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Abstract.

Platelet derived growth factor (PDGF) is a covalent dim er of A and B 
chains with the structure AB, AA or BB depending on its source. The A and B 
chains are related bu t distinct polypeptides encoded by separate genes. PDGF-A 
can be differentially  spliced, allowing production of two m ature proteins one 
of which (PDGF-Al) is longer than the other (PDGF-As) by 15 amino acids at its 
carboxyl term inus. PDGF-A homodimers are th o u g h tto  be im portant in early 
developm ent and, later, for regulating glial cell developm ent in the central 
nervous system  (CNS). In order to gain a clearer understanding  of the role of 
PDGF in vivo  it is im portan t to define the functional significance of the 
different isoforms and their cellular sources and targets. This thesis describes 
my attem pts to elucidate the functional d ifferences between PDGF-As and 
PDGF-Al and  to determ ine w hether they are differentially  expressed in CNS 

derived tissues.

To investigate the functional differences between PDGF-As and PDGF-Al 

I in troduced plasm id vectors directing the expression of the two isoforms into 
cultured Cos cells and subjected the expressed molecules to biochemical and 
im m unocytochem ical analysis. These studies provide evidence th a t PDGF-As is 
secreted as a freely diffusible molecule while PDGF-Al is sequestered near the 
cells th a t produce it by binding to heparin-like molecules on the cell surface 
and in the extracellular matrix (ECM). The im plications of these findings are 
discussed w ith reference to o ther factors th a t exist in d ifferent isoforms that 
are e ither freely diffusible or immobilised at the cell surface and within the 
ECM.

I a ttem pted  to analyse the expression p a tte rn  in the CNS of the two 
isoforms by a com bination of techniques, including SI nuclease protection, 
PCR am plification on reverse transcribed RNA, cDNA cloning and sequencing. 
These studies suggest that PDGF-As predom inates in the tissues and cell types I 
have examined in agreement with other studies of a similar nature.
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^ Chapter One ^

"One fine morning in the month of May an elegant young 
horsewoman might have been seen riding a handsome sorrel 

mare along the flowery avenues of the Bois de Boulogne."
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Chapter 1. In troduction.

The developm ental progression from single cell embryo to m ulticellular 
organism  depends on a variety  of processes, including cell proliferation , 
differentiation and cell migration, to produce an elaborate array of specialised 
cell types and tissues. In the m ature organism  these processes are norm ally 
restricted to tissues that undergo continual or periodic cell turnover, such as 
epithelia and hemopoietic stem cells, and tissues undergoing wound repair. Co
o rd ina tion  of these activities relies on a d iverse group of ex tracellu lar 
polypeptides, known collectively as growth factors. A berrant growth factor 
activity may, however, lead to developmental abnorm alities and neoplasia. How 
the delicate balance of stim ulatory  and  in h ib ito ry  signals m ediated  by 
polypeptide growth factors is established and m aintained  is a fundam ental 
problem in biology.

1.1 Growth factors act by binding  to  cell surface receptors.

Growth factors are secreted  p ro te ins th a t act in an  au tocrine  or 
p aracrin e  m anner by high affin ity  b in d in g  to cell surface recep to rs . 
Possession of the appropriate receptor type determ ines the ability of a cell to 
respond  to a p articu la r growth factor though  the precise nature of the 
response may depend on the type of cell and the modifying effects of a variety 
of different factors including extracellular m atrix (ECM). Binding of a growth 
factor to its receptor initiates a cascade of intracellu lar signalling events th a t 
ultim ately lead to an altered  program  of gene expression tha t can resu lt in 
changes in cell shape and mitosis. Receptors typically consist of a glycosylated 
extracellular ligand binding domain, a hydrophobic transm em brane dom ain 
and an in trace llu lar signalling dom ain which is often, b u t not always, a 
tyrosine kinase and may include sites for autophosphorylation. There are four 
major sub-classes of tyrosine kinase receptors (See Figure 1 and discussion in 
follow ing sections). L igand-induced  re c e p to r  d im erisa tio n , o r d im er 
stabilisation, has been suggested as the in itia l step  tow ards in trace llu la r 
signalling for a num ber of receptors including the  epiderm al growth factor 
recep to r (EGFr) {Cochet e t a/., 1988; S ch lessinger, 1988} and the p la te le t 
derived growth factor receptor (PDGFr) {Williams, 1989}. However, though 
some of the in tracellu lar signalling events have been characterised, it is still 
far from  clear how th ey  bring  ab o u t th e ir  effects on p ro life ra tio n , 
differentiation or m igration of the target cells. A num ber of receptors have
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been identified as the proto-oncogene counterparts of viral oncogenes such as 
v-erb B, v -k it  or v-fm s. In addition, mutations affecting receptors such as c-kit 
and its ligand (KL), respectively encoded by the white spotting  locus and the 
s te e l  locus of m ouse, are known to cause em bryon ic  le tha lity  when 
homozygous, while heterozygotes display a range of phenotypes with defects 
in the developm ent of the hem opoietic, gonadal and  pigm ent cell lineages 
{Witte, 1990}. Furtherm ore overexpression of otherw ise norm al receptors 
com bined w ith  au to c rin e  s tim ulation  is com m only im plicated  in cell 
transform ation. This not only illustrates the im portance of these receptors and 
their associated factors in a wide range of activities bu t emphasises the need 
for careful regulation  of the ir respective activities {Ullrich & Schlessinger, 
1990 for review of tyrosine kinase receptors}.

1,2 G row th fa c to rs  can  be g ro u p ed  in to  fam ilies  b a sed  on  sequence  
sim ilarity.

The now relatively  large and  still increasing  collection of known 
polypeptide grow th factors can be organised into fam ilies on the basis of 
s tru c tu ra l an d  fu n c tio n a l sim ilarities suggesting  com m on evo lu tionary  
origins. Certain proteins not previously associated with growth factor activity, 
such as th e  D rosophila  decapentap leg ic  gene product, which is involved in 
d o rsoven tra l o rien ta tio n  during  em bryogenesis, have been  iden tified  as 
relatives of known growth factors. There is considerable overlap in term s of 
target cell range among members of different families. Moreover, it is clear 
that the effect of many growth factors can be m odified by the sim ultaneous 
action of o ther unrelated  growth factors, as shall be described in subsequent 
sections.

A) Insulin and  th e  insulin  like growth factors (IGFs).

The observation th a t high concentrations of insulin  are m itogenic for 
certain cells, suggesting that it acts by low affinity binding to a receptor for a 
re lated  b u t d is tin c t p ro te in , lead to the iden tification  of the insulin-like 
growth facto rs (IGF-1 and IGF-2). Their high degree of amino acid and 
structural sim ilarity to hum an pro-insulin and the fact th a t the IGF-II gene is 
contiguous w ith th e  insulin gene serve to em phasise th e ir  likely common 
evolutionary origins {Bell et al., 1985}. A th ird  m em ber of the family, relaxin, 
is also highly homologous to insulin and both IGFs (Table 1). Insulin effects a
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sim ilar range of responses to some growth factors but is not considered a 
typical grow th factor because it acts in an endocrine m anner like growth 
horm one. IGF-I is expressed  m ainly  in th e  ad u lt w hile IGF-II is a 
predom inantly  fetal m itogen except for adult neural tissues tha t display high 
levels of IGF-II p ro te in  w here it is thought to be associated w ith neural 
outgrow th and survival {Raff, 1992 for review}. Both IGF-I and II collaborate 
with platelet derived growth factor (PDGF) and epiderm al growth factor (EGF) 
to stim ulate  p ro liferation  of connective tissue cells especially adipocytes, 
while relaxin is a peptide involved in m aturation of the female reproductive 
tract {Mercola & Stiles, 1988 for review}.

B) The epidermal growth factor (EGF) family.

The EGF fam ily includes transform ing growth factor-alpha (TGF-a) 
which shares sequence sim ilarity with EGF and the virus-encoded vaccinia 
growth factor (VGF) (Table 1). All three factors are thought to be released from 
cells by proteolytic cleavage of a transm em brane p recursor {Rail et al., 1985; 
Gentry e t al., 1987; Teixido et al., 1987} and to elicit mitogenic responses in a 
variety of cell types by binding to a common receptor, the product of the c-erb 
B proto-oncogene. In some cell types TGF-a is more potent than  EGF leading to 
speculation th a t they  either in teract differently  w ith the same receptor or 
there  is an additional TGF-a recep to r not bound  by EGF. An early  event 
associated with stim ulation of certain normal cell types by TGF-a and EGF is the 
production of more TGF-a. In common with a num ber of o ther growth factors, 
including PDGF {Paulsson et al., 1987} andTGF-p {Barnard e t al., 1989} this sort 
of positive au tocrine signal (or auto induction) is tho u g h t to serve as an 
amplifier of the initial mitogenic response.

TGF-a, which gained its name from the observation tha t it could induce 
reversible transfo rm ation  of ra t fibroblasts in conjunction  with a second 
growth factor TGF-p, has been detected at the RNA level in a variety of tum or 
cell lines {Nister et al., 1988b} and directed overexpression has been shown to 
lead to p leio trop ic  effects including form ation of carcinom as and  various 
dev e lo p m en ta l lesions {Jhappan e t al., 1990; S andgren  e t al., 1990}, 
em phasising the role of TGF-a in cellular proliferation, organogenesis, and 
neoplastic transform ation. Other studies have shown that it is also expressed in 
a num ber of norm al cell types in em bryonic {Rappolee et al., 1988a} and adult 
tissues {Derynck, 1988 fo r review} ind icating  possib le  roles in bo th
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developm ent and  homeostasis. The occurrence of regions with EGF amino acid 
sequence hom ology in the hom eotic gene l in -1 2  in C .e leg a n s  and  the 
neurogenic gene N o tch  in D rosophila , bo th  of which are also though t to 
encode transm em brane proteins {Greenwald, 1985; W harton et al., 1985; Knust 
et al., 1987}, implies that EGF-like molecules may be involved in cell-contact 
m ediated signalling events. Indeed, the m em brane-bound pro-TGF-a has been 
shown to  allow cell-cell adhesion  w hile sim ultaneously  p rom oting  cell 
pro liferation  in associated cells, a com bination of activities which has been 
term ed "juxtacrine stimulation" {Anklesaria et al., 1990}. It has been proposed 
th a t th is  ty p e  of recep to r-lig an d  in te ra c tio n  m ay involve rec ip ro cal 
s ig n a llin g  by  th e  h igh ly  c o n se rv ed  in tra c e llu la r  dom ain  of th e  
transm em brane growth factor precursor, however, this region has no known 
sequence sim ilarity with established receptors and has, as yet, shown no signs 
of receptor-like activity {Mercola & Stiles, 1988; Massague, 1990 for reviews of 
TGF-a}.

C) The transforming growth factor beta (TGF-p) family.

TGF-p belongs to a much larger group of factors including several 
closely re la ted  TGF-p like molecules (TGF-p\ -4 ), the more d istantly  related  

M ullerian inh ib iting  substance (MIS), various bone m orphogenetic p ro te ins 
(BMPs), inhibins and  activins (notably Xenopus  XTC-MIF), the Xenopus  Vg-1 
gene p roduct and  the Drosophila decapentap leg ic  gene p roduct (Table 1). 
Members of this family are renow ned for the diversity  of th e ir  regulatory  
activities and  in particu lar their ability to potentiate or inhibit the effects of 
many o ther growth factors. TGF-p is produced as an inactive dim er by almost 
all cell types in vitro, while all norm al cells and most neoplastic cells in vitro  
possess TGF-p recep tors suggesting th a t its activ ity  may be regu la ted  by 
selective activa tion . A num ber of d iffe ren t physiochem ical tre a tm e n ts , 
m im icking cond itions though t to exist w ithin  w ounds or d u rin g  bone 
rem odelling , are  known to activate  la te n t TGF-p. However, th e  m ost 
physiologically  likely candidate is th e  serine p ro tease  plasm in, w hich is 
regulated in its tu rn  by plasmin activators and inhibitors.

There are 3 known TGF-p receptors. Types I & II b ind  each of the closely 
related TGF-p forms with approxim ately equivalent affinity. Both are requ ired  
for signal transduction  and it is thought that they may dimerise {Laiho e t al., 
1990b}. The type III receptor, a betaglycan with nearly 50% of its m olecular
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mass consisting of heparan  sulphate and  condroitin  sulphate, exists in both 
soluble and  m em brane-bound forms. Some type III receptors have also been 
observed in association with the ECM where it is thought they may represent a 
site for TGF-p storage or titration since it seems th a t they are not required for 
TGF-p activity {Cheifetz e t al., 1989; Andres et al., 1989}. The in tracellu lar 
signalling events are only poorly understood. It seems that, for epithelial cells 
at least, TGF-p m ediated growth inhibition probably  involves suppression of 
retinoblastom a protein phosphorylation, which in tu rn  down regulates c-myc 
expression {Laiho et al., 1990a}. It appears tha t retinoblastom a cell lines have 
no identifiable TGF-p receptors and are uninh ib ited  by TGF-p although loss of 
TGF-p receptors seems to be a relatively unusual route to neoplastic cell growth 
{Barnard et al., 1990; Mercola & Stiles, 1988; Moses e t al., 1990 for TGF-p 
reviews}.

TGF-p is an inhib itor of proliferation for a wide range of cell types, 
including nearly all epithelial, lym phoid and endothelial cells, though it is 
able to elicit an indirect mitogenic response in certain mesenchymal cells by 
inducing PDGF autocrine stim ulation. M oreover TGF-p stim ulates or inhibits 
d ifferentiation  and m igration in a ce ll-type-dependent m anner as well as 
prom oting changes in ex tracellu lar m atrix  (ECM) form ation. Indeed it is 
thought th a t many of the growth regulatory effects of TGF-p may be mediated, 
at least in part, by alterations in the ECM {Newton et al., 1990}. TGF-p has also 
been shown to be a potent inducer of angiogenesis and is known to be released 
from activated  m acrophages, indicating  its likely involvem ent in w ound 
repair and  inflam m ation. In situ  hybrid isa tion  studies have revealed the 
complex em bryonic expression patterns for each of the closely related TGF-p 
types indicating the ir involvement during  developm ent {Millan et al., 1991; 
Schmid et al., 1991}. In vitro, TGF-pl has been shown to induce the formation of 
Xenopus  m esoderm in conjunction with basic fibroblast growth factor (FGF-2: 
see next section){Kimelman & Kirschner, 1987}, TGF-p2, on the o ther hand, 
seems to have a lim ited effect on its own {Rosa et al., 1988}. Subsequent studies 
have indicated tha t o ther members of the TGF-p family may be responsible for 
mesoderm induction in vivo: activin-A can induce m esoderm  on its own and 
can be purified  from  the appropriate regions of the  em bryo although it can 
not be detected at the RNA level {Smith et al., 1988} while VG-1 mRNA shows 
correct localisation in the embryo bu t has not been shown to have MIF like 
activity {Weeks & Melton, 1987} more recently  activin-B has been shown to
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have mesoderm-inducing activity and to be present in the embryo at the right 
time {Thomsen et al., 1990; Mitrani et al., 1990}. Studies using dom inant- 
negative FGF receptor m utants have led to the suggestion tha t an FGF-like 
activity induces posterio r m esoderm  structures while the  X enopus  activin 
activity may be responsible for anterior m esoderm  structures {Amaya et al., 
1991}. At least one o ther m em ber of this family is known to play a role in 
norm al developm ent: MIS is produced by the testis and  is responsible for 
causing regression, possibly by inducing cell death , of the M ullerian duct, 
which would otherwise go on to form fallopian tubes {Cate et al., 1986}. It will 
be interesting to discover w hether MIS has any homology with the ced (3, 4 or 
9) genes, which have been shown to regulate p rogram m ed cell death  in 
C.elegans, or indeed the mammalian bcl-2 gene product, overexpression of 
which is thought to allow oncogenesis by preventing program m ed cell death 
{Williams, 1991; Hengartner et al., 1992; Raff, 1992}.

D) The fibroblast growth factor (FGF) family.

The fibroblast growth factor family cu rren tly  includes seven related 
proteins (FGF-1 to 7), which share a 30-50% amino acid identity, a 3 exon gene 
s tructu re  and the ability  to bind to the glycosam inoglycan heparin . The 
original two members, aFGF (FGF-1) and bFGF (FGF-2), have been shown to 
m odulate p ro lifera tion  and  d ifferentiation  of a b road ly  sim ilar range of 
mesodermal and neuroectoderm al cell types in vitro. In addition both factors 
are chem otactic for endothelial cells, fibroblasts and  astroglial cells and are 
potent inducers of angiogenesis. Both are expressed in a wide variety of cell 
types though FGF-1 is particu larly  ab undan t in b ra in  tissue w here it is 
th o u g h t to play a significant role in nervous system  developm ent by 
m odulating neuronal cell proliferation, d ifferentiation and  survival {Walicke, 
1988a; Walicke & Baird, 1988a; Haynes, 1988 for a review}. However, neither 
factor has a secretion signal and it is still far from  clear tha t they are released 
other than as a result of cell death {Flaumenhaft e t al., 1989}. For this reason, 
despite the ir pleiotropic effects in vitro, it seems possible tha t their normal 
function  in vivo  m ay be lim ited to w ound rep a ir  d u rin g  which bo th  
angiogenesis and chemotaxis are key processes. Certainly m any of the cells 
expressing these two forms, such as endothelial cells, are known to be FGF 
responsive bu t norm ally rem ain quiescent. M oreover, the presence of FGF 
within neurons {Janet et al., 1988} coupled with the survival effects of FGF 1
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and  2 on the neurons, both  norm al and dam aged {Anderson e t al., 1988; 
Schubert et al., 1987}, provides fu rther circum stantial evidence for the ir role 
in wound repair.

The o ther members of the FGF family, which were mostly identified by 
th e ir association with cell transform ation, all possess a functional secretion 
signal. Although FGF-2 has been isolated from tum or cells and cultured tum or 
cell lines {Lobb et al., 1986} where it is thought to be involved in tum or 
p ro g ressio n  by effecting angiogenesis { F o l k m a n a n d  K lagsbrun, 1987}, 
ne ither FGF-1 nor FGF-2 expression is commonly associated with neoplastic 
transform ation. Indeed it has been dem onstrated  tha t native FGF-2 does not 
exhibit transform ing activity, bu t acquires this ability after fusion with an 
im m unoglobulin secretory-signal sequence {Rogelj et al., 1988}. M oreover a 
recent study has im plicated secreted FGFs in the m esoderm  induction events 
discussed above (see section 1.5) ra ther than the nonsecreted FGF-2 {Paterno et 
al., 1989}. It therefore seems likely that most norm al and neoplastic in vitro 
activities described for FGF-1 & 2 are actually carried  out by the secreted 
factors in vivo. FGF-3 (Int-2) was identified as a proto-oncogene activated by 
mouse m am m ary tum or virus (MMTV) proviral integration {Peters et al., 1983; 
Dickson e t al., 1984} and is thought to be involved in the associated m ammary 
tum or form ation. Although w idespread expression during em bryogenesis has 
been dem onstrated as well as low level expression in adult brain and testis, its 
normal in vivo role remains unclear. The FGF-4 (kFGF/hst) gene was identified 
on a genomic DNA fragment, derived from a hum an stom ach tum or, th a t was 
capable of transform ing 3T3 cells. Subsequently transform ing activity tha t 
can be ascribed to FGF-4 has been detected in DNA from a variety of tum or cell 
types. Like the other FGFs its normal expression pattern  and  function are not 
yet clear. FGF-5 and FGF-6 were identified by transfection of tum or cell DNA 
and library  screening respectively and are probably the least well studied  of 
the FGF family while FGF-7 (keratinocyte growth factor o r KGF) was isolated 
from  the conditioned m edium  of an em bryonic lung fibroblast cell line and 
displays some notably different characteristics to the o ther m em bers of the 
family. First, FGF-7 has a relatively lower affinity for heparin, eluting at 0.6 M 
NaCl while the  o ther mem bers of the family requ ire  1 M NaCl or higher. 
Second, in contrast to FGFs 1 and 2 which are apparently  capable of activating 
a b ro ad  range of cell types via in terac tion  w ith several d ifferen t FGF 
receptors, FGF-7 is not mitogenic for fibroblasts o r endothelial cells b u t is
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highly m itogenic for certain  ep ithelial cell types {Rubin et al., 1989 for 
reviews of FGF see; Burgess and Maciag, 1989; Gospodarowicz et al., 1986}.

The fibroblast growth factor receptor (FGFr) family.

At least four genes encoding signal transducing  high affinity  FGF 
receptors (FGFr 1 to 4) have been identified to date. The predicted  protein  
products share a common structural format: 2 or 3 im munoglobulin (Ig)-like 
extracellular ligand-binding domains with a region of acidic residues located 
betw een the first and  second dom ains; an in te rru p te d  ty rosine kinase 
in tracellu lar signalling domain, analogous to th a t found in members of the 
PDGF receptor family (See Figure 1 and PDGF section bZP), bu t with a relatively 
longer juxtam em brane region which sets them  apart from the PDGF receptor 
family {Lee et al., 1989}. The FGFr 1 and 2 genes appear to encode multiple 
forms of receptor protein by way of alternative mRNA splicing, giving rise to 
variation in both the num ber of Ig-like extracellular domains and the nature 
of the tyrosine kinase domains {Johnson et al., 1990; Reid et al., 1990; Hou et al., 
1991}. However, no differences have been observed to date in either the ligand 
binding or the receptor signalling of FGFrs 1, 2 or 3. By contrast FGFr 4 seems 
to have differential ligand-binding properties, b inding FGF-1 bu t not FGF-2 
{Partanen et al., 1991}. This receptor, along with the  recently cloned m urine 
FGF-7 receptor (a potential fifth m em ber of the FGFr family) which also binds 
FGF-1 b u t not FGF-2 {Miki et al., 1991}, differs from  the others by having a 
shorter (or absent) acidic region located between the first and second Ig-like 
dom ains. Surprisingly then, a lthough  th ere  are m any varia tions in the 
struc tu re  of FGF receptors, only a few differences in ligand specificity or 
receptor activity have been observed so far.
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Figure 1.
Schematic representation of the four major growth factor tyrosine

kinase E3 receptor sub classes with examples of members adapted 
from Ullrich & Schlessinger (1990).

T ype I receptors have two cysteine-rich repea t sequences E3 in the 
extracellular domain.

Type II receptors exist as disulphide linked heterotetram ers  (OC2P2 ) with a

single cysteine rich region like that of the type I receptors in each 
of the two extracellular ligand binding domains.

Type III receptors have 5 immunoglobulin like domains in their extracellular 
domains.

Type IV receptors have 3 (or sometimes only 2) immunoglobulin like domains 
in the extracellular domains. The kinase regions of both T ype III 
and Type IV receptors are in terrup ted  by a hydrophilic region of 
varying length (KI).
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Fibroblast growth factors and heparin binding.

It has been known for some time that FGFs also bind to the negatively 
charged glycosam inoglycan (GAG) heparin  u n d e r physiological conditions 
(Kd 2 to 10 nM com pared to 10 to 200 pM for binding to the FGFrs) and can be 

eluted at salt concentrations ranging from 0.6 M NaCl to 1.8 M NaCl. FGFs from a 
variety of different tissues have been purified  on the basis of this affinity* 
and identified provisionally according to their salt elution profile. However, 
the physiological significance of this interaction and the role of the highly 
polym orphic proteoglycans, with which heparin  and  the closely related  
heparan sulphate are associated in vivo, has only recently started  to become 
clear. The GAG heparin alone has been shown to protect FGF-1 and 2 from acid, 
heat and proteolytic inactivation {Saksela et al., 1988; Sommer & Rifkin, 1989} 
th ereb y  p ro longing  th e ir  biological half lives and  p o ten tia tin g  th e ir  
mitogenic effects {Gospodarowicz & Cheng, 1986; Damon et al., 1989; Vlodavsky 
et al., 1991 for review}.

Proteoglycans are generally composed of a pro tein  core with associated 
GAG side chains that bind together ECM components, and mediate interactions 
between cells and ECM {Ruoslahti, 1989 for review}. H eparin and heparan  
sulphate proteoglycans (HPGs) exist in m em brane-bound, ECM b ound  and 
secreted forms {Saksela et al., 1988; Gallagher, 1989 for review} and have been 
shown to bind FGFs {Baird & Ling, 1987; Vlodavsky et al., 1987a; Folkman et al., 
1988; Vigny et al., 1988}. HPGs in the ECM are thought to act as a physiologic 
buffer, binding FGF when concentrations are high (e.g. when released from 
dying cells) and releasing it la ter when concentrations are low {Moscatelli, 
1988; Flaum enhaft et al., 1989} (See chapter 6 for discussion on why growth 
factors may be bound to ECM). It has been proposed that ECM sequestration may 
also restrict target cells' access to FGF {Folkman et al., 1988}. FGF availability 
could then  be regu la ted  by m echanism s contro lling  its release from  the 
m atrix, such as the  heparin -degrad ing  endoglycosidases heparanase  and 
heparitinase which have been  shown to release FGFs from  ECM in vitro  
{Bashkin e t al., 1989; Presta et al., 1989; Vlodavsky et al., 1991}. In support of 
this theory, degranulating mast cells have been shown to produce a heparin-

* Purification of FGFs by heparin affinity :- {Besner et al., 1990; Brigstock et al., 1990; 
Hauschka et  al., 1986; Klagsbrun & Shing, 1985; Lobb & Fett, 1984; Lobb et al., 1986; 
Shing et al., 1984; Sullivan & Klagsbrun, 1985}.
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degrading activity that releases FGF, in complex with a partia l degradation 
product of heparin, a complex which may partic ipate in m ast cell-mediated 
neovascularisation {Bashkin et al., 1990}. The proteolytic enzym e plasmin, 
under the regulation of plasminogen activator, has also been shown to release 
FGF, complexed with a fragm ent of heparan sulphate, by proteolysis of the HPG 
core protein {Saksela & Rifkin, 1990}. In addition there is evidence that soluble 
heparin , which is able to com pete fo r FGF b in d in g  w ith  ECM HPGs 
{Flaumenhaft et al., 1990}, can raise the levels of circulating FGF activity when 
adm inistered intravenously {Thompson et al., 1990; Whalen et al., 1989}. Each 
of these mechanisms involves a continuing FGF association with some form  of 
heparin  or heparan  su lphate, providing ind irec t evidence th a t this may 
represent an active complex.

Two studies have provided more direct evidence th a t heparin  or HPG 
binding is a requirem ent for FGF-2 activation of high affinity FGF receptors. 
FGF-2 activity was seen to be dram atically  reduced  when displaced from 
h ep arin  by com petition  w ith h ep a rin -b in d in g  po ly ca tio n ic  m olecules 
{Dauchel et al., 1989} indicating th a t sim ply releasing b ound  FGF is not 
sufficient for activation. More recently it has been shown th a t m utant cells 
lacking cell surface HPGs are unable to b ind  FGF-2 to th e ir high affinity 
receptors {Yayon et al., 1991}. Binding could, however, be restored  by adding 
soluble heparin  or heparan  su lphate  to the cu ltu re  m edium , leading the 
authors to suggest tha t the GAGs may alter the conform ation of FGF to allow 
receptor binding, which fits well with the established stabilisation effects of 
heparin  on FGF (Figure 2). A lternatively it has been  proposed  th a t GAG 
binding may facilitate FGF-2 oligom erisation and  thereby  effect recep to r 
dim erisation which is thought to be associated with receptor signalling (see 
section 1.1) {Ruoslahti & Yamaguchi, 1991} or that the GAG alters the structure 
of the receptor to allow FGF-2 binding {Klagsbrun & Baird, 1991}. Although the 
precise nature of this interaction rem ains to be elucidated it seems clear that 
heparin, w hether present as part of a cell surface proteoglycan or in a freely 
diffusible form, plays an im portant role in regulating the interaction between 
FGF-2 and its receptors.

Several in teresting  questions are raised by these findings: since it 
seems likely th a t the  o th e r m em bers of the  FGF fam ily use a sim ilar 
mechanism of GAG-assisted receptor binding it will be interesting to discover
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w hether specific GAGs modulate interaction with specific FGF receptors. So far, 
the only significant receptor specificity identified involves FGF-7, which has a 
much lower affinity for heparin  than  any of the  o ther FGFs (as described 
above), suggesting the intriguing possibility th a t it may require a d ifferent 
form of HPG for receptor binding. Alternatively the lack of ho<Uc sequence in 
the FGF-7 receptor (FGFr-4) may indicate an inability of receptor to associate 
with heparin  although there is currently  no evidence for a recep to r/heparin  
association. Finally, it will be interesting to discover w hether the ECM-bound 
FGFs can interact with cell surface receptors in the same way as FGFs bound to 
HPGs on the cell surface and those complexed with soluble GAGs fragm ents 
(Figure 2). If the ECM-bound FGFs are not available for receptor interaction it 
will be in teresting to determ ine w hether, how and  when they are released 
from the ECM in vivo .

Showing the induced fit m odel for bo th  soluble and  m em brane- 
b o u n d  HPG assisted  FG F/receptor ac tivation  system s an d  the 
p ossib ility  (d en o ted  by "?") of ECM b o u n d  HPG reg u la tin g  

FGF/receptor interaction either directly or via proteolytic release of 
FGF/ h ep arin  com plexes. Also in d ica tin g  th e  p u ta tiv e  HPG 
involvem ent in recep tor dim erisation. A dapted from  Yayon et al., 
(1991).

Receptor
Dimerisation ECM

Figure 2.
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E) The hemopoietic and neuropoietic growth factors.

The processes of hemopoiesis and  neurogenesis bo th  depend on strict 
regulation of m ultipotential stem cells to generate a wide variety of cell types. 
In v itro  several d ifferen t hem opoietic growth factors (or cytokines) can 
influence the  p ro d u c tio n , m a tu ra tio n  and  fu n c tio n a l activ ity  of each 
hem opoietic cell type. Moreover, each factor can invoke different responses 
in a cell type dependen t m anner. The explanation  for th is characteristic  
redundancy and pleiotropy probably lies in the nature of the receptors, which 
are quite different to those activated by the growth factors described above 
(see Section 1.1 & Figure 1). In general the hem opoietic receptors consist of an 
a-subunit that binds the ligand with low affinity and associates with a common 
[3-subunit with in trace llu la r signalling activity , to form  a high affin ity  
receptor. In th is way several factors may invoke a sim ilar response by 
activating the same [3-subunit (Figure 3). Similarly it has been proposed th a t 
the ability to induce different effects may represent the association of the a -  
subunit/ligand  complex with different (3-subunits th a t have distinct signalling 
p roperties (Figure 3). However, a lthough d ifferen t [3-subunits have been 
identified, it is still not clear w hether this actually happens in vivo {Nicola & 
Metcalf, 1991 for review}.

Functional similarities have been observed between the cytokines LIF, 
IL-6 and ciliary neurotrophic factor (CNTF), which was originally identified as 
a survival factor for neurons {M anthorpe e t al., 1986}. Further analysis 

revealed sequence sim ilarities between a num ber of these cytokines and  the 
recently discovered growth regulator oncostatin  M (ONC) {Bazan, 1991} (see 
Table 1). Clones of receptor components for both LIF and CNTF indicate a close 
s tru c tu ra l sim ilarity  and  pred ic t a prom iscuous recep to r subun it system  
similar to th a t described for the hem opoietic cytokines (Figure 3) with the 
predicted redundancy being emphasised by the observation tha t ONC binds to 
the high affinity LIF receptor {Gearing and  Bruce, 1991}. LIF mRNA has been 
detected in both  the hem opoietic and nervous system s {Patterson and  Fann, 
1992; Yamamori, 1991} while IL-6 is expressed by astrocytes and has direct 
effects on both  hypothalam ic and CNS neurons {Van Snick, 1990}. It therefore 
seems possible th a t many of the factors identified for their role in regulating 
the cells of the hem opoietic system  m ay also be involved in stem  cell 
regulation during the developm ent of the nervous system. The identification
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of these structural and functional similarities has led to the definition of a new 
family of neuropoietic growth factors (see Table 1) {Patterson, 1992}.

