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Abstract Using overlapping cosmids representing the
vascular endothelial growth factor (VEGF) locus, the
VEGF gene was mapped by fluorescence in situ hybridiza-
tion to chromosome 6pl12. This localization permits link-
age analysis and the identification of gene interaction in the
region, as well as aterations of the VEGF structure or ex-
pression in cancer cells with chromosome abnormalities.

Introduction

A large body of recent evidence suggests that the vascular
endothelial growth factor (VEGF) is the principa en-
dothelial cell-specific mitogen and an important vascular
permeability factor (Senger et a. 1993; Ferrara et al.
1992). Together with its receptors expressed on activated
(by transdifferentiation processes) vascular endothelial
cells, VEGF may be considered the prime regulator of
normal and tumor angiogenesis (Folkman 1995a,b). In tu-
mor angiogenesis the overexpression of VEGF in malig-
nant cells is induced by a general mechanism possibly
triggered by hypoxia (Shweiki et a. 1992). The tumor-de-
rived VEGF then stimulates vascular stroma production
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and expression of corresponding receptors (Fong et al.
1995) on vascular endothelial cells resulting in growth of
tumor blood vessels (Folkman 1995a,b; Fong et al. 1995).
The principa involvement of VEGF-receptor system in
tumor growth suggests new promising approaches to can-
cer treatment (Folkman 1995a,b; Fidler and Ellis 1994;
Kim et al. 1993).

The VEGF geneisarelatively small (about 15 kb) sin-
gle-copy gene containing eight exons and encoding multi-
ple secreted protein isoforms as a result of aternative
splicing (Ferrara et al. 1992; Tischer et a. 1991). This
geneiswidely expressed during development and overex-
pressed in adult tissues that require angiogenesis (Ferrara
et a. 1992; Risau 1991). In several systems hypoxia up-
regulates VEGF expression to initiate angiogenesis (Stein
et al. 1995).

Here we report the chromosome localization of the
VEGF gene to 6pl2 by fluorescence in situ hybridization
(FISH).

Materials and methods
Molecular biology techniques

All molecular manipulations (screening cosmid library, Southern
blotting analysis, PCR) were performed using standard methods
(Sambrook et al. 1989).

Isolation and characterization of cosmids

Cosmids were isolated and purified by colony hybridization using
VEGF cDNA (Berkman et al. 1993) as a probe. Placental cosmid
library in the pWE15 vector was purchased from Stratagene (La
Jolla, Calif.).

DNA sequence determination and analysis

Cosmids were partially sequenced on an Applied Biosystem 373
DNA sequencer (Stretch) using Taq Dyeoxy Terminator Cycle Se-
quence Kits and VEGF intron-specific primers (Tischer et a.
1991). DNA analysis was performed using the BLAST network
service (Altschul et al. 1990).



Fluorescent in situ hybridization

Two VEGF cosmid probes labeled with biotin or digoxigenin
(Random Primed DNA Labeling Kit, Boehringer-Mannheim) were
used for FISH of human chromosomes derived from methotrexate-
synchronized normal peripheral lymphocyte cultures. The condi-
tions of hybridization, the detection of hybridization signals, and
digital-image acquisition, processing and analysis, as well as the
procedure for direct visualization of fluorescence signals to banded
chromosomes and rehybridization with whole chromosome paint-
ing probes, were performed as previously described (Zimonjic et
al. 1994, 1995; Popescu et al. 1994).

Results and discussion

Cosmids containing the VEGF gene were isolated from a
placental genomic library by colony hybridization using
the VEGF cDNA as a probe. Two cosmids (3 and 4) were
further extensively characterized by restriction mapping,
PCR, and partial sequencing to show they contain the
functional VEGF gene. It was shown previously that
VEGF isasmall (about 15 kb) single-copy gene (Tischer
et a. 1991), but the presence of pseudogenes was not
ruled out. Restriction and Southern blot mapping demon-
strated that the cosmids contained the same hybridization
bands and extensively overlap (data not shown). Compar-
isons with genomic blots prepared with EcoRlI, Hindlll

Fig.1 Direct sequencing of
VEGF cosmids 3 and 4 by us-
ing intronic primers of exon 3.
Nucleotide sequence present in
cosmids 3 and 4 is bolded on
the top lane; the published nu-
cleotide sequence of exon 3
(Tischer et a. 1991) isgivenin
bottom lane; exon 3 nu-
cleotides are indicated by up-
per case letters and intron nu-
cleotides are shown in lower
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and Tagl indicated that the cosmids faithfully represented
the genomic VEGF locus, but did not contain the 3" end
of the gene (data not shown). This was further demon-
strated by PCR of exons 3 and 7 (data not shown), and di-
rect sequencing of the largest exon 3 using intronic
primers (Tischer et a. 1991; Fig. 1). This analysis firmly
established that the isolated cosmids were not chimeric
and contained the VEGF locus except the 3" end of the
gene (exons 6, 7, 8). Therefore, these overlapping cos-
mids were used to map the chromosome location of the
human VEGF gene.

