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Chemical Identification of a Tumor-Derived

Angiogenic Factor

FrepeRrICcK C. KuLL, Jr., DAVID A. BRENT, INDU PARIKH,*

PEDRO CUATRECASAS*

Neoplasms produce substances that induce blood vessel formation (angiogenesis).
Fractions from ethanol extracts of the Walker 256 carcinoma were isolated by silica
column chromatography and C,s reversed-phase high-performance liquid chromatog-
raphy. Two of the isolated fractions induced neovascularization when tested in the
rabbit corneal micropocket assay. One of the fractions was identified as nicotinamide
by desorption—lectron impact mass spectrometry, nuclear magnetic resonance spec-
troscopy, and gas chromatography—mass spectrometry. The second active fraction
contained nicotinamide as part of a more complex, as yet unidentified, molecular
arrangement. Microgram quantities of commercial nicotinamide induced neovascu-
larization in the corneal micropocket assay and in the chick chorioallantoic membrane

assay.

NGIOGENESIS IS THE PROCESS

whereby blood vessels proliferate.

The process is a normal part of
embryonic development, wound healing,
and limb and organ regeneration. It plays a
facilitative role in disease states such as
cancer (1) and numerous retinopathies (2).
Some neoplasms release factors that induce
angiogenesis in experimental models (1).
Even normal tissue at risk for malignancy
(preneoplastic) bears an increased capacity
to induce angiogenesis (3). Well-charac-
terized proteinaceous substances that are
angiogenic include basic fibroblast growth
factor (FGF) (4), a-transforming growth

Fig. 1. Rate of vessel growth. Angiogenesis was
assessed by the corneal micropocket assay in
rabbits as described (12). Eight A, units of test
material were incorporated into ten 1.5-mm?
Elvax (a vinyl polymer) pellets. Each pellet was
implanted in a cornea, 1 mm from the limbus.
The number and length of new vessels growing
from the limbus to the pellet were determined
three times weekly for 2 weeks. Points show the
average vessel length. The standard error of the
mean for each point was approximately 30% of its
value. Parenthetical numbers indicate the number
of implants eliciting any angiogenic response rela-
tive to the number evaluated. Inflamed corneas
were not included in the tabulation. Nicotin-
amide-induced angiogenesis was noted for its lack
of inflammation as assessed by stereomicroscopy.
A, P3; N, P2; @ commercial nicotinamide; O,
P1.
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factor (5), and angiogenin (6). No low
molecular weight, organic, tumor-derived
angiogenic substances have yet been identi-
fied.

The Walker 256 carcinoma has served as a
classic source of angiogenic factors (1, 7).
Low molecular weight extracts with light
absorbance maxima at 260 nm were ob-
served by Vallee et al. (7) and by Fenselau ez
al. (8). The extract described by Fensclau ez
al. (8) was partially purified by silica gel
chromatography. It stimulated blood vessel
proliferation in two models of angiogenesis
in vivo, the rabbit corneal micropocket assay
and the chick chorioallantoic membrane. It
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also stimulated endothelial cell growth in
culture.

We have isolated two active moieties from
similar extracts. One was identified as nico-
tinamide, a vitamin and a component of the
ubiquitous cofactors nicotinamide adenine
dinucleotide (NAD) and nicotinamide ade-
nine dinucleotide phosphate (NADP). The
other active component was a more complex
molecular arrangement that contained nico-
tinamide (or derivatives). Walker 256 carci-
noma cell homogenates were extracted, and
the extracts were run on sequential silica
gel columns (8, 9). The capacity of fractions
to stimulate endothelial cell proliferation
was determined as detailed elsewhere (10).
The active eluate from the silica column was
further fractionated by reversed-phase high-
performance  liquid  chromatography
(HPLC). Three major and numerous minor
peaks were obtained (11). The major peaks
were examined for angiogenic activity in the
rabbit corneal micropocket assay (12). This
assay involves surgically implanting test ma-
terial contained in a vinyl polymer pellet.

Figure 1 compares the rates of vessel
growth. Material from peak 3 (P3) showed
strong activity in the assay. Evidence for the
structure of P3 was first derived from a
desorption—electron impact mass spectrum
(13). The spectrum was identical to that of
commercial nicotinamide (Fig. 2). Compar-
ison of HPLC retention times in two sys-
tems (11), ultraviolet (UV) absorbance
spectra (11), nuclear magnetic resonance
(NMR) spectrometry (14), and gas chroma-
tography—mass spectrometry (15) provided
additional agreement. All data were identi-
cal. No other organic constituents were
apparent in the tumor-derived P3 material.
An equivalent amount of commercial nico-
tinamide (40 wg per pellet) was also active
in the micropocket assay, but vessel out-
growth commenced later (Fig. 1). A sepa-
rate trial of nicotinamide showed activity at
20 pg per pellet. Microgram quantities of
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nicotinamide also produced an angiogenic
response in the chick chorioallantoic mem-
brane (16).