In add ition  to having a rem arkably diverse range of effects and  an 
increasingly ap p a ren t functional redundancy, LIF is p roduced  in d istinct 
freely diffusible and ECM associated forms {Hilton, 1992 for review}. Although 
the natu re  of th is association with ECM is unknow n as yet, the m echanism  
giving rise to the two forms has been established: LIF hnRNA transcribed from 
alternative prom oters and spliced differentially produces mRNAs with distinct 
first exons th a t encode different amino term inal signal sequences {Rathjen e t 
al., 1990}. In triguingly , w hereas o th e r signalling system s such as th a t 
d irecting nuclear targeting  {Kalderon et al., 1984, Richardson e t al., 1986} 
retain the signal in the m ature protein, those d irecting secretion and ECM 
association of LIF are proteolytically removed to produce apparently  identical 
m ature polypeptides. An understanding  of this surprising m echanism  awaits 
analysis of the ability of the LIF matrix binding signal to direct ECM retention 
of hetero logous pro te ins. N evertheless, it is c lear th a t th is m echanism  
provides an opportun ity  for fu rther variation in the activity of LIF. It will be 
interesting to discover whether any other growth factors use a similar system.
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Figure 3.
Showing how heterodimeric receptors, such as those identified 
for cytokines and neuropoietic cytokines, may allow several 
different factors (e.g. 11-6, G-CSF and LIF) to transmit an identical 
signal by forming a high affinity complex with a unique a- 
subunit and a common signalling (3-subunit. The pleiotropic 
effects of these same factors may be explained by proposing that 
a-subunits are able to associate with different [3-subunits that 
activate distinct signalling cascades. Adapted from figures by 
Nicola & Metcalf (1991) and Hilton (1992).
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Table 1. Some of the polypeptide growth factor families.

Groups Members Full and/or Alternative 
Nomenclatures.

Insulin-l ike growth factors

Epidermal growth factor

Transforming growth factor-p

Fibroblast growth factors

IGF-I

IGF-II /  MSA Somatomedin-C or Multiplication 
stimulating activity

Relaxin 

EGF 

TGF-a

VGF

Notch

Lin-12

TGF-ps 1-6

Activin-A
(XTC-MIF)

Activin-AB

Inhibins-A & B

MIS

Transforming growth factor-a

Vaccinia growth factor

Drosophila
C.elegans

Xenopus tissue culture - 
mesoderm inducing factor

Mullerian Inhibiting substance

BMP-3 & 2A Bone m orphogenetic p ro te ins 
3&2A

DPP Decapentaplegic

FGF General term

FGF-1 Acidic FGF (aFGF)

FGF-2 Basic FGF (bFGF)

FGF-3 Integration tumor-2 (Int-2 )

FGF-4 Human stomach cancer /  Kaposi's
sarcoma (hst /  KS/ kFGF)

FGF-5 Fibroblast growth factor-5

FGF-6 Fibroblast growth factor-6

FGF-7 Keratinocyte growth factor (KGF)
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Neuropoietic cytokine factors

* Denotes a sub-fam ily with a 
distinctive region of a a  sequence.

CDF/LIF* Cholinergic Differentiation or
Leukemia Inhibitory Factor.

CNTF* Ciliary neurotrophic factor

ONC* Oncostatin M

IL-6 In terleuk in -6

IL-11 Interleukin-11

G-CSF Granulocyte - colony stimulating
factor

MGF Myelomonocytic growth factor

Platelet derived growth factor

(¥) Dimer type and A-chain splice 
form only specified where known.

PDGF General term ¥

PDGF-AB A-chain^ /  B-chain heterodim er

PDGF-A A-chain homodimer ^

PDGF-B B-chain homodimer

PDGF-As Short A-chain homodimer

PDGF-Al Long A-chain homodimer

VEGF/VPF Vascular endothelial cell growth
(VPFl & VPFs) factor or vascular permeability 

factor

N.B. Factors such as colony stim ulating factor-1 (CSF-1 or M-CSF), kit-ligand 
(KL) and  tum or necrosis fac to r a lpha (TNF-a) are  syn thesised  as 
transm em brane precursors in the same way as m em bers of the EGF 
fam ily bu t have no EGF homology thus preventing the ir allocation of 
family membership {Massague, 1990}.
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F) The platelet derived growth factor (PDGF) family.

PDGF was originally identified as one of the principal mitogens in 
serum that directs the proliferation of a wide range of serum -dependent cells 
such as vascular sm ooth muscle cells, fibroblasts and  certain  glial cells. In 
vivo, PDGF is synthesised by a variety of cell types (see Table 2) and is thought 
to participate in a diverse range of cellular processes from wound healing and 
development to proliferative diseases such as atherosclerosis and cancer (see 
below). PDGF is a 30 kDa disulphide-linked, glycosylated, cationic dim er 
composed of two related peptides term ed A and B that are 60% identical at the 
amino acid level and  are encoded by separate genes on different chromosomes 
{Betsholtz et al., 1986; Johnsson et al., 1984; Heldin and Westermark, 1989 for 
review}. Both hetero- and hom odim eric forms have been observed in vivo: 
PDGF from hum an platelets is predom inantly a heterodim er {Hammacher et al., 
1988a; Hart et al., 1990}, whereas porcine platelet PDGF consists entirely of BB 
homodimers {Stroobant & W aterfield, 1984} and  a num ber of transform ed 
human cell lines produce PDGF-AA hom odim ers in vitro  {Heldin e t al., 1986; 
Hammacher et al., 1988b}. A comparison of the receptor binding properties of 
each form indicated tha t the different PDGF dimers have overlapping activities 
mediated by receptors with different ligand specificities {Nister et al., 1988a}. 
Subsequently two independently  regulated receptor subunits were identified: 
the alpha receptor subunit (PDGF-aR), which binds both  A and B chains of

PDGF, and the beta receptor subunit (PDGF-pR), which binds only the B chain 
{Ostman et al., 1989}. Both subunits have a typical transm em brane receptor 
structure (Figure 1: Type III) and are thought to exist as inactive monomers 
until ligand b ind ing  induces recep to r d im erisation  which activates their 
tyrosine kinase domains. The response of a cell to PDGF therefore depends on 
the relative num bers of a and p subunits present on its surface and the nature 
of the PDGF dim er(s) it encounters {Seifert et al., 1989; Ferns et al., 1990}. 
However, it is still not clear which of the m any biological activities are 
m ediated by each of these three m ain forms of PDGF {Ross et al., 1986 for 
review of PDGF; Heldin and W estermark, 1989 for review of PDGF receptors; 
Williams, 1989 for review of receptor signalling}.

The role of PDGF in the vascular system.

Phylogenetic analysis indicating that PDGF-like activity only occurs in 
organisms with a pressurised  vascular system led  to the suggestion th a t it

-  37 -



functions in some aspect of vascular system regulation {Ross et al., 1974; Stiles, 
1983}. There is certainly evidence th a t PDGF plays a role in vascular system 
damage repair: it is m itogenic for m any connective tissue cell types and 
chem otactic  for a num ber of cells involved in w ound re p a ir  such as 
fibroblasts, monocytes and neutrophils, indicating a possible role in attracting 
these cells to the site of injury. PDGF-synthesising megakaryocytes (Table 2) 
give rise to the circulating non-nucleated platelets w ith the  PDGF stored in 
specialised in tracellu lar com partm ents known as a-granules. In the early 
stages of clot form ation the s to red  PDGF is released  in response to the 
coagulation agent throm bin, w ithout recourse to de novo  p ro te in  synthesis 
{Ross e t al., 1986}. Endothelial cells lining the vascular system can also produce 
PDGF in response to th rom bin  and  in the absence of p ro te in  synthesis, 
although unlike platelets they do not store PDGF intracellularly {Harlan et al., 
1986}. This observation has led to the suggestion tha t throm bin may activate 
an inactive form of PDGF {Harlan et al., 1986; Ross et al., 1986}. In the later 
stages of vascular repair, m onocytes, which are initially d rafted  in by the 
p la te le t re leased  PDGF, in filtra te  dam aged v ascu lar tissue w here they 
d ifferentiate into m acrophages (Table 2) th a t p roduce PDGF in a p ro te in  
synthesis dependent m anner {Dohlman et al., 1984; Leslie e t al., 1984}. In 
addition to directing m igration and pro liferation  of cells PDGF is a highly 
potent vasoconstrictor and  as such may play a role in damage lim itation by 
reducing blood flow at the site of in jury  {Berk e t al., 1986}. Thus, during  
vascular repair PDGF has a range of activities, and can be released from  cells 
in at least three different ways. Although it has not yet been established, it 
remains an interesting possibility tha t the different release m echanisms and 
activities of PDGF may reflect the production of distinct dim eric PDGF isoforms 
{Ross et al., 1986 for review}.

Abnormal PDGF activity and proliferative disease.

A berrant PDGF expression by cells in the vascular system is thought to 
be one of th e  p rin c ip a l fac to rs  causing  th e  p ro life ra tiv e  d isease 
atherosclerosis. Characterised by arterial lesions which include proliferating 
smooth muscle cells and connective tissue associated with the inner lining of 
the vascular endothelium , atherosclerosis can lead to arteria l wall thickening 
and eventual blockage. A num ber of possible explanations exist for the initial 
form ation of these lesions. The prim ary  risk factor for atherosclerosis is
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chronic hypercholestero lem ia, which causes m onocytes to p en e tra te  the 
vascular endothelium  and d ifferen tia te  into PDGF-secreting m acrophages 
{Gerrity, 1981a & 1981b; Faggiotto et al., 1984}. It may be th a t these wayward 
m acrophages can produce sufficient PDGF to induce the form ation of lesions 
w ithout fu rth e r  assistance. A lternatively, invasion of the  arteria l wall by 
m acrophages may provoke the endothelial cells to secrete PDGF. However, 
inh ib iting  p la te le t function prevents form ation  of a therosclero tic  lesions, 
indicating th a t the initial form ation of the lesion may requ ire  inpu t from  
several sources. Although it is not clear w hether PDGF plays a significant role 
in the in itial stages of the disease process, it seems likely th a t bo th  the 
m itogenic activity and the vasoconstricting action of PDGF play a role in 
progression of the disease {Ross, 1986}.

A second proliferative disease in which PDGF is though t to play an 
im portan t p a rt is bone m arrow fibrosis. This m yeloproliferative disease is 
characterised by replacem ent of norm al tissue by fibroblasts which produce 
an in ap p ro p ria te  collagen m atrix. Just as chronic hypercho lestero lem ia  
induces in ap p ro p ria te  vascular m acrophage p roduction  in a therosclero tic  
lesions, chronic conditions such as tuberculosis are associated with excess 
m acrophage and  m egakaryocyte p roduction  which leads to fibrosis. The 
fibroblasts involved in the abnorm al m atrix  p roduction  are polyclonally 
derived, indicating tha t they are not derived from  a prim ary transform ation 
event and  are probably proliferating in response to an excess of a norm al 
signal, possibly PDGF. Further evidence for the involvem ent of PDGF comes 
from analysis of cells causing fibrosis during myelogenous leukemia, m any of 
which have a chrom osom al translocation which is thought to activate the 
PDGF-B chain gene {Francis et al., 1983}. Thus the progression of these diseases 
probably involves excessive or inappropriate  PDGF expression, which in tu rn  
stimulates fibroblasts to produce excess matrix {Ross et al., 1986 for review}.

PDGF and Neoplasia.

T he association betw een growth factors and oncogenesis was firm ly 
established by the observation tha t the PDGF-B chain and the protein  product 
of the sim ian sarcoma virus (SSV) oncogene v-sis bear a rem arkable structural 
sim ilarity, suggesting tha t the cellular gene has been incorporated  into the 
viral genom e {Stiles, 1983 for review}. A num ber of o ther viruses are now 
known to  have acquired cellu lar genes encoding p ro te ins responsible for
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growth control, which are then used as viral oncogenes (e.g. VGF, Table 1; see 
also Receptors Section 1.1) {Bywater et al., 1988 for review}. Subsequently both 
PDGF-B and  PDGF-A expression have been observed in a wide range of virally 
and otherwise transform ed cell types (Table 2) though not necessarily within 
the same cell type. For example, PDGF-AA hom odim ers seem to prevail in cells 
derived from  certain  tum ors such as Osteosarcom a {Heldin e t al., 1986} and 
Glioma {Nister et al., 1988b}. This ind ica tes  th a t th e ir  expression is 
independently  regulated and may also give a clue as to the possible norm al 
role of th e  d ifferen t hom odim ers in the  respective cell types (see next 
section). Although it seems that the transform ed cells are commonly derived 
from cells th a t normally express PDGF receptors, which would allow autocrine 
stim ulation, it is still not clear w hether aberran t PDGF production represents a 
prim ary event in neoplastic transform ation {Ross et al., 1986}. Once again, as 
for the norm al process of wound healing, it will be interesting to determ ine 
which of the  d ifferen t dim eric form s are associated  with neoplasia and  
abnormal proliferative diseases.

PDGF in development.

There is now a good deal of evidence for the involvem ent of PDGF 
during embryogenesis. An early study indicated tha t a PDGF-like activity could 
be detected in the culture medium of acutely isolated ra t aortic smooth muscle 
cells (rASMCs) from postnatal day 13 (P13) to P18 rats bu t not those isolated 
from adults. Given th a t rASMCs are PDGF-responsive this suggests a role for 
PDGF in early  postnatal form ation and  m aintenance of the artery  wall via 
au tocrine o r paracrine  signalling {Seifert et al., 1984}. Subsequent mRNA 
analysis ind ica ted  a difference in the regu lation  of PDGF-B and PDGF-A 
transcrip t levels. PDGF-A is expressed at roughly equivalent levels in bo th  
new-born and  adult rASMCs, while PDGF B-chain transcrip ts were observed to 
accum ulate in the new-born but not the adult cells in culture, confirming the 
independent expression of the two chains {Majesky et al., 1988}.

PDGF A-chain expression in p reim plantation  mouse embryos has been 
detected  along with TGF-a and TGF-|3i e x p re s s io n , by polym erase chain  

reaction (PCR) am plification and im m unocytochem istry  {Rappolee e t al., 
1988a}. This was subsequently confirm ed by RNase protection analysis which 
also dem onstrated  em bryonic expression of bo th  receptor subunits, although 
PDGF-aR mRNA appears earlier and is generally much m ore abundan t than
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th a t of PDGF-|3R. This second study failed to de tec t any PDGF B-chain 
expression, providing fu rther confirmation th a t the two PDGF genes and those 
for the recep to r subun its  are independen tly  regu la ted  in norm al cells 
{Mercola et al., 1990}. Both PDGF-A and TGF-a were also detected as m aternal 
transcrip ts in the unfertilised  oocyte suggesting an early  requ irem ent for 
these two factors. A possible clue to the role of PDGF during development comes 
from the observation th a t its em bryonic expression pa tte rn  correlates with 
that of ECM degrading m etalloproteinases such as collagenase and strom elysin 
and their inhibitor TIMP. Since the m etalloproteinases and TIMP are thought 
to be involved in rem odelling the ECM to allow cell growth, m igration and  
embryo im plantation, it seems possible th a t PDGF may be acting alongside 
these enzymes to drive some or all of these processes during  developm ent 
{Brenner et al., 1989}. Increased PDGF-A expression has also been detected in 
hum an uterine smooth muscle cells during pregnancy implicating PDGF in the 
normal physiologic process of uterine expansion during pregnancy {Mendoza 
etal., 1990},

PDGF is thought to play a crucial role in the developm ent of the CNS. 
Early evidence came from the observation th a t some glioma cell lines express 
PDGF-A hom odim ers {Betsholtz et al., 1986} and in tracranial injection of SSV 
causes a high incidence of glioblastomas {Deinhardt, 1980}. Studies of factors 
regulating ra t 0-2A glial p rogenito r cells, which give rise to m yelinating 
oligodendrocytes and  are thought to  be m igratory  cells in vivo  d u rin g  
developm ent, revealed tha t purified PDGF is able to stim ulate a mitogenic 
response, direct m otility and prevent their prem ature differentiation in vitro  
{Noble etal., 1988; Raff et al., 1988; Richardson et al., 1988}. Purified cultures of 
type-1 astrocytes isolated from  the optic nerve have been shown to express 
PDGF A-chain mRNA and produce a mitogenic activity which is inhibitable by 
PDGF specific antibodies {Richardson et al., 1988} and PDGF activity has been 
isolated from  the  developing ra t optic nerve {Raff e t al., 1988}. In s itu  
hybridisation of the developing rat optic nerve revealed RNA for PDGF A- 
chain but not B-chain, while analysis of the mitogenic response indicated th a t 
PDGF-A hom odim ers are more potent mitogens for 0-2A progenitor cells than  
PDGF-B homodimers. By contrast, PDGF-B homodimers are the most potent form 
for fibroblasts {Nister et al., 1988a; Pringle e t al., 1989}, which have been 
shown to express both types of PDGF receptor subunit {Heldin et al., 1988}. 0-2A 
progenito r cells were subsequently  shown to have p redom inantly  a - ty p e
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receptors {Hart et al., 1989}. Thus, although a-type receptors are able to bind 
both A and B-chains of PDGF, it seems that, for 0-2A cells at least, they are 
better able to direct mitogenic activity in response to PDGF-A homodimers, 
probably due to the different affinities of A and B for the a-recep to r {Heldin et 
al., 1988}. More recently both PDGF A-chain {Yeh et al., 1991} and PDGF B-chain 
{Sasahara et al., 1991} have been shown to be expressed by neurons indicating 
that neurons may also regulate the fate of glial cells such as 0-2A progenitors. 
A lternatively, it has been suggested th a t PDGF B-chain m ay function as a 
neuronal regulatory agent though this rem ains to be tested  {Sasahara e t al., 
1991} {Raff, 1989; Richardson et al., 1990 for reviews of glial cell regulation in 
the optic nerve}.

Alternative splicing of PDGF A-chain mRNA.

At the outset of the work described in this thesis sequence analysis of 
cDNA clones had revealed that there are two forms of the PDGF A-chain arising 
from  alternative  splicing of the p rim ary  transcrip t, and  differing by the 
presence (PDGF-Al) or absence (PDGF-As) of a highly basic carboxy-term inal 
"tail" th a t is derived from  the sixth exon (Figure 4) {Betsholtz et al., 1986; 
Collins etal., 1987; Tong et al., 1987; Rorsman etal., 1988; Bonthron et al., 1988}. 
Both forms of PDGF-A have been conserved in hum ans, mouse {Young e t al., 
1990} and Xenopus {Mercola et al., 1988} suggesting th a t the ability to select 
alternative versions of the PDGF A chain is im portant for some aspect of PDGF 
biology. This conclusion was subsequently reinforced by the observation that 
the gene fo r vascular endothelial growth factor (VEGF/VPF) {Leung et al., 
1989; Keck e t al., 1989} can be spliced in a m anner analogous to the 
PDGF-A gene {Tischer et al., 1989}, to produce alternative versions of VEGF, 
one of which has a basic, carboxy-term inal extension sim ilar to th a t of 
PDGF-Al (Figure 5) {Betsholtz etal., 1990}.

There have been  a varie ty  of a ttem pts  to define the functional 
difference conferred by the presence or absence of the exon 6 encoded basic 
tail of PDGF-Al. Evidence th a t PDGF is able to en ter the nucleus and  bind  

tightly  to  chrom atin  {Rakowicz-Szulczynska e t al., 1986} coupled with the 
sequence sim ilarity  betw een the PDGF-Al basic tail and  the SV40 nuclear 

transport signal (NTS) {Tong e t al., 1987} led to investigations which showed 
tha t the tail could direct nucleolar localisation of reporter proteins {Maher e t 
al., 1989}. However, since this observation depended on using nonsecreted

-4 2  -



repo rter products or secretion-deficient PDGF-Al m utants it was considered

unlikely th a t this would be the norm al in vivo  function {Tong et al., 1987}. 
Indeed it has now been dem onstrated  th a t the A l tail is no t requ ired  for

m itogenic activity {LaRochelle e ta l., 1991}. Studies com paring the receptor 
affinity of PDGF-Al and PDGF-As hom odim ers produced in a yeast expression 

system , failed to show any significant d ifference {Ostman e t al., 1989} 
suggesting that the presence of exon 6 does no t affect binding to receptor. 
However, studies carried out using m am m alian cell expression systems have 
led to a num ber of apparently  conflicting results. An early study using a 
plasm id-based expression system suggested tha t PDGF-Al was more efficiently 
assembled and secreted from both Cos-1 and NIH-3T3 cells than PDGF-As, which 

was th o u g h t to requ ire  d im erisa tion  w ith PDGF-B chain  for efficient 
processing {Collins et al., 1987}. This was retracted , however, when it was 
shown th a t the expression vector they had used, directed aberran t expression 
of the PDGF-A cDNAs due to cryptic splicing of the RNA transcrip ts in the 
transfected Cos cells {Wise et al., 1989}. A subsequent study using retroviral 
expression vectors showed that both rat-1 cells and hum an fibroblasts infected 
with a virus that directed expression of PDGF-As released 10-fold more A-chain 
protein than  cells infected with virus directing expression of PDGF-Al despite 
equivalent levels of mRNA {Bywater et al., 1988}. However, another study using 
a d ifferent plasm id-based expression vector, with the mouse m etallothionein 
(MMT) prom oter directing expression of each isoform, showed th a t PDGF-As 
and  PDGF-Al secretion from  NIH-3T3 cells were apparen tly  no d ifferen t 

{Beckmann etal., 1988}.

A series of recent papers and  work described in this thesis provide a 
model fo r how the two forms differ and  suggest an explanation for these 
apparently  contradictory results. Both PDGF-Al and PDGF-As are synthesised as 

p re-pro -pep tides th a t are pro teoly tically  processed during  th e ir  progress 
along the secretory pathway; the signal peptide is removed when the protein  
enters the  lum en of the endoplasm ic reticulum , and a m aturation  cleavage 
near the amino term inus occurs en route from  the Golgi to the cell surface 
(Figure 10). Homodimers of PDGF-As are then  released from the cell as freely- 
d iffusib le m olecules while PDGF-Al hom odim ers rem ain cell-associated  

{Ostman eta l., 1991; LaRochelle e ta l., 1991; Raines and Ross, 1992}. In this 
regard PDGF-Al resembles PDGF-B, which also rem ains associated with the cell 

surface after secretion {Robbins et al., 1985}. Several lines of evidence indicate
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that this association is m ediated by a basic sequence present in the carboxy 
terminal region of the B-chain {LaRochelle e t al., 1990} and a similar sequence 
present in the basic carboxy term inus of PDGF-Al (Figure 5). Cell-associated 
PDGF-Al and PDGF-B can be released into the m edium  by addition of peptides 

corresponding to th e ir  basic "retention" dom ains or by soluble hep aran  
sulphate proteoglycans (HPGs) {Raines an d  Ross, 1992}, and  a syn thetic  
PDGF-Al reten tion  dom ain binds to cell surfaces in a m anner that can be 

com petitively inhibited  by heparin  {Khachigian e t al., 1992}, suggesting that 
the retention  dom ains may function by binding to HPGs in the extracellular 
matrix (ECM).

1.3 Aims of thesis.

The evidence accumulating at the outset of this work implicated PDGF-A 
in a variety of developm ental events. Of particu lar interest were the isolation 
of a cDNA representing the longer PDGF-A isoform, PDGF-Al, from  a hum an 
glioma cell line and the observations indicating th a t PDGF-A was involved in 
the regulation of ra t glial progenitor cell d ifferentiation  and m igration. It 
therefore seemed likely that an understanding  of the expression p attern  and 
function of both PDGF-Al and PDGF-As, might provide im portant clues to how 

glial progenitor cell proliferation is regulated in vivo. I therefore attem pted to 
define th e  sp a tia l a n d  tem poral d is trib u tio n  of the  a lternative  PDGF-A 
tran sc rip ts  in v a r io u s  ra t  glial cell ty p e s  and  to com pare the functional 
activity of the two different PDGF-A homodimers in vitro, in the hope th a t this 
might provide a clue to their function in vivo.
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Table 2. Cell types th a t express PDGF; th e ir  location and  the proposed 
biological roles of the PDGF they produce. Adapted from Ross et al., 
(1986).

Cell Types 

expressing PDGF

Anatomical

considerations

Normal

Activity Abnormal Activity

Circulating Cells

Platelets In circulation for 9- 
11 days

Wound healing 
vasoconstrictor

Atherosclerosis

Monocyte /  
Macrophages

Can reside in tissue 
for months

Wound healing 
vasoconstrictor

Atherosclerosis; fibrotic 
disorders of Lung, Liver 

and kidney; inflammation 
and Arthritis.

Resident Cells

Megakaryocytes Bone marrow 
residents

For storage in 
platelets

Abundant in some forms of 
myelofibrosis.

Endothelium Permeable barrier 
between circulating 

blood cells and 
underlying tissue

Wound healing 
vasoconstrictor

Atherosclerosis

Rat Pup Smooth 
muscle cells

Rat aorta Development & 
Growth

Atherosclerosis

Adult Smooth muscle 
cells

Rat carotid, ra t aorta 
media

Wound healing 
vasoconstrictor

Atherosclerosis

First trimester 
human placental 
tracts

Type 1 Astrocytes 

& Neurons

Cytotrophoblasts Development &
Growth

Myelination 
Glial tracts during

development & 
wound repair. 

Neuroregulator

Atherosclerosis

Developmental lesions & 
myelinating disorders ie. 

multiple sclerosis

Transform ed
cells

PDGF-responsive
cells

Mainly blastomas and 
sarcomas

None Autocrine stimulation in 
atherosclerosis & 

neoplasia

PDGF-nonresponsive
cells

Erythroleukemia, 
bladder carcinoma & 

hepatoma

None Paracrine stimulation in 
myelofibrosis & 

desmoplasia

SSV (v-sis) 
transform ed

Subcutaneous
fibrosarcomas None Neoplasia
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Figure 4.
Showing how the two forms of human PDGF-A protein  arise by 
alternative splicing of a single mRNA transcript (A) differ by 18 
amino acids in total but by only 15 amino acids in size (B) and how 
they compare to PDGF-B (C). See also Figure 5 for a direct 
comparison of all known PDGF-Al and PDGF-B carboxy terminal 
tails.

□  = Non coding RNA sequences of RNA 

= Constant region

= Exon 6 coding for the PDGF-Al basic carboxy-terminal tail.

= Exon 7 coding for the PDGF-As carboxy-terminus

(See Table 3 for single le tte r amino acid code)
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L K P T

L K P T

S R Y ®

H T H D (g)T AIl ' k T t I. .. human PDGF-B 

R)L K P T  human PDGF-AL

mouse PDGF-Al 

Xenopus PDGF-Al 

K)S R Y(K)S ¥ S V. . . .  human VPF/VEGF

Showing the amino acid sequences of the basic reten tion  dom ains 
found in the hum an PDGF-B peptide, each of the known PDGF-Al 
peptides, and the longer splice form of bovine VEGF. The regions 
which match in 3 or m ore cases are boxed while those tha t match 
in only two cases are indicated by circling. An additional region of 
homology present in the B-chain sequence but located n earer the;..................   1
carboxy-terminal tail is indicated in a I b roken  koxj

R E S G K K R K R K  

R E S G K K R K R K  

Q K R Kg n

K R K R K

Figure 5.

Table 3. Single le tter Amino Acid code indicating which are hydrophobic (H) 
and which are hydrophilic (P) including (Acidic and Basic).

ALANINE A (H) THREONINE T (P)
VALINE V (H) CYSTEINE C (H)
LEUCINE L (H) TYROSINE Y (P)
ISO-LEUCINE I (H) ASPARAGINE N (P)
PROLINE P (H) GLUTAMINE a (P)
PHENYLALANINE F (H) ASPARTIC ACID D (ACIDIC)
TYPTOPHAN W (H) GLUTAMIC ACID E (ACIDIC)
METHIONINE M (H) LYSINE K (BASIC)
GLYCINE G (H) ARGININE R (BASIC)
SERINE S (P) HISTIDINE H (WEAKLY BASIC)
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^  Chapter Two ^

"One fine m orning in M ay a slim  young horsew om an m ight 

have been seen rid ing a handsom e sorrel m are along the 

flow ery avenues o f the B ois de B oulogne."
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Chapter  2. Mater ia ls  and Methods.

Unless otherwise stated all chemicals and reagents were purchased from BDH

Chemicals Ltd. and were Analar grade wherever possible.

All restriction enzymes and molecular biology reagents were purchased from

Pharm acia Ltd.

All radio-chem icals were purchased from Amersham International.

All specia lised  bacterial m edia com ponents w ere obtained from Difco 

Laboratories Ltd.

Solutions were sterilised, where necessary, by autoclaving at 15 Ib/sq. in. for

20 minutes and thereafter stored at room temperature unless otherwise stated.

2.1 B a c ter io lo g y .

Methods in this section were taken from M aniatis et al. (1982) unless

o therw ise referenced .

A) B acteria l s tra in s .

For general clon ing  and sub -c lon ing  o f recom binan t p lasm ids 

Escherichia coli (E.coli) strains TGI (supE hsdA5thi A ( l a c - p r o A B )  ¥'[ traD 3 6 

proAB + lac 19 lacZ AM15] and JM101 (supE thi A(lac-proAB) ¥'[traD36 proAB+ 

lac 19 lacZ AM 15] were used.

For phage lamda (X) gtlO work strains NM514 (hfl + ) and L87 supplied

with the X gtlO cloning kit and for X g t l l  strain Y1090 [lac U169 p r o  A+ DIon

ara D 139 str A sup F trp C22: TnlO (pMC9)] were used.

B) Growth media and agar plates.

Bacteria were grown in Luria Broth (LB) containing 10 g bacto-typtone,

5 g yeast extract and 10 g NaCl per litre, or on LB-agar plates (LB + 15 g bacto 

a g a r / l i t r e ) .

W here appropriate Ampicillin (Amp) at a final concentration o f 100 

|Lig/ml was added after LB had cooled to below 5 0 ° C. Plates and solutions

containing Amp were stored at 4°C  in the dark. Amp was prepared as a 50
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mg/ml stock by dissolving the sodium salt in deionised water (dH2 0 ), filter 

sterilised through a 0.22 pm filter (Millipore Corp.) and stored frozen at -2 0 °C .

All strains of E . c o l i  were grown at 3 7 ° C. L iquid cu ltu res were 

continuously agitated in a rotating environm ental shaker.

C) Preparation of  competent bacteria.

i) Calcium chlor ide  method.

50 ml of LB medium was inoculated with 1 ml of an overnight TGI 

culture and incubated at 3 7 °C with vigorous shaking until the density of the 

culture reached an absorbance of between 0.2-0.4 at 600 nm. The bacteria were 

pelleted (3000 G, 4°C , 10 minutes) and resuspended in 20 ml of ice cold 100 mM 
C a C l2 (22 pm  filter sterilised) and left on ice for 20 minutes. The cells were re

pelleted, as above, and resuspended in 1 ml of ice cold 100 mM CaCl2 and kept at 

4°C  up to a maximum of 24 hours before use.

ii) Hexamine cobalt  chloride method.

Where a higher efficiency of transform ation was required, i.e. during 

cloning of newly ligated constructs, the following buffer was used in place of 
CaCl2 : [100 mM KC1, 45 mM MnCl2, 10 mM CaCl2 , 3 mM Hexamine Cobalt chloride, 

5 mM 2 [N-morpholino]-etho-sulfonic acid adjusted to pH 6.3 with KOH (K.Mes)], 

0.22 pm filter sterilised and stored in aliquots at -20°C {Hanahan, 1985}.

D) Transformation of bacteria with DNA.

DNA was added to competent cells at 50-100 ng DNA per 100 p i cell 

suspension and incubated on ice for 30 minutes. Then heat shocked for 90 

seconds at 4 2 °C. The bacteria were incubated in 1 ml LB at 37°C for 45 minutes 

with vigorous shaking. The cells were then pelleted at 3000 G for 5 minutes and 

resuspended in 100 p i LB before spreading onto LB-agar plates (supplemented 

with antib io tics w here appropriate) and incubating  at 37° C o v ern ig h t. 

Individual colonies were placed into 10 ml of LB using sterile Gilson tips and 

incubated overnight at 3 7 °C with constant agitation. The overnight cultures 

were then processed for plasmid mini preps.

When cloning into plasm ids (or phage M l3) where the cloning site 

forms part of a 6-Galactosidase gene it was possible to screen for inserts by
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looking for loss of B-Galactosidase activity. This was done by resuspending the

transformed cells in 100 p i LB with 10 mM Isopropyl 8-D -thiogalacto-
pyranoside in H2 O (IPTG) and 0.8% 5 - b r o m o - 4 - c h l o r o - 3 - i n d o l y l - B - D -

galactopyranoside (X-GAL) in dim ethylform amide and spreading as above. In 

this system native cloning vector gives blue colonies (or plaques) whereas

vectors with inserts give uncoloured colonies (or plaques).

