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ABSTRACT

Although angiogenesis is an essential component of growth plate function, the mechanisms
which control it are not understood. This study has demonstrated production of the
angiogenic factor ESAF (Endothelial cell Stimulating Angiogenesis Factor) by cultured
growth plate chondrocytes. Production of ESAF was stimulated when cells were induced
to calcify their matrix by addition of substrates for alkaline phosphatase (ALP), an enzyme
implicated in mineralisation. The mineral was shown by X-ray microanalysis to be
deposited in a form similar to octacalcium phosphate, a potential precursor to hydrox-
yapatite. Mineralisation also resulted in virtually complete cessation of collagen synthesis.

The degree to which ESAF production was stimulated depended on the substrate used to
induce mineralisation, but was not a direct consequence of phosphohydrolytic cleavage:
rather there was a requirement for de novo protein synthesis, though ESAF is not itself a
protein. Inhibition of ALP resulted in decreased mineral deposition and ESAF production.
The use of stereospecific ALP inhibitors indicated that ES AF production was more closely
related to mineral deposition than to enzyme activity, a finding which was corroborated by
the observation that addition of mineral to cell cultures also stimulated ESAF production.

ESAF is a potent activator of latent collagenase, and its involvement in growth plate
remodelling was investigated in vitro using rachitic rat growth plates and high-density
chondrocyte cultures. Procollagenase produced by rachitic rat growth plates was activated
by ESAF in a dose-dependent manner following destruction of the tissue inhibitor of
metalloproteinases. Culture of rachitic tissue in media containing ALP substrates resulted
in increased mineral deposition and production of an ESAF-like component. However,
mineralisation of high density chondrocyte cultures failed to stimulate collagenase activity
as monitored by the release of tritiated proline from the cell layer. Addition of ESAF
resulted in a218% increase in proline release, whereas addition of Interleukin-1 to stimulate
procollagenase synthesis increased release by only 29%. There was a partial requirement
for de novo protein synthesis in ESAF-mediated proline release, since cycloheximide
treatment depressed release by 20%.

This study has demonstrated production of a procollagenase-activating angiogenic factor
by growth plate chondrocytes in response to deposition of mineral in the extracellular
matrix. Furthermore, this factor is implicated in the dynamic remodelling whichis a central
feature of growth plate function.
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CHAPTER 1: GENERAL INTRODUCTION
L1 Angi .

The development of a vascular system is essential to vertebrate life. In the embryo it
enables development of the organs it perfuses, and it is vital to subsequent growth and
maturation. New blood vessels are formed during wound healing, menstruation, preg-
nancy, and in pathological processes such as tumour growth (for reviews see Schor and
Schor, 1983; Maciag, 1984 and Brown and Weiss, 1988). It is clearly a process of
fundamental importance, yet many aspects of the development, maintenance and repair of
the vascular system are poorly understood. In 1909 Herbert Evans suggested that all
vessels develop from a capillary tree which is extended and modified. Eighty years later
there is still little we can add to this important generalisation. This is partly due to the lack
of a directed programme of research into this field, which is surprising in view of its con-
siderable importance. Until very recently the pattern of research has been diffuse and
disparate, and has led to much confusion, not least in nomenclature.

1.1.1 Some Definitions

Angiogenesis means literally the generation of a vessel and has been used to describe
vascular development in a wide variety of situations. It can be argued, however, that
angiogenesis does not necessarily imply a pattern of blood flow and return, or even the
existance of flow, and that in these situations the term neovascularisation would be better
used. This difference has been emphasised by recent improvements in cell culture
techniques which have enabled the development of vessels from endothelial cells in vitro.
Both angiogenesis and neovascularisation refer to the development of new vessels from
existing capillary cells. The capillary network must itself come from somewhere and
during embryogenesis it arises from blood islands, a process called vasculogenesis. In an
optimistic attempt to avoid confusion, vasculogenesis will be defined here as the formation
of an embfyonic capillary net, angiogenesis as the generation of capillaries by endothelial
cells and neovascularisation as the subsequent development of a new, perfused vascular
mesh with arterial and venous elements.