A second peak (P2) was also active in the
micropocket assay (Fig. 1). This peak ap-
peared to be a complex mixture composed
of nicotinamide or its derivatives, sugar, and
unknown substances. The desorption—elec-
tron impact mass spectrum of this material
exhibited intense ions corresponding to nic-
otinamide (13). Nicotinamide was probably
released by pyrolysis. A gas chromatogra-
phy—mass spectrometry experiment with the
trimethylsilyl derivative of P2 gave a single
large peak (15). The mass spectrum had
several series of ions corresponding to a
trimethylsilylated sugar and phosphate. The
NMR spectrum of P2 indicated the presence
of aromatic protons, H1 of a sugar with
virtual coupling to H3, other sugar peaks,
some long-chain aliphatic protons, and sili-
con grease. The spectrum did not corre-
spond to that of NAD or NADP. No fur-
ther characterization was attempted. The
third major peak (P1) isolated from tumor
extract lacked angiogenic activity. It was not
characterized.

Since the angiogenic response of tumor-
derived nicotinamide and commercial nico-
tinamide were not identical, the release rates
from pellets that had similar formulations
were compared by in vitro studies (17). The
tumor-derived samples contained potassium
phosphate that was acquired from the
HPLC fractionation; although attempts
were made to remove the salt, 30 pg of
phosphate were contained in the tumor-
derived formulations. No salt was incorpo-
rated in the commercial nicotinamide pel-
lets. Exponential release rates similar to
those reported for other substances were
observed (18). However, salt enhanced the
initial burst rate. Twice as much nicotin-
amide was released during the first 48 hours
(14 pg versus 6 pg), after which the release
rates of both groups were approximately 0.5
pg/day. Thus, the lead times for the angio-
genic responses of the tumor-derived mate-
rials may be related to their initial, enhanced
rates of release.

Nicotinamide is a component of mamma-
lian cell medium formulations. In vitro stud-
ies confirmed a requirement for nicotin-
amide or nicotinate for the growth and
maintenance of cultured endothelial cells.
The concentration of nicotinamide is 0.2
pM in medium 199, which was used with
2% dialyzed fetal bovine serum in our rou-
tine endothelial cell proliferation assay. Con-
centrations in excess of those used in our
standard conditions did not enhance the
proliferation rate, and none of the fraction-
ated peaks demonstrated proliferation activi-
ty in our standard assay conditions. More
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Fig. 2. Electron impact mass spectrometry. (A)

The electron impact mass spectrum of P3. (B)

The electron impact mass spectrum of commercial

nicotinamide. Relative intensity is measured as a
percentage of the most intense peak.

crude fractions of tumor extract were prolif-
erative (8-10). Those fractions may have
supplied a nutrient mixture that enhanced
proliferation. Alternatively, they may have

contained a mitogen that was lost during .

fractionation. Thus, the possibility of other
endothelial cell chemoattractants or mito-
gens is not challenged by our finding.

The concentrations required for angio-
genesis appear high relative to protein-
aceous growth factors, but the tissue con-
centrations of nicotinamide are also likely to
be much higher. The concentrations of nico-
tinamide found in normal rat tissues are on
the order of tens of micromoles per kilo-
gram of wet weight (19), whereas the con-
centration of basic FGF in bovine brain is
nanomoles per kilogram of wet weight (20).
The molar ratio of the amounts required to
stimulate angiogenesis in the rabbit cornea
relative to the amounts found in normal
tissues is approximately equal.

The mechanism by which nicotinamide is
angiogenic is unknown. It has been suggest-
ed that basic FGF (4) and ischemic metabo-
lites such as lactic acid (I) are substances
found in normal and tumor tissues that may
be expressed by tumors to induce angiogen-
esis. Nicotinamide may be such a factor. The
hydrolysis of NAD and NADP in ischemic
myocardium appears to be an early event
(21) that precedes the histologic detection
of necrosis (22). The Walker 256 carcinoma
has an enhanced capacity to metabolize nic-
otinamide (19). The mechanism may be
nutritious. Increased levels of nicotinamide
may be required for growth and differentia-
tion. The two enzymes known to use NAD
as a substrate, NAD glycohydrolase (23)
and poly[adenosine diphosphate (ADP)—
ribose] synthetase (24), are induced in em-
bryogenesis. Poly(ADP-ribose) synthetase is
strongly implicated in differentiation (25).