E) Long-term storage of recombinant  bacteria.

Long-term stocks of bacterial strains and bacteria hosting recom binant 

plasm ids were produced by adding 15% glycerol to overn ight bacterial 

cultures and storing these at -20°C. Bacteria were recovered by inoculating 3

ml of LB with 10 p i of glycerol stock and growing the culture overnight at 37°C

with constant agitation.

2.2 Molecular biology.

Methods in this section were taken from M aniatis et al (1982) unless 

o therw ise referenced .

A) P h e n o l / c h l o r o f o r m  e x t r a c t i o n s .

Samples to be extracted were made 0.5 M NaCl, vigorously mixed with an 

equal volume of UNC-phenol (containing 500 g phenol (melted at 65°C), 111 ml 
2 M Tris pH 7.5, 114 ml dH2 0 , 28 ml m-cresol, 1.1 ml 8-mercaptoethanol (2-ME),

555 mg 8-hydroxyquinoline) and centrifuged at 10,000 G for 10 minutes. The 

upper aqueous phase was removed and re-extracted with an equal volume of

chloroform  (containing 4% Isoamyl alcohol) centrifuged as before and the 

upper aqueous phase collected.

B) Ethanol precipitation of nucleic acids.

In general samples were made 0.5 M NaCl and 2 x the original volume of

95% ethanol was added. Samples were incubated on dry-ice for 20 minutes

before centrifuging (10000 G, 4°C , 15 minutes). The pellet was washed once

with 70% ethanol and to air dry before resuspending in an appropriate buffer.

Samples containing less than 5-10 pg of DNA/RNA were precipitated with 25 pg

of yeast transfer RNA(tRNA) to act as a carrier.
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T able 4. A lternative Salts used for precipitation of nucleic acids {Wallace. 

1987}.______________________________ ______________________________________________

Final Cone. pH 1 EtOH Recommended Uses

0.2 M NaCl 7.0 i 2 vols

i

General and any SDS in sample remains 
so lub le  but the C l“ i nh i b i t s  RNA 
t r a n s l a t i o n .

0.3 M NaAc 5.5 I 2 vols General uses.

2.5 M NH4AC
|

5.5 ! 3 vols Precipitates only incorporated dNTPs but 
inhibits phosphorylation and tailing.

0.8 M LiCl | 3 vols
S
!

Salt itself is not precipitated but C l“ may 
still inh ib it RNA translation  and L i+ 
inh ib its reverse transcrip tase.

0.2 M KAc 5.5 j 2 vols Used for RNA precipitation if in vitro 
translation was to be performed.

C) R estric tio n  d igest of DNA.

As a general rule up to 2 fig of DNA was digested in a final volume of 20 

p i including enzyme, for a minimum of 1 hour at 37°C. Restriction enzymes 
were used in buffer containing 10 mM Tris-HCl pH 7.5, 10 mM M g C ^  1 tnM DTT

with an NaCl concentration of 0 mM, 50 mM, 100 mM or 150 mM depending on

the suppliers' recom m endations.

D) E nd lab e llin g  of DNA fra g m e n ts .

Recessed 3' ends were radiolabeled by addition of 0.5 Hi 32P dNTP (10 

p C i/p l)  and 0.1 units of Klenow in 1 x 50 mM restriction buffer (see above) and 

incubating for 10 minutes at 37°C. The choice of the ^2P dNTP depended on the 

sequence of the overhanging 5' end and where necessary cold nucleotides (200 

pM ) were included to allow the reaction to proceed to the point at which a hot 

nucleotide could be incorporated.

E) D e p h o sp h o ry la tio n  of DNA t e rmi n i .

To prevent religation of vectors cut at a single enzyme site the 5' 

phosphate groups were removed by dephosphorylation. 1-2 jug of digested DNA 
were incubated in 1 x CIP buffer (50 mM Tris pH 9.0, 1 mM MgCl2, 0.1 mM ZnCl2, 

1 mM spermidine) with 0.2 units of Calf Intestinal Phosphatase (CIP) for 1 hour
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at 3 7 °C. Samples were then heated to 6 5 °C for 15 minutes, in the presence of 

0.5% SDS, to inactivate the CIP then phenol/chloroform  extracted and EtOH 

precipitated with NaAc as previously described.

F) Ligation of DNA.

Ligations usually contained 50-100 ng of vector DNA and a 4 fold molar 

excess of the fragment to be inserted. In the case of blunt end ligations a 10 

fold molar excess of insert was used. Ligations were incubated at 14°C for at 

least 6 hours with 1 unit of T4 DNA Ligase in buffer (50 mM Tris-HCl (pH 7.5), 

10 mM MgCl2 , 10 mM DTT, 1 mM Spermidine, 1 mM Adenosine Tri-phosphate 

(ATP) and 0.1 mg/ml Bovine Serum Albumen) in a total of 20 pi. C om petent 

bacteria were transformed with the DNA and grown on agar plates containing 

50 pg/ml Amp at 37°C over night.

G) Screening plasmid DNA from transformed bacterial  co lonies .

i) P lasmid  mini preparation.

Individual colonies from transformed bacteria were grown overnight at 

37°C  as described. 1.5 ml was taken and the cells pelleted (13,000 G, 30 seconds) 

in eppendorf tubes. The cells were resuspended in 100 p i of 25 mM Tris pH 8.0, 

10 mM EDTA, 50 mM Glucose and incubated at room temperature for 5 minutes. 

200 pi 0.2 N NaOH, 1% (w/v) SDS was added and the tubes incubated on ice for 5 

minutes, followed by addition of 150 pi of 3 M potassium acetate, 2 M acetic acid 

pH 4.5 (at 4°C ) and incubation on ice for a further 5 minutes. The solution was 

centrifuged for 5 minutes at 10,000 G, 4 °C .  the supernatant taken and 

recentrifuged. The DNA was ethanol precipitated as described and the pellet 

resuspended in TE (10 mM Tris pH 8, 1 mM EDTA) and stored at -20 °C .

ii) Transform ed bacterial  co lony li fts and hybrid isat ion .

This method was used in cases where it was necessary to screen large 

numbers of colonies either because several different clones were expected or 

if it was thought that few of the transform ed cells contained the required 

clones. Having produced a number of colonies these were then picked onto two 

replica plates. On one plate a 60 mm nylon filter disc (Hybond-N from 

Amersham) with grid marks on it was laid on top of the LB agar and the 

colonies dotted onto each of the gridded squares respectively. After overnight
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growth at 37°C the filter was lifted off the plate and laid down colony-side

upmost on Whatman 3MM filter paper soaked in 10% SDS for 5 minutes, then

onto 3MM paper soaked in 1.5 M NaCl, 0.5 N NaOH for 5 minutes and finally onto

3MM soaked in 1.5 M NaCl, 50 mM Tris-HCl pH 8 to neutralise for 5 minutes. The 

filter was then baked for 2 hours at 80°C and then washed in 50 mM NaOH for 5 

minutes followed by 2 x washes in 1.5 M NaCl, 50 mM Tris-HCl pH 8.

The filter was hybridised in 10 ml of buffer containing 5 x Denhardt's 

(1% (w/v) ficoll 400, 1% (w/v) polyvinyl-pyrrolidone, 1% (w/v) BSA), 0.25 mg

Salmon Sperm DNA, 6 x SSC (0.9 M NaCl, 0.09 M Sodium Citrate pH 7) and 

denatured 32P labeled probe DNA at approximately 10 ng/ml overnight at 42°C . 

The filters were washed stringently (0.5 x SSC, 0.1% SDS, 65°C, 15 minutes x 3) 

before being wrapped in Saran wrap and exposed to pre-flashed X-OMAT AR 

diagnostic film (Kodak). Exposure times were often as little as 10 minutes at 

room temperature. Positives could then be picked from the appropriate colony

on the replica plate.

H) "M a x i"  p la sm id  p r e p a ra t io n .

200 ml bulk cultures were inoculated with 1 ml of an overnight

bacterial culture and incubated overnight at 37°C  with constant agitation. The 

cells were pelleted (6000 G, 15 minutes, 4°C ) and resuspend in 4 ml of 25% 

sucrose in 50 mM Tris pH 8.0 containing lysozyme at 2 mg/ml (diluted from a

fresh stock of 20 mg/ml in 50 mM Tris pH 8.0). Samples were incubated on ice

for 10 minutes before addition of 0.2 ml of 0.5 M EDTA (pH 8.0) and incubation

for a further 20 minutes on ice. 3.5 ml of 3 x triton lysis buffer (3% (v/v)

Triton X100, 180 mM EDTA, 150 mM Tris pH 8.0) was added and mixed by

inversion and incubated for 30 minutes on ice. The solution was then spun at

80,000 G, 4°C , for 60 minutes. The supernatant was removed and made 0.5 M 

NaCl before Phenol and Chloroform extraction as previously described. The 

final aqueous phase was made 10% (w/v) with solid PEG-6000 and incubated on 

ice for 60 minutes. The DNA was pelleted (10,000 G, 4°C , for 20 minutes) and 

resuspended in 500 p i of TE. RNA was removed by incubating in 0.1 mg/ml 

DNase-free RNase and the solution left at 37° C for 1 hour. An equal volume of 

10 mM Tris pH 8.0, 1 M NaCl, 1 mM EDTA, 20% (w/v) PEG (Mwt. 6000) was added 

and the plasmid DNA allowed to precipitate on ice for 1 hour, before being 

pelleted (13,000 G, 15 minutes) and all traces of the supernatant removed. The 

pellet was resuspended in 400 p i  of 10 mM Tris pH 7.5, 0.5 M NaCl
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Phenol/Chloroform extracted and ethanol precipitated. The final DNA pellet 

was resuspended in TE and the concentration and protein levels determined by
taking absorbance readings at 260 nm and 280 nm (A 260. A280)-

DNA concentration (mg/ml) = A260 x extinction co-efficient x dilution factor

1,000

At 20°C the extinction co-efficient for absorbance at 260 nm is 50 pg" 

lc m " l for double stranded DNA and 40 p g '^ c m 'l  for single stranded RNA and 20 

p g " lc m " l for oligonucleotides.

I) Preparation of  genomic DNA.

Genom ic DNA was prepared from approximately 1.5 x 109 cells by a 

modification of the SDS lysis method {Maniatis et al. 1982}. The cells were lysed 

in 2 ml of resuspension buffer (RSB) (10 mM Tris, pH 7.4, 10 mM NaCl, 25 mM 

EDTA) with 0.5% Nonidet P40 (NP40) then spun at 2000 k for 2 minutes. The 

resulting pellet was resuspended in 1 ml of RSB with 2 mg of proteinase K and

incubated at 37°C for 2 hours. The solution was made 0.5 M NaCl, phenol and

chloroform  extracted and ethanol precipitated as described previously. The 
dried pellet was resuspended in H2O and treated with 0.2 mg/ml DNase free

RNase at 37°C for 30 minutes before re-extraction with phenol/chloroform and 

precipitating again. The final yield was calculated as described previously.

J) Preparation of RNA.

Glassware was thoroughly washed in distilled water and oven baked at 

2 5 0 °C  for at least 4 hours. Disposable sterile plasticware was also used. All 

solutions were treated with Diethylpyrocarbonate (DEPC) 0.1% (v/v). DEPC was 

added and mixed by shaking and the solutions autoclaved to destroy any 

remaining DEPC. Chemicals used were specifically set aside for RNA work only 

and disposable rubber gloves were worn at all stages of these protocols.

RNA extraction was carried out as described previously {Chomczynski

and Sacchi, 1987}. For every 100 mg of cells to be extracted 1 ml of Solution D (4 

M Guanidinium thiocyanate, 25 mM Sodium citrate pH 7, 0.5% (v/v) Sarcosyl, 

0.1 M 6-mercaptoethanol [2-ME] ) was added before homogenising on ice using 

a Dounce homogeniser. The solution was then transfered to a polypropylene 

tube and for every 1 ml of Solution D, 0.1 ml of 2 M Sodium acetate pH 4, 1 ml of
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phenol (water saturated) and 0.2 ml of Chloroform -isoam yl alcohol mixture 

(49:1) was added. The final mixture was shaken vigorously and left on ice for 

15 minutes before being spun at 10,000 G for 20 minutes at 4°C . The RNA in the 

aqueous phase was precipitated by adding one volume of Isopropanol and 

leaving at -20°C for at least 1 hour. The RNA was pelleted and resuspended in 

Solution D and reprecipitated. The washed and dried RNA was pellet was 

resuspended in an appropriate volume of 0.5% SDS by heating to 65°C  for 10 

minutes. The RNA was stored at -7 0 °C until required. In most cases the 

integrity of the RNA was tested by northern blotting and probing for actin 

message prior to use.

K) Poly (A)+ s e l e c t i o n .

The total RNA concentration was adjusted to less than 1 mg/ml and Poly 

(A )+ RNA was selected by oligo dT-cellulose chromatography. The total RNA 

recovered was run over a 2 ml oligo (dT) - cellulose column in 0.5 M NaCl, 10

mM Tris pH 7.5, 0.1% SDS. The column was washed extensively with the same

buffer before eluting the bound Poly (A)+ with 10 mM Tris pH 7.5, 0.1% SDS. 

Poly (A)+ RNA was precipitated as previously described and the pellet dissolved 

in a suitable volume of 10 mM Tris pH 7.5, 1 mM EDTA. The absorbance was 

m easured as described previously to calcu late the concentration and the 

sample stored at -70°C until required.

L) Electrophoret ic  analysis  of  nucleic acids.

i) Agarose gels.

N ucleic acids were suspended in 1 x L oading buffer (0.025%

bromophenol blue, 0.025% xylene cyanol, 2.5% ficoll-400) and electrophoresed 

through 1% agarose gels in a horizontal submarine gel system (Pharm acia). 

The agarose was melted in 1 x TAE Buffer (40 mM Tris Base, 20 mM Sodium 

Acetate, 10 mM EDTA, pH adjusted to 8.3 with acetic acid). Gels were stained by 

soaking them for 5 minutes in a solution of Ethidium Bromide (EtBr) at 5 p g /m l 

in H2 O and DNA visualised by illum ination on a UV light box. Photographs

were taken using Polaroid type 665 or 667 film.
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ii) NaOH blotting procedure.

DNA was transfered to Nylon m em branes (G enescreen-Plus, NEN 

Dupont) as previously described {Reed and Mann, 1985}. DNA fragments over 

10 kb were hydrolysed by soaking the gel for 15 minutes in 0.25 M HC1 twice. 

Then 0.5 M NaOH, 1.5 M NaCl was used as a transfer solvent which 

sim ultaneously neutralised and fixed the DNA to the membrane w ithout 

recourse to baking or UV cross-linking.

iii) RNA gels.

RNA gels were electrophoresed at 17-21 mA overnight or at 100 mA for 

2-3 hour runs, through 1% agarose gels in horizontal submarine gel systems. 

For a 100 ml gel 1 g of agarose was melted in 82 ml of 1 x MOPS running buffer 

(0.02 M MOPS (3-[N-M orpholino]-propane-sulfonic acid), 5 mM sodium acetate, 

0.5 mM EDTA pH adjusted to 7.5) and this was cooled to 50°C before addition of 18 

ml of 2.2 M formaldehyde (final conc. 0.4 M). Aqueous RNA solutions were 

incubated at 65° C for 3 minutes in 5 x volume of Sample buffer (50% 

formamide (de-ionised), 18% formaldehyde (2.2 M), 1 x MOPS) prior to loading

in 1 x Loading buffer (5% glycerol, 0.1 mM EDTA, 0.04% bromophenol blue 

[runs at 500 bp] , 0.04% xylene cyanol [runs at 1 kb] ). If dilute solutions of RNA 

were to be used the required amount, usually about 10-15 pg  of Poly (A)+ , was 

precipitated and taken up directly in sample buffer. The running buffer (1 x

MOPS) was recirculated to prevent alkainity build up.

iv) N o r th e rn  b lo t t in g .

Gels were capillary blotted on to Nylon membranes (Genescreen-Plus, 

NEN Dupont). After transfer the membrane was baked for 2 hours at 80°C. The 

remains of the gel were stained with EtBr, as for DNA, and the positions of the 

28s and 35s ribosomal bands noted.

v) B is a c ry ly l-c y s ta m in e  (BA C) ge ls .

This was based on a method used to separate DNA fragments of between 

100-1000 bp prior to blotting {Hansen, 1981}. It gives better resolution than an 

agarose gel and, as I discovered, can be transferred to membrane more easily.

A further adaptation was the inclusion of 50% (w/v) Urea in cases where DNA

was to be kept denatured.
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Gels were prepared by adding 20 mi of 10% acrylamide stock (47.7 g 

Acrylamide, 2.25 g Bisacrylyl-Cystamine in 500 ml of H2 O filtered through 

Whatman qualitative filter and stored at 4°C  in a dark bottle) to 4 ml of 10 x TBE 

(890 mM Tris base, 890 mM Boric acid, 250 mM EDTA, adjusted to pH 8.3 with 
acetic acid) and either 1 ml of H2 O with 20 g of urea for denaturing conditions 

or 16 ml of H2O giving a final volume of 40 ml . This mixture was heated to 37°C 

prior to polym erisation by the addition of 400 j_l 1 o f freshly prepared 10%

ammonium persulphate and 100 p i of TEMED. 1.5 mm thick vertical gels were

electrophoresed at 200 V for approximately 1 hour. The DNA was visualised by 

staining with EtBr or in the case of radiolabeled samples exposed to pre-flashed

X-OMAT AR diagnostic film (Kodak) at -70 °C .

vi) E le c tro b lo ttin g  BAC gels.

This was adapted from a previously described method {Church and

Gilbert. 1984}. Gels were pretreated in denaturing Buffer (0.2 M NaOH, 0.3 M

NaCl) for 25 minutes, then the DNA was transferred, using western blotting

apparatus, to a nylon membrane (Genescreen-Plus, NEN Dupont) at 250 mA for 

3 hours or 50 mA overnight. After transfer the filter was washed in 0.4 M NaOH 

for 1 minute and neutralised with 0.2 M Tris pH 7.5, 2 x SSC for 10 minutes

before drying and baking for 2 hours at 80° C .

vii) S eq u en c in g  size gels.

These gels were used for purification of oligonucleotides and separation 

of similar sized fragments as well as sequencing. The percentage of acrylamide

used was adjusted according to the length of DNA to be resolved see (Table 5).

These gels were run at 1400 volts for 2-7 hours on a BRL Sequencing Gel

Electrophoresis System Model S2 with 0.4 mm spacers and 48 sample capacity 

Sharkstooth Combs. Stock solutions of 30% Acrylamide and 2.5% Bis-acrylamide 

were filtered through W hatman qualitative filter and stored at 4 °C  in dark 

bo ttles .
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Table 5. A c r y l a m i d e  sequencing gel mixes.

N o n -d e n a tu r in g

Denaturing (8.3 M Urea) 5% 15% 2 0 %

26.6 ml j 16.6 ml30% acrylamide m

acrylam ide (solid)

6.4 ml [ 10 ml2.5% bis-acrylam ide 40 ml

10 ml 10 ml 10 ml10 x TBE 10 ml 10 ml

10 ml

urea (solid)_______

am m onium  persu lphate

0.1 mlTEMED

Dyes as markers :-

275 b 130 b 90 b 36 bxylene

brom ophenol blue

M) Purification of  DNA fragments.

i) From agarose gels.

This was either done with the Amersham GeneClean® system {Vogelstein 

and Gillespie, 1979} or by electro eluting onto a Glass fibre strip (Whatman 

GF/C) backed by dialysis tubing (Specta/POR™ m .w.t cut o ff 6,000-8,000) 

inserted into a slot cut in the gel in front of the DNA of interest with a 

minimum of running buffer. The DNA was released from the glass fibre by 

spinning at 13,000 G for 1 minute {Towner, 1991}.

ii) From a c r y la m id e  ge ls .

The region of the gel containing the DNA of interest was excised and left 
overnight in 0.5 ml of gel elution Buffer (500 mM NH4 AC, 10 mM Mg(Ac)2 , 1 

mM EDTA, 0.1% SDS, 5 fig/ml tRNA) at 37°C to elute the DNA. The DNA was

- 59 -



precip itated  from the supernatant as described previously and the pellet 

resuspended in 0.3 M NaAc pH 4.8 and reprecipitated.

N) Preparation of DNA probes.

DNA was digested with appropriate restriction enzymes and the desired 

fragment purified as described previously. The DNA was labeled with 3 2p t0 a 

specific activity  of approxim ately 2 x 10^ cpm /pg using the Random 

O ligonucleotide prim ing method {Feinberg and V ogelstein, 1984}. Oligo 

labelling Buffer (O LB°) was prepared by mixing solutions A:B:C in a ratio of 

10:25:15.

SOLUTION A : 1 ml of 1.25 M Tris-HCl, 0.125 M MgCl2 containing 18 pi of 

B-mercaptoethanol (2-ME), 500 pM dATP. 500 pM dGTP, 500 pM dCTP.

SOLUTION B : 2 M Hepes pH 6.6

SOLUTION C : Pd(N)6 dissolved at 90 OD units/ml. This is the primer for 

the DNA polymerase and consists of 6 randomly coupled oligonucleotides.

The labelling reaction was carried out at room temperature by adding 

together the following reagents : 10 p i of OLB°, 2 p i of DNase free BSA (10

mg/ml), 3-4 pi of ^2p  dTTP (10 pC i/p l), 50-100 ng of DNA to be labelled (boiled
for 3 minutes and cooled on ice prior to addition), X p i of H^O to 50 p i total 

volume. 0.5 p i of Klenow (2 units) were added and the reaction left to proceed 

for at least 3 hours.

The unincorporated nucleotides were separated from the labeled DNA by 

centrifugation through a G-50 Sephadex spun column. Labeled DNA passed 

through while the unincorporated was retained by the G-50. The labeled dsDNA 

probe was denatured prior to use by boiling for 4 minutes.

O) Fi lter  hybrid isat ion .

Exact protocols used depended on the level of homology and the expected

concentration of the target sequence on the filter being probed. DNA or RNA

which had been transferred to a nylon filter membrane was prehybridised in 

50% deionised formamide, 5 x Denhardt's (1% (w/v) ficoll 400, 1% (w/v) 

polyvinyl-pyrrolidone, 1% (w/v) BSA), 6 x SSC, 1 mM EDTA, 1% SDS, 100 pg/m l 

denatured sonicated salmon sperm DNA, 10% Dextran sulphate at 4 2 ° C for 2
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hours before addition of the radio-labelled probe at a final concentration of

approximately 10 ng/ml and hybridisation for at least 8 hours.

The blots were washed at an appropriate stringency; in most cases 3 

washes in 1 x SSC, 0.1% SDS at 55°C for 15 minutes each time, was found to be 

enough. On occasions where high background was observed it was necessary 

to increase the stringency to 0.5 x or even 0.1 x SSC. Filters were then wrapped 

in Saran wrap and exposed to pre-flashed X-OMAT AR diagnostic film (Kodak) 

at -70 °C .

As a control for probe specificity I standardly prepared strips of nylon

filter with 1 p i  spots of dilutions of the vector DNA containing the probe

sequence (5 ng, 0.5 ng, 0.05 ng and 0.005 ng) as a positive and vector DNA alone 

(50 ng, 5 ng and 0.5 ng) as a negative control. The DNA was then denatured 

prior to probing by placing the filter onto 3MM paper soaked in 1.5 M NaCl, 0.5 

N NaOH for 5 minutes then onto 3MM soaked in 1.5 M NaCl, 50 mM Tris-HCl pH 8 
to neutralise for 5 minutes. The filter was then baked for 2 hours at 8 0 °C and 

then washed in 50 mM NaOH for 5 minutes followed by 2 x washes in 1.5 M NaCl, 

50 mM Tris-HCl pH 8.

P) DNA sequencing.

Sequencing reactions were performed according to the protocols of the

S eq u en ase™  kit (United States Biochemical). Double stranded plasmids and 

purified DNA fragments were first denatured as follows: 2-3 pg  of maxi prep 

plasmid DNA or 50 ng of fragment DNA were denatured in a total volume of 20 

pl of 0.2 N NaOH at room temperature for 5 minutes {Zhang et al. , 1988}. This 
was neutralised by addition of 2 pl of 2 M NH4 AC (pH 4.6), quickly followed by 

75 pl of 95% EtOH at -20°C all of which was well mixed and left at -70°C for 5 

minutes. DNA was pelleted (10,000 G, 20 minutes) washed, dried as described 

previously and resuspended in 10 p l of 1 x Sequenase™ buffer with 25 ng of 

primer. The DNA could then be treated in the same manner as the single 

stranded control DNA supplied with the kit, giving similar quality results.

Q) O l ig o n u c leo t ide s .

Oligonucleotides were initially produced on an Applied Biosystems DNA 

Synthesiser and la tterly  obtained from  either the ICRF o ligonucleo tide  

synthesis service or Dr. Colin G oding, M arie C urie In stitu te , Oxted.
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O ligonucleotides were cleaved from the synthesis column matrix by elution 

with 1.5 ml of fresh am monia at room tem perature for 2 hours and 

subsequently deprotected by heating to 55°C for at least 8 hours. The ammonia 
was evaporated and the oligonucleotide resuspended in 200 pl of 2.5 M NH4 AC 

pH 7.0 and ethanol precipitated as described previously and resuspended in 

H 2 O at a final concentration of 1 pg /p l.

R) Polymerase chain reaction (PCR).

i) Preparing dNTP solution at pH 7.

Stock solutions of dNTPs at pH 7 were made by resuspending the dried 

nucleotides in 35 mM Tris-base to a final concentration of 10 mM for each of

dATP. dCTP, dGTP and dTTP.

ii) Polymerase chain reaction (PCR).

Tag  polymerase was obtained from Cetus Corp. The basic reaction mix

(100 pl final volume) comprised 1 x Cetus Amplification buffer (10 mM Tris-HCl
pH 8.3, 50 mM KC1, 3 mM MgCl2 , 0.001% (w/v) Gelatin), 10% DMSO, 200 pM of

each dNTP (pH 7), 0.1 p g /p l of each oligo primer and between 0.1 and 5 ng of

plasmid DNA or 100 ng of cDNA. This was covered with 60 p l of parafin oil to 

prevent evaporation. The mixture was heated to 95°C  for 5 minutes to denature 

the Target DNA and cooled to 72°C for 30 seconds prior to addition of 1 unit of

Taq  polymerase under sterile conditions. Using a Cambio "intelligent heating

block" a standard reaction was incubated at 5 5 °C for 30 seconds (annealing), 

7 2°C  for 2 minutes (extension), and 92°C  for 30 seconds (denaturing). This 

cycle was generally repeated 30 times followed by a final extension period of 

10 minutes at 72° C. Variations to this procedure: such as using a lower

annealing temperature when the primers were not 100% homologous; varying 
the M gCl2 concentration to alter the primer specificity; or even using a two

temperature PCR with no anneal temp to increase specificity, are indicated in

the appropriate figure legends. 10-20 p l  of the reaction was then run on a 

either a 3% TAE / agarose or a B isacrylyl-cystam ine (BAC) gel and the

product(s) visualised by EtBr staining. In some cases the products were further 

analysed by electroblotting the BAC gel and probing.
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iii) Contaminat ion avoidance (Chapter 4 only)

Based on my experiences with contam ination (See Chapter 3.7 b) I 

included a number of additional steps in my subsequent PCR attempts. All 

samples to be analysed by PCR were made in thoroughly washed or where 

possible sterile disposable vessels. Dedicated pipettes which had never been

used in plasmid work were set aside for PCR work only. Solutions to be used for

PCR were kept in small aliquots and only opened in a blow out tissue culture 

hood preferably in a separate lab from that used for plasmid work. For each 

amplification experiment all the reactions were made up, as far as possible, in

a single "master mix" before aliquoting into separate tubes for addition of the 

elements specific for each reaction. The sample cDNAs, any positive control 

DNA and the Taq  polymerase were all added to the final reaction mix using 

disposable positive displacement pipettes. For each PCR negative controls with 

no added RNA or DNA were amplified in parallel with the samples under 

investigation . F inally any clones of the sequence being am plified were 

prepared  in a d iffe ren t lab and used care fu lly  to avoid airborne 

c o n ta m in a tio n .

iv) P r im e r s .

For the location and sequence of the primers used to amplify human

PDGF-A chain sequences see Figure 6 and Tables 6 & 7. For the sequence and

location of the primers relative to the rat PDGF-A chain sequence see Chapter 4

Figure 27 and Tables 8 & 9.

X gtll Forward sequencing primer 5'd(GGTGGCGACGACTCCTGGAGCCC)3' 

(FSP) and Reverse sequencing primer 5'd(TTGACACCAGACCAACTGGTAATG)3' 

(RSP) respectively 14 bases and 24 bases from the A.gtll E c o R I  cloning site 

were employed to amplify this region in order to estim ate the size of any 

insert. The resulting PCR product including both the prim er sequences and

the intervening X gtll sequences was 85 bp longer than the actual insert size.

Primers K1 and K2 which amplify a 325 bp region of the alpha-1 anti

trypsin genomic sequence, a kind gift from Dr. K. Abbot, D epartm ent of

Genetics, UCL. were used , , for control amplification of genomic DNA preps.

i
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Figure 6.
D iagram s show ing th e  an n ea lin g  lo ca tio n s of th e  hum an  
oligonucleotide prim ers (No.s 1, 2, 6 , 7, 9 and 10) used for Polymerase 
Chain Reaction, relative to Human PDGF-Al cDNA from  which they 
are derived (A) and showing the actual sequences to which they 
anneal (B).

([«((<«' ) = Indicates the sequence of the alternatively spliced exon 6.

( ) = Alternative Stop codons.

= Indicates where the sequence shown is the actual 
sequence of the Oligo.

(■^r) = Indicates where the sequence shown is complementary to
that of the Oligo.

(See also Figure 27 for Rat O ligonucleotide Primers)



A.
850 950 1050

------------------ ,----------------- ,----------------- ,----------------- H H------1----- 1-

No.l

No.9
No.7

H------H
'umMmm?77777\ 

69bp Exon

No.8 No.6 
» - •< -  <

N o.10

1150 
■H .------b - - >

I ^--1
No.2

B.

No.9
840 850 860 870 880 890

>
CAGCGTCAAG GTGGCCAAGG TGGAATACGT CAGGAAGAAG CCAAAATTAA AAGAAGTCCA

920 930910900

No.7
No.l

940 950
GGTGAGGTTA GAGGAGCATT TGGAGTGCGC CTGCGCGACC ACAAGCCTGA ATCCGGATTA

960 970
> No.8

980 990
TCGGGAAGAG GACACGGGAA GGCCTAGGGA GTCAGGTAAA

1000 1010 
AAACGGAAAA GAAAAAGGTT

1020 1030
No.10 < - <■

1050 I 1 0 6 0 1 ' 1070
AAAACCCACC TAAAGCAGCC AACCAGATGT GAGGTGAGGA TGAGCCGCAG CCCTTTCCTC

1080
No.6 n No.2

1120
<

11301 0 9 0 1 1100
GGACATGGAT GTACATGGCG TGTTACA'rrC CTGAACCTAC TATGTACGGT GCTCTATTGC
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Table 6.
Showing the size and location relative to the Human PDGF-Al Chain 

cDNA sequence of the oligonucleotides used in the Polymerase Chain 
Reaction studies. For the oligonucleotides w ith cloning sites the 
length of uncom plem entary "tail", the type of restric tion  enzyme 
site and  the effective end site p roduced  du rin g  PCR, expressed 
relative to the hum an sequence, are also indicated. The details for 
oligonucleotides No.3 and No.4 which are specific for hum an PDGF B 
Chain cDNA are also shown.

Table 7.
Showing the expected PCR product sizes for each com bination of 
oligonucleotides in Table 5 w h e n  used to am plify each of three 
different possible target cDNAs including PDGF-Al Tag with its 44 bp 

Myc Tag insert in the alternatively spliced sixth exon. (See Figure 8 
constructs Diagram).



Table 6.

Size
!

Location on \ 
Human PDGF-Al | 

Chain cDNA !