1.1.2 Vasculogenesis

Whatever definitions are employed the essential concept is that vascular development s a
complex multistep process involving the interaction of physical, chemical and environ- '
mental factors. During embryonic vasculogenesis all the blood cells differentiate from
multipotential stem cells, which generate progenitor cells irreversibly committed to one of



the haemopoietic cell lineages (reviewed by Metcalf, 1989). Furthermore, workers in
Nicole Le Duarin’s laboratory have used a monoclonal antibody to show that the
endothelial cells, which form and line the vessels, share a specific surface marker with
heamopoietic cells (Peault ez al, 1983). This supports the idea that all the cells of the
vascular system are derived from a common precursor which has the potential to
differentiate into all the required cell lineages. These precursors are determined in the
mesodermal germ layer and give rise to heaemangioblasts or “blood islands” containing
blood cell precursors at their centre surrounded by endothelial cell precursors. The blood
islands synthesise fibronectin, which may facilitate the next stage of the process, migration
of the peripheral cells, by virtue of its multiple binding sites for cells and matrix (Risau and
Lemmon, 1988). These cells move away from the blood islands in a linear fashion, laying
down fibronectin as they go. At this point the leading cells might exert tension along the
chain thus helping the process of endothelial cell specification. The bipolar endothelial
cells form a lumen within the chain and become anisotropic with luminal and abluminal
surfaces. As the endothelial cell tube forms, presumptive pericytes migrate in from the
surrounding tissues, becoming intimately associated with the abluminal surface.

Asthe vascular tree develops, the differentiating tissues and organs become endowed with
their own blood supplies. There is some debate as to whether embryonic tissues contain
intrinsic vessel precursors, or whether they are invaded by the developing vascular system.
The use of interspecies chimeras indicates that the latter explanation is most likely (see
Sariola, 1985 for areview). An interesting question is whether the vasculature determines
the tissues, or the tissues decide the pattern of the vessels: probably both processes occur
atvarious developmental stages (reviewed by Caplan, 1985). Once in place the endothelial
and smooth muscle cells differentiate in response to the tissue environment to give the
specialised characteristics of the tissue or organ concerned (Auerbach, 1983 and Risau,
1986). These blood vessels are formed by sprouting from existing capillaries, and the
nature of this angiogenic process will now be considered.

1.1.3 Angiogenesis

Angiogenesis has many of the features of vasculogenesis though there are several major
differences, concerned mainly with the existance of hydrostatic pressure and flow in
angiogenesis and the fact that it involves sprouting from preexisting capillary elements.
These endothelial cells are normally quiescent, having turnover times measured in years
(Denekamp, 1984), yet they can suddenly become highly active and proliferate in order to
form a new vessel.

The first stage in angiogenesis is the determination of which endothelial cells in the existing
vessel will form the new capillary sprout. Sprouting occurs in capillaries or venules
containing little or no smooth muscle. Both these structures are easily deformed by
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hydrostatic pressure. Increased stress at branching or bending points in the parent vessel
may deform some of the endothelial cells, stimulating them to form a new vessel. It would
be interesting to examine capillary cells for cytoskeletal differences which may predispose
specific cells to deformation. In a similar manner physical rearrangement of the lipid phase
of the cell membrane would alter its fluidity and permit bulging in that region. In some
situations, tissues which need to develop a blood supply stimulate directed angiogensis by
releasing chemical messengers. This requires a differential response and could be brought
about by the switching off of neighbouring cells by those cells which were stimulated first.
Since cloned capillary cells cultured in collagen gels will also produce a capillary mesh
(Folkman and Haudenschild, 1980), angiogenesis can also be the result of a cell’s inherent
genetic programme with no need for external physical or chemical stimulation, or
susceptible cell sub-populations. '

In order to form a new sprout, endothelial cells in a mature capillary must break through
the basement membrane which surrounds them. The cells involved show an increase in
organelle number and develop surface projections. Dissolution of the basemant membrane
was observed by Cliff in 1963 and is probably due to the capacity of the cells to break down
the membrane by the production of proteinases (Herron er al, 1986a) controlled by
endogenous inhibitors (Herron er al, 1986b). Proteinase activity does not appear to be
secreted by the cells but rather stays associated with the membrane, permitting highly
localised and specific breakdown (Glaser, 1983).