In two hybridization experiments using VEGF 3 and 4
cosmid probes, 70%-90% of the chromosome spreads had
specific fluorescence signals at identical sites on both
chromatids of chromosome 6. Chromosome 6 was identi-
fied by rehybridization with whole chromosome probe
and DAPI-produced banding (Fig. 2). From atotal of 200
metaphases examined after hybridization with two probes,
184 had fluorescence signals on chromosome 6, and 151
had both homologues of chromosome 6 labeled. Symmet-
rical fluorescence label was not observed at any other site
and single fluorescence spots were rare and randomly dis-
tributed over different chromosomes. A single specific
site of hybridization for VEGF overlapping cosmid
probes unequivocally demonstrates a single locus for this
gene. The location of the fluorescence signal was deter-

tatgggtatgtctgacaggagaccgtagctgggtggeccctggtaagtgtagtgctgagtg

tcactccaccgeccecctagtctacaccgtctggtacaggggaccctgaactcttgtagcaca

ctagagaccccacatttgtccggaagtggtcacaactaccaccttcgaatccttcacgeca

case letters; intronic primers
are underlined

gtgtgtgtcaccctccctgaatgcaatctcaaaccccecctgaacggactcagtcttegag

gtgtctcacagtaatgtctcgacccacctctctcceccgataggtagaaaacacagegggt

ggcccgagtacacagtagecggagagtacgt cACCACTTCAAGTACCTACAGATAGTCGCG
catcgcctctcatgcagTGGTGAAGTTCATGGATGTCTATCAGCGC

TCGATGACGGTAGGTTAGCTCTGGGACCACCTGTAGAAGGTCCTCATGGGACTACTCTAG
AGCTACTGCCATCCAATCGAGACCCTGGTGGACATCTTCCAGGAGTACCCTGATGAGATC

CTCATGTAGAAGTTCGGTAGGACACACGGGGACTACGCTACGCCCCCGACGACGTTACTG
GAGTACATCTTCAAGCCATCCTGTGTGCCCCTGATGCGATGCGGGGGCTGCTGCAATGAC

CTCCCGGACCTCACACACGGGTGACTCCTCAGGTTGTAGTGGTACGTCcacccgtagaaa
GAGGGCCTGGAGTGTGTGCCCACTGAGGAGTCCAACATCACCATGCAGgtgggcatcttt

cccttcaccgegttgeccecctateecteccecccagagg
ggga
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mined directly in 50 metaphases with DAPI-enhanced G-
like banding at region 6p12, where we assign the locus of
the VEGF gene (Fig. 2).

In recent years several positive mitogenic factors were
identified and shown to play a principal role in nor-
mal and pathological angiogenesis (Folkman 1995a,b).
Among these, VEGF, which is a mitogen specific for vas-
cular endothelial cells, is considered adirect key regulator

Fig.2a—c Digita images of partial karyotypes from normal hu-
man metaphases hybridized with a digoxigenin-labeled VEGF 3
(@) and VEGF 4 (b, c¢) cosmid probe and counterstained with
DAPI. All three chromosome-6 pairs exhibit symmetrical rho-
damine signals at the same site on sister chromatids. d Digital im-
age of a complete metaphase with both chromosomes 6 labeled
with fluorescent rhodamine doublets. e The same metaphase show-
ing G-like banding pattern after the digital image of the DAPI-
counterstained chromosomes was contrast-enhanced and |ook-up-
table-inverted. The distinct banding pattern of individual chromo-
somes permits direct localization of the hybridization signa to
band 6pl12. f Rehybridization of the same spread with a chromo-
some-6 painting probe provides unequivocal confirmation of the
identity of the labeled chromosome

of blood vessel growth in cancer and vascular diseases
(Folkman 1995a; Plate et al. 1992; Shweiki et al. 1992;
Berkman et al. 1993; Ferrara 1993). The switch to an an-
giogenic phenotype that precedes the onset of rapid tumor
growth is usually accompanied by augmented expression
of VEGF in tumor cells (Folkman 1995a,b; Fidler and El-
lis 1994; O'Reilly et al. 1994). At least, in the case of
glioblastoma multiforme, this dramatic upregulation of
VEGF levels did not result from amplification of the gene
(Berkman et al. 1993). However, it is tempting to specu-
late that rearrangements or some sort of amplification of
the gene might be causally associated with increased ex-
pression of VEGF in other tumor cells.