Extra Tail j 5' End ! A ctual 
enzym e site! PCR 

j e n d

Oligo No.l 36 mer 887 - 914 !
:

8 bases 1 B a m H I
I
1 879

Oligo No.2 33 mer
j

1130 - 1109 ! 11 1 H i n d l l l
E
1 1141

Oligo No.6 35 mer 1090 - 1056 I I
o ! 0 I 1090

Oligo No.7 20 mer

s
911 - 930 J o I 0

E
1 911

Oligo No.8 20 mer 971 - 990 1 0 1 0
!
! 971

Oligo No.9 30 mer 841 - 864 ! 6 1 H i n d l l l 1 836

Oligo No. 10 28 mer
|

1060 - 1038 :
:

5 j B a m H I
1
I 1065

j | |
Location on \ \ \ 

Human PDGF B j 1 
Chain cDNA j j S

Oligo No.3 34 mer
C

786 - 810 1 9 S Bam H I 1 111

Oligo No.4 36 mer 967 - 941 |
t

i i  s H i n d l l l 1 978

T ab le  7.

PDGF-A Chain 1 + 2 7 + 2
1

7 + 6 1 9 + 10 i 7 + 10 1 + 10

Short form (A s) 194 bp 161 bp 110 bp | 160 bp | 85 bp 118 bp

Long form ( A l ) 263 bp 230 bp 179 bp 229 bp! 154 bp 187 bp

PDGF-As Tag 307 bp 274 bp 223 b p j 273 bp! 198 bp |231 bp

PDGF-A Chain 8 + 10 8 + 6 8 + 2 1 + 6 ! B Chain 1 3 + 4

Short form (A s) 0 0 0 143 bp j Only form 1201 bp

Long form ( A l ) 94 bp 119 bp 170 bp 212 bp I

PDGF-As Tag 138 bp 163 bp 214 bp 256 bp!
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S) cDNA synthesis.

The Amersham "cDNA Synthesis System Plus" kit (RPN.1256) was used to 

synthesis double stranded (ds) cDNA from either total RNA or Poly (A)+ R N A  

using a modified version of the RNase H method for priming second strand 

synthesis {Okayama and Berg, 1982}. In most cases Oligo dT priming was used 

for first strand synthesis. For PCR it was only necessary to make first strand 

rather than ds DNA.

T) Lambda l ibrary production and screening.

Poly (A)+ RNA from postnatal day 7 (P7) S/D rats was converted into ds 

cDNA (see above) and cloned into X gtlO using the Amersham "cDNA cloning 

system >.gtlO" cloning kit (RPN.1257). Analysis of the products (ie titration of 

the phage; am plification; hybridisation screening; and clone isolation) were 

carried out according to the Amersham protocols (See also Chapter 4).

A >.gtll library made from 3 week old (P21) Lewis strain rat brain cDNA 

was obtained from Dr. W. Stoffel, Institut fur Biochemie, Der M edizinischen 

Fakultat, Universitat zu Koln. 2 x 107 p laq u e  forming units (pfu) contained 1.2 

x 106 independent clones.

A P30 mouse brain cDNA library (4 x 10** pfu/ml), a Rat Cerebellum 

cDNA library (6 x 10^ pfu/ml) and a Rat Hippocampus cDNA library (2 x 10** 

pfu/ml) all in X ZapII, were obtained from Dr. G. Lemke, The Salk Institute, San 

Diego, California.

U) SI nuclease analysis .

i) Probe production .

A single stranded DNA probe complimentary to the RNA of interest was

required for SI analysis. This was generated as previously described {Myers e t

a l ., 1985}, by primer extension on a single stranded (ss) M13 template (see 

Figure 7). A 540 bp region of PDG F-A l including the alternatively splice exon 6 

(see Figure 10) was cloned into M13 vector MP10, using the standard cloning

and screening techniques previously described. The single stranded cDNA 
form containing the same sequence as the original PDGF-A l RNA, allow ed
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production of a probe which was complementary to the RNA. (Appendix A for 

plasmid details).

The primer was annealed to ss M13 DNA template by mixing 200 ng of DNA with 

100 ng of primer in a total of 10 pl 1 x Klenow buffer (50 mM NaCl, 2 mM DTT, 6 
mM M gCl2 and 6 mM Tris-HCl pH 7.4) and warming to 60°C for 30 minutes. 

Extension was carried out in sterile siliconised eppendorfs by adding 5 p l of the 

anneal mix to 70 pCi of 32p dTTP with 150 pM each of dATP, dCTP and dGTP up to 

a final volume of 30 p l in 1 x Klenow buffer including 5 units of Klenow and 

the reaction allowed to proceed for 2 hours at 2 0 °C. The Klenow was then 

inactivated by incubating at 70°C  for 10 minutes. The extension product was 

digested to the desired length by adding 10 pg  of E.coli tRNA, 1 p l of 50 mM 

spermidine and 10 units of E c o R I  and placing at 37°C overnight. The digested 

probe was then ethanol precipitated u s in g 1 2 M NH4 AC and taken up in 

Sequencing buffer (95% Formamide, 20 mM EDTA, 0.05% Bromophenol Blue, 

0.05% Xylene Cyanol). The probe was then separated from the M13 DNA and 

unwanted extension products on either a 5% Sequencing gel or a Bisacrylyl- 

cystam ine Urea gel. After electrophoresis the probe was visualised  by 

exposing the gel to pre-flashed X-OMAT AR diagnostic film (Kodak). The area of 

the gel containing the probe was then excised and the probe eluted as 

p rev io u s ly  d esc rib e d . The probe produced by this method had two short 

regions of M13 DNA on either end consisting of the primer with intervening 

sequence and the sequence from the end of the PDGF insert to the EcoRI site 

respectively 35 bp and 30 bp making a total probe length of 609 bp. These 

sequences do not affect the final band lengths because they do not hybridise 

and are therefore subject to SI nuclease digestion.
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Ext ens i on

< ■

5 ' f
Circular  

ssM 1 3

EcoRI
D i g e s t i o n

and
Gel i s o l a t i o n

Unwant ed  labe l ed  
M 1 3 DNA

t
EcoRI

I* ■ * * * ■ 1 ■ * i * i * i * i * i * i ■ i * 
cDNA i n s e r t

5 4 3 b p
l i i l 1 i A i i A 1
C o mp l e m e n t a r y  

ssDNA probe

M 1 3 pr ime r
5'

■>3'

M 1 3 p r ime r

Hybridi se  w i t h  
RNA in s o l u t i on .

Short  Form

mRNA #

Long Form

m m m

S1 D i g e s t i o n

2 5 2 b p  2 2 3 b p 5 4 3 b p

F ig u re  7.

Diagram showing the Primer  Ex tens ion  method for producing  

s ingle  s t randed DNA probes for SI  nuc lease  analysis .  After  

extension and restriction enzyme digest ion the appropriate single 

s tranded fragment  is isolated from a denatur ing gel, annealed to 

mRNA, digested with SI nuclease and the products resolved on an 

acrylamide gel. Shading as in Figure 4.
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ii) Single s tranded M13 preparation.

Single stranded M13 DNA was prepared by growing bacteria infected 

with the required clone in liquid cultures and collecting 1 ml of supernatant 

after spinning out the cells. This was made 4% PEG-8000, 0.5 M NaCl and 

incubated for 10 m inutes at room tem perature before spinning down the 

precipitated M l3 phage particles. All traces of the PEG solution were removed 

carefully and the pellet resuspended in 100 pl of TES buffer (20 mM Tris, 10 mM 

NaCl, 0.1 mM EDTA pH 7.4). This was phenol chloroform extracted and ethanol 

precipitated using 0.3 M NaAc pH 7.4. The final dried pellet was resuspended in 

50 pl of TES buffer and used for primer extension or sequencing reactions.

iii) SI nuclease  protection.

The 32p labeled single stranded (ss) probe and the RNA to be analysed 

were co-precipitated as follows: 5 pg of total RNA (or 500 ng of Poly A+ ) was 

mixed with 5 pg of yeast total RNA and approximately 1-2 x 10^ cpm of the 

purified ssDNA probe and ethanol precipitated using 0.3 M NaAc. The pellet was 

redisolved in 20 p l of Hybridisation buffer (80% deionised Formamide, 50 mM 

Pipes (P iperaz ine-N ,N '-b is[2 -ethane-su lfon ic  acid]; 1 ,4-p iperazine d iethane- 

sulfonic acid) pH 6.4, 500 mM NaCl, 1 mM EDTA). This drawn into a

microcapillary tube which was sealed at both ends before incubating at 9 0 °C

for 15 minutes then im m ediately transfered to 52° C for 12 hours. After 

hybridisation the sample was transfered to 280 pl of ice cold SI buffer (300 mM 
NaCl, 30 mM Na(AC)2 pH 4.6, 1 mM Z n2S04 , 20 pg/ml Salmon sperm DNA) with 

100 Units of SI Nuclease and incubated at 37°C for 1 hour. After SI digestion 

the sample was made 7 mM EDTA and 5 pg of E.coli tRNA was added prior to 

phenol/chloroform  extraction. The aqueous phase was rem oved and the

organic phase was re-extracted with 100 p l of TE buffer. The pooled aqueous

phases were ethanol precipitated and resuspended in Sequencing buffer and 

run on a 5% sequencing gel. The protected bands were v isualised  by 

autoradiography as previously described.
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2.3 Mammalian cell culture methods.

All media, balanced salt solutions, trypsin (0.05% in Dulbecco's Modified 

Eagles Medium [DMEM] ) and versene (0.02% in DMEM) solutions were obtained 

from the Imperial Cancer Research Fund, Clare Hall. Foetal calf serum (FCS) 

was obtained from Gibco-BRL. D isposable plastic culture-w are was obtained 
from Falcon Ltd. Cells were incubated in 5% C 0 2  / 95% air atmosphere, with 

100% humidity, at 37°C.

A) E s ta b lish e d  cell lines.

3T3. A transformed rat fibroblast cell line obtained from ICRF.

C 6 . A rat glioma cell line derived from a chemically induced brain tumour

{Benda et aL, 1968}.

157. A human glioma cell line isolated from autopsy material by Dr. M. Noble.

Cos-7. A monkey kidney cell line transformed with SV40 and expressing the 

large T antigen {Gluzman, 1981}.

All these cell were adherant and were grown in 75 cm^ flasks in 

Dulbecco's Modified Eagle's Medium (DMEM) + 10% foetal calf serum (FCS). Cells 

were passaged by replacing the growth medium with 1:9 (v/v) Trypsin

Versene solution and incubating at 3 7 °C until the cells had become detached 

from the surface of the flask. The cells were pelleted at 3,000 G for 3 minutes

before resuspending in fresh medium and plating into a fresh flask.

B) S to rag e  of cell lines.

Frozen stocks of cell lines were stored under liquid nitrogen in FCS + 

10% dimethylsulphoxide at a density of lO^/ml in round bottomed cryotubes.

C) P r im a ry  a s tro c y te  c u l tu re s .

Cultures of rat type 1 astrocytes from neonatal rat cerebral cortex were 

established by a modification of a previously described method {McCarthy and 

de Vellis, 1980}. Cerebral cortices from 2 day old rats (P2) were coarsely 

minced, digested with trypsin (0.025% w/v) for 30 minutes at 37°C, dissociated 

by trituration through a pasteur pipette, and cultured in DMEM + 10% FCS in 

Poly D Lysine treated 75 cm^ tissue culture flasks (material from 3 brains to 1
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flask), until the cells were confluent (3 - 5 days). Cells growing on top of the 

monolayer were removed by shaking the flask vigorously for 24 hour at 37°C 

(180 rotations/m inute on a horizontal rotating platform with a 2 cm radius of 

rotation). The remaining cells were treated with cytosine arabinoside (araC, 

10"5 M) for 24 hours to kill preferentially any rapidly dividing contaminating 

cells such as fibroblasts. The remaining astrocytes were passaged once (1 to 4) 

and grown to confluence before harvesting for RNA isolation.

D) PDGF-A expression vectors.

cDNAs encoding human PDGF-As or PDGF-Al {Betsholtz et al., 1986} were 

inserted as S a c I I / E c o R I  fragments (See Chapter 3 Figure 10 for all restriction 

site locations) into a plasmid vector based on pHYK (obtained from H. Pelham), 

which contains the adenovirus serotype 2 major late promoter, splice donor 

and acceptor sites from the herpes virus type 1 thymidine kinase gene and the

simian virus 40 origin of replication. A synthetic 44 mer double-stranded 

oligonucleotide encoding the antibody epitope (Tag) recognized by monoclonal 

9E10 (Evan et al., 1985}, followed by an X h o l  site and a termination codon, was 
inserted into the StuI  site unique to the PDGF-Al cDNA to generate PDGF-As Tag 

(see Figure 8). This plasmid was converted to PD G F-A l Tag by cutting with

X hol, filling-in  with Klenow and religating  to shift the reading frame
allowing translation of exon six encoding the basic tail exclusive to PD G F-A l 

(see Figure 8). (See appendix A for plasmid details). Transient expression of the 

proteins encoded by these vectors was achieved by transfecting Cos-7 cells as

fo llow s.
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E) Cos cell transfection.

Transfections were carried out on 70% confluent Cos-7 cells in 60 mm 

dishes. Cells were washed 2 x with DMEM. 3 pg of the DNA to be transfected in

500 pi of Diethylaminoethyl (DEAE) Dextran at 1 mg/ml in TBS (50 mM Tris

base, 150 mM NaCl pH 8.0) was mixed with 1.5 ml of DMEM and added to the cells 

and incubated at 3 7 °C for 30 minutes. The supernatant was removed leaving 

the DNA on the cells. 5 ml of DMEM + 85 pg/m l of chloroquine (Disodium 7- 

chloro-4- [4diethylam ino-1-m ethyl bu ty l-am ino]-qu ino line) dissolved at 10 

mg/ml in DMEM was added to the cells and incubated at 37°C for 3 hours. This 

was replaced with 4 ml DMEM + 10% FCS and left for 24 hours at 37°C. Cos cells 

to be tested for mitogen production or processed for immunostaining were left 

in DMEM + 10% FCS for 24 hours, to recover from the transfection and then 

maintained in DMEM alone for a further 24 - 48 hours.

F) 35 S labelling of Cos cell proteins.

Prior to incubating in 3 ^S cysteine (>1000 Ci/m m ol) the cells were 

gently washed 2 x in cysteine free DMEM. The cells were then incubated for 

24-48 hours at 3 7 °C in 2 ml of cysteine free DMEM +10% Normal DMEM 

containing 50 pC i/m l 3 ^S  C ysteine. The superna tan t, contain ing m ainly 

secreted proteins, was removed for analysis. Cell debris was removed by 

cen trifugation  and the supernatan t stored  at 4° C with 2 mM PM SF 

(Phenylm ethyl-su lfonyl fluoride stock at 100 mM in EtOH) and 0.02% Sodium 

Azide to prevent protease activity and bacterial growth. The adhering cells and 

associated matrix were lysed and extracted, where necessary, according to the 

following protocols.

G) Pulse chase 35 S label l ing.

Pulse chase experiments involved m odifications of the above labelling 

protocol. Firstly at least 4 dishes of Cos cells were transfected with each 

construct to be analysed. After washing the cells 2 x with cysteine free 
medium 2 ml of cysteine free DMEM (w ithou t 10% Normal DMEM ) + 25 p C i/m l

35S were added and left in contact with the cells for 20 minutes only. A zero

time point was taken by collecting the medium from one of the dishes for each 

type of construct and keeping at 4°C  until im m unoprecipitation with the rest 

later. The cells of all the dishes were then washed 2 x with cysteine free DMEM
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and the zero time point dish cells were either lysed and/or salt extracted (See

next section). The later time point cells were once more covered in normal 

DMEM + 10% FCS and left for different lengths of time before collecting their 

supernatants, washing them as above and extracting them in the same way as 

the zero time point. The samples produced were store as described above.

H) Cell lysis and salt extractions.

Where analysis of the contents o f cells was required; they were lysed 

with one of two buffers according to desired effect. Hypertonic lysis buffer 

(0.8 M NaCl, 10 mM Tris pH 7.5, 0.5% NP40, 1 mM EDTA) was used if simultaneous 

lysis and salt extraction were intended. Isotonic lysis buffer (150 mM NaCl, 10

mM Tris pH 7.5, 0.5% NP40, 1 mM EDTA) was used when subsequent salt

extraction of the cells and/or matrix left on plate was to be performed 

separately. Hypertonic buffer (w ithout the 0.5% NP40) was then used to

perform the salt extractions of matrix and/or cell debris as required. All 

extraction and lysis was done at 4°C  for at least 15 minutes. The supernatants 

produced were stored as described above.

2.4 Protein and immunological  methods.

All the prim ary im munological work was done using antibody 9E10 

isolated from a mouse immunised with a synthetic peptide immunogen with

sequence derived from that of the human c -m yc  gene product {Evan et al., 

1985}. This antibody does not recognise native c-myc and is therefore ideal for 

im m unoprecip ita tion  and im m unofluorescence o f p ro te in s engineered  to 

contain the peptide epitope. The expression vectors described above (see 

Figure 8) allowed production of human PDGF-A homodimers tagged with this 

myc epitope which could then be studied with this antibody.

A) I m m u n o p r e c i p i t a t i o n .

Cell supernatants and lysates to be immuno-precipitated were adjusted to

a uniform salt concentration by dialysis against 150 mM NaCl, 10 mM Tris pH

7.0 in presoaked dialysis tubing (Specta/POR™ m .w .t cut off 6,000-8,000). 

Samples were precleared of nonspecific proteins by adding 2 p i of Normal

H am ster Serum and m ixing by ro tation  for 1 hour at 4 °C . 50 p i  of 

Immunoprecipitin (Gibco BRL.) was added and mixed as before for 30 minutes

before being pe lle ted  (10,000 G, 5 m inutes). The PDGF was then
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immunoprecipitated from the supernatant by adding 9E10 antibody at 1 p l/m l 

and mixing as before. 9E10 antibodies with associated Myc-tagged PDGF were 

im m unoprecip ita ted  by con jugation  w ith Im m unoprecip itin  as above. The 

pellet was washed 4 x in 400 p i Immunoprecipitation buffer (10 mM Tris pH 7.5, 

100 mM NaCl, 1 mM EDTA. 0.05% NP40) and 1 x in 400 pi TE. The pellet was 

resuspended in 20 p i of protein sample buffer (2% SDS, 10% Glycerol, 0.05% 

bromophenol blue, 62.5 mM Tris pH 6 .8), boiled for three minutes and the 

Im m unoprecipitin pelleted (10,000 g, 5 m inutes) leaving the proteins in 

solution prior to electrophoresis. W here proteins were to be reduced the 

sample buffer used contained 5% 2-ME. Samples not used straight after boiling 

were stored frozen at -20° C .

B) S D S -p o ly a c ry la m id e  gel e le c tro p h o re s is  (S D S -P A G E ).

SDS-PAGE was performed as previously described {Laemmli, 1970} using

either the Gibco-BRL large vertical gel system or the Biorad mini gel system.

The proteins were electrophoresed through a stacking gel o f 5% acrylamide, at 

100 Volts, into a 15% acrylamide resolving gel and then at 200 Volts until the

bromophenol blue dye had reached the bottom of the gel. Radiolabeled and/or

prestained molecular weight markers were run alongside the test samples to 

allow identification of the protein band being studied.

10 ml of resolving gel (375 mM Tris-HCl pH 8.8, 0.1% SDS, 0.05% bis-

acrylamide, 15% acrylamide) was polymerised using 100 p i of 10% Ammonium 

Persulphate and 8 p i of TEMED This was overlaid with water saturated iso

butanol until set then 2.5 ml of stacking gel (125 mM Tris-HCl pH 6.8, 0.1% SDS, 

0.13% bis-acrylamide, 5% acrylamide) was polymerised by 25 p i of Ammonium 

Persulphate and 3 p i of TEMED with the well former in place. The gel was

electrophoresed in 1 x running buffer (25 mM Tris-base pH 8.3, 192 mM 

glycine, 0.1% SDS).

C) G el f lu o ro g ra p h y .

3^S labeled proteins which had been electrophoresed were visualised by 

fluorography as described previously {Bonner and Laskey, 1974}. The gels 

were washed in 20 x gel volume of dimethylsulphoxide (DMSO) for 30 minutes 

followed by 1 hour in 4 x gel volume of 20% (w/v) 2,5,Diphenyloxazole (PPO) in 
DMSO. The PPO was then precipitated within the gel by washing in dH 20 for 15
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minutes and finally the gel was dried onto 3MM paper (Whatman) and exposed 

to pre-flashed X-OMAT AR diagnostic film (Kodak) at -70 °C .

D) I m m u n o f lu o r e s c e n c e .

i) F ix ing  cells.

Transfected Cos cells on glass coverslips were washed 3 x in PBS (0.14 M 
NaCl, 2.7 mM KC1, 1.5 mM KH2P O 4 , 8.1 mM Na2 HPC>4 ) and fixed in 4% 

formaldehyde (in PBS) for 10 minutes. The cells were washed a further 3 x in

PBS and permeabilised by incubating in 0.5% NP40 (in PBS) for 10 minutes and

finally washed 3 x in PBS. For surface staining the permeabilisation step was 

missed out leaving the outer membrane intact.

ii) A n tib o d y  s ta in in g .

Staining was achieved by indirect im munofluorescence. The coverslips 

were incubated in 50 p i of the first layer of 9E10 antibody diluted 1: 600 in 

MEM+H +10% FCS for 20 minutes at 20°C. The cells were then washed 3 x in 

MEM+H and incubated in 50 p i of Rhodamine (RITC) conjugated rabbit anti 

mouse antibody from Amersham (1:100 dilution in MEM+H +10% FCS) for 20 

minutes at 2 0 °C . T h e  coverslips washed 3 x in MEM+H and mounted with
C itif lu o r®  mountant. Staining was visualised using a fluorescent microscope.

E) H e p a r in  b in d in g  an d  e lu tio n .

100 p i (sw ollen volume) batches of heparin-Sepharose C L -6B and 

Sepharose CL-6B were equilibrated in DMEM. Radiolabeled supernatants from 

transfected Cos cells were split into thirds; one third was applied to Sepharose, 

one third to heparin-Sepharose and one third was kept aside as a control. 

These w ere incubated for 2.5 hours at room tem perature on a rotating 

Catherine wheel, after which the so lid  substrate  and supernatan t were 

separated by gentle centrifugation. The Sepharose and heparin-Sepharose 

were washed 9 x with 1 ml of DMEM (90 column volumes) and the final wash 

kept for analysis. They were then w ashed with progressively higher salt 

concentrations (10 washes of 1 ml) collecting the first and last washes at each 

co n cen tra tio n  for analysis. The sam ples w ere im m unoprec ip ita ted , as 

previously described, and subjected to SDS-PAGE.
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F) 3 H -th y m id in e  in c o rp o ra tio n  in to  3T3 ce lls .

i) M e a s u r in g  so lu b le  m ito g en ic  a c t iv ity .

Soluble mitogenic activity was measured using a m odification of a 

p rev iously  d escribed  m ethod {G ospodarow icz e t  a l ., 1978}. C onfluent

monolayers of NIH 3T3 cells growing in 96-well tissue culture plates were made 

quiescent by incubating overnight in DMEM containing 0.4% FCS. Cos cell 

supernatants were added at a range o f dilutions in serum free DMEM in 

triplicate. These were incubated overnight at 37°C for cells to respond. Then 1 

pCi of ^ H -T h y m id in e  (Amersham, 25 Ci/mmol) was added to each well and the 

cells incubated for a further 4 hours at 37° C. The incorporated  ̂H was 

precipitated by replacing the DMEM with 100 pi of 5% TCA at 4°C  and the plates 

kept on ice for 10 minutes. After a further 2 washes with TCA the plates were 

dried at 3 7 ° C for 10 minutes. The precipitated ^H -T hym id ine  was then 

solublilised in 100 pi of 0.5 N NaOH at 37°C for 30 minutes and added to 2 ml of 

scintilant (Aquasol: New England Nuclear). The samples were counted in an 

LKB liquid scintilation counter.

ii) M e a su r in g  m a tr ix  a s so c ia te d  m ito g e n ic  a c t iv i ty .

Mitogenic activity bound to matrix was assayed by seeding quiescent 3T3 

cells (approximately 5 x 104 / well of a 24 well tissue culture plate) onto matrix 

from which the cells had been removed and leaving them for 24 hours before 

TCA precipitating and scintilation counting triplicates as above.

G) M a tr ix  p r e p a r a t io n .

I prepared matrix using an adaptation {Lillien et al., 1990} of a standard 

method {Vlodavsky et al., 1987a; Bashkin et a l ,  1989}. Cos cells transfected with 

various constructs directing expression of different forms o f PDGF-A chain 

were allowed to secrete their respective proteins for 24 hours. Cells were then 
removed, leaving intact matrix, by incubating in NH3 lysis Buffer (20 mM NH3 

in dH2 0 ) for 10 minutes at room temperature x 2. The matrix was then washed 

twice with 0.15 M NaCl, 2 mM Na(2) H (2) P O 4 pH 7 for 15 minutes at room 

temperature followed by 4 x with DMEM for 5 minutes. The matrix was then 

ready for the 3T3 cells to be seeded onto it.
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^  Chapter Three ̂

"One fine m orning in M ay a slim  young horsew om an m ight 
have been seen rid ing a black sorrel m are along the 

flow ery avenues o f the Bois de B oulogne."
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C h a p te r  3. A nalys is  of the  d i s t r i b u t io n  of PD G F-A  ch a in  mRNA

a l t e r n a t i v e  s p l i c in g  i s o f o r m s .

3.1 I n t ro d u c t io n .

The first cDNA clones for both the long and short forms of PDGF-A chain

were isolated from a human glioma cell line {Betsholtz et al., 1986}. However

subsequent screening of cDNA libraries made from normal human umbilical 

vein endothelial (HUVE) cells isolated only the short form cDNA {Tong et al., 

1987; Collins et al., 1987} giving rise to speculation that the long form was a 

tumor-specific or a glial-specific form. Cloning of the genomic sequence

confirmed that these transcripts were produced by alternative splicing of a 

single primary transcript {Bonthron et al., 1988; Rorsman et al., 1988}. It 

therefore seemed reasonable to expect that there would be a functional 

difference between the two different forms of PDGF-A chain encoded by these 

differentially spliced mRNAs. An understanding of the spatial and temporal 

d is tribution of the two transcripts in d ifferent tissues and stages of

development might provide some useful clues as to what this functional 

difference might be.

Northern blot analysis of the PDGF-A chain gene transcripts in a 

variety of both normal and transformed human cell lines ind ica ted  the 

production of 3 major transcripts at 1.9, 2.3 and 2.8 kb {Betsholtz et al., 1986}. A 

similar pattern of transcripts was also observed in RNA isolated from 3 day old 

rat brain {Richardson et al., 1988}. That this heterogeneity was likely to reflect 

the use of alternative Poly (A) sites was suggested by primer extension 

analysis which indicated a single transcription start site and sequence 

analysis of genomic clones which indicated the presence of near-consensus

Poly (A) signals at appropriate sites in the 3' untranslated region of the gene 

{Bonthron et al., 1988}. These differences are unlikely to be associated with the 

differential splicing since this only dictates the presence or absence of the 69 

bp exon 6 which would not be resolved via northern blot analysis.

In an attempt to investigate the pattern of expression of these two 

transcripts I employed two of the most sensitive detection procedures; SI 

nuclease analysis and PCR, to examine RNA from rat primary astro-glial cells

(Chapter 2 section 2.3 C) and whole rat brain both of which are known to 

express PDGF-A chain mRNA {Richardson et al., 1988}.
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3.2 SI nuc lease  analysis .

At carefully controlled temperatures and in high ionic strength buffers 

the enzyme SI nuclease degrades single-stranded DNA and RNA but not double

stranded nucleic acids. SI nuclease analysis of differential splicing requires a 

labeled probe of defined length containing sequence complementary to the 

RNA of interest, spanning the alternately spliced region (Chapter 2 Figure 7).

Unlike Northern analysis of RNA which has been blotted and bound to a fixed 

membrane, both of which provide opportunity for target RNA loss or masking, 

SI analysis depends on mixing of excess probe with untreated RNA in solution 

so that all the target sequence is hybridised. Two possible double stranded 

products result depending on whether the target RNA has the intervening

exon or not. The probe either hybridises completely along its length 

preventing subsequent degradation by SI nuclease or it hybridises to the 

remaining exon(s) leaving a single-stranded region, corresponding to the 

missing exon, which can be digested by the nuclease to produce a shorter 

product (Chapter 2 Figure 7). The labeled products once resolved on a 

denaturing polyacrylamide gel and visualised by autoradiography allow an 

accurate estimation of the relative abundance of the two RNA species 

according to the band intensities.

A 543 bp single-stranded probe complementary to the nucleotide 
sequence 716 to 1259 of human PDGF-Al mRNA (Figure 10) was hybridised in 

solution to Poly (A)+ RNA from rat primary astrocytes and as a control to Poly 

( A ) + RNA from human glioma cell line 157 which has also been shown to 

express high levels of PDGF-A chain mRNA {Richardson et al., 1988}. After SI 

Nuclease treatment the products were resolved on a 5% polyacrylamide 

sequencing gel (Figure 9). The expected products were either a single 543 bp 

band protected by the exon 6-containing long form or two bands of 252 and 223 

bp respectively protected by the remaining exons 5 and 7 of the short form, or 

a mixture in proportion to the levels of each mRNA species present.

The observed results were quite different: the control reaction with the 

157 RNA produced three bands at approximately 210, 170 and 90 bp two of 

which were much smaller than any of the predicted bands (Figure 9, Lane 3). 

However the combined length of the protected fragments was approximately

470 bp which was very close to the 475 bp sum of the two bands expected from

an SI reaction with the short form mRNA. This suggested that one of the two

- 80 -



expected bands, probably the longer exon 5 protected band, had been subjected

to artefactual SI attack. There is evidence to show that A:T rich regions of 

hybrids are very sensitive to SI attack even when fully complementary

{Miller and Sollner-Webb, 1981}. A close examination of the sequence 

contained within the probe revealed just such an A:T rich region in exon 5

around 90 bp from the alternative splice junction (Broken line box : Figure

10). It seemed likely that this unexpected banding pattern resulted from 

aberrant SI nuclease digestion in this region. If this explanation is correct,

the result suggests that the 157 glioma cell line produces exclusively PDGF-As 

mRNA.

The SI analysis of the rat primary astrocyte RNA gave no discernible 

bands (Figure 9, Lane 2) indicating that the SI nuclease had effectively

digested the probe to completion. This would be the expected result in the

absence of any suitable target RNA to protect the probe, however rat 

astrocytes have been shown to express PDGF-A chain mRNA {Richardson et al., 

1988}. It is known that SI nuclease can attack small mismatches in otherwise

perfectly complementary hybrids {S henke t al., 1975}. In this case where the 

SI probe was derived from human and the target RNA from rat, it is likely that 

there would have been a number of mismatches, this could explain the

absence of detectable protected fragments (See Chapter 4 Figure 25 for 

sequence comparison).

The problems inherent in SI analysis, illustrated by this experiment,

make it clear that in order to use this strategy to examine the profile of PDGF-A 

chain mRNAs produced by rat cells the probe must be derived from the rat 

sequence. To this end I set about cloning the cDNA for rat PDGF-A chain as 

detailed in chapter 4 in the hope that I might then perform SI nuclease 

analysis with a fully complementary probe. While in the process of cloning I 

tried another approach based on PCR as follows.

3.3 PCR analysis of mRNA splicing : the theory.

PCR is an in vitro method for producing large amounts of a specific DNA

fragment of defined length and sequence from smaller amounts of a complex 

template {Saiki et al., 1985; Mullis and Faloona 1987; White et al., 1989 for 

review}. This enzymatic amplification requires two oligonucleotide primers 

that hybridise to opposite strands of the target sequence oriented with their 3'
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ends nearest each other. In principle, repeated cycles of heat denaturation of 

the template, annealing of the primers and primer extension by a DNA 

polymerase result in amplification of the segment defined by the 5' ends of the 

primers. The extension product of each primer can serve as a template for the 

other primer during the next cycle, resulting in an exponential accumulation 

of the desired fragment.