Having broken through the membrane which surrounds them, the endothelial cells migrate
away from the parent vesel, laying down fibronectin in the extracellular matrix in the
process. They are followed by other cells which align in a bipolar manner along the
fibronectin fibrils (Nicosia and Madri, 1987). Fibronectin production appears to be
essential for angiogenesis, since the formation of new vessels can be inhibited by the
presence of antibodies to fibronectin (Ausprunk and Mokarry, 1986). The pericytes of the
parent vessel begin to move away and loose contact with the cells of the new sprout. The
origin of these cells is uncertain but they may evolve from undifferentiated mesenchymal
cells which need intimate contact with basement membrane to express the differentiated
phenotype (reviewed by Sims, 1986). This differentiation is marked by the production of
contractile proteins such as desmin, which emphasises their similarity to smooth muscle
cells (Verhoeven and Buyssens, 1988). Each pericyte makes direct contact with up to 200
endothelial cells, and co-culture experiments indicate that this may stimulate production
of Transforming Growth Factor Beta. which stops proliferation (Orlidge and D’ Amore,
1987 and Section 1.1.5), though some aspects of this work remain to be clarified. A lumen
starts to form within the line of migrating cells by a mechanism different to that observed
in vasculogenesis (Poole and Coffin, 1988). The endothelial cells become curved either
singly or in pairs resulting eventually in the enclosure of a lumen. This process is brought
about by alterations in the cytoskeleton (Ausprunk and Folkman, 1977). It should be
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possible to examine this process in more detail by the use of monoclonal antibodies directed
against specific cytoskeletal elements which could be used both to inhibit and to visualise
the sequence of changes in the cell’s structure. The leading cells continue to migrate whilst
those half way along the sprout are now free to proliferate. Division may be a response to
alterations in the mechanical environment (Ryan and Barnhill, 1983), to release from cell
contact inhibition (Schwartz and Hymark, 1987), to stimulation by bFGF released from the
basement membrane (Vlodavsky et al, 1987), to release from inhibition by pericytes
(Orlidge and D'Amore, 1987) or more likely by an interaction of all these factors.
Endothelial cell proliferation is not an absolute prerequisite for angiogenesis. In 1984,
Sholley et al used irradiated cells to demonstrate that up to two levels of a new arcade of
vessels can be formed in the absence of mitosis, by extension of the existing vascular cells.
This agrees with developmental studies which indicate that cell proliferation merely

provides more cells: it does not determine the final structure of the tissue.

At this stage the sprouts take the form of blind ended tubes which now join together to form
loops which are immediately perfused. Alignment of these tubes may be brought about by
a physical contact of endothelial cell processes, by chemical messengers released from the
leading cells, or by random contact and regression. The existance of flow and therefore
pressure are important determinants of subsequent cytodifferentiation and hence of the
final nature of the vessel. With the commencement of flow the tissue in the region of the
capillary sprout has developed a blood supply and neovascularisation can be said to have
occurred. The existance of flow may also determine the viability of the new vessel since
sprouts which fail to fuse will eventually regress. This gives rise to two mechanisms for
neovascularisation. An organised blood supply may result either from random sprouting
and the subsequent regression of non-viable sprouts, or by the specific direction of new
sprouts towards the target tissue. Regression occurs at all stages of angiogenesis, and also
occurs in cell culture, indicating that it is an inherent characteristic of endothelial cells. In
some situations angiogenesis requires continual stimulation and if this fails regression will
occur. Regression starts with damage to the endothelial cells causing platelets to stick and
degranulate, followed by stasis of any blood flow, accumulation of monocytes around the
vessel, breakdown of the cells of the wall and removal of the debris by macrophages
(Ausprunk er al, 1978).