The mechanism may be related to that of
the vasodilating agents xanthinol nicotinate
and dipyridamole. Chronic treatment of rats
with dipyridamole induces proliferation of
capillary endothelial cells (26), and chronic
treatment of humans with xanthinol nicotin-
ate, a mixture of theophylline and nicotinic
acid, was found to enrich the microvascula-
ture (27). Regardless of the mechanism, one
practical application of an angiogenic activi-
ty is to expedite wound healing. Sodium
nicotinate, a related structure that has an
acute vasodilating property, has been found
to enhance experimental skin flap healing in
combination with oxygen (28). Xanthinol
nicotinate enhanced healing in rat skin flaps
and lesions (29) and in human split grafts
(30).
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Efficient Packaging of Readthrough RNA in ALV:
Implications for Oncogene Transduction

STEVEN A. HERMAN* AND JOHN M. COFFIN

Readthrough viral transcripts are present at relatively high levels in cells infected with
avian leukosis virus. It has been proposed that they can function as intermediates in the
transduction of proto-oncogenes by retroviruses. It is shown here, by the analysis of
viruses containing a mutation in the AAUAAA polyadenylation signal, that read-
through RNAs have the requisite properties to function as transduction intermediates:
(i) readthrough RNAs were polyadenylated and packaged as efficiently as normal viral
RNA, (ii) RNAs nearly 11.2 kilobases (3.5 kilobases larger than wild-type avian
leukosis virus genomes) were present in virions of the mutant virus, and (iii) virus
particles containing both readthrough and normal genomes were most likely infec-

tious.

NTEGRATED PROVIRAL DNA OF RETRO-

viruses is flanked by long terminal re-

peats (LTRs) that contain transcrip-
tional regulatory signals recognized by the
host cell. Although identical in sequence,
the LTRs are distinct in function. Viral
transcription is initiated within the 5’ (up-
stream) LTR; cleavage and polyadenylation
of viral transcripts occur within RNA de-
rived from the 3’ (downstream) LTR. Tran-
scripts initiated within the 3" LTR (down-
stream transcripts) are normally undetect-
able (1).

Integration of proviral DNA in the vicini-
ty of cellular proto-oncogenes can cause
malignant disease in the host, due to the
effects of viral transcriptional signals on the
expression of adjacent cellular genes. In avi-
an leukosis virus (ALV)—induced erythro-
blastosis, the expression of the proto-onco-
gene c-e7bB can be activated by readthrough
transcripts, that is, viral RNAs that escape
cleavage and polyadenylation at the normal
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site and thus extend into the downstream c-
erbB gene (2). In ALV-induced lymphoma,
expression of the c-myc gene is usually acti-
vated by viral transcripts initiated within the
3’ LTR, that is, downstream RNAs (3). In
addition, new ALV-related viruses that con-
tain oncogenes are occasionally recovered
from animals with ALV-induced malignan-
cies (4, 5).

Proviral integration within or adjoining a
proto-oncogene is thought to be an essential
step in the acquisition of oncogenes by
retroviruses. A multistep model has been
proposed for oncogene capture as follows
(6): (i) integration of proviral DNA within
or upstream of a proto-oncogene, in the
same transcriptional orientation; (ii) dele-
tion of the 3’ proviral DNA to fuse the
proto-oncogene to the viral transcriptional
unit; (iii) transcription of the deleted provi-
rus to produce an RNA containing both
viral and proto-oncogene sequences; (iv)
packaging of the chimeric transcripts and

normal viral genomes into virus particles;
and (v) use of both molecules as templates
during reverse transcription, that is, tem-
plate switching (7), resulting in the forma-
tion of a new provirus containing the onco-
gene. Alternatively, oncogene transduction
could be accomplished entirely at the RNA
level, without a chromosomal deletion, by
the generation and packaging into virions of
readthrough transcripts that contain the
proto-oncogene (8). This scheme requires
(i) that readthrough transcripts be produced
and efficiently packaged into infectious virus
particles and (ii) that virus particles accom-
modate readthrough RNAs of adequate
size. In previous work we found read-
through RNAs at high levels in infected
cells, amounting to 15% of the total viral
RNA (1). In this report we show efficient
incorporation of readthrough RNAs into
infectious virus. Furthermore, virions can
accommodate RNAs nearly 11.2 kb in size,
3.5 kb longer than the genome RNA of
ALV.

To characterize the biological effects of
readthrough transcripts, we found it desir-
able to increase their abundance. Thus, we
introduced a point mutation into the poly-
adenylation [poly(A)] signal of a DNA
clone of Rous sarcoma virus (RSV) by
means of oligonucleotide-directed mutagen-
esis (Fig. 1). Infectious virus was recovered
after transfection of turkey embryo fibro-
blasts (TEF) with the mutant and wild-type
DNAs, and was used to infect fresh TEF
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