Originally used to amplify genomic DNA, PCR provided a powerful tool 

for detecting and analysing sequences which would otherwise have been 

difficult to study. Using a protocol (Chapter 2.2 R) based on early papers 

describing PCR on cDNA {Todd et al., 1987; Veres et al., 1987} I extended its use 

to the analysis of gene expression and differential splicing by converting the 

cellular RNA to cDNA and amplifying across the alternative splice site 

(Chapter 2 Figure 6). This had the added perceived advantage of allowing 

discrimination between mRNA and unspliced RNA and/or contaminating 

genomic DNA which would produce much larger amplification products 

containing intron sequence. I carried out my initial experiments using the 

Klenow fragment of E.coli DNA polymerase I, which is inactivated by heating 

to 95 °C necessitating the addition of fresh enzyme after each denaturation 

step. However the experiments described in this chapter all used the 

thermostable Taq  DNA polymerase avoiding the need for fresh enzyme each 

cycle {Saiki et al., 1988}. Although the use of Taq  allows temperature cycling

automation (Chapter 2 Section 2.2) all the experiments detailed in this chapter

used waterbaths for each temperature whereas all those in chapter 4 were 

performed with the aid of a Cambio “intelligent heating block”.

3.4 PCR analysis of PDGF-A chain mRNA.

Poly (A)+ RNAs from rat primary astrocytes and human 157 glioma cells 

were reverse transcribed to produce 1st strand cDNA and subjected to PCR 

amplification using oligonucleotide primers com plem entary to regions of 

human PDGF-A chain exons 5 and 6 as described above (also in Chapter 2 

Figure 6). Evidence that Taq DNA polymerase could also function as a reverse 

transcriptase {Jones and Foulkes, 1989} led me to attempt amplification of 157

human glioma cell Poly (A)+ RNA that had not been reverse transcribed to 

cDNA. PCR was also performed on human PDGF plasmid DNAs with different

combinations of primers to check enzyme activity and produce size markers.
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The amplification of the 157 cDNA produced what seemed to be two

bands (Figure 11 Lane 5). However a band the same size as the lower of these 

two also appeared in the lanes beneath the products of two different control

reactions (Figure 11 Lanes 2 and 3) indicating that these bands were unlikely

to represent a specific reaction product. The remaining 157 band, though 

slightly smeared, ran at approximately the position expected for the short

form PCR product. This corresponded to the S 1 nuclease result that human

glioma cell line 157 produces only short form RNA. The amplification of the rat 

astrocyte cDNA (Figure 11 Lane 6) produced only the non specific band

observed in lanes 2, 3 and 5 which was brighter here than in the other lanes 

suggesting that it consisted of the unincorporated primers. This failure to

prime amplification of the rat cDNA by human sequence primers raised the 

possibility that primers which were not 100% complementary would be unable 

to allow PCR amplification. The 157 RNA amplification reaction (Figure 11 Lane 

7) did not produce any bands indicating no reverse transcription by Taq.

In an attempt to define conditions in which these primers would work

on the rat cDNA I repeated the amplification using a less stringent annealing

temperature (Figure 12 a). As previously human PDGF-B chain specific

primers were used to amplify from the PDGF-B cDNA plasmid (Josephs et al., 

1984} both as a positive control for enzyme activity and to produce a size 

marker. In this instance B chain specific primers were also used to amplify 1st

strand cDNAs synthesised from the rat and human Poly (A)+ RNAs to establish 

whether different primers were better able to direct amplification from the 

cDNAs in question (Figure 12 Lanes 2 and 3). The resulting amplification 

products of both types of cDNA with A and B chain specific primers were 

smears rather than specific bands suggesting that the lower anneal 

temperature had indeed permitted priming, though mostly non specific. The 

gel was blotted and probed for PDGF-A chain to discover whether any specific 

bands could be identified from within the smear.

Probe specificity was indicated by lack of hybridisation to the PDGF-B 

chain PCR product (Figure 12 b Lane 1) and strong hybridisation to the PDGF-A

chain product (Figure 12 b Lane 4). Despite poor fragment separation the 

autorad shows that the human glioma cDNA sample gave a specific band lower 

than the PDGF-Al marker band once more suggesting amplification of the 

P D G F -A s  RNA (Figure 12 b Lane 5). The rat astrocyte cDNA, on the other hand,
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gave a band of the size expected for PDGF-Al suggesting amplification of the 

P D G F -A l sequence (Figure 12 b Lane 6) as did the human glioma RNA sample 

which had not been converted to cDNA (Figure 12 b Lane 8).

This latter result, in direct contradiction to the result of the previous

experiment (Figure 11), seemed to indicate that the T a q  polym erase had

reverse transcribed the RNA. However, if this were the case the product should

have been the same size as that produced from the genuine cDNA of the same 

RNA (Figure 12 b Lane 5). In view of previous results showing no 

amplification of RNA that had not been reverse-transcribed into cDNA (e.g. 

Figure 11), it seems likely that the PCR product in Figure 12 Lane 8 was a result 
of PCR cross contamination by the PDGF-Al cDNA plasmid used for the positive 

control (Figure 12 Lane 4). This is now recognised as a common problem

associated with PCR (Discussed later section 3.7b). This raised doubts about the 

rat astrocyte cDNA result which also seemed to show amplification of the long 

form. However the 157 cDNA results indicating short form amplification in

both PCR experiments were consistent with the S 1 nuclease result, suggesting 

that they represented amplification from cDNA rather than plasmid DNA.

3.5 A ttempts  to c ircumvent contam inat ion  of PCR react ions  with

a m p l i f i a b le  DNA.

To test if  the above results  were caused by am plification of

contaminating DNA, I treated my Poly (A)+ RNA samples with RNase-free 

DNase I  before subjecting them to PCR amplification. 1 pg Human 157 glioma 

Poly (A)+ RNA was treated with 5 mg of DNase I  and 20 units of RNasin (RNase

inhibitor) in a total volume of 60 Mi of 1 x PCR buffer for 30 minutes at 3 7 ° C .

The enzymes were heat inactivated at 90° C for 10 minutes and the RNA 

subjected to 40 cycles of standard PCR in parallel with untreated RNA (Figure 

13 Lanes 1 and 2). The same experiment was carried out on RNA to which a 
known quantity of human PDGF-Al  cDNA plasmid had been added (Figure 13 

Lanes 3 and 4).

The 157 RNA amplification product, run on a higher percentage gel 

than previously, gave a well resolved band representing short form (Figure 13 

Lane 1) as opposed to the 157 RNA long form amplification product indicated 

previously (Figure 12 Lane 8) (See Section 3.7 b for discussion). The DNase 

treated RNA gave the same band only much less intense (Figure 13 Lane 2).
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The DNase had therefore removed some but not all the sequence being 

amplified confirming that some of the original target was DNA though not 

ruling out the possibility of RNA based amplification. The RNA with added 

plasmid produced the expected long form derived band (Figure 13 Lane 3) 

while the DNase treatment mirrored the above result by reducing but not 

eliminating the long form amplification product (Figure 13 Lane 4). This 

indicated that DNase I  treatment of this kind was not sufficient to clear all the 

added DNA, suggesting that the band in Figure 13 Lane 2 may after-all have 

been derived entirely  from contam inating DNA and not via reverse

transcription by T a q .  This result also showed that addition of a specific 

contam inant commandeers the am plification  reaction, biasing the final

outcome to represent only the abundant target. This is likely to be due to the 

much greater levels of the added long form relative to any contaminating

short form (See Chapter 3.7 b).

To discover if a longer period of DNase treatment would be able to

remove all contaminating DNA completely, I performed a time course

experiment. Plasmid DNA was exposed to various periods of DNase treatment as 

above after which half of each sample was run on an agarose gel and EtBr 

stained to visualise any remaining DNA. The other half of each sample was 

subjected to 30 cycles of PCR amplification, the products run on a gel and 

visualised by EtBr staining. Of the unamplified samples only the untreated 

plasmid and that treated with heat inactivated DNase I  remained visible when 

run directly on an agarose gel (Data not shown). The PCR amplification results, 

however, indicated that DNase I  digestion seemed to have been complete after 

only 20 minutes and at 60 minutes but surprisingly failed to destroy all the 

target in both the 40 and 120 minute reactions (Figure 14). It is not clear what 

the explanation for this result might be, however, combined with the previous 

result (Figure 13) it lead to the conclusion that DNase I  would not be a reliable 

antidote for contamination even using longer incubation times.

3 . 6  Contamination II : the final conflict .

Having established that my original RNA samples were contaminated 

with DNA, I replaced them with newly prepared samples in the hope that these

would be free from DNA. PCR was performed on Poly (A)+ RNA from both

human 157 cells and rat P2 brain, with two different combinations of primers 

(Figure 15 Lanes 1, 3 and 6) in parallel with total 157 RNA (Figure 15 Lane 2). I
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also amplified freshly made 157 genomic DNA with the same primers to define 

what, if any, contribution genomic DNA might make to contamination and 

with control primers K1 and K2 which span a 325 bp genomic fragment 

(Figure 15 lanes 4 and 5). Amplification of the rat astrocyte Poly (A)+ RNA 

sample used in all the previous experiments was also carried out (Figure 15 

Lane 7) for comparison.

All amplifications done with primers 1 and 2 gave the same three 

reac tion  products , a lthough their re la tive  abundance varied  between 

reactions. The lower 2 bands in each lane corresponded in size to the expected 

long and short form of human PDGF-A chain cDNA products. However the third 

and highest band seemed to correspond to a PDGF-A form not previously 

identified. The uniformity and clarity of this pattern across human total RNA, 

Poly (A)+ RNA and genomic DNA as well as rat RNAs indicated that it was likely 

to be due to plasmid contamination. A survey of possible contaminants 
suggested PDGF-As Tag (Chapter 2 Table 7 and Figure 8) which has a 44 bp 

insert in the alternatively spiced exon 6 giving an expected PCR product of 307 

bp with primers 1 and 2. This is close to the size of the third mystery band
suggesting that this product was derived from PDGF-As Tag. Although I was not 

using  P D G F -A s Tag at that time it was being grown up by others in the

laboratory in milligram quantities, as indeed were both PDGF-Al and PDGF-As 

cDNAs. This experim ent strongly suggested that indirect contamination, 

possibly via aerosols, may have taken place. The single band produced by the 

primer 6 and 7 amplification (Figure 15 Lane 3) suggested that much of the 

contamination was present in the solutions specific to the other PCR i.e. one of 

the two primers 1 and 2.

Using fresh aliquots of all solutions I attempted to amplify cDNA made

from newly isolated human 157 glioma Poly (A)+ RNA using both PDGF-A chain

specific priming and oligo (dT) priming (F igure 16 Lanes 4 and 5 

respectively). As a positive control I amplified the short form cDNA sequence 

while as a negative control I amplified both in the absence of any added 

nucleic acid and in the presence of Oligo (dT). I also amplified 157 Poly (A)+ 

RNA (Figure 16 Lane 3) to check for any reverse transcriptase activity 

alongside good negative controls.

The result showed no sign of contamination in any of the negative 

controls and no sign of reverse transcription by Taq  (Figure 16 Lane 3). The
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amplification of the cDNA made using the PDGF-A specific primer 2 gave a 
band representing PDGF-As. The cDNA made by priming with oligo (dT) gave 

the same PDGF-As band though more abundant probably because of more 

successful cDNA production. The lack of contamination in any of the negative 

controls engenders confidence in the result, that human 157 glioma cells 
express only PDGF-As. This therefore is further confirmation of the previous 

conclusion from SI analysis and sequence analysis of cDNA clones.

Having isolated and removed the contaminated reagents I proceeded to 

amplify from rat cDNAs once again. These experiments, however, continued to

show evidence of sporadic contamination. I therefore decided to concentrate 

on cloning the rat PDGF-A chain cDNA by a conventional library screening 

approach (See Chapter 4) in the hope that I would then be able to design rat-

specific PCR primers which would not be affected by human PDGF-A chain

c o n ta m in a t io n .

3.7 S u m m a ry

In this chapter I have described my attempts to analyse rat PDGF-A 

chain mRNA expression and differential splicing using the human cDNA 

sequence in two ways; as an SI nuclease probe and via oligonucleotides 

designed from the human sequence in a PCR-based strategy.

A) The S I lessons.

In retrospect this strategy appears to have been somewhat over- 

optimistic. The sequence chosen as a probe included a region prone to 

artefactual SI nuclease digestion thus confusing the interpretation of the 

positive control resu lt w ith fu lly  com plem entary  human RNA. The 

experimental analysis of the rat primary astrocyte RNA resulted in complete 

digestion of the probe, probably as a result of sequence mismatches (See 

Chapter 4 Figure 25). These results demonstrated the importance of using a 

fully complementary SI probe carefully chosen to avoid sequences prone to 

artefactual digestion. Analysis of the human cDNA sequence reveals that the 

alternatively spliced exon 6 is very A:T rich. Since this is exactly the type of 

sequence which allows artefactual SI attack (Miller & Sollner-Webb, 1981) any 

future SI strategy would require a probe which did not include this region. 

Indeed a study published subsequently {Young et al., 1990} used a 90 nt region
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of mouse PDGF-A chain cDNA clone, including only 10 nucleotides from the 3' 

end of exon 6, for SI analysis of mouse RNA, thus avoiding both the problems I 

encountered here (Figure 41).

B) The PC R  lessons.

I considered the effect of sequence mismatches on the ability of primers 

to direct amplification by PCR to be a potential problem at the start of this set 

of experiments. For this reason I chose to make several different primers in 

the hope that some of them, at least, would anneal sufficiently to allow 

priming to occur. In the event the initial amplification reaction (Figure 11) 

indicated primers 1 and 2 would amplify the human but not the rat sequence 

under the conditions used. Altering the conditions appeared to indicate that 

they were able to work at a lower stringency, however this experiment also 

displayed the first signs of what was to become an insurmountable barrier to 

continuing with this strategy: contamination.

A control, designed to show whether Taq polymerase would work as a 

reverse transcriptase, produced an amplification product which seemed at 

first to indicate that Taq could indeed convert RNA to cDNA. I did not consider 

this surprising since it is known that E.coli DNA Polymerase I  has reverse 

transcriptase activity in vitro while reverse transcriptase can act as a DNA 

based polymerase {Sambrooker al., 1989}- Furthermore only a very low level of 

reverse transcriptase activity would be required because of the subsequent 

amplification of any cDNA produced. However close analysis of this result 

indicated that the band in question was more likely to be derived from 

amplification of plasmid DNA. I then used DNase I  to show that DNA 

contamination of my RNA was partly if not entirely responsible for this 

amplification product. Unfortunately, DNase I  treatment, although able to 

remove some of the DNA, proved unreliable at removing contamination 

completely (Figure 14).

The DNase experiment (Figure 13) also indicated that preferential 

amplification of target DNA may occur. The RNA sample alone when amplified 

gave a band representing the short-form product; however, when long-form 

plasmid DNA was added to the RNA only long-form product was observed after 

amplification. Although it is possible that further rounds of amplification 

would have produced the short-form product, it is clear that it would have
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been unwise to infer that only one form was present in the original sample. A 

further indication of this effect was observed in the adjacent lanes where the 

DNase treated RNA sample shows one major and two approximately equivalent 

minor bands (later seen more clearly in Figure 15). In the untreated sample, 

amplification of the major contaminant, the short form, usurped the reaction 

so that one of the minor contaminants was not represented in the resulting 

product. It would appear that DNase treatment having reduced the overall 

levels of contamination allowed the minor species a chance to be amplified. 

Such an indication that potential target DNAs compete for amplification has a 

bearing on future analysis by PCRs which depend on co-amplification of two 

products with the same primers. It would be wise to consider strategies where 

alternative products could be detected with unique primers. In this case using 

a primer within the exon 6 would avoid this competition and therefore present

a fairer estimate of the relative levels of each form.

The progression of contamination through these experiments illustrates 

what has since come to be termed "carry-over contamination" {Longo et aL, 

1990; Shuldiner et al., 1990}. Carry-over contamination from previous PCRs is 

due both to the abundance of PCR products, and to the ideal structure of the

material for re-amplification such that trace amounts of these products easily

yield false positive results. At the outset of these experiments the use of PCR 

was in its infancy and it was considered by many to be the panacea for all 

situations where it was difficult to study DNA; its use in studying RNA was even 

less well established. The potential for very small amounts of contaminating 

DNA to cause false positive results was certainly not fully appreciated. For my 

first experiment (Figure 11) I included as a positive control for enzyme 

activity the PDGF-Al cDNA plasmid. By my second experiment my samples 

appeared to have been contaminated with this same DNA (Figure 12). The third 

experim ent detailed here (Figure 13) indicated that my samples were 

contaminated with the short form cDNA sequence which I had used in the 

previous experiment (not shown here). The full range of contamination was 

completed by Figure 15 and included a sequence which I had not been directly 

associated with but which was present in abundance in the laboratory 

indicating that airborne contamination may also occur.

The drastic effects of contamination on amplification and the inability 

to clean it up once it had occured coupled with the apparent ease with which it
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could occur led me to propose a number of improvements to the PCR protocol 

(Chapter 2. 2 R iii - Contamination avoidance). Many of these are now standard 

procedure for PCR workers {Kwok and Higuchi, 1989; Krone et al., 1990; Sarkar 

and Sommer, 1990; Cimino et al., 1990}. However the continuing opportunity 

for further contamination by any of a number of constructs being used, both

by myself and others, in the laboratory and the unresolved uncertainty over

the sequence homology of the primers convinced me to wait until I had cloned

the rat cDNA sequence before I undertook further PCR analysis.
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A p p r ox i m a t i o n s

F i g u r e  9.

Autoradiograph of  a 5 %  polyacrylamide sequencing gel showing 

the resul ts of  an SI Nuclease react ion (Chapter  2.2 U). The

products o f  PBR322 digested with Hinfl were run as molecular 

weight  markers  ( M ) .  The SI  probe was generated by primer 

extension on single s t randed  M13 containing the Sa l l /Hind l l l

fragment of PDGF-Ap form cDNA (Chapter 2.2 U i).

1) Protected fragments generated by anneal ing probe with 500

ng of Rat Astrocyte Poly (A)+ RNA and treating with SI nuclease.

2) Protected fragments generated by anneal ing probe with 500

ng of 157 Human Glioma cell line Poly (A)+ RNA and treating with

S I .
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Figure 10.
D iagram  show ing the  full Human PDGF-Al cDNA Sequence 

IBetsholtz et al., 1986}. Indicating the location of the putative SI 
Sensitive A:T rich region (Broken line box); the location of the 
alternatively  spliced exon 6 (Solid line box) and  the restriction 
enzyme sites used for sub-cloning into phage m l 3 (^). Also shown 
are th e  tra n s la tio n  s ta r t  codon ( wihhi*-^-), th e  a lte rn a tiv e  
term ination  codons ( ■ )  and the cleavage sites fo r the Pre-Pro
polypeptide (̂ fc) and the Pro-peptide (♦ )  relative to the cDNA 
sequence from which they are translated.

The SacII, StuI and EcoRI restriction sites used fo r cloning into 
expression vector pHYK (Chapter 2 Figure 8) are indicated (



10 2CI 30 40  50  60
TCCGCRRRTR TGCRGRRTTR CCGGCCGGGT CGCTCCTGflfl GCCRBCGCGG GGRGGCRGCG

70 80 90 100 1 10 120
CGBCGGCGGC CRGCRCCGGG RflCGCflCCGfl GGRRGRRGCC CRGCCCCCGC CCTCCGCCCC

130 140 150 160 170 180
TTDCGTCCCC RCCCCCRTCC CGGCGGCCCfl GGRGGCTCCC CGCGDTGGCG CGCRCTCCCT

190 200 210  220 2 30  240
GTTTCTCCTC CTCCTGGCTG GCGCTGCCTG CCTCTCCGCR CTCRDTGC7C GCCGGGCGCC

250 260 270 280 290 3 00
GTDCGCCRGC TCCGTGCTCC OCGCGCCRCC CTCCTCCGGG CCGCBCTCCC TflRGGGRTGG

SacII I
310 320 330 340 4 ,35 0 360

TfiCTGRlTTT CGCCGCCRCR GGRGRCCGGC TGGRGCGCCG CCCCBCGGCC TCGCC7CTCC

370 380 390 400 410 420
TCCGRGCRGC CRGCGCCTCG GGRCGCGRTG RGGRCCTTGG CTTGBCTGCT GCTCCTCGGC

IIIH H IIF >

430 440 450 460 470 4 80
TGDGGRTRCC TCGCCCRTGT TCTGGCCgRG GflflGCCGRGR TCCCDCGCGfl GGTGRTCGRG

490 500
V

510 520 530 5 40
RGGCTGGCCC GCRGTCRGRT CCRCRGCRTC CGGGRCCTCC RGCGRCTCCT GGRGR7RGRC

550 560 570 580 590 6 00
TCCGTRGGGR GTGRGGRTTC TTTGGRCRCC RGCCTGRGRG CTCRCGGGGT CCRTGCCRCT

610 620 630 640 650 660
RflGCRTGTGC CCGRGRRGCG GCCCCTGCCC RTTCGGRGGR RGRGRFU3CRT CGRGGRRGCT

670 660 690 700
w

710 . 720
GTCCCCGCTG TCTGCRRGRC CRGGRCGGTC RTTTRCGRGR TTCCTCGGflG tc r g g Itcgrc

Sail
730 740 750 760 770 780

CCCRCGTCCG CCRRCTTCCT GRTCTGGCCC CCGTGCGTGG RGGTBRRRCG C7GCRCCGGC

790 800 810 820 830 840
TGDTGCHRCfl CGRGCRGTGT CRRGTGCCRG CCCTCCCGCG TCCRCCRCCG CRGCGTCRRG

850 860 870 T 880 1 890 900
GTGGCCftRGG TGGflflTRCGT CRGGRRGRRG CCRRRRTTRR 

1_________ RRGRRGTCCR
J

GGTGRGGTTR

910 920 930 940 950 960
GRBGRGCRTT TGGRGTGCGC CTGCGCGRCC RCRRGCCTGR RTCCGGRT7R TCGGGRRGRG

|970 I Stul geo 990 1000 1010 1020
GRDRCGGGRR GGCCTRGGGfl GTCRGGTRRR RRRCGGRRRR GRRRRRGG7T RflflRCCCRCC

1030 11040 1050 1060 1070 1080
TRRRGCflGCC RRCCRGRTGT GRGGTGflGGfl TGflGCCGCRG CCCTTTCC7G GGRCRTGGRT

--------------- _______ i

1090 1 100 1120 1130 1140
GTRCRTGGCG TGTTRCRTTC CTGflflCCTRC TRTGTRCGGT GCTTTRTTGC CRGTGTGCGG

1150 1 160 1 170 1180 1190 1200
TCTTTGrTCT CCTCCGTGflfl RRRCTGTGTC CGflGRRCRCT CGGGRGRRCR RRGRGRCRGT

1210 1220 1230 1240 1250 126j0
GCRCRTTTGT TTRRTGTGRC RTCflflflGCRfl GTRTTGTTRGC RCTCBGTGRR GCRGTRRGflfl

1270 1280 1290 1300 l Ec° RI
GCTTCCTTGT CRRRRRGRGR GRGRGRGRRR RGRRRRRRRR RGGRRTTC
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1 2  3 4 5 6 7

325
263
201

F ig u re  11.

1.4% A garose  gel sh o w in g  the  p ro d u c ts  o f  a 25 cy c le  P C R  (C h ap te r

2.2 R) us ing  an annea l  te m p e ra tu re  o f  5 5 ° C  p e r fo rm e d  on 20 ng o f  

p la sm id  D NA (2, 3 a n d  4), on c D N A s  gen era ted  from  lfig  Poly  (A)+ 

se le c te d  R N A  u s in g  the  A m e rs h a m  c D N A  s y n th e s is  s y s te m  (5 and 

6 )  and on 1 p.g P o ly  (A )+  R N A  (7 ) .  S a m p le s  r e p r e s e n t in g  10% o f  

the  to ta l  p ro d u c t  w ere  s e p a ra te d  on  the  gel,  s ta in e d  w i th  E tB r  and 

v is u a l i s e d  on a UV t ra n s i l lu m in a to r .

1) 325 bp m arker

2) H um an  P D G F -A p  cD N A  p lasm id  PC R  (Oligos No.s 1 & 2)

+ ve  co n tro l  = 263 bp

3) H um an  P D G F -A p  cD N A  p lasm id  P C R  (Oligos No.s 6 & 7)

+ ve  co n tro l  = 180 bp

4) H um an  P D G F  B cD N A  p lasm id  P C R  (O ligos No.s 3 & 4)

+ ve  co n tro l  = 201 bp

5) 157 H um an  G liom a  Cell L ine  cD N A  P C R  (Oligos No.s 1 & 2)

6) R a t  A strocyte  cD N A  P C R  (O ligos N o.s 1 & 2)

7) 157 H um an  G liom a  Cell L ine  Po ly  A + R N A  P C R

(Oligos No.s 1 & 2) : N O T  cD N A .

- 93 -



A . B .

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

F ig u re  12.

1.4% A g aro se  gel sh o w in g  the  p ro d u c ts  o f  a 25 c y c le  P C R  w ith  e i th e r  

P D G F  B C h a in  (1, 2 a n d  3) or A C hain  (4 to  8) sp ec if ic  o l ig o s .  U s ing  

th e  h i g h l y  p e r m i s s i v e  a n n e a l  t e m p e r a t u r e  o f  3 7 ° C ,  P C R  w a s  

p e r f o r m e d  s im u l ta n e o u s ly  on  20 ng p l a s m id  D N A  (1, 4 a n d  7), on 

c D N A s  (2, 3, 6 a n d  7) gen e ra te d  from  1 u g  Po ly  (A )+ se le c te d  R N A  

us ing  the A m ersh am  cD N A  sy n th e s is  sy s te m  (C h a p te r  2.2 S) and on 1 

^ig P o ly  (A )+ R N A  (8 ) .  S a m p le s  r e p re s e n t in g  10% o f  the to ta l  p ro d u c t  

w e re  run  on the ge l, s ta in e d  w ith  E tB r  and  v is u a l i s e d  ( A )  on a U V  

t r a n s i l l u m in a to r  th e n  a lk a l i  b lo t t e d  (C h a p te r  2 .2  L )  and  p ro b e d  w ith  

ra d io la b e le d  H u m an  P D G F -A  c h a in  c D N A  s e q u e n c e  (B).

1) H um an  P D G F  B chain  cD N A  p lasm id  P C R  (O ligos No. 3 & 4)

-i-ve co n tro l  = 201 bp

2) 157 H um an  G liom a Cell L ine  cD N A  PC R  (O ligos  No. 3 & 4)

3) Rat A strocyte  cD N A  PC R  (O ligos No. 3 & 4)

4) H u m an  P D G F -A p  cD N A  p lasm id  PC R  (O ligos No. 1 & 2)

+ ve  C on tro l  = 263 bp

5) 157 H um an  G liom a Cell L ine  c D N A  P C R  (O ligos No. 1 & 2)

6) R at A strocyte  cD N A  P C R  (O ligos No. 1 & 2)

7) H u m an  P D G F -A p  plasm id  P C R  (O ligos No. 6 & 7)

-i-ve C o n tro l  = 180 bp

8) 157 H um an  G liom a Cell L ine  P o ly  A+ R N A  P C R  (O ligos No. 1 & 2)

: N O T cDNA
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M 1 2 3 4
615 
492

369 

246

123

F ig u re  13.

3%  A g a ro s e  gel sh o w in g  the  p ro d u c ts  o f  a  4 0  c y c le  s ta n d a rd  P C R  

a m p l i f i c a t io n  (C h a p te r  2 .2  R  ii) on 1 fig o f  u n t r e a t e d  h u m a n  

G l io m a  C e ll  l ine  157 P o ly  (A )+ R N A  (1 ) ,  on  an e q u iv a le n t  a m o u n t  

trea ted  w ith  D N ase  I (2) and  the  sam e  fo r  R N A  c o m b in e d  with 200

ng o f  h u m a n  P D G F - A l  ch a in  c D N A  p la s m id  (3 and 4). S a m p le s

re p re s e n t in g  10% o f  the  to ta l  P C R  p ro d u c t  w e re  ru n  on the ge l,  

s ta in ed  w ith  E tB r  and  v is u a l i s e d  on  a U V  t ra n s i l lu m in a to r .  ( M ) = 

123 bp  la d d e r  m arkers .

1) 157 H u m an  G liom a Cell L in e  Poly  (A )+  R N A  P C R  (O ligos  N o . l  & 2)

2) 157 H um an  G liom a Cell L ine  Poly (A )+  R N A  PC R  (O ligos N o . l  & 2)

D N ase  I t re a te d .

3) 157 H um an  G liom a  Cell L ine  Poly  (A )+  R N A  P C R  (O ligos  N o . l  & 2)

with 200 ng H u m an  P D G F -A l  cD N A  p lasm id.

4) 157 H um an  G liom a  Cell L ine  Poly  (A )+  R N A  P C R  (O ligos  N o . l  & 2)

with 200 ng H u m an  P D G F -A l  cD N A  p lasm id :

D N a se  I treated .
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F ig u re  14.

1% A g a ro se  gel s h o w in g  th e  p ro d u c ts  o f  a 30 c y c le  s ta n d a rd  P C R  

a m p l i f ic a t io n  ( C h a p te r  2 .2  R) o f  4 4 0  ng  h u m a n  P D G F - A s  c D N A  

p la s m id  t rea ted  fo r  in c re a s in g  len g th s  o f  t im e  w ith  D N a se  1 w h ich  

w as  i n a c t iv a t e d  at 9 0 ° C  fo r  10 m in u te s  p r io r  to P C R . S a m p le s  

r e p re s e n t in g  10% o f  the  to ta l  P C R  p r o d u c t  w e re  ru n  on  th e  gel, 

s ta in ed  w ith  E tB r  and v is u a l i s e d  on a U V  t ra n s i l lu m in a to r .

1) U n t r e a te d

2) T rea ted  for 20  m inu tes

3) T rea ted  for 40  m inu tes

4) T rea ted  for 60 m inu tes

5) T rea ted  for  120 m inu tes

6) As a contro l for  D N ase  I inac t iv a t io n  440  ng  o f  p la sm id  w as 

tre a te d  for  120 m in u te s  w i th  D N a se  I w h ic h  h ad  b een  in a c t iv a te d  

as ab o v e  b e fo re  use.
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M 1 2 3 4 5 6 7

4 9 2  

3 6 9

2 4 6  

123

F ig u re  15.

3% A g a ro s e  gel sh o w in g  the  p ro d u c ts  o f  a 40  c y c le  s t a n d a r d  P C R  

a m p l i f ic a t io n  (C h a p te r  2 .2  R) on 60 0  ng 157 H u m a n  G l io m a  Cell 

L ine  Poly  (A )+ R N A  (1 and 3 ),  10 n g  157 H u m an  G l io m a  C e ll  L ine  

total R N A  (2 ) ,  7.5 n g  o f  R N ase  t re a te d  157 H u m a n  G l io m a  C e l l  L ine  

g e n o m ic  D N A  (4 and 5), 1 n g  P o s tn a ta l  day  2 R a t B ra in  P o ly  (A )+ 

R N A  (6) and 1 n g  R a t  A s t r o c y te  P o ly  (A ) + R N A  (7). S a m p l e s  

r e p re s e n t in g  10% o f  the  to ta l  P C R  p r o d u c t  w e re  ru n  on  the  ge l,  

s ta in e d  w ith  E tB r  and  v is u a l i s e d  on  a U V  t r a n s i l lu m in a to r .  ( M ) = 

123 bp  lad d e r  m a rk e rs .

1) 157 H um an  G liom a  Cell L ine  Poly  A + RN A  P C R  (O ligos No. 1 &2)

2) 157 H um an G lio m a  Cell L ine  Total R N A  P C R  (O ligos  No. 1 & 2)

3) 157 H um an  G lio m a  C ell L ine  Po ly  A+ R N A  P C R  (O ligos No. 6 & 7)

4) 157 H um an  G lio m a  C ell L ine  G enom ic  D N A  P C R (0 1 ig o s  No. 1 & 2)

5) 157 H um an  G lio m a  C ell L in e  G en o m ic  D N A  PC R

(Oligos No. K1 & K2) : +ve C ontro l = 325 bp

6) P2 Rat Brain P o ly  A+ R N A  P C R  (O ligos  No. 1 & 2)

•?) R at A strocyte  Poly  A+ R N A  P C R  (O ligos No. 1 & 2)
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M l  2 3 4 5 6

3 6 9

2 4 6

1 2 3 ------

F i g u r e  16 .