Pericytes emerge from the parent vessel and move along the abluminal surface of the
sprout, making direct contact with the endothelial cells and inhibiting their proliferation.
Both cell types thén manufacture basement membrane, a specialised matrix which
sheathes the nascent capillary and contains type IV collagen, laminin, entactin and
glycosaminoglycans, especially heparan sulphate (reviewed by Timpl et al, 1987). As
laminin starts to be synthesised, fibronectin production ceases: this switch indicates the
start of vascular maturation. The endothelial cells also manufacture acidic Fibroblast
Growth Factor (aFGF) which has a potential role in subsequent sprouting (Risau ez al,
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1988a). The basement membrane not only facilitates the specialised transport mechanisms
of the endothelium (Albeda, 1987), but also exerts profound effects on endothelial and
smooth muscle cell proliferation and behaviour (Gospadowitczer al, 1980 and Madri and
Pratt, 1986); inhibition of basement synthesis leads to the failure of angiogenesis
(Maragoudakis er al, 1988). By acting as a transducer of physical forces it can
fundamentally alter the nature of the endothelium and its cells (Ingber and Jamieson, 1985).
With the production of a basal lamina, the differentiation of the vessel wall is complete and
the capillary can now sustain flow. The major stages in angiogenesis are illustrated in
Figure 1.1.

The final stage in the formation of the new vessel is the potential differentiation of smooth
muscle layers around the capillary sprout. Capillaries destined to become arteries or veins
aquire additional layers of mesodermally derived cells which develop microfilaments and
differentiate to become smooth muscle cells, influenced by extracellular glycoproteins
(Ausprunk, 1982). This process is accompanied by a loss of pericytes. The stimulus for
large vessel formation may be changes in hydrostatic pressure (Gonzales-Crussi, 1971),
though rearrangement of smooth muscle cells has been observed in vitro in the absence of
flow or pressure by Nicosia et al (1982). It is possible that the first observation is more
relevant to angiogenesis, whilst the latter may describe the vasculogenic equivalent, where
flow and pressure are likely to be less important. Whilst they are proliferating the endo-
thelial cells synthesise large quantities of glycoconjugates. At the end of this phase cytodif-
ferentiation occurs and the cells synthesise sulphate-containing glycoconjugates. The pro-
duction of the sulphated glycoconjugates may serve both to inhibit proliferation and to
stabilise the differentiated phenotype (Ausprunk, 1986). During this phase the capillary
endothelial cells aquire endocytic vesicles and Wieble-Palade bodies while smooth muscle
cells increase their microfilament content.

1.14 Is of Angiogenesi

The evidence presented so far indicates that the vascular system is based upon two cell
combinations: endothelial cells and pericytes in capillaries, endothelial and smooth muscle
cellsinlargervessels. Thatsuch a complex system can evolve from such basic components
is remarkable: that so much can be mimicked in vitro is even more so. This must be due
in part to the inherent programming of the cells involved, but is also dependant upon the
interaction of these cells with their environment. Our understanding of these processes has
largely evolved from the development of model systems. These set out to explore three
major aspects of the process, namely:

1 Direct observation of normal and pathological angiogenic processes
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2 The effect of altering some of the components involved

3 The assay of putative stimulators or inhibitors of angiogenesis.

In vivo systems contain all the components needed for angiogenesis, but are often
irreproducable and are notoriously difficult to quantify. In vitro models are defined
systems which are reproducable and lend themselves to quantification but they may lack
elements of the process which are present in vivo, such as interactions with other cell types.
The need for caution in interpreting results from these models cannot be overstressed. For
example, a factor which is mitogenic for endothelial cells in vitro may not stimulate new
vessel formation in vivo, since proliferation is nota prerequisite for angiogenesis. The first

systems used animal models, and these are described in Table 1.1.

