130 (b), PsvUTR (c). and P1 13OUTR (d). Sections were counterstained with neutral red. N, necrosis. Bars, 20 @xm.

3862

-@ @i@;@:

â€˜ I@

..,,@

@ $@

,â€œS @4'@@

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/57/17/3860/2464623/cr0570173860.pdf by guest on 19 M

ay 2023



HYPOXIA REGULATION IN A RAT GLIOMA

@_,, I

IS@1;- :@@
@ â€¢ .4@ â€”@ @4

@ ). ;_*l._l@ . * .
.5.a@ â€˜ L.@.,1i..:t @,

:â€˜-@â€”@â€˜@t@iL@

â€˜@ S@@

.@P:b@::.; ;@,;@ ,, @,@ 4 N â€˜ A

- . . - _ , # 10*5. . , â€¢s_S.
5-;@@@ I@@ . _I,

%@ S@@@ .:â€¢,

5d't t@ .@ I@ â€¢@,

_ $ f-'1, â€˜I q@ â€¢5k@I@,S â€¢@ â€¢ .s@.@
5 ./ ,â€˜ -@ @- S

. S ,,$
I ,@@@ 4. â€˜-@ S@@@@ : â€˜ @d â€˜ â€¢@â€¢

S @k5'@@ â€¢ .â€˜.@4 S. â€¢ â€¢@SI@ â€˜ S

* S
I@ â€¢@ a@@ S

Fig. 3. in situ hybridization ofa wild-type GS9L tumor. Sections were hybridized with antisense riboprobes for VEGF(a and b) and HIF la (câ€”f).Brightfield (a and c) and darkfield
(b and d) images of necrotic areas of the same sections are shown. A higher magnification of a nonnecrotic area is shown in e andf g and h, control hybridizations with a sense probe
for HIF (a. Arrowheads, palisading cells surrounding necrosis (Ii). T, viable tumor tissue. Bars, 20 @sm.

4 1

S

- I

..â€”._@â€¢,. â€˜5

S@5@
â€ .̃ ..@_s.

.â€˜.â€¢

-C

T

@@r-,,$-@@
S@

S s@

transfected cell clones (Table I ; Fig. 2d); this reporter includes both
5' and3' flankingregionsof theVEGFgene.

These observations suggest that major regulatory sequences for
VEGF gene expression in PNP cells in vivo are located in the 3' UTR.
Levy et a!. (I I, 12) as well as Shima et a!. (13) have reported the
involvement of VEGF 3â€ũntranslated sequences in the regulation of
RNA stability under hypoxic conditions in vitro. Thus, the strong PNP
cell-specific expression of the 3â€ŨTR lacZ fusion constructs in
experimental GS9L gliomas implies a major contribution of mRNA
stabilization to the up-regulation of VEGF gene expression in this
tumor type.

The result that the combination of 3' untranslated sequences and the
5' flanking control region (P1 13OUTR) leads to a further increase in
the expression of the reporter gene when compared to PsvUTR or
P1 130 tumors suggests cooperativity in the regulatory mechanisms

governing the increase in VEGF expression in PNP cells of gliomas.
This combination of regulatory mechanisms would facilitate the rapid
response to minor changes in the oxygen partial pressure by HIF
1-mediated transcriptional activation (20), followed by the production
of large amounts of VEGF from stabilized mRNA under longer
lasting hypoxia (9). EF 5 immunofluorescence specific for hypoxic
regions overlapped with a-gal staining on P1 I3OUTR-derived tumors
(Fig. 4). This finding, in conjunction with the result that in vitro
hypoxia-inducible mechanisms elicit VEGF up-regulation in PNP
cells of gliomas in vivo, suggests that hypoxia is indeed a major
microenvironmental stimulus leading to increased expression of
VEGF in this cell type.

It will now be of interest to determine whether this model of
hypoxia-induced up-regulation of VEGF gene expression is applicable
to necrosis lining cells of other solid tumors, as well as to further
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elucidate the mechanisms used in PNP cells both to regulate HIF 1
activity and to differentially stabilize VEGF mRNA.
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Fig. 4. f3-gal histochemical staining and EF 5 immunostaining of a tumor derived from P1 13OUTR-transfected GS9L glioma cells. Serial sections were stained for expression of
the lacZ reporter gene (a) and for the presence of hypoxic regions with an antibody directed against EF 5 (b). N, necrosis. Bars, 20 @m.
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