3% A g a ro se  gel s h o w in g  the  p ro d u c ts  o f  a 40 c y c le  s ta n d a rd  P C R  

a m p l i f ic a t io n  (C h a p te r  2 .2  R) on  20  ng H u m a n  P D G F -A $  c D N A  

p la sm id  D N A  (2 ) ,  on 1 n g  157 H u m a n  G l io m a  Cell L in e  P o ly  (A )+ 

R N A  (3 )  and on 157 H u m a n  G l io m a  C ell  L ine  c D N A  g e n e ra te d  by 

r e v e r s e  t r a n sc r ip t io n  o f  1 n g  157 H u m a n  G l io m a  C e ll  L in e  P o ly  

( A ) + R N A  in the p re sen ce  o f  the P C R  o ligos  a lone  (4 )  and w ith  the 

PC R  o ligos  and o ligo  dT  (5 ) .  T w o  P C R  a m p lif ica t io n s  in  the  ab sen ce  

o f  any  added  R N A  or D N A  w ere  ca r r ie d  o u t  as neg a t iv e  c o n tro ls  (1 

and 6 ) .  S a m p le s  r e p re s e n t in g  10% o f  the  to ta l  P C R  p ro d u c t  w e re  

ru n  o n  th e  g e l ,  s t a in e d  w i th  E tB r  a n d  v i s u a l i s e d  on  a U V  

t r a n s i l l u m in a to r .  ( M )  = 123 bp la d d e r  m arkers .

1) P C R  with no D N A  added (O ligos No. 1 & 2) : -ve C ontro l

2) H u m an  P D G F -A s  chain  cD N A  p lasm id  PC R  (Oligos No. 1 & 2)

+ ve  C ontro l  = 194 bp

3) 157 H um an  G liom a  C ell  L in e  Poly  A +  R N A  PC R  (O ligos No. 1 & 2).

4) 157 H um an  G liom a Cell L in e  cD N A  P C R  (O ligos No. 1 & 2)

r e v e rs e  t r a n s c r ib e d  w ith  o n l y  P C R  O lig o s  p re se n t .

5) 157 H um an  G liom a Cell L in e  cD N A  P C R  (O ligos No. 1 & 2)

re v e rse  t ra n sc r ib e d  w ith  O lig o  d T  an d  P C R  O lig o s  p re se n t .

6) As 1) bu t with O ligo dT p resen t  : -ve  C o n tro l
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^ Chapter Four &

"One fine morning in May a slim young horsewoman might 
have been seen riding a glossy sorrel mare along the 

flowery avenues of the Bois de Boulogne."
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Chapter 4. Isolation and sequencing of rat PDGF-A chain cDNAs, 
design o f rat-specific  PCR prim ers and their use in 
analysing differential sp licing patterns of PDGF-A mRNA 
in CNS cell types.

4.1 Introduction.

In the previous chap ter I dem onstrated the  im portance of having a 
fully com plem entary  probe for SI analysis and  ind icated  the p o ten tia l 
problem s with non-homologous PCR prim ers. It was therefore necessary to 
isolate the 3’ portion  of the rat PDGF-A chain encoding the  a lternatively  
spliced exon 6 to allow analysis of the expression pattern  of the two forms of 
ra t A-chain transcript. To this end I chose to m anufacture a cDNA library from 
postnatal day 7 (P7) ra t brain, which is known to express m oderate levels of 
PDGF-A tran sc rip t {Richardson e t a/., 1988}, in the hope th a t this would 
increase my chances of obtaining suitable clones.

4.2 P7 Rat brain cDNA library production and screening.

Using the Amersham "cDNA Synthesis System Plus", 3 \xg of P7 ra t brain 
Poly (A)+ RNA was reverse transcribed to ds cDNA and cloned into A,gtlO using 
the Amersham "cDNA cloning System" (see also Chapter 2 Sections 2 S and 2 T). 
Two libraries were generated; Library No.4 and Library No.5 with respective 
cloning efficiencies of 1.5 x 10^ and 7.3 x 10^ plaque forming units (pfu)/|ig  of 
cDNA used, which com pared favourably  w ith the expected 10^ pfu/|Lig 
efficiency required for a good library {Williams, 1981}. Based on a physical 
analysis of insert DNA from  random ly picked single p laques (not shown) 
lib rary  No.5 was chosen for screening because it had  a h igher percentage 
with inserts (90%) which were also mostly longer than those in library No. 4.

To find a medium-to-low abundance sequence it is necessary to screen 
approximately 1.7 x 10^ independent recom binants to have a 99% probability 
of obtaining the desired clone {Williams, 1981}. In order to do this with my 
library which had a total of 2.1 x 105 independent clones I would have had to 
use 80% for a single screening. I therefore chose to am plify it, using the 
Am ersham  protocols, to produce several m illilitres of m uch h igher titre  
lib rary  stock (6.5 x 10*0 pfu /^ig), allowing the o p p o rtu n ity  for several 
screenings. Physical analysis of the am plified library  (Figure 17) indicated
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that although most inserts were within the range of 0.1 kb to 0.5 kb there were 
some inserts of g reater than  2.3 kb and  a good proportion  (80-90%) of 
recom binants had inserts. I therefore screened a to tal of 1.9 x 10^ plaques, 
including approximately 1.7 x 10^ recombinants.

After a progression of three screening stages using the hum an PDGF-A 
chain cDNA sequence {Betsholtz e t a/., 1986} as a probe I isolated a to tal of six 
possible in d ep en d en t clones from  single p laq u es and  p re p a re d  th e ir  
respective DNAs for further analysis according to the Amersham protocols.

4.3 Analysis of six potential rat PDGF-A chain cDNA clones.

XgtlO DNA from each of the six potential ra t PDGF-A chain clones was 
digested with EcoRI to release the insert and run  on an agarose gel to check 
the size range of the cloned sequences (Figure 18). Though only faintly visible 
each clone produced the same fragm ent size indicating that they might all be 
copies of a single clone in the original unam plified library. When the cloned 
inserts were b lo tted  and probed with the hum an PDGF-A chain cDNA, all 
hybridised successfully (including DNA in lanes 2 and  which is not clear 
from  this exposure) bu t not nearly as strongly as the homologous hum an 
PDGF-A chain included as a control (Figure 18 B Lane 7). The linearised pUC 
vector DNA, which had been run  as a size m arker, hybridised to the  same 
extent as the insert DNA (Figure 18 Lane 8). This indicated that my probe DNA 
m ight have some com plem entarity to vector sequence despite having been 
se p a ra ted  from  plasm id  sequences by re s tr ic tio n  d igestion  a n d  gel 
electrophoresis (Chapter 2.2 M i). This raised my suspicions about the nature of 
the clones I had isolated.

A second blot of these digests when probed instead with labeled pUC 
vector DNA showed th a t the insert DNA hybrid ised  to the vector sequence 
w hile th e  PCR-derived PDGF-A chain  sequence d id  not (F igure 19). 
Furtherm ore, when the insert DNA was ligated in the absence of any added 
vector, they  all displayed the ability to transform  com petent cells (Data not 
shown). This strongly suggested that, ra th e r than  isolating the ra t PDGF-A 
chain cDNA, I had  cloned a XgtlO contain ing  some form  of v ecto r DNA 
sequence, though not pUC 8 since both gels show it to  be smaller than the XgtlO 
inserts.
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I re-screened  the lib rary  with a p robe m ade from  new ly-purified 
PDGF-A chain sequence using suitable controls (See Chapter 2.2 Section O) to 
ensure th a t only PDGF-A chain was being ta rgeted  and no vector sequence 
hybridisation was occuring. This tim e no po ten tia l clones were identified  
suggesting th a t the  library carried very few, if any, sequences representing 
rat PDGF-A chain cDNA.

4.4 P21 Rat brain cDNA library screening and clone verification.

The improved screening procedure was used to screen a total of 1.8 x 10^ 
clones from a X gtll cDNA library (obtained from Dr. W. Stoffel: see Chapter 2.2 
Section T) made with RNA from the brains of P21 Lewis strain  rats. After a 
progression of six screening stages I isolated 12 possible independent clones 
from single plaques. This time, as a result of the hybridisation controls, I was 
confident that these clones represented the ra t PDGF-A chain sequence. I used 
a num ber of different approaches in an a ttem pt to identify which of these 
clones included the 3' portion of the rat cDNA sequence.

A) Sizing of lambda inserts by PCR amplification.

First I checked the size range of the cDNA inserts to establish w hether 
the clones were tru ly  independent and  w hether they  were large enough to 
m erit fu rth e r  investigation. DNA ob ta ined  from  10 of the 12 clones was 
am plified by PCR using prim ers com plem entary to e ither side of the X g tll 
cloning site (RSP and FSP : see Chapter 2.2 Section R iv). The sizes ranged from 
approximately 500 bp to 1.4 kb (Figure 20) and included one which appeared to 
be a mixed clone giving two PCR products (Lane 1). Although several of them  
were of a sim ilar size suggesting they m ight represent copies of a single clone 
it was clear that I also had several different clones. Furtherm ore, they were all 
of a sufficient size to contain the sequence inform ation I required. I therefore 
decided to subclone a num ber of the longer inserts for sequence analysis (see 
Section 4.5).

B) Confirming clone identities by hybridisation to insert and PCR 
DNA.

As a fu rther verification of the natu re  of the 12 clones, X gtll DNA was 
isolated from  fresh plaques, digested with EcoRI to release the insert, run  on 
an agarose gel alongside PCR products for six of the clones (Figure 21 A),
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blotted and probed  with the hum an PDGF-A chain cDNA sequence (Figure 21
B). The result shows hybridisation to each of the clone inserts approximately 
in accordance with the am ount visible by EtBr staining. The specificity of the 
probe was illustrated  by its hybridisation to the hum an PDGF-A chain cDNA 
plasmid and fragm ent (F) bu t not to the vector (L) from  which it was released 
(Figure 21 B Lane P).

Of the six PCR products run for com parison only five showed equivalent 
levels of hybridisation to th e ir insert DNA and only 3 were larger than  the 
equivalent insert. Thus the PCR products derived from  clones 3.1, 5.3 and 5.4 
apparently  represen t "false" am plification events indicating the value of this 
more standard type of analysis.

C) Looking for exon 6 by PCR.

I attem pted to assess w hether exon 6-derived sequences were present in 
the 3 largest clones (1.2, 3.4 and 5.3) by amplifying across the putative exon 6 
boundaries with app rop ria te  PCR prim ers and com paring the p roduct sizes 
with those predicted  for PDGF-As and PDGF-Al (See Table 9). The appropriate 

PCR products from  the previous experim ent were ethanol p recip ita ted  (see 
Chapter 2.2 Section B) and  re-am plified w ith hum an PDGF-A chain prim er 
(oligo No. 7; see Chapter 2, Figure 6 and Tables 6 & 7) in pair-wise combination 
with each of the two X gtll  prim ers and a second hum an PDGF-A chain prim er 
(oligo No. 10). PCR was also perform ed with both  Xgt l l  prim ers as a positive 
control (Figure 22). Successful amplification with hum an oligo No.7 and one of 
the two Xgt 11 prim ers took place in each case indicating th a t all th ree clones 
contained sequence from the 3’ end of the rat PDGF-A chain cDNA.

For each clone the oligo No. 7 am plification should only have worked 
with one of the two X gtll prim ers to indicate the orientation of the clone with 
respect to the X g tll cloning site. However close inspection of the apparently  
unsuccessful pairing  in bo th  3.4 and 5.3 samples revealed a high m olecular 
weight band. This band  could even be seen in the successful oligo No. 7 + Xgt l l  
(RSP) pairing for the 5.3 sample. This apparen tly  anom alous result may be 
explained by com parison with the RSP + FSP positive control PCR which gave a 
band the same size as the unexpected band. It would appear th a t the unused 
RSP + FSP prim ers were co-precipitated with the product of the previous PCR
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and subsequently took part in this PCR to give a product representing the full 
insert.

U nfortunately none of the am plifications with hum an oligo No. 10 
showed any signs of a PDGF-Al PCR (154 bp) product and there were only very 
faint indications of a possible PDGF-As product (85 bp). The successful oligo No. 

7 /  R or FSP amplification products in each case represented approximately 300 
bp, which, by com parison with the hum an sequence, should  easily have 
encom passed the sequence to which oligo No. 10 would anneal. This suggested 
tha t the ra t sequence corresponding to oligo No. 10 was d ifferent from the 
hum an sequence, p reventing  efficient annealing  and  prim ing. T herefore 
although this experiment did not provide good inform ation on the presence or 
absence of the rat exon 6 in these clones it did confirm tha t they included the 
region where differential splicing would occur.

The sizes of the products of the successful oligo No. 7 amplifications and 
the RSP + FSP amplifications indicate tha t the clones each contain a sim ilar 
region of the rat PDGF-A chain cDNA. In fact clones 3.4 and  5.3 appear to 
contain  closely sim ilar fragm ents in d ifferen t o rien ta tions relative to the 
Xgtl 1 cloning site.

In a further attem pt to characterise these 3 clones I perform ed a second 
experim ent with hum an and X gtll prim ers, this time exchanging oligo No. 10 
for exon 6-specific oligo No. 8 (see Chapter 2 Figure 6 and Tables 6 & 7). All 
four prim ers were used simultaneously in the hope that each potential product 
would be represented. The am plification products (Figure 23) were, however, 
no different from those observed in the previous experim ent indicating tha t 
no amplification from oligo No. 8 had occurred. This could be for one of two 
possible reasons: e ither the exon 6 sequence was not p resen t or the ra t 
sequence was d ifferen t from  the  hum an sequence, p reven ting  successful 
annealing  and  prim ing. Thus th is  resu lt, a lthough  negative, d id  no t 
necessarily  m ean th a t the a lternative ly  spliced exon 6 was absent. The 
u n certa in ty  over the ability  of some hum an prim ers to am plify the ra t 
sequence p rev en ted  me from  pursu in g  th is type of analysis w ith the  
remaining clones.
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4.5 Analysis of rat PDGF-A chain sequence.

I sub-cloned the inserts from  th ree  of the  longest X gtll clones into 
phagem id vector pTZ18R {Rokeach et al., 1988}; two (4.1 and 5.3) via EcoRI 
digestion of whole X gtll DNA preparations and the th ird  (3.3) from  its PCR 
product. These were sequenced as described previously (see Chapter 2. 2 
Section P) using a com bination of s tan d a rd  X g tll forw ard and  reverse 
sequencing prim ers, hum an PDGF-A sequence-derived  prim ers and  a ra t 
sequence prim er R3 (See Figure 27 B). The complete sequence of clone 4.1 was 
obtained from overlapping sequence data and verified against the sequence of 
independent clone 5.3 (Figure 24). Clone 3.3 showed good sequence for the 
region covering the alternative splice junction b u t deterio rated  to nonsense 
tow ards the ends of the insert sequence (see discussion 4.8 B). All th ree 
represented the PDGF-As sequence.

Com parison of the clone 4.1 nucleotide sequence with the hum an 
PDGF-As sequence (Figure 25) showed an 88% sequence sim ilarity within the 

coding regions of the two clones. The 3' un translated  regions also showed high 
levels of sequence similarity with the exception of a num ber of inserts a n d /o r  
deletions (overall 66%), whereas the 5 ’ un transla ted  regions, though initially 
very  sim ilar and  bo th  highly GC rich  (ra t 75%; hum an 74%), show ed 
significant divergence within 40 nucleotides of the  s tart codon (overall 53%). 
This raised  the possibility th a t such a difference may have been due to 
sequencing errors, however, com parison of the 5’ u n tran sla ted  region of 
Xenopus  PDGF-A chain cDNA sequence {Mercola et al., 1988} with th a t of 
hum an PDGF-A (not shown) indicated an analogous, though more extensive, 
divergence, as befitting their greater evolutionary distance (overall 25%).

Interestingly, a search of the EMBL/GenBank database revealed tha t an 
independent attem pt to sequence ra t PDGF-As cDNA did not provide data on this 
region, indeed the sequence inform ation stops precisely were the divergence 
occurs {Katayose e t al., 1991}. It seems possible th a t there may have been 
problem s sequencing through this area or even th a t they opted  to publish 
only the closely similar sequence inform ation. In addition the sequence of the 
coding region differs by the absence of a guanine nucleotide at position 639 
and the addition of a cytosine nucleotide at position 723 (Figure 25, hum an 
sequence locations). This has the effect of a ltering the reading fram e such 
that the predicted m ature protein would include a region of 28 amino acids that
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have not been observed in any other form of PDGF-A. It is not clear w hether 
this represents a new form of PDGF or is simply the result of cloning a n d /o r  
sequencing artefacts.

A com parison of the predicted translation  product from my rat cDNA 
indicates a 92% amino acid sequence similarity with tha t of hum an PDGF over 
the whole p re-p ro -pep tide  and 95% w ithin the  m ature  pep tide sequence 
(respectively 97% and 99% including conservative amino acid changes: see 
Table 3). It also shows a 96% similarity with mouse {Young et al., 1990} and 76% 
with Xenopus {Mercola et al., 1988}, reflecting th e ir  evolutionary relationships 
(Figure 26). N.B. The predicted Xenopus sequence includes 5 more amino acids 
than the mammalian ones.

4.6 Designing and testing rat-specific PCR primers.

By com paring the rat and hum an cDNA sequences I attem pted to design 
rat-specific PCR prim ers that would not be able to am plify hum an PDGF-A 
chain cDNA that might be present as a low level contam inant (see Chapter 3). 
The high degree of sequence similarity m eant th a t I had no option but to use 
rat sequence oligonucleotides which were largely  com plem entary  to the  
hum an sequence. I therefore chose two that were distinct at the 3' ends, in the 
hope that these would not prim e DNA synthesis on a hum an target sequence 
(Figure 27 and Tables 8 & 9). I then tested the specificity of these prim ers in a 
number of ways, to establish conditions for analysing rat cDNAs.

The op tim al b u ffe r  co n cen tra tio n  of MgCl2 , which affects the 

specificity of prim ers, must be determ ined em pirically for each set of prim ers 
(Perkin Elm er Cetus Am pliTaq sp ecifica tio n s). I th e re fo re  com p ared  
am plification of bo th  hum an and ra t cDNA sequences using the rat-derived 
oligos No. 11 & 12 in a variety  of MgCl2 co n cen tra tio n s  (Figure 28). 
Amplification of the rat sequence took place in all the MgCl2 co n cen tra tio n s  

shown, bu t cross-species amplification of the hum an sequence only occured at 
the highest MgCl2 concentration tested (5 mM) as determ ined by EtBr staining. 

This indicated th a t the specificity of the prim ers m ight be assured by using an 
MgCl2 concentration of 3 mM in all subsequent PCR reactions.

Having only  two rat-specific  p rim ers  was po ten tia lly  lim iting. I 
therefore tested the ir specificity, when paired with hum an prim ers capable of
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annealing to bo th  ra t and hum an sequence, by using them  in pair-wise 
com binations w ith hum an oligos No. 7 & 2 which had  only in te rn a l 
mism atches with the rat sequence (See Figure 27 and  Tables 8 & 9). In a 
s tandard  th ree-tem peratu re  cycle am plification reaction  bo th  ra t prim ers, 
when paired with a hum an prim er, directed amplification of hum an as well as 
rat sequence (data not shown). However, by using a two tem perature PCR cycle 
with no 55°C annealing step, specificity for the ra t sequence was regained. 
U nder these conditions the hum an prim ers were still able to d irect PCR 
amplification from both hum an and rat cDNA when used together bu t in pair
wise com bination with the rat-specific prim ers they  only am plified the rat 
sequence (Figure 29). Therefore, by using s trin g en t annealing conditions 
together with low MgCl2 buffer concentrations, my rat-specific prim ers, even 

in com bination  w ith m ore perm issive  p rim ers , w ould  no t am plify  
contam inating hum an cDNA sequence. This potentially  afforded a means of 
avoiding false positives including hybrid  hum an  m olecules w ith p rim er 
derived ra t sequence at the end, which would represent a possible carry over 
contam ination threat. The 5 mM MgCl2 hum an cDNA am plification reaction 
(from Figure 28) was carefully disposed of to prevent fu ture contam ination by 
this hybrid molecule as were the products of all rat amplification reactions.

Having established th a t rat oligo No. 12 could amplify the rat sequence 
in concert with hum an oligo No. 7, I used them  to am plify the  nine 
unsequenced X gtll clones to discover w hether any included the alternatively 
spliced exon 6. This was done in preference to using both  ra t specific oligos 
which would have produced large quantities of po ten tia l contam inant (see 
Chapter 3.7 b). The product from this reaction did not include the rat oligo No. 

11 annealing  site (See Figure 27) so d id  no t re p re se n t a p o ten tia l 
contam ination th re a t to fu tu re  PCR am plifications using both  rat-specific 
oligos. The result indicated th a t all the rem aining clones contained the short 
form PDGF-A chain sequence (Figure 30). Negative controls (as described in 
C h ap te r 2.2 Section R iii), w hich were ca rrie d  o u t alongside these 
am plifications and run  on a separate gel, showed no signs of contam ination 
(Not shown). This result indicated th a t most, if not all of the PDGF-A chain 
cDNAs in the library were short form, suggesting th a t this is the predom inant 
transcript in the P21 rat brain.
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4.7  A nalysis  of r a t  PDGF-A d if fe re n tia l  sp lic in g  w ith  ra t-sp e c if ic  
prim ers.

Using the conditions established above to encourage prim er specificity 
I attem pted to identify the rat PDGF-Al sequence by amplifying cDNAs isolated 

from both  normal and transform ed ra t cells known to express PDGF-A RNA 
{Richardson et al., 1988} and those p resen t in a num ber of cDNA libraries. 
However the two-tem perature-cycle PCR produced no am plification products 
when presented with these more complex targets (Data not shown). I therefore 
repeated the experim ent using a standard  three tem perature cycle PCR (with 
the resu ltan t loss of species specificity). This allowed am plification of the 
PDGF-A from hum an 157 cell line cDNA (Figure 31 Lane 3) bu t not from either 
of the ra t cDNA preparations (Lanes 1 and 2) or from two of the four rodent 
cDNA libraries tested (Lanes 4 and 7). However, PCR am plification products 
were obtained from one of the ra t cDNA libraries and a mouse library  (see 
Chapter 2.2 Section T). Both of these yielded only PDGF As derived PCR products. 

The size of the hum an 157 cDNA confirms the previous observation (Chapter 3) 
th a t this cell line produces p redom inan tly , if not exclusively, PDGF-As 
transcripts.

A fu rther attem pt to amplify cDNAs m ade from  freshly isolated P8 ra t 
brain Poly (A) + RNA and C6 ra t cell line Poly (A)+ RNA using the s tandard  
three tem perature cycle yielded amplification products from both  (Figure 32). 
In this case the positive control was set up after I had finished setting up the 
experim ental reactions, allowing me to be sure th a t no cross-contam ination 
had occurred. Again, both gave bands representing only short form  PDGF-A 
chain cDNA. I subsequen tly  perfo rm ed  a large num ber of sim ilar PCR 
amplifications on cDNAs made from both Poly (A)+ and Poly (A)- RNAs from a 
variety of different ra t sources including prim ary cortical astrocytes, 0 -2A 
lineage cells and different ages of ra t brain. All these gave only the PDGF-A 
short-form product.

4.8 Discussion.

A) Library screening.

In an attem pt to clone the ra t PDGF-Al cDNA I constructed, am plified 
and screened a P7 ra t b ra in  cDNA lib rary  using the hum an PDGF-Al cDNA
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sequence as a probe. Several positive clones were obtained bu t the  inserts 
tu rn e d  ou t to  be plasm id v ecto r sequence judging  by th e ir  specific 
hybridisation to labeled plasmid DNA and their ability, once re-circularised, to 
transform  E.coli to ampicillin resistance in the absence of added vector. The 
initial incorporation of plasmid sequence into XgtlO need only have occured at 
a very  low level w ith the subsequen t lib ra ry  am plification causing its 
apparen t abundance in the final library. Cloning of plasm id sequence from 
libraries seems to be a relatively frequent event, as indicated by a recent study 
of the EMBL sequence database {Lopez e t al., 1992}. During a homology search 
using the  com plete M 13m pl8 sequence they  showed th a t a "significant 
number" of the subm itted sequences contained elements of vector and in some 
cases consisted of mostly vector sequence. Since they only used one vector to 
search the database the real num ber of vector derived sequences th a t are 
"contaminating" the database may be considerably underestim ated. A fu rther 
carefully controlled analysis of my P7 rat b rain  library using better purified 
probe DNA suggested that it contained few, if any, PDGF-A clones. This was 
subsequently confirmed by PCR amplification of the library (Figure 31 Lane 4) 
which also indicated the absence of any PDGF-A chain sequences.

B) Sub-cloning and  sequencing.

PDGF-A clones were eventually obtained, using the im proved screening 
procedure, from a P21 rat brain X gtll library. A num ber of the inserts were 
sub-cloned and sequenced to determ ine the full coding sequence of the rat 
PDGF-A chain cDNA. The sequences of those subclones derived from insert DNA 
gel-purified from restriction digests of the X gtll clones, were both consistent 
w ith each o ther and, in term s of open  read ing  fram e, with the  known 
sequences from other species (Figures 25 & 26). However, the sequence of the 
subclone tha t was derived from a PCR am plification product, though identical 
with the others across the 3' region of the coding sequence, was apparently  
ridd led  with m utations towards the ends of the clone. This was observed 
consistently over a num ber of separate sequencing attem pts. Together with 
the erroneous results of PCR am plifications using the X gtll prim ers on other 
clones (see section 4.4 c and Figure 21) this evidence strongly suggested that 
cloning via PCR perform ed directly on cDNA would be prone to artefact. It is 
known th a t Taq polymerase has a m uch higher e rro r rate than Klenow (1 /90  
for Taq as opposed to 1 /270 for Klenow {Eckert and Kunkel, 1991}) although
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this alone would not account for the level of difference observed. It is also 
possible th a t aberran t products arising from early m is-incorporation and mis- 
prim ing events m ight be amplified alongside the correct products giving rise 
to a m ixure of am plified sequences instead  of a single end-product. Any 
cloning strategy based on PCR would therefore require sequencing of a large 
num ber of clones derived from each am plification reaction to verify the 
nature of the sequence.

C) SI analysis.

Sequence comparison of rat and hum an PDGF-A cDNAs confirm ed that 
there would have been regular mismatches along the length of the hum an /  
rat hybrid form ed during my SI analysis (C hapter 3), the longest region of 
un in terrup ted  com plem entarity being only 35 bp in length (Figure 25; 1070 - 
1105 bp). The discovery that none of the 12 clones represented the rat PDGF-Al 
form, however, precluded me from perform ing any fully com plem entary SI 
analyses since it has been shown that a probe com plem entary to the RNA 
sequence on either side of a splice junction can be protected from SI nuclease 
attack by both the spliced mRNA and the unspliced RNA {Sisodia et al., 1987}. 
An SI probe corresponding to PDGF-As could th erefo re  be p ro tec ted  by 
PDGF-Al mRNA thus preventing discrim ination betw een PDGF-Al and PDGF-As 
mRNAs (see also Chapter 6 discussion).

D) PCR analysis of clones.

A fu rth e r variation on a problem  associated with PCR, previously 
discussed in chap ter 3, was observed during  am plification analysis of the 
X gtll clones. Where a combination of prim ers was expected to amplify two 
different-sized products from the same target DNA, the shortest product was 
amplified preferentially  (Figure 23). The earlier experim ents had indicated 
that preferential amplification of a more abundant target sequence may take 
place. In th is case there was only one target w ith d ifferent pairings of a 
com bination of p rim ers expected to give d ifferen t-sized  products. This 
emphasised that PCR analysis may not provide an accurate impression of the 
levels of the alternate forms of PDGF-A chain mRNA when used to survey 
cDNAs from a variety of sources.
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E) PCR analysis of cDNAs.

Despite these reservations I attem pted to design a set of rat-specific PCR 
prim ers with which to survey a range of rat cDNAs, in the hope tha t I could 
avoid the abundant hum an cDNA plasmid contam ination observed in chapter 3 
and perhaps obtain a clone of the rat PDGF-Al. PCR analysis with hum an oligo 
No. 10 (Figure 22) on rat target DNA had confirmed the observation (Chapter 3) 
tha t sequence m ism atches in the prim ers (see Figure 27 and Table 8) may 
reduce the ir ability  to d irect prim er extension during  the PCR reaction. I 
therefore applied this principle in reverse by choosing ra t sequence prim ers 
which were distinct from  the hum an sequence at their 3 ’ ends and  defining 
conditions in which they were unable to prim e am plification of the hum an 
sequence. In practice, however, these conditions p roved  unsu itab le  for 
am plifying from  a com plex target such as cDNA forcing me to use less 
s trin g en t conditions, though , fo rtu n a te ly  my con tam in a tio n  avoidance 
procedures p revented  a resurgence of false positives. All the am plifications 
performed with these primers gave only the PDGF-As product.

Conclusion.

The results from the PCR analysis suggest th a t either rats do not express 
the PDGF-Al sequence in the cells or tissues and at the developm ental stages I 
examined, or th a t my prim ers preferentially  am plified the short form when 
confronted with a m ixture of PDGF-As and PDGF-Al. However, in conjunction 
with the analysis of the cDNA clones the evidence points to the conclusion, 
that the predom inant isoform of PDGF-A in the CNS is the short form, PDGF-As.
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564

125

Figure 17.
Autoradiogram of a 1.5% agarose gel showing the radiolabeled 
inserts from 12 single plaques random ly chosen from  the 
amplified JvgtlO library No.5. DNA was prepared from each plaque, 
digested with EcoRI to release the insert fragm ent and end- 
labeled with 32P (Chapter 2.2 D). The markers indicated were wild 
type X  phage DNA, Hindlll digested and end-labeled.
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A. B.
1 2  3 4 5 6 7 8 1 2  3 4 5 6 7 8

Figure 18.
1% Agarose gel showing the inserts from each of the six putative 
rat PDGF-A chain cDNA clones isolated from ^gtlO library No.5. 
DNA was prepared from a single plaque of each clone, digested 
with EcoRI to release the insert fragment, run on the gel (1-6), 
stained with EtBr and visualised on a UV transilluminator (A) 
then alkali-blotted (Chapter 2.2 L ii) and probed with radiolabeled 
Human PDGF-A chain cDNA sequence (B). The 1.3 kb Human 
PDGF-Al chain cDNA clone (7) and 2.86 kb linearised pUC 8 vector 

DNA ( 8 ) were run as both size markers and probe specificity 
controls.

1) Putative PDGF-A clone 1 cut out of Lambda vector by EcoRI
2) Putative PDGF-A clone 2 cut out of Lambda vector by EcoRI
3) Putative PDGF-A clone 3 cut out of Lambda vector by EcoRI
4) Putative PDGF-A clone 4 cut out of Lambda vector by EcoRI
5) Putative PDGF-A clone 5 cut out of Lambda vector by EcoRI
6) Putative PDGF-A clone 6 cut out of Lambda vector by EcoRI
7) 1.3 kb Human PDGF-A chain cDNA clone : +ve Control

8) 2.86 kb Linearised pUC 8.
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1 2 3 4 5 6

B.
1 2 3 4 5 6

l b *

Figure 19.
0.8% Agarose gel showing the inserts  from four of the six 
putative rat PDGF-A chain cDNA clones isolated from AgtlO library 
No.5. DNA was prepared  from a single plaque of each clone, 
digested with EcoRI to release the insert fragment, run on the gel 
(3-6), stained with EtBr and visualised on a UV transilluminator 
(A) then alkali-blotted (Chapter 2.2 L ii) and probed with 
radiolabeled pUC 8 vector sequence (B). A 180 bp PCR fragment of 
Human PDGF-Al chain cDNA clone (2) and 2.86 kb linearised pUC 

8 vector DNA (1) were run as both  size markers and probe 
specificity controls.