Description Advantages Disadvantages References
Implantation of Continuous observation. | Quantification poor. Highly] Ide et al, 1939.
transparent chamber | Application of test tissues| variable. Non-specific
into cheek pouch. and compounds. responses, eg inflammation
Implantation of Monitors initial vascular | Technically difficult. Poor [ Greene, 1941.
tumours into anterior response to stimulus. quantification. No Gimbrone et al,
chamber of eye. continuous observation. 1972.
Unrealistic. Expensive.
Exposure of chick Continuous observation. |Quantification difficult; now| Dagg et al, 1956.
Chorioallantoic Easy sample application. |improved. Many sources of Peck et al,
Membrane (CAM). Multiple replicates error: sample application 1988.
possible. and weight, response to Ryan &
shell debris, etc. Tendancy| Stockley, 1980.
to false positives.
Implantation into Continuous observation. Unrealistic. Gimbrone et al,
corneal micropocket. Easy sample application. | Non-specific responses. 1974.
Expensive. Brem & Folkman,
1975.
Polymers for sustained | Permits slow, continuous Langer & Folkman
release of molecules. sample release in vivo. 1976.
Implantation Quantification by clearancq Non-specific responses. Andrade et al,
of sponges. of radioisotope. 1987.
Subcutaneous Realistic: models Quantification difficult. Verhoeven &
implantation of tumour angiogenesis in a No continuous observation. | Buyssens, 1988.
fragments. vascular location.

Table 1.1: In vivo models of angiogenesis

Although much valuable information has been gained from animal models, the need for
quantification, coupled with problems of non-specific interactions such as inflammation,
led to the requirement for more defined systems and the development of in vitro models.
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These methods have been used extensively to evaluate the role of physical, chemical and
environmental factors on angiogenesis. Evenin these defined situations care must be taken
in interpreting results from a particular culture situation. An example is the confusion that
has arisen over the effects of Transforming Growth Factor Beta which appear to be due to
the different culture conditions used by various workers (see Section 1.1.5). The majorin
vitro model systems are listed in Table 1.2.

Description Advantages Disadvantages References
Culture of umbilical | Defined, specific cell type.| Do not behave in the same | Jaffe et al, 1973.
vein endothelial cells. Reproducible, manner as capillary
many replicates. endothelial cells.
Culture of capillary Mimics aspects of Does not contain all cell Folkman et al,
endothelial cells. angiogenesis. Easily types and components 1979.
manipulated, repeated | implicated in angiogenesis.
and quantified.
Implantation of Models both Technically difficult. Risau et al,
embryonic stem-cell vasculogenesis and 1988b.
derived bodies./n vitro/ | subsequent angiogenesis.
in vivo mixed system. Easily manipulated.
Amenable to a variety of
biochemical/histological
investigations.

Table 1.2: In vitro models of angiogenesis

Many of these models have been used as assays for angiogenesis. Specific in vitro systems
have also been developed to quantify angiogenesis, and these are described in Table 1.3.

Description Advantages Disadvantages References
Proteinase activity of Easily quantified, Only examines one Gross et al, 1983.
endothelial cells. precise and aspect of angiogenesis
reproducible. as occurs in vivo.
Migration of As above for proteinases. Only examines one Zetter, 1987
endothelial cells. Variety of methods available | aspect of angiogenesis (review).
-migration through membrane|  as occurs in vivo.
-movement through agarose

-migration across coverslips.

Proliferation of Easily quantificd, Only examines one Gospadowitcz
endothclial cells. precise and reproducible. | aspect of angiogenesis etal, 1976.
as occurs in vivo.

Formation of capillary As above, though No interaction of Folkman et al,

networks by cndothclial quantification morc other cell types. 1989.
cells in collagen gels. |  difficult. Monitors several

aspects of angiogenesis.

Table 1.3: Assays for angiogenesis
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Dedicated assays have been developed which exploit specific properties of angiogenic
factors, such as the activation of latent collagenase by Endothelial cell Stimulating
Angiogenesis Factor (Weiss et al, 1983).

Allthe systems described have greatly increased our knowledge of the angiogenic process
and the factors which influence it, including the demonstration of a huge range of chemical
messengers involved in various angiogenic situations.