Acknowledgements We would like to thank Drs. Zbar and Old-
field for support. We aso thank Drs. Smythers and Duh for se-
quence editing. The content of this publication does not necessar-
ily reflect the views or policies of the Department of Health and
Human Services, nor does mention of trade names, commercia
products, or organizations imply endorsement by the US govern-
ment.

References

Altschul SF, Gish W, Miller W, Myers EW, Lipman DL (1990)
Basic local alignment search tool. J Mol Biol 215:403-410
Berkman RA, Merrill MJ, Reinhold WC, Monacci WT, Saxena A,
Clark WC, Robertson JT, Ali 1U, Oldfield EH (1993) Expres-
sion of the vascular permeability factor/vascular endothelia
growth factor gene in central nervous system neoplasms. J Clin
Invest 91:153-159

Ferrara N (1993) Vascular endothelial growth factor. Trends Car-
diovasc Med 3:244-250

Ferrara N, Keith H, Jakeman L, Leung DW (1992) Molecular and
biological properties of the vascular endothelial growth factor
family of proteins. Endocr Rev 13:18-32

Fidler 1J, EllisLM (1994) The implications of angiogenesisfor the
biology and therapy of cancer metastasis. Cell 79:185-188

Folkman J (1995a) Tumor angiogenesis. In: Mendelson J, Holley
P, LiottaL (eds) Molecular basis of cancer. Saunders, Philadel -
phia, pp 206-232

Folkman J (1995b) Angiogenesis in cancer, vascular, rheumatoid
and other disease. Nat Med 1:27-31

Fong GH, Rossant J, Gertsenstein M, Breltman ML (1995) Role of
the FIt-1 receptor tyrosine kinase in regulating the assembly of
vascular endothelium. Nature 376:66—70

Kim KJ, Li B, Winer J, Armanini M, Gillett N, Phillips HS, Fer-
raraN. (1993) Inhibition of vascular endothelial growth factor-
induced angiogenesis suppresses tumor growth in vivo. Nature
362:841-844



O'Reilly MS, Holmgern L, Shing Y, Chen C, Rosenthal RA, Cao
Y, Moses M, Lane WS, Sage EH, Folkman J (1994) Angio-
genesis: a circulating endothelial cell inhibitor that suppresses
angiogenesis and tumor growth. Cold Spring Harb Symp Quant
Biol 59:471-482

Plate KH, Breier G, Widch HA, Risau W (1992) Vascular en-
dothelia growth factor is a potential tumor angiogenesis factor
in human gliomas in vivo. Nature 359:845-848

Popescu N, Zimonjic D, Hatch C, Bonner W (1994) Chromosomal
mapping of the human histone H2A.Z gene to 4924 by in situ
fluorescence hybridization. Genomics 20:333-335

Risau W (1991) Vasculogenesis, angiogenesis and endothelial cell
differentiation during embryonic development. In: Feinberg
RN, Sherer GK, Auerbach R (eds) The development of the vas-
cular system. (Issues in biomedicine) Karger, Basel, pp 58-68

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a
laboratory manual, 2nd edn. Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY

Senger DR, Water L, Brown LF, Nagy JA, Yeo KT, Yeo TK,
Berse B, Jackman RW, Dvorak AM, Dvorak HF (1993) Vas-
cular permeability factor (VPF, VEGF) in tumor biology. Can-
cer Metastasis Rev 12:303-324

797

Shweiki D, Itin A, Soffer D, Keshet E (1992) Vascular endothelial
growth factor induced by hypoxia may mediate hypoxia-initi-
ated angiogenesis. Nature 359:843-845

Stein I, Neeman M, Shweiki D, Itin A, Keshet E (1995) Stabiliza-
tion of vascular endothelial growth factor mMRNA by hypoxia
and hypoglycemia and coregulation with other ischemia-in-
duced genes. Mol Cell Biol 15:5363-5368

Tischer E, Mitchell R, Hartman T, Silva M, Gospodarowicz D,
Fiddes JC, Abraham JA (1991) The human gene for vascular
endothelial growth factor/multiple protein forms are encoded
through aternative exon splicing. J Biol Chem 266:11947—
11954

Zimonjic DB, Popescu NC, Matsui T, Ito M, ChiharaK (1994) Lo-
calization of the human cholecystokinin-B/gastrin receptor
gene to chromosome 11p15.4-15.5 by fluorescence in situ hy-
bridization. Cytogenet Cell Genet 65:184-185

Zimonjic DB, Rezanka L, DiPaolo JA, Popescu NC (1995) Re-
fined localization of the erbB-3 proto-oncongene by direct vi-
sualization of FISH signals on LUT-inverted and contrast-en-
hanced digital images of DAPI-banded chromosomes. Cancer
Genet Cytogenet 80:100-102