1) 2.86 kb Linearised pUC 8.
2) Human PDGF-Al chain cDNA PCR Product (Oligos No.6 + 7)

+ve Control = 180 bp
3) Putative PDGF-A clone 1 cut out of Lambda vector by EcoRI
4) Putative PDGF-A clone 3 cut out of Lambda vector by EcoRI
5) Putative PDGF-A clone 5 cut out of Lambda vector by EcoRI
6) Putative PDGF-A clone 6 cut out of Lambda vector by EcoRI
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Figure 20.
1% Agarose gel showing the products of a 40 cycle standard PCR 
am plification using Xgtll Forward (FSP) and  Reverse (RSP) 
sequencing primers (Chapter 2 R) on DNA isolated from single 
plaques of ten of the twelve putative rat PDGF-A chain cDNA 
clones isolated from X gtll P21 rat brain cDNA library (1 -1 0 ). 
Samples representing 10% of the total PCR product were run on 
the gel, stained with EtBr and visualised on a UV transilluminator. 
(M) = 123 bp ladder markers.

1) Clone 1.2 PCR
2) Clone 3.1 PCR

3) Clone 3.2 PCR
4) Clone 3.3 PCR

5) Clone 3.4 PCR

6) Clone 4.1 PCR

7) Clone 5.2 PCR

8) Clone 5.3 PCR
9) Clone 5.4 PCR
10) Clone 6.2 PCR
M) 123 bp ladder markers.
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Figure 21.
1% Agarose gel showing the inserts from  each of the  twelve 
putative rat PDGF-A chain cDNA clones isolated from  X gtll P21 rat 
brain  cDNA library. DNA was p repared  from  a single plaque of 
each clone and digested with EcoRI to release the insert fragm ent 
and for six of the clones (*) the products of a standard  25 cycle PCR 
amplification using Xgtll Forward and Reverse sequencing prim ers 
were run on the gel alongside their restriction fragm ents, stained 
with EtBr and visualised on a UV transillum inator (UV Products 
Inc.) (A) then alkali b lo tted  (Chapter 2.2 L ii) and  p robed  with 
radiolabeled Human PDGF-A chain cDNA sequence (B).

(M) = 123 bp ladder markers.

(P) = Human PDGF-Al chain cDNA in pUC 8.

(L) = 2.86 kb linearised pUC 8.

(F) = 1.3 kb hum an PDGF-A chain cDNA EcoRI fragment.

(¥) = Uncut plasmid multimer.

(D) = Uncut open circle plasmid.

(9) = Uncut supercoiled plasmid.
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A.. Clone 1 .2  Clone 3 .4

M A 7+10 7+R 7+F R+F 7+10 7+R

984 —v

615-n \ \ —  I
A qo X
6b9 —, I
24^ I
1 23

B. Clone 3.4 Clone 5.3 
M A 7+F R+F 7+10 7+R 7+F R+F

934 --y

61 5 -\ \  —
A qo \
3b9 —..

4̂6
1 23

Figure 22.
1% Agarose gels showing the p roducts  of a 20 cycle PCR 
amplification with a permissive annealing tem perature of 45°C 
Combinations of Xgtll FSP (F) and RSP (R) sequencing primers 
and oligos No.7 and 10 (See Chapter 2 Figure 6) were used on DNA 
isolated from single plaques of three of the twelve putative rat 
PDGF-A chain cDNA clones isolated from Xgtll P21 rat brain cDNA 
library. Samples representing 10% of the total PCR product were 
run  on the gel, s tained with EtBr and  visualised on a UV 
transillum inator. (M) = 123 bp ladder markers and (A)= PCR- 
derived Marker bands at 350 bp and 900 bp.
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M A 1.2 3.4 5.3
1476
1230

1353
1 107

123

Figure 23.
1% Agarose gel showing the p roduc ts  of a 22 cycle PCR 
amplification with a permissive annealing temperature of 45°C. A 
combination of four oligonucleotide primers at the same time 
(Xgtll FSP and RSP and hum an oligos No.7 and 8) (Chapter 2 
Figure 6) were used on DNA isolated from single plaques of three 
of the twelve putative rat PDGF-A chain cDNA clones isolated from 
Xgtll P21 rat brain cDNA library. Samples representing 10% of 
the total PCR product were run on the gel, stained with EtBr and 
visualised on a UV transilluminator. (M) = 123 bp ladder markers 
and (A) = PCR-derived Marker bands at 350 bp and 900 bp.
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Figure 25.
Diagram showing alignm ent of the  cDNA sequences for Human 
PDGF-As chain cDNA (H) (Betsholtz e t a l, 1987) and ra t PDGF-As 
chain cDNA (R). N um bering on the  top refers to the  Human 

sequence and on the bottom to rat sequence.

( * ) = matching bases.

( - ) = sequence absent.

( imiiiii— ) = Start codon.

( I ) = Site of alternative splice junction.

( ) = Stop Codon.

( '! ')  = Beginning and end of SI nuclease probe used in Chapter 3.



30 70
TCCGCAAATA TGCAGAATTA CCGGCCGGGT CGCTCCTGAA GCCAGCGCGG GGAGGCAGCG CGGCGGCGGC

100 140
CAGCACCGGG AACGCACCGA GGAAGAAGCC CAGCCCCCGC CCTCCGCCCC TTCC&TCCCC ACCCCCATCC H I

170 210
CGGCGGCCCA GGAGGCTCCC CGCGCTGGC& CGCACTCCCT GTTTCTCCTC CTCCTGGCTG GCGCTGCCT& Jg

240 280 m
CCTCTCCGCA CTCACTGCTC GCCGGGCGCC GTCCGCCAGC TCCGTGCTCC CCGCGCCACC CTCCTCCGGG k l

GGA ATTCGGCACT GCA&TGGCGG

CCGCGCTCCC TAAGGGATGG * * * * * *  * ** *
CCGGGCCCGA TCTGGCCCGC

TCGCCTCTCC TCCGAGCAGC ******* * ****** *
TCGCCTCCCT GCCGAGCTTC

TGCGGATACC TCGCCCATGT ********** * * * * * * * * *
TGCGGATACC TCGCCCATGC

GCA&TCAGAT CCACAGCATC •  ******** * * * * * * * * * *
&AAGTCAGAT CCACAGCATC

310 350
TACT&ATTTT CGCCGCCACA GGAGACCGGC TGGAGCGCCG CCCCGCGGCC
GAGACCCCT& AGCGCTTCC& AGGAGCCCGG CTGGATCTCC CGCCCCGGCC

380
CAGCGCCTCG
* * * * * * * * * *
CAGCGCCTC& 

450
TCTGGCCGA&

* * * * * * * * *
CCTGGCCGAG

GGACGC&AT& AGGACCTTGG » * « » * » • » » *  ******* **
GGACGC&AT& AGGACCTGGG

i i i i i i i i i — >

GAAGCCGAGA TCCCCCGCGA * » • • * » » • * *  « ***** **
GAAGCCGAGA TACCCCGGGA

420
CTTGCCTGCT GCTCCTCGGC ********** * * * * * * * * * *
CTTGCCTGCT GCTCCTCGGC 

490
GGTGATCGAG AGGCTGGCCC •  ♦ ♦ ♦ ♦ * ♦ ♦ ♦  *  ***** *
GTTGATCGAG CGACTGGCTC

520 560
CGGGACCTCC AGCGACTCCT GGAGATAGAC TCCGTAGGGA GTGAGGATTC
* * * * * * * * * *  * * * * * * * *  •  * * * * * * * * * *  * * * * * * * * * * * * * * * *  *

590 630
TTTGGACACC AGCCT&AGAG CTCACGGGGT CCATGCCACT AAGCATGTGC CCGAGAAGCG GCCCCTGCCC

* * * * *  * * *  * * * * * * * *  *  * *  * * * * * * * * * * * * * *  * * * * * * * * *  * * •

660 700
ATTCGGAGGA A&AGAAGCAT ** *• **** ******* **
ATCCGCAGGA AGAGAAGTAT

TTCCTCGGAG TCAG&TCGAC •  ***** * * *
TACCTCGGAG CCAGGTGGAC

870 910

1076
TGCTTTATTG CCAGTGTGC&  GTCTTT
* * * * *  * * * *  * * *  * * * * * *  * * * * * *
TGCTTCATTG CCAATGTGC& TGCAGTCTTT

1146
GAACAAAGAG ACAGTGCACA TTTGTTTAAT ******** ****** * ****** * *
— ACAAAGAG ACAGTGTCCG TTTGTTCA&T

4, 1216 1239
AAG-AAGCTT CCTTGTCAAA AAGAGAGAGA GAG----------------------AAAA&AAA AAAAAAGGAA TTC-------

GAGAAAGCTT CCTTGTCACA GAGAGCGAAA ACAAAACCAC AAAAAAGAAA AAAAAAAAAA ACAAAAAATT

AAAAAAAAAC CGAATTCG 
1009

a

&

a

a

CGGGACCTCC AGCGACTCTT GGAGATAGAC TCCGTAGGGG CT&AGGATGC g

CTTGGAGACA AACCTGAGA& CCCATGGGTC CCACACTGTT AAGCATGTGC CGGAGAAGCG GCCTGTGCCC

CGAGGAAGCT &TCCCCGCT& TCTGCAAGAC CAGGACGGTC ATTTACGAGA ******** * ***** * * ******** ********** **********
TGAGGAAGCC ATTCCCGCAG TTTGCAAGAC CAGGACGGTC ATTTACGAGA

730 770
CCCACGTCCG CCAACTTCCT GATCTGGCCC CC&TGC&TGG AGGT&AAAC& 
* * * * *  * *  *  * * * * * * * *  * * * * * * * * * * *  ** ** **** ******* **
CCCACATCGG CCAACTTCTT GATCTGGCCC CCATGTGTGG AGGT&AAGCG 

800 840
CTGCACCGGC TGCTGCAACA CGAGCAGTGT CAAGTGCCAG CCCTCCCGCG TCCACCACCG CAGC&TCAAG
* * * * * *  * * *  * * * * *  * * * *  •  * * * * *  * •  * * * * * * * * * *  * * * * *  *  *  * * * * * * * * * *  * * *  * * * * * *

CTGCACTGGC TGCT&TAACA CCAGCAGCGT CAAGTGCCAG CCCTCAAGGG TCCACCACCG CAGTGTCAAG

GTGGCCAAGG TGGAATACGT CAGGAAGAAG CCAAAATTAA AAGAA&TCCA GGTGAG&TTA GAGGAGCATT
* * * * * * * *  *  * * * *  * *  * •  * * * * * * * * * *  * * * * * * * *  *  * * * *  * * * * *  * * * * * * * * * *  * * * * * * * *
GTGGCCAAAG TGGAGTAT&T CAGGAAGAAG CCAAAATTGA AAGAGGTCCA GGTGAGGTTA GAGGAGCACC

940 | 980
TGGA&TGCGC CTGCGCGACC ACAAGCCTGA ATCCGGATTA TCGGGAAGAG &ACACGGAT& T&AG&TGAGG
* * * * * * * * * *  * * * * * * * * *  *  *  * * * * *  *  * *  * *  *  * * * * * *  * * *  * *  * * * * * * *  * * * * * * * * *
TG&AGTGCGC ATGCGC&ACC TCCAACCTGA ACCCAGACCA TCGGGAGGA& GAGACGGATG TGAGGTGAG-

1010 * 1050
ATGAGC-CGCA GCCCTTTCCT GGGACATGGA TGTACATGGC GTGTTACATT CCTGAACCTA CTATGTACGG** ***** «•• ****** **» »•»*• ••*» •*•* ***** ******* ** ******* **
ATGAGCTGGCT GCCCTCTCCC GGGACACGGA TGTACGTGGC &TGTGACATT CCT&AACATA CTAT&TATGG

1116
GTTCTCCTCC GTGAAAAACT GTGTCCGAGA ACACTCGGGA ********** ********** * * * * * * * * *
GTTCTCCTCC GTGAAAAACT GTGTCC&AGG ----------------- —

1186
GTGACATCAA AGCAAGTATT GTAGCACTCG GTGAAGCAGT ********** ******** * ********** * ** * * * *
GTGACATCAA AGCAA&TACT GTAGCACTCG GAGAGACA&T

1

IE

IE
HI

a

a

a

a

a
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Figure 26.
Diagram showing alignm ent of predicted amino acid sequences of 
PDGF-As chain polypeptides from hum an ( H), mouse ( M), rat ( R) 

and xenopus ( X). The boxed areas define the regions which m atch 

in at least 2 of the 4 sequences. The filled bars above the sequence 
indicate the pre and pro peptide sections which

are rem oved during  processing to leave the  m ature polypeptide 
Conserved cysteines involved in d isu lph ide  bonding  

during  d im erisation  are indicated w ith a vertical b a r (I). The 
alternative splice site position is also indicated  relative to the 
amino acid sequence.

NB. Xenopus is 5 amino acids longer in total than the others.

( See Chapter 1 Table 3 for single letter amino acid code)



LEADER "PRE-PRO" PEPTIDE PRO- PEPTIDE

v|eerlarsqi hsirdlqrll ggMRTLACLLLL — GCGYLAHV LAEEAEIPRE 

MRTVACLLLL — GCGYLAHV LAEEAEIPRE LIERLARSQI HSIRDLQRLL

MRTWACLLLL — GCGYLAHlA

s v c y ^ LMR I W AWILLL SPS

LAEEAEIPRE LIERLARSQI HSIRDLQRLL 

L̂ EEAEIE^E LIERLa| s@ I|r|S1Sdlqrll I

EIDSV-GgED 

EIDSV-GAED A 

EIDSV-GAED A

d!idsy3 g§ed A

LET

LET
SA-A

s(lra-  ~hg(v̂ a

SLRA- -HGSHA

KLRA- -HGSHTV

iH V  PEKRPyPIRR KRSIEEA 

MIV PEKRPYPIRR KRSIEEA

KHV PEKRPYPIRR KRSIEEA 

i f c lS Q  KjĤ ijĤ NRLlY PEKRlijvP^R KRsjvjEEA

VPA

I  PA

I  PA 

VPA

YCKTRTYIYE IPRSQYDPTS ANFLIWPPCV EYKRCTGCCN TSSVKCQPSR w
I j - i  I 1 1 1  I ““

YCKTRTYIYE IPRSQVDPTjW] ANFLIWPPCV EVKRCTGCCN TSSVKCQPSR jjg

YCKTRTYIYE IPRSQVDPTS ANFLIWPPCV EYKRCTGCCN TSSVKCQPSR 1

HCKTRTYIYE IPRSQYDPTS ANFLIWPPCV EYKRCTGCCN TSSVKCQPSR E
Alternative Splice i Junction

ij

YHHRSYKYAK VEYYRKKPKL KEVQYRLEEH LECACAlfci NPD
I I

YHHRSYKYAK VEYYRKKPKL KEVQYRLEEH LECACATSNL NPD
I I

YHHRSYKYAK VEYYRKKPKL KEYQYRLEEH LECACATSNL NPD 

IjjHHRSVKVAK VEYYRKKPKL KEVflYRLEEH LEcflcRlflN^l N§D

ZREEgTDVR I
HREEETDYR M
EREEETDVR 1
SREEETDVR I

- 121 -



Figure 27.

D iagram s show ing the  an n ea lin g  locations of th e  hum an 
oligonucleotide PCR prim ers (No.s 1, 2, 6 , 7, 9 and 10) and the rat 
oligonucleotide p rim ers (No.s 11 and  12) re lative to the two 
sequences from which they are derived (A) and showing the actual 
sequences to which they anneal on the ra t cDNA including ra t 
oligo R3 used fo r sequencing (B). In bo th  A and B the top 
num bering  refers to  the ra t PDGF-As cDNA sequence and the 
bottom  num bering in A refers to the Human cDNA sequence. (See 
also Figure 6).

N.B. The annealing location of hum an oligonucleotide No. 8 is not 
shown here because it lies within the exon 6 sequence not present 
in the PDGF-As sequence shown here.

( ^ “ ) = Stop Codon. (I ) = Alternative Splice Site.

( 1___1 ) = Oligos based  on Human sequence and  including
indications of w here w ithin th e ir  length they  d iffer from the 
given rat sequence.

( O )  = Oligos based  on ra t sequence and  th e re fo re  fully  
complementary.

(X) = Indicates where the corresponding region of the Human
sequence has been deleted or an insertion has occured in the rat 
sequence.

( G ^ )  = Location of an additional G nucleotide in the hum an 
sequence.

(t) = Indicates where there is extra sequence present in the
Human sequence not found to be in the rat sequence.

("^") = Indicates where the sequence shown is the actual sequence 
of the oligo.

("^■) = Indicates where the sequence shown is com plem entary to 
that of the oligo.



RAT 650
i 750

1
8501

910
iI

No. 11
1 1 1

No. 12 
1-eHH

No. 1 No.2
1---1

No.6
i r" i

1 V 1

i— i
No.9

1 1 
No.7

1 V 1

No. 10
1

850 HUMAN 950 1050 1150

B.

550 560
<R3>

570 580
CGTCAAGTGC CAGCCCTCAA GGGTCCACCA CCGCAGTGTC

590 600
AAGGTGGCCA AAGTGGAGTA 

G A
> No. 9

610 620 630 640 650
TGTCAGGAAG AAGCCAAAAT TGAAAGAGGT CCAGGTGAGG TTAGAGGAGC 
C

■ >

I 660 
ACCTGGAGTG 

TT.
NoTTl

670 680 690 700 7101 720
CGCATGCGCG ACCTCCAACC TGAACCCAGA CCATCGGGAG GAGGAGACGG|aTGTCAGGTG

C
"v.

No.7 < ■ No 10

730 740 750 760 770 780
AGATGAGCTG GCTGCCCTCT CCCGGGACAC GGATGTACGT GGCGTGTGAC ATTCCTCAAC

XC

No.6

790 800 810 820 830 840
ATACTATGTA TGGTGCITCA TIGCCAATGT GCGTGCAGTC TCTCTTCTCC TCCGTGAAAA 

C T

No. 2 < ■

i m x

890 900850 860 870
ACTGTGTCCG AGGACAAAGA GACAGTGTCC GTTTCTTCAG TGTGACATCA AAGCAAGTAC 

1  T A T
AGAACACTCGG
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Table 8.
Showing the size and location relative to the rat PDGF-As chain cDNA 

sequence of the oligonucleotides used for the Polymerase Chain 
Reaction studies. (For position relative to Human cDNA sequence see 
Chapter 2 Tables 6 & 7). The type of restriction site, the length any 
uncom plem entary  tail and the effective end  p o in t of the PCR 
product, expressed relative to the rat sequence are also indicated. The 
num ber and location of any cross species mismatches are indicated 
as a guide to the likely specificity of each oligonucleotide.

Table 9.
Showing the PCR product sizes for amplifications of the known types 
of hum an and  ra t PDGF-A chain, with various com binations of 
oligonucleotide prim ers. Also shown are the p red ic ted  PDGF-Al 
product sizes for each combination of prim ers based on the PDGF-As 

product size + 69 bp for exon 6 .

N.B. Due to deletions and insertions the expected PCR product from 
amplifications with oligo No. 12 and any of oligos No. 1, 7, 9 and 11 
would differ by 7 bp depending on w hether it was from Human or rat 
sequence.



Table 8.

Oligo Size

Location on 
RAT PDGF-As 
Chain cDNA

Tail
5' End 

enzyme 
site

Actual
PCR
end

Mismatches with the 
RAT Sequence

No.l 36 mer 6 2 9 -6 5 7 8 BamHI 621 2 centrally

No.2 33 mer 804 - 783 11 Hindlll 815 2 centrally

No.6 35 mer 7 6 4 -7 3 0 0 0 764 6 including the 3' end

No.7 20 mer 6 5 4 -6 7 3 0 0 654 1 centrally

No.9 30 mer 5 8 4 -6 0 7 6 H indm 578 3 centrally

No. 10 28 mer 734 -712 5 BamHI 739 4 including a frame 
shift

Rat Specific Mismatches with the 
Human Sequence

No. 11 20 mer 6 3 4 -6 5 3 0 0 634 3 including the 3' end

No. 12 23 mer 900 - 878 0 0 900 2 both at the 3' end

Table 9.

7 + 10 11 + 12 12 + 7 1 1 + 2 7 + 2

Rat PDGF-As 85 bp 266 bp 246 bp 181 bp 161 bp

Rat PDGF-Al 
(Predicted )

154 bp 335 bp 315 bp 250 bp 230 bp

Human PDGF-As 85 bp 273 bp 253 bp 181 bp 161 bp

Human PDGF-Al 154 bp 342 bp 322 bp 250 bp 230 bp
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2mM 3mM 4mM 5mM 

M H R H R H R H R

615 
492 
369

246 

123

Figure 28.
Bisacrylyl-cystamine gel showing the products of a 20 cycle 
standard PCR amplification (Chapter 2.2 R ii) using rat specific 
oligos No. 11 & 12 on Human PDGF-Al chain cDNA plasmid (H) and 
on rat PDGF-As chain cDNA plasm id (R) at four d ifferent 
concentrations of MgCl2 indicated. Samples representing 10% of 

the total PCR product were run on the gel, stained with EtBr and 
visualised on a UV transilluminator. (M) = 123 bp ladder markers.

- 1 2 4 -



11&12 11&2 7 & 1 2  76 . 2

M H R H R H R H  R

4 9 2  
3 6 9  

2 4 6  

123

Figure 29.
Bisacrylyl-cystamine gel showing the products of a 20 cycle two 
te m p e ra tu re  PCR amplifica t ion (Chapter  2.2 R ii) using 
combinations of rat specific oligos No. 11 & 12 and human 
sequence oligos No. 7 & 2 on human PDGF-Al chain cDNA plasmid 
(H) and on rat PDGF-A$ chain cDNA plasmid (R). Samples 

representing 10% of the total PCR product were run on the gel, 
stained with EtBr and visualised on a UV transilluminator.  (M) = 
123 bp ladder markers.
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M 1 2 3 4 5 6 7 3  9
4 9 2  
3 6 9  

2 4 6  

123

Figure 30.
Bisacrylyl-cystamine gel showing the products  of a 25 cycle 
s t a n d a rd  PCR am pl i f ica t ion  (C hap te r  2.2 R ii) using 
oligonucleotides No.7 and No. 12 (see Figure 27) on DNA isolated 
from single plaques of the nine unsequenced rat PDGF-A chain 
cDNA clones isolated from >.gtll P21 rat brain cDNA library (1-9). 
Samples representing 10% of the total PCR product were run on 
the gel, stained with EtBr and visualised on a UV transilluminator. 
(M) = 123 bp ladder markers.

1 ) Clone 1.2

2 ) Clone 3.1

3) Clone 3 . 2

4 ) Clone 3 . 4

5) Clone 5.1

6 ) Clone 5. 2

7) Clone 5 . 4

oo Clone 6.1

9) Clone 6.2
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M l  2 3 4 5  6 7 8
4 9 2  
3 6 9  

2 4 6  

1 2 3

Figure 31.
Bisacrylyl-cystamine gel showing the products  of a 30 cycle 
standard PCR amplification (Chapter 2.2 R ii) using of rat specific 
oligos No. 11 & 12 on cDNAs (1-3), rat cDNA libraries (4, 6 & 7), a 
Mouse brain cDNA library (5) and on rat PDGF-As chain cDNA 
plasmid (8). Samples representing 10% of the total PCR product 
were run on the gel, stained with EtBr and visualised on a UV 
transilluminator. (M) = 123 bp ladder markers.

1) P8 Rat Brain cDNA
2) C6 Rat Cell Line cDNA
3) 157 Human Cell Line cDNA
4) P7 Rat Brain cDNA Library No. 5
5) Mouse Brain cDNA library
6) Rat Cerebellum cDNA library
7) Rat Hippocampus cDNA library
8) Rat PDGF-As chain cDNA Plasmid :- -ve Control: 266 bp
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M -ve  C6 P8 + ve

6 1 5  

4 9 2  

3 6 9  

2 4 6  

1 2 3

Figure 32.
Bisacrylyl-cystamine gel showing the products  of a 30 cycle 
standard PCR amplification (Chapter 2.2 R ii) using of rat specific 
oligos No. 11 & 12 on P8 rat brain cDNA (P8 ), C6 rat cell line cDNA 
(C 6 ) and on rat PDGF-As chain cDNA plasmid ( + v e ) . PCR 
amplification in the absence of any added RNA or DNA was also 
carried out as a negative control (-ve). Samples represent ing 
10% of the total PCR product were run on the gel, stained with 
EtBr and visualised on a UV transilluminator. (M) = 123 bp ladder 
markers.
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Chapter Five ^

"One fine m orning in M ay a slim  young horsew om an m ight 

have been seen rid ing a glossy sorrel m are along the flow er  

strew n avenues o f the B ois de Boulogne."
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Chapter 5. Analysis of PDGF-A chain isoform function.

5.1 I n trodu ct ion .

In this chapter I describe experiments that attempt to define the 

functional difference(s) between the long and short a lternative splice 

isoforms of the PDGF A chain (PDGF-A). In order to obtain plentiful supplies of 
the two PDGF-A isoforms, I used expression vectors encoding human PDGF-As 

or PD G F-A l  that allowed me to produce each homodimer by transient 

transfection of Cos cells (see Chapter 2.3 D & E and Appendix A). This system 

was chosen over a bacterial or yeast expression system because it is more 

likely to produce the proteins with appropriate post-translation modifications.

In this way I was able to produce both PDGF-A isoform homodimers for 

comparative mitogenic assays. However, the absence of any specific antibodies 

to PDGF-A chain at that time meant that my options for further analysis were 

limited. To facilitate immunological detection of the polypeptides encoded by 

the expression vectors, I used different constructs that directed production of 

PDGF peptides containing a c - m y c  epitope (Myc-Tag) recognised  by 

monoclonal 9E10 {Evan et al., 1985} (See Chapter 2.3 D and 2.4 A and Appendix 

A). The Myc-Tag sequence included in the final polypeptide was located close 

to the alternative splice junction based on the assumption that variation in 

this region would not affect the mitogenic properties of the protein. X e n o p u s  
P D G F - A l ,  for example, is thought to have an extra 11 amino acid sequence of 

unknown function at this position, which does not appear to block the 

mitogenic action of the peptide {Mercola et al., 1988}.

Cos cells transfected with the Myc-tagged PDGF-A expression vectors 

secreted the same amount of mitogenic activity as cells transfected under 

identical conditions with the untagged PDGF-A vectors, suggesting that 

addition of the Myc-Tag did not adversely affect the biological activity of the 

PDGF-A (Figure 33 a). Unless otherwise stated all the experiments described 

hereafter were performed with the Myc-tagged versions of PDGF-Al  and 

PDGF-As.

5.2 P D G F -A s  is efficiently secreted from Cos cells whereas PDGF-Al 

is not.

I tested the ability of the PDGF expression vectors to direct synthesis and
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secretion of active PDGF-Al and PDGF-As dimers from transfected Cos cells, by 

transfecting equal amounts of plasmid vectors encoding M yc-tagged or 
untagged PDGF-Al or PDGF-As, or the expression vector alone, into cultured Cos 

cells (see Chapter 2.3 E). After 2 days the culture media were collected and 

analysed for mitogenic activity (see Chapter 2.4 F). Supernatants harvested 

from untransfected Cos cells displayed similar levels of mitogenic activity to 

those from Cos cells transfected by vector alone (Data not shown), indicating

that transfection per  se did not induce endogenous secreted soluble mitogen 
production. Cells expressing PDGF-As (tagged or untagged) secreted large 

amounts of mitogenic activity into the medium whereas cells expressing 

P D G F - A l  (tagged or untagged) did not (Figure 33). Although variation in the 

relative levels of PDGF-As and PD G F-A l mitogenic activity was observed 

between experiments (extremes shown Figure 33 a & b), the level of PDGF-Al 

activity recovered never exceeded 30% of that obtained from PDGF-As 

transfected Cos cells (Figure 33 b) and was usually considerably less. Northern 
blot analysis of RNA from Cos cells producing almost no soluble PD G F-A l,

showed similar levels of PDGF-A RNA to those producing high levels of soluble 

P D G F - A s ,  indicating that this effect was not related to differences in the

efficiency of PDGF-As and PDGF-Al transfection (Figure 33 a, inset). The 

variability in secreted mitogenic activity was mirrored by the amount of 
metabolically radiolabeled PDGF-Al that I could detect in Cos cell supernatants 

by immunoprecipitation with the anti-Myc antibody 9E10: sometimes ^ 5S -
labelled PDGF-Al was almost undetectable in the Cos cell culture medium while 

in other experiments PDGF-Al could be readily detected though always below 

the level of PDGF-As (e.g. Figures 34 & 36).

I performed pulse chase metabolic labeling of Cos cells expressing
P D G F - A s  or PDGF-Al (see Chapter 2.3 G) in an attempt to discover whether 

there was any difference in the timing of the appearance of each form in the
supernatant. The result showed that PDGF-Al took longer to appear in the 

culture medium than PDGF-As (Figure 34) indicating that PDGF-Al was either

manufactured at a much slower rate or was in some way prevented from being 

released rapidly. The detection of equivalent mRNA levels for each isoform

(Figure 33 a, inset) and the fact that both necessarily had identical translation 

signals favoured the latter explanation. These results might be explained by 

postulating that PDGF-Al is normally compartmentalised within or outside the 

cells and is released into the medium only after the available binding sites are
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saturated. Thus the amount of PDGF-Al that accumulates in the medium would 

depend critically on the absolute level of PDGF-Al expression, the number of 

binding sites in or on the cell and whether there was any mechanism for 

release once bound.

5 . 3  P D G F - A l can be v isu a l i sed  on and around ce l ls  by

i m m u n o f l u o r e s c e n c e .

I looked for evidence of differential compartmentalisation of PDGF-A 

isoforms by indirect immunofluorescence microscopy of transfected Cos cells 
express ing  P D G F-A s or PDGF-Al (see Chapter 2.4 D). In fixed, detergent- 

permeabilised cells, similar levels of PDGF-Al and PDGF-As could be seen in the 

endoplasmic reticulum (ER), Golgi apparatus and in presumptive transport 

vesicles in the cytoplasm (Figure 35 A & B) suggesting that the equivalent 

levels of mRNA were being translated into comparable levels of protein inside 

the cells. PDGF-Al , but not PDGF-As, also gave rise to an indistinct halo of 

im munostaining that extended beyond the perim eter of the cell. This 

difference was even more pronounced when unpermeabilised cells were fixed 

and stained. Under these conditions the ER and Golgi staining was not apparent 

and no appreciable staining was observed on PDGF-As transfected cells (Figure 

35 C). The PDGF-Al  transfected cells, however, were summnded by areas of 

bright immuno-staining (Figure 35 D) suggesting that PDGF-A l may be 

sequestered outside the cells in association with the extra-cellular matrix 

(ECM) rather than inside or directly on the surface of the cells.

5.4 P D G F -A l can be released from the ECM with high salt.

The highly basic nature of the PDG F-Al carboxy-terminal tail has led to 

speculation that it may bind to oppositely charged ECM components, such as 

the acidic GAGs, in vivo {Ross et al ., 1986}. Indeed it has been shown that PDGF 

(type unspecified) has an affinity for the ECM component heparin in vitro a n d  

can be eluted at salt concentrations of 0 .5  M and higher {Shing et al., 1984; 

V lodavsky et  al . ,  1987b}. This suggested, together with the circumstantial 

evidence presented above, that the basic tail may function to direct binding of 

P D G F - A l  to heparin in the ECM in vivo. It has been shown that members of the 

FGF family, which are known to associate with the ECM by binding to HPGs (see 

Chapter 1.6), can be released by extraction with NaCl {Baird and Ling, 1987}. I 
therefore attempted to test whether PD G F-A l was bound to the matrix in this
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way, by salt extracting crude ECM, prepared by lysing Cos cells expressing 
either PDGF-As or PDGF-Al and immunoprecipitating the eluted proteins (see 

Chapter 2.3 H and 2.4 A). The initial result showed clearly that, while Cos cells 

exp ress ing  P D G F -A s  secreted higher levels of processed PDGF into the 

supernatant and showed signs of unprocessed PDGF in the lysate and matrix 

extracted samples, only PDGF-Al showed any sign of processed PDGF eluting 

from the matrix (Figure 36). It seemed likely that the unprocessed PDGF-As 

present in matrix extraction sample represented the remains of that released
during cell lysis whereas the processed PDGF-A l present in the extracted 

sample was more likely to represent protein that had been secreted from the 

cells and bound to the ECM prior to cell lysis.