L.1.5 Factors Involved in Angiogenesis

Many naturally occurring and synthetic molecules have been shown to affect or to be
involved in angiogenesis using the model systems described previously. It has been argued
that to be truly angiogenic, a substance must induce endothelial cell proliferation,
chemotaxis, and proteinase production. More recently, however, factors have been
isolated which exert their effects indirectly, such as via other cell types, by releasing stored
growth factors, or by facilitating capillary extravasion and matrix penetration. It is thus
more logical to functionally classify angiogenic factors as acting directly or indirectly, and
in vitro systems for investigating factors acting indirectly must therefore contain all the
components necessary to mediate their effects. Conversely, in vivo models cannot
distinguish between direct and indirect angiogenic factors. It is probably true to say that
in certain situations and doses almost any compound can exert a vascular response, and it
is important to consider putative angiogenic factors in the context of how they might
operate in the complex set of events which makes up the development and maintenance of
the vascular system.

The largest and best studied groups of angiogenic molecules are the polypeptide factors,
of which the growth factors are the major component. The nomenclature of the peptide
growth factors reflects their proliferative effects on a wide range of cell types, but it is now
realised that they can stimulate a variety of different responses depending upon the context
in which they are acting. They can be likened to the letters of an alphabet which can give
rise to a complete signalling language (reviewed by Sporn and Roberts, 1988). In the past
decade a whole host of non-specific growth factors have been isolated from various tissues
and many of these are directly mitogenic for endothelial cells. In 1983, Shing er al
discovered that one such tumour-derived mitogen (Tumour Angiogenesis Factor; TAF)
bound strongly to heparin. This proved to be the basis for the purification and characteri-
sation of a class of endothelial cell growth factors. This complex situation has recently
been simplified by the finding that many of these heparin-binding endothelial cell growth
factors are in fact forms of acidic or basic Fibroblast Growth Factor, aFGF or bFGF. The
properties of these and the other major angiogenic polypeptides are summarised in Table
1.4.
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Name |Structure and Function | Occurence | Angiogenic Role | References

Acidic 16 000 Da, 140 amino acids, | Mainly, butnot| 50-100 x less potent | Thomas, 1987
Fibroblast |pl4.5-6.5. Some homology | in exclusively than basicFGF in (review).

Growth with human neurally- inducing angiogenesis. | Gautschi-Sova

Factor Interleukin-1 (II-1). derived et al, 1987.

(aFGF). tissues.

Basic 18 500 Da, 155 amino acids, Ubiquitous; [Broad spectrum mitogen] Abraham et al,
Fibroblast pl 9.6. 53% homology highest levels | not endothelial cell 1986.
Growth with aFGF & similarities in pituitary. [ specific. Most potent of Joseph-

Factor with human Interleukin-1. the polypeptide Silverstein &
(bFGF). Only one gene, but several angiogenic factors. Acts| Rifkin, 1987

protein forms, differing at directly on endothelial (review).
N-terminii; result of post- cells to induce protease | Moscatelli et al,
translational modification production, migration 1988.
or artefacts of purification. and proliferation.
Implies functional activity
at C-terminus. Synthesised
as larger precursor.
Both aFGF and bFGF do
not contain signal sequences.
Platelet- 45,000Da, unrelated to Platelets; Chemotactic for aortic Ishikawa
Derived other growth factors: highest levels endothelial cells etal,

Endothelial | does not bind heparin or in plasma. in vitro. 1989.

Cell Growth stimulate fibroblast Angiogenic in vivo,

Factor. proliferation. No stimulates tumour
(PD-ECGF). signal sequence. vascularisation.

Transforming| 50 amino acids. 35% Originally Direct endothelial Schriber et al,
Growth homology to Epidermal isolated from cell mitogen. More 1686.
Factor Growth Factor (EGF); virally potent than EGF in vivo,

Alpha binds to EGF receptor. transformed | but less so than heparin-

(TGFa). Does not bind heparin. cells. binding GFs.

rTransforming 25 000 Da heterodimer: Originally in Transient effect in Roberts et al,

Growth 112 amino acids per chain. transformed angiogenesis. 1986.
Factor Beta Does not bind heparin. cells, but Chemoattractant for |Frater-Schroder
(TGFB) Inhibits endothelial cell recently found | macrophages: may etal, 1986.
proliferation in vitro,but | in normal cells;| induce angiogenesis | Cheifetz et al,
stimulates angiogenesis implies non- |indirectly, by stimulating 1987.
in vivo. Two homologous [pathological role] these cells to release
forms, TGFB-1 & TGFB-2. | egstimulation | angiogenic factors.
of bone cells.

Tumour Mr 17000 Da, acidic and Macrophages | Angiogenic in vivo, Pennica ¢t al,

Necrosis | hydrophobic. Related to stimulated by chemotactic for 1984.

Factor lymphotoxin. Synthesised factors such |endothelial cells in vitro,| Frater-Schroder

Alpha as larger precursor, contains as TGFP.  tbut inhibits proliferation| etal, 1987.

(TNFoy). |signal sequence. Cylotoxic Paradox may result from(Leiboviich er al,

or static for tumour, but not differential responses at 1987.
normal cells. Similarities luminal/abluminal Jones et al,
10 viral coat proteins. surfaces. 1989.

Table 1.4: Polypeptide angiogenic factors
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Name [Structure and Function | Occurence | Angiogenic Role | References
fmgiogenin 14,400 Da single chain, Originally in | Stimulates angiogenesis Fettet al,
pl 9.5. Clonal analysis cultured humanf  in vivo, butisnota 1985.
shows 35% homology with jcolon carcinomd direct endothelial cell | Vallee, 1985.
pancreatic ribonuclease. cell line: since | mitogen. Target cell Folkman &
Cleaves 28S and 188 found to specificity unknown; Klagsbrun,
ribosomal RNA; relevance |have ubiquitouy ubiquity makes 1987a
to angiogenic role uncertain. |  distribution, | angiogenic role unclear.| (review).
Activates phospholipase C including Activation of PIC at Bicknell &
(PIC) in endothelial cells. plasma. levels above plasma. .| Vallee, 1988.
Angiotropin Copper-containing Macrophages | Stimulates endothelial | Wissler et al,
polyribonucleopolypeptide. | activated by eg|  cell differentiation 1986.
Activity not due to copper | Concanavalin invitro. Trniggers Hockel et al,
component, or to stimulation A. inflammatory response 1988.
of endothelial cell division.

Table 1.4 (cont): Polypeptide angiogenic factors

Although the molecules listed above can be said to be angiogenic, none of them have had
their role completely elucidated. For example, proteins destined for export from the cell
generally contain signal sequences. These are hydrophobic N-terminal extensions which
assist the passage of the protein through cell membranes during processing and direct its
transport to the exterior. The Fibroblast Growth Factors, however, are synthesised without
signal peptides, implying that they are unable to leave the cell. On the other hand, there is
circumstantial evidence that bFGF is exported: all bFGF target cells have surface receptors
for the molecule, and bFGF has recently been located in the capillary membrane in vitro
(Vlodavsky et al, 1987) and in corneal Decemet’s membrane in vivo (Folkman et al, 1988).
It has been suggested that bFGF is smuggled out of the cell as a complex with extracellular
matrix molecules (Schweigerer, 1988). Since heparin binds and stabilises bFGF, it has
been proposed that the growth factor leaves the cell complexed to heparan sulphate, a
heparin-like molecule destined to become part of the basement membrane. It would then
remain sequestered and stabilised within the membrane until released by the formation of
a new sprout. This explanation presumably requires that FGF pass through intracellular
membranes such as those of the Golgi apparatus, which would still be difficult without a
signal sequence. The problem is compounded by the failure to find bFGF in capillary
basement membranes in vivo, though this may be a methodological difficulty.

Certain tumours produce bFGF which does have a signal peptide, and oncogenes related
to bFGF have been identified. Genetic fusion of a signal sequence with bFGF results in
transformed cells which are tumourigenic (Rogelj er al, 1988). This evidence has been
cited in suggesting arole for bFGF in investing a tumour with the blood supply it needs for
development, but it also highlights a problem with the proposed mechanism of action of
this molecule. The release of such a potent broad spectrum mitogen by, for example, a
tumour should lead to the uncontrolled proliferation of all target cell types in the vicinity
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