Any doubts that the PDGF-Al might simply have been left behind after 

cell lysis rather than eluted specifically from the remaining ECM, were 

removed by repeating the procedure, this time washing the cells extensively 

after removal of the supernatant and washing the ECM after lysis. In each case 

the final washes were precipitated to check that all free PDGF had been 

removed prior to further extraction. I also washed and extracted the culture 
dishes to discover if any PDGF-Al remained associated with the cell-free ECM. 

The result confirmed that PDGF-Al was sequestered in the insoluble pellet of

lysed cells and to a lesser extent in the cell-free ECM (Figure 37 b). PDGF-As, on 

the other hand, was not released from the cell pellet or the ECM, although 

copious amounts were present in the culture medium (Figure 37 a). In this 
more rigorous experiment no unprocessed PDGF-As was detected in the cell 

pellet or the ECM fractions.

In this second experiment two different-sized forms of PDGF-Al w e re  

eluted from the cell pellet (Figure 37 b, Lane 6); the higher MW p o ly p e p t id e  

appeared to be approximately the same size as that precipitated from the 

supernatant while the lower band was similar in size to that released from the 

cell-free ECM (Figure 37 b, Lane 4). Raines and Ross (1992) have suggested that 

the PDGF-Al tail may be proteolytically cleaved at a number of points along its 

length by endopeptidases known to act at multiple mono-, di-, and polybasic

sites like those present in the PDGF-Al tail (Figure 5 & Table 3) {Fisher and 

Scheller, 1988} making it possible that this lower band represents a partial 
proteolytic cleavage product(s) which remains bound by residual PDGF-Al tail

s e q u e n c e (s ) .
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5.5 M itogen ic  a c t iv i ty  is a s so c ia te d  w ith  th e  m a tr ix  p ro d u c e d  by

cells e x p re s s in g  P D G F -A l  bu t not cells express ing  P D G F -A s .

Having shown by immunofluorescence staining that PDGF-Al localises 

on and around cells and by immunoprecipitation that it can be extracted from

the lysed cell pellet and to a lesser extent from the cell-free ECM, I attempted to 
obtain direct biological evidence for association of PDGF-A l with ECM. I 

prepared ECM from Cos cells expressing either PDGF-As or PDGF-Al , as well as 

untransfected cells and looked for mitogenic activity associated with the ECM 

by seeding quiescent NIH-3T3 cells onto the respective ECM preparations (see

Chapter 2.4 F and G). In each case I prepared four lots of ECM: one was washed 

with physiological salt, one extracted with 0.3 M NaCl buffer, another with 0.7

M NaCl buffer (see Chapter 2.3 H) and the fourth was supplemented with 10 %

FCS. In this way I hoped to compare the mitogenic response elicited by the

unsupplemented ECM with the maximal response elicited by serum. I also 

hoped to discover whether I could remove any bound mitogenic activity from

the ECM by salt washing and if so at what salt concentration it was eluted.

The result showed that ECM prepared from cells transfected with
P D G F -A l induced a maximal response in the 3T3 cells as judged by comparison 

with the cells grown on ECM in the presence of 10% FCS. ECM from PDGF-As 

expressing Cos cells, on the other hand, elicited a similar a level of 

thymidine incorporation as the ECM from untransfected Cos cells (Figure 38) 

as did ECM prepared from Cos cells transfected with vector alone (not shown).

The 0.3 M NaCl salt extraction of the PDGF-Al matrix did not significantly

reduce the levels of mitogenic activity. The 0.7 M NaCl extraction did, however, 

remove much of the mitogenic activity bringing the response of the 3T3 cells

down to within the range of that induced by the PDGF-As transfected and the 

untransfected Cos cell ECMs. This provides further and more direct evidence

for the specific association of PDGF-Al , but not PDGF-As, to the ECM. Moreover 

it suggests that PDGF-Al sequestered in the ECM retains biological activity and 

is available to cells growing in contact with the ECM.

5.6 P D G F - A l  binds specifically  to the E C M  com ponen t heparin  i n  

vitro.

Having specifically released PD G F-A l, but not PDGF-As, from ECM using 

salt conditions known to dissociate PDGF (type unspecified) from heparin in
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vitro,  and with some preliminary evidence that the COOH terminal sequence of 
the soluble PD G F-A l produced by my Cos cell expression system remained 

intact, I sought to confirm that the differences observed in the affinity for

ECM of the two PDGF-A isoforms were the result of a difference in affinity for
heparin. Supernatants from Cos cells expressing PDGF-As or PDGF-Al were

divided into three: one third was kept as a control, one third was exposed to

heparin covalently coupled to Sepharose and one third was exposed to

Sepharose alone (see Chapter 2.4 E). The bound proteins were then eluted by

sequential additions of increasing concentrations of salt, the first and last 

washes at each concentration dialysed to isotonicity, immunoprecipitated and 

the p re c ip i ta te  v isu a l is e d  by gel f lu o ro g ra p h y .  In p a ra l le l  I

im m unoprec ip ita ted  and e lec tropho resed  the poo led  heparin -S epharose  

washes at each salt concentration.

P D G F - A s  bound very poorly to either Sepharose (not shown) or

heparin-Sepharose (Figure 39 A) the majority being removed during the 

physiological (0.15 M NaCl) washes (Figure 39 B) with no further elution being 

observed at concentrations up to and including 0.7 M NaCl. Furthermore 

approxim ately equivalent levels were precip ita ted  from the supernatant 

which had been exposed to heparin-Sepharose and the control sample
(respectively Lane 0.15 M a  and lane U, Figure 39 A). PDGF-Al did not bind to

Sepharose (Figure 40 B), but did bind to heparin-Sepharose (Figure 40 A) 

remaining stably bound in 0.3 M NaCl but eluting when the concentration was 
raised to 0.5 M NaCl. No further PDGF-Al was eluted at concentrations as high 

as 2 M NaCl (not shown). Comparison of the unbound and recovered PDGF-Al 

with the control sample shows that the amount bound to heparin-Sepharose 

was probably greater than that subsequently eluted in the high salt washes. 

This was true even if I included the PDGF-Al precipitated from the pooled 0.5 M 

NaCl heparin-sepharose wash (Figure 40 C). However, despite this discrepancy 

the results clearly showed that PDGF-Al can bind to heparin either directly or 

via a third party molecule present in the Cos cell supernatants, whereas

PDGF-As can not.

5.7 Discuss ion .

There is now ample evidence that the highly basic, exon 6-derived
carboxy terminus of PDG F-A l , and a similar sequence in PDGF-B, are 

responsible for immobilising these molecules on extracellular binding sites

- 135 -



{Ostman et al,  1991; LaRochelle et al., 1991: Raines and Ross, 1992: Khachigian 

et al., 1992}. In contrast PDGF-As, which does not possess an equivalent 

sequence, is secreted from cells as a freely-diffusible molecule. PD G F-A l and 

PDGF-B can be released from cells by addition of peptides corresponding to the 

P D G F -A l  and PDGF-B retention domains, and also by soluble HPGs {Raines and 

Ross, 1992}. Moreover, a synthetic peptide corresponding to the P D G F -A l 

retention domain binds to cell surfaces in a manner that was inhibited by 

soluble heparin, while iodinated heparin binds to the peptide immobilised on 

nitrocellulose {Khachigian et al., 1992}. These studies provided evidence that 

the PDGF retention domains bind to HPGs on the cell surface and in the 

extracellular matrix (ECM). The work described in this chapter provides 

additional evidence that strongly supports this view.

I have shown that P D G F-A l, but not PDGF-As, can be detected by 

immunofluorescence microscopy on and around cells in a d is tribu tion  
suggesting association with the ECM and that metabolically labelled PD G F-A l 

can be eluted from cell and ECM preparations with a high salt wash. I was able 
to show that cell-free ECM, prepared from cells transfected with P D G F-A l 

expression construct, possesses significant levels of salt extractable mitogenic 

activity whereas ECM prepared from identical cells tran sfec ted  in parallel with 
the PDGF-As construct do not. Furthermore 1 have shown that the recombinant 

P D G F - A l  released by Cos cells can bind to heparin-Sepharose in vi tro and may 

be eluted by salt concentrations between 0.3 M and 0.5 M. It seems likely, 
therefore, that the reason PD G F-A l does not normally accumulate to high 

levels in cell culture medium is due, at least in part, to its ability to bind 

heparin-like proteoglycans on the cell surface and in the ECM.

There have been conflicting reports about the ability of PD G F-A l to be 

secreted from cells. The release of PD G F-A l from transfected NIH 3T3 cells 

{LaRochelle et al., 1990} was found to be dependent on proteolytic removal of 

the carboxy-terminal retention domain and could be prevented by the drug 

monensin, which inhibits proteolytic processing of PDGF {LaRochelle et al., 
1991}. On the other hand, PDGF-Al could not be detected in the culture medium 

of rat-1 cells and human fibroblasts expressing retroviral vector encoded 

P D G F - A l  {Bywater et al., 1988}; constitutively expressing human endothelial 

cells and smooth muscle cells {Raines & Ross, 1992}; or transiently transfected 

Cos cells {Ostman et al., 1991}. It seems, therefore, that NIH 3T3 cells differ
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from these other cells in their ability to cleave the PDGF-Al retention domain. 

In my experiments I found that PDGF-Al was released from transfected Cos 

cells; however, the level of PDGF-Al *n the culture medium was always less 

(sometimes much less) than the amount of PDGF-As that accumulated in the

medium under similar experimental conditions. The fact that the soluble

P D G F - A l was equivalent in size to that extracted from the cell surface and 

bigger than a second extracted form, which probably represented a partially 

COOH processed form, suggested that it possessed an intact retention domain. In 
addition, the observation, that soluble PDGF-AL was able to bind to heparin 

whereas PD G F-A s did not, provided further strong support for the view that 

the soluble PDGF-Al had not been processed to resemble the soluble PDGF-As- It 

would seem, therefore, that the reason PDGF-Al was released from Cos cells in 

these experiments was because the available binding sites in the ECM were 
saturated by the amount of PDGF-Al generated by my expression system

rather than as a result of proteolytic processing of the retention domain.

The PDGF-B primary translation product is proteolytically processed at 

the amino-terminus to give a 30 kDa homodimeric form, low levels of which 

can be found in the supernatant {Bywater et al., 1988; Ostman et al., 1991}, 

however, the vast majority undergoes further proteolytic cleavage of the 

carboxy-terminus to give a 24 kDa form that remains associated with the cell 

{Robbins et al., 1985; Leal et al., 1985; Bywater et al., 1988; Ostman et al., 1988}. 

This last observation caused some early confusion over the role of the basic 
COOH sequence in PDGF-B and the analogous sequence in the PDGF-Al tail 

because it is clear that the mature PDGF-B chain does not include the carboxy-

terminal basic sequence now shown to be required for retention by the cell. 

There are, however, studies showing that it is possible to displace PDGF-B by 
competition with peptides corresponding to either the B or A l  retention 

domain {Raines and Ross, 1992} and by elution with 0.5 M NaCl {LaRochelle e t  

al., 1991} suggesting that there is some association between intact PDGF-B and 

HPGs. In addition, there is evidence to suggest that the amino terminally 
processed 35 kDa PD G F-A l undergoes proteolytic processing, similar to that

observed for PDGF-B, to produce a 28 kDa cell associated form {Ostman et al., 

1991}. In both cases it appears that this processing is dependent on retention 

{Robbins et al., 1985; Ostman et al., 1991}. It therefore seems possible that the 

association mediated by the basic COOH sequence present in PDGF-B and that in 
the PD G F-A l tail might facilitate a second, undefined, mechanism after which
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the COOH pro-sequence is removed by proteolytic cleavage.

It has been suggested that this secondary retention mechanism may 

involve other sequences present in the mature form of PDGF-B {Raines and 

Ross, 1992}, though it is clear that these alone are insufficient to bring about

retention; such sequences may only become im portant during or after

removal of the primary retention signal. It is known, for example, that

proteolytic processing by endopeptidases is commonly associated with other 

processing events such as amidation of the exposed COOH residue {Fisher and

Scheller, 1988}. Detailed characterisation of endopeptidase KEX2, which cleaves 

at basic residues such as those present in the retention regions of both PDGF-B 
and PDGF-A l (see Figure 5), revealed that it exists as a cell associated form

{Fuller et al., 1989}, providing a possible explanation for the apparent 

requirement for cell association prior to terminal processing. In addition, the

amidation enzyme peptidyl-glycine a-am idating  m onooxygenase (PAM) has

been shown to act on terminal glycine residues {Murthy et al., 1987} such as 

the conserved glycine present in both PDGF-B and A l  that may be exposed by 

proteolytic removal of the basic amino acid sequence (see Figure 5). H o w e v e r ,  

it is not clear that amidation occurs in this instance or indeed whether it can 

lead to retention. The post translational modification isoprenylation, on the 

other hand, is known to play a critical role in promoting the cell membrane 

association of p21ras {Hancock et al., 1989}. In this case, although proteins 

which undergo isoprenylation have so far been thought to require a four 

amino acid carboxy terminal signal sequence "Cxxx" not present in either 
PDGF-B or PD G F-A l, many also have a region of basic amino acids just prior to

this motif. In the GTP-binding protein racl this additional motif includes the
KKRKRK sequence conserved in the PDGF-Al tail {Maltese, 1990}. Thus

although the nature of this putative secondary retention mechanism is far 

from clear there are a number of in teresting possib ili ties  worthy of 

in v e s t ig a t io n .

Finally, although the evidence suggests that PDGF-B and PDGF-Al may

both be processed to COOH truncated forms that can remain associated with the 
cell, it is clear that proteolysis can also release PDGF-Al {LaRochelle et al., 1990

& 1991}. It seems possible that this difference may be due to the greater 
numbers of basic residues within the PDGF-Al tail (see Figure 5) leading to a

more general proteolysis whereas the PDGF-B sequence may only undergo a
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more specific  pro teolytic  cleavage, which in conjunction  with further 

modification serves to prevent release. Certainly there seems to be no evidence 

for release of the 24 kDa mature form of PDGF-B and indeed it has been 

proposed that the soluble 30 kDa PDGF-B may be the result of overloading the 

processing capacity of the cells {Ostman et a l ,  1991} as I have suggested for the 
soluble P D G F -A l observed in my experiments. It is perhaps significant that of

all the cell types used, only the NIH 3T3 cells, which do not normally express 
PDGF, release PDGF-Al in this way. All other types investigated to date retain 

the PDGF-Al , these include human endothelial and smooth muscle cells, which

express PDGF in vivo {Raines & Ross, 1992}. It seems likely, therefore, that 
P D G F - A l  produced in vivo would normally be retained by the cell with any 

requirement for soluble PDGF-A being met by production of PDGF-A§. Release 

from NIH 3T3 cells could then be explained either by aberrant endopeptidase 

activity or as the result of a release mechanism employed only in specific 

incidences rather than as a general system.
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Figure 33.
Graphs showing mitogenic activities released into the supernatants 
of Cos cells tran sfec ted  w ith the PDGF-A expression  vectors 
indicated, estim ated by stim ulation of 3H-thymidine incorporation 
in NIH 3T3 cells (Chapter 2.4 F i). Supernatants from  Cos cells 
expressing either Myc-tagged and  untagged versions of the two 
isoforms were com pared along with the corresponding N orthern 
blotted RNA probed with radiolabeled hum an PDGF-Al cDNA (A). 
Experimental variation in the relative recovery levels of PDGF-As 
and PDGF-Al as dem onstrated  by th e ir  ability to stim ulate 3H- 

thymidine incorporation is indicated by the second panel (B).
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Fi gure  34.

Fluorograph  of  a 15% S D S -po lya c ry la m ide  gel showing the 

products of  an anti -Myc (9E10) immunoprecipi ta tion of  the pulse 

chase 3 5 s  labeled proteins  in the supernatants  of Cos cells 

t ransfected with PD GF-As (1-4) and PDGF-Ap (5-8). Pulse labeling 

was carried out as described (Chapter 2.3 G) with the chase periods 

in normal E4 medium being as follows:-

1) Immunoprecipi tat ion of PDGF-As after 30 minutes chase.

2) Immunoprecipi tat ion of PDGF-As after 90 minutes chase.

3) Immunoprecipi tat ion of PDGF-As after 3 hours chase.

4) Immunoprecipi tat ion of PDGF-As after 5 hours chase.

5) Immunoprecipi tat ion of PD GF-AL after 30 minutes chase

6) Immunoprecipi tat ion of p d g f -a l after 90 minutes chase

7) Immunoprecipi tat ion of p d g f -a l after 3 hours chase.

8) Immunoprecipi tat ion of p d g f -a l after 5 hours chase.
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Figure  35.

I m m u n o f l u o r e s c e n c e  and  p h a s e - c o n t r a s t  m i c r o g r a p h s  o f  

transfected Cos cells expressing Myc-tagged PDGF-As (A & C) or 

P D G F -A l (B, D & E). Cells were fixed and stained with anti-Myc 

antibody 9E10 either with (A & B) or without (C, D & E) prior 

permeabi l isa t ion with non-ionic dete rgent  NP40 (Chapter  2.4 D).

Panels  D and E are respec t ive ly  i m m u n o f lu o re s c e n c e  and phase-  

contrast  images of  the same field with arrows sited in equivalent  

positions in both panels as a visual aid to alignment.

-  142 -



kDa 
3 0

Unp ro ce ss ed  Pro-PDGF

Amino P r o c e s s e d  PDGF
12.5

■

Figure  36.

F l u o r o g r a p h  of a 15% S D S - p o l y a c r y l a m i d e  r e d u c i n g  gel  s h o w i n g  

the  p r o d u c t s  o f  an an t i -M yc  (9 E 1 0 )  i m m u n o p r e c i p i t a t i o n  o f  the  

la b e l e d  p r o t e i n s  in the  s u p e r n a t a n t s  of C o s  ce l l s  t r a n s f e c t e d  wi th  

P D G F - A s  (1) and  P D G F - A p  (4). T h e  ce l l s  w e re  lysed  wi th  i so ton ic  

lysi s  b u f fe r  (C h a p te r  2.3 H) and the  l y s a t e  i m m u n o p r e c i p i t a t e d  (2 & 

5). T h e  p r o t e i n s  r e m a i n i n g  on  th e  l y s e d  ce l l  d e b r i s  ( i n c l u d i n g  

E C M )  w e re  then  ex t r ac te d  w i t h  0 . 8 M  N a C l ,  the  e l ua te  d i a l y s e d  to 

i so t o n i c i t y  and  pr e c ip i t a t e d  as a b o v e  (3 & 6). All the s a m p l e s  were  

r e d u c e d  b y  b o i l i n g  in 2 - m e r c a p t o e t h a n o l  s a m p l e  b u f f e r  p r i o r  to 

l o a d in g  on the  gel.

1) S u p e r n a t a n t  f rom Cos  cel l  e x p r e s s in g  P D G F - A s

2) L y s a t e  f rom Cos  cell exp re ss i ng  P D G F - A s

3) 0 . 8 M  NaCl  wash o f  E C M  from  Co s  cel l s exp re ss ing  P D G F - A s

4) S u p e r n a t a n t  f rom C o s  cel l  e x p r e s s i n g  P D G F - A l

5) L y s a t e  f rom Cos cell e xp re s s in g  P D G F - A p

6) 0 .8 M  NaCl  wash  of  E C M  f ro m  Co s  cel ls  exp ress ing  P D G F - A l
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Figure 37.

Fluorographs of a 15% SDS-polyacrylamide gels showing the products of an 

anti-Myc (9E10) im m unoprecipitation of the 35$ labeled proteins in the 

supernatants of Cos cells transfected with PDGF-As (A Lane 1) and PDGF-Al 

(B Lane 1). The cells were washed 3x with 5 mis of E4 medium and a final 

wash of 2 mis kept for im m unoprecipitation (2 ) before the cells were lysed 

with isotonic lysis buffer (Chapter 2.3 H) the lysate removed and the debris 

spun out. The tissue culture dish containing cell m atrix and the lysed cell 

debris pellet were both washed as above and the final wash collected for 

im m unoprecipitation (respectively 3 & 5). These were then  extracted with 

0.8M NaCl, 0.01 M Tris pH7 which was im m unoprecip ita ted  after being 

dialysed to 0 .15M NaCl (respectively 4 & 6 ). The dish and the pellet were 

washed as above in the 0.8M NaCl buffer and fu rther extracted with 1.5M 

NaCl which in tu rn  was im m unoprecipitated after being dialysed to 0 .15M 

NaCl (respectively 7 & 8).

1) Imm unoprecipitation of Cos cell supernatant
2) Imm unoprecipitation of last cell wash prior to cell lysis
3) Imm unoprecipitation of last wash of tissue culture dish containing ECM
4) Imm unoprecipitation of dialysed 0.8M NaCl extraction of culture dish
5) Immunoprecipitation of last wash of lysed cell pellet also containing ECM
6) Imm unoprecipitation of dialysed 0.8M NaCl extraction lysed cell pellet
7) Im m unoprecipitation of dialysed 1.5M NaCl extraction of culture dish
8) Immunoprecipitation of dialysed 1.5M NaCl extraction lysed cell pellet
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Figure 38.

Mitogenic activities associated with ECM prepared from Cos cells 

transfected with the PDGF-A expression vectors indicated, estimated 

by stimulation of ^H-thymidine incorporation in NIH 3T3 cells seeded 

onto the ECM (Chapter 2.4 F ii). Error bars represent the observed 

error calculated from triplicate measurements of each experimental 

condi t ion .

(A) Intact ECM.

(B) 0.3 M NaCl extracted ECM.

(C) 0.7 M NaCl extracted ECM .

(D) 10% FCS supplemented intact ECM.
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F i g u r e  39.

F l u o r o g r a p h s  o f  15% S D S - p o l y a c r y l a m i d e  g e l s  s h o w i n g  th e  p r o d u c t s  

o f  A n t i - M y c  (9 E 1 0 )  i m m u n o p r e c i p i t a t i o n  o f  th e  la b e l e d  p r o t e i n s

in h a l f  the  s u p e r n a t a n t  f rom C o s  ce l l s  t r a n s f e c t e d  with P D G F - A s  (U). 
T h e  s e c o n d  h a l f  o f  t h e  s u p e r n a t a n t  w a s  e x p o s e d  to H e p a r i n

S e p h a r o s e  a t  p h y s i o l o g i c a l  sa l t  ( 0 . 1 5 M  N a C l )  c o n c e n t r a t i o n s  and

w a s h e d  at  th e  p r o g r e s s i v e l y  h i g h e r  s a l t  c o n c e n t r a t i o n s  i n d i c a t e d  

c o l l e c t i n g  t h e  f i r s t  ( a )  and  las t  ( O )  w a s h e s  at e a c h  c o n c e n t r a t i o n

f o r  i m m u n o p r e c i p i t a t i o n  ( A ) ( C h a p te r  2 .4  E) .  T h e  w ash es  at e a c h  salt  

c o n c e n t r a t i o n  w e r e  a l s o  i m m u n o p r e c i p i t a t e d  (B). M o l e c u l a r  w e i g h t

m a r k e r s  s h o w n  ( M ) .
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Figure 40.
F luo rog raphs of 15% SD S-polyacrylam ide gels show ing the  
products of anti-Myc (9E10) im m unoprecipitation of the 35$ labeled 
proteins in l / 6th of the supernatant from Cos cells transfected with 
PDGF-Al (A & B Lane U). l / 3 rd of the supernatant was exposed to 
Heparin Sepharose (A) and l / 3 rd exposed to Sepharose alone (B) at 
physiological salt (0.15M NaCl) concentrations. These were washed 
at th e  p ro g ressiv e ly  h ig h er sa lt co n ce n tra tio n s  in d ica ted  

collecting the first (OC) and last (Q ) washes at each concentration

for im m unoprecipitation (Chapter 2.4 E). The washes of Heparin 
Sepharose (H) and Sepharose (S) at each salt concentration were 
also im m unoprecipitated  (C). M olecular weight m arkers shown 

(M)
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^ Chapter Six ^

"One fine morning in May, a slim young horsewoman might 
have been seen riding a glossy sorrel mare along the 

avenues of the Bois, amongst the flowers . . .

Joseph Grand
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Chapter 6. Summaries, conclusions and future investigations.

6.1 Summary of investigations into the distribution  of PDGF-A 
chain mRNA alternative splicing isoforms.

Chapters 3 and 4 described my attem pts to determ ine w hether the two 
PDGF-A isoforms, PDGF-As and PDGF-Al, are expressed d ifferentially  in a 
variety  of both  norm al and  transform ed cell and  tissue types known to 
produce PDGF-A mRNA. Although I encountered  problem s, particu larly  with 
regards to co n tam in a tio n  and  p re fe ren tia l am plifica tion  d u rin g  PCR 
(discussed in C hapters 3 & 4), the results suggest th a t PDGF-As is the 

predom inant isoform expressed in the CNS (Table 10). O ther studies, employing 
similar techniques to ask the same question of a wide range of cell types from 
several different species, have produced broadly similar results (Table 10).

A) Library screening and cloning.

In most instances clones obtained from library screening have all been 
derived from PDGF-As mRNA {Collins et al., 1987; Tong et al., 1987; Mercola et 
al., 1990; this thesis} indeed of the 32 in dependen t PDGF-A cDNA clones 
described only 2 have been found to represent the PDGF-Al splicing isoform 
{Betsholtz et al., 1986; Mercola et al., 1988}. Thus, although disappointing, it is 
perhaps not surprising, that despite cDNA cloning and extensive analysis by 
PCR, I was unable to show conclusively that the rat PDGF-A gene encodes an 
alternatively spliced RNA allowing production of the two different isoforms. It 
seems likely, however, that rat cells will have this ability given tha t PDGF-Al 

cDNA clones have been isolated from species as diverse as hum an and Xenopus 
and genomic clones containing the exon 6 sequence have been isolated from 
mouse (Table 10 for references).

B) RNase and SI nuclease protection studies.

Despite the fact that the cDNA cloning itself provided an estimate of the 
relative abundance of two RNAs, it would perhaps have been be tte r to clone 
the rat PDGF-A gene instead of the cDNA. This m ight have afforded me the 
opportunity  to perform  SI nuclease or RNase protection analysis on RNA from 
a variety of cell types, in the same way as the hum an PDGF-Al cDNA clone and 

the mouse genomic clone allowed such analysis of their respective RNA types 
{Collins et al., 1987; Young et al., 1990}. It is interesting to note that the first of
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these studies used PDGF-As and PDGF-Al hum an cDNA derived probes both of 
which indicated the presence of only PDGF-As mRNA in all cell types studied. 

However, this resu lt may not have been en tire ly  accurate  for reasons 
described previously in chapters 3.2 and 4.8 C, which indicate th a t short 
probes may be protected equally well by long or short form RNA {Sisodia et al., 
1987} and that the A:T rich sequence in the exon 6 derived region of PDGF-Al 

probes may be prone to artefactual nuclease attack {Miller and Sollner-Webb, 
1981}. The second study, this time on mouse RNA, used an SI probe containing 
only 10 nucleotides from the 3' end of the exon 6 sequence thus avoiding the 
A:T rich region (Figure 41). In m arked contrast to the previous study this 
protocol revealed th a t all the cell types expressed bo th  forms, a lthough  in 
several samples, including brain, PDGF-As was the predom inant form {Young 
e t al., 1990}. A fu rther study on mouse RNA, using instead a mouse PDGF-As 
cDNA probe, produced results which contained evidence of aberran t digestion, 
w hich they  suggested  m ight have been  due to in fre q u e n tly  used  
polyadenylation sites though it also seems possible that they may be the result 
of artefactual RNase digestion {Mercola et al., 1990}. Thus although I may have 
been able to attem pt SI analysis using my rat PDGF-As cDNA clone it seemed 

possible that this would have produced misleading results. Alternatively it may 
have been worth trying to use the successful mouse PDGF-Al SI probe {Young 
et al., 1990} however com parison with the hum an exon 6 sequence indicates 
tha t it differs at 2 nucleotides out of the 10 exon 6 bases covered by the mouse 
probe (Figure 41). Thus although the mouse sequence could reasonably be 
expected to be more like th a t of the ra t than  the hum an it rem ained possible 
tha t sequence mismatches would cause difficulties in result in terpretation. For 
these reasons then, I decided to direct my attentions to other forms of analysis.

C) PCR amplification analysis.

A num ber of publications have described the use of PCR to study the 
expression levels of the two PDGF-A mRNA isoforms, however, these were 
perfo rm ed  at a tim e w hen the  hyperbo le  su rro u n d in g  the  use of this 
technique was at its peak with very few PCR studies including the controls 
which are now considered standard, as a result of work such as th a t detailed in 
chapters 3 and 4 {Kwok & Higuchi, 1989; Krone et al., 1990; Sarkar and Sommer, 
1990; Cimino et al., 1990}. The first of these studies {Matoskova et al., 1989} 
indicated the presence of both  isoforms in every cell and tissue type analysed, 
including cell types which had previously been though t to express only
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PDGF-As {Tong e t al., 1987} (see Table 10). In each case the PDGF-As mRNA 
appeared  to be at least 10 fold m ore abundan t than  the PDGF-Al mRNA. 

However, although there is some consideration  of the risk of p referen tia l 
am plification of the shorter mRNA species, since no controls of any sort are 
shown or discussed the possibility rem ains tha t these results may have arisen 
from a similar combination of contam ination and  preferential am plification to 
that I experienced in my early attem pts at PCR. A second study, again detailing 
am plification of both  forms in all tissues tested  with no evidence of controls, 
was nevertheless somewhat more believable, because it showed variations in 
the relative abundance of the two isoforms {Young e t al., 1990}. In addition, 
since this study was not used in isolation, bu t served as confirm ation of the SI 
nuclease analysis results discussed above (Table 10), it seems likely th a t the 
com bined results provide an accurate analysis of the RNAs p resen t in the 
tissues studied. The question therefore arises as to why I, by contrast, was only 
able to show signs of PDGF-As. Part of the answer may lie in their use of whole 
tissues such as heart, testes, brain  and various stages of whole embryo (Table 
10) thus po ten tia lly  missing sub tle  d ifferences in expression  betw een 
individual cell types within these tissues. However, since as I also exam ined 
mRNA from whole tissues such as P8 ra t brain  and adult ra t cerebellum  and 
still only detected PDGF-As, it seems th a t the difference may indicate, either an 
altered pattern  of expression in the tissues and at the times I analysed, or a 
difference in my ability to detect PDGF-Al which they suggest is p resen t in 
particularly low levels in the brain.

D) Northern blot analysis.

Two attem pts have been m ade to assess the relative abundance of the 
two PDGF-A isoforms by northern  blot analysis of mRNA from  a num ber of 
hum an cell types (Table 10). Although both  studies used probes based on the 
hum an PDGF-A cDNA sequence th e ir  approaches were quite d ifferen t and, 
indeed , led  to  a p p a ren tly  c o n tra d ic to ry  resu lts . The f irs t u sed  an 
o ligonucleo tide  p robe specific fo r sequence w ith in  PDGF-Al exon 6- 

containing transcrip ts, and an oligonucleotide com plem entary to 16 bp on 
either side of the exon 5 /7  junction, which was specific for PDGF-As, to detect 

only the short form in each of the cell types tested  {Tong et al., 1987}. The 
second study used the entire exon 6 sequence, excised from the cDNA clone, as 
a PDGF-Al specific probe and sub tracted  the result from  th a t produced  by 

probing with the entire coding sequence to provide an estim ate of the  levels
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of PDGF-As mRNA present {Rorsman e t al., 1988}. The results of this study 

suggested tha t every cell type examined, including one (U-2 OS) which gave 
no signal in the previous study {Tong et al., 1987}, expressed both mRNA types, 
a lthough levels of PDGF-Al were generally  m uch low er th an  PDGF-As. 

Interestingly, however, the hum an glioma cell line (U-343 MGa clone 2:6), 
from which PDGF-Al was originally cloned, showed by far the highest level of 
PDGF-Al mRNA indicating that this may be an unusually good source of this 

isoform.

It may have been w orth my using hum an probes such as these or 
perhaps probes based on the more closely related mouse sequence to perform  
northern  analysis on mRNA from different rat cell types since, although such 
experim ents are lim ited in term s of sensitiv ity  (previously  d iscussed in 
chap ter 3.2) I m ight nevertheless have been able to prove th a t ra t can 
actually express PDGF-Al.

E) Immunohistological analysis.

An immunohistological analysis of the d istribu tion  of the two PDGF-A 
pro tein  isoforms was carried  out by com paring the resu lt p roduced  with 
PDGF-Al isoform-specific antibodies on sections of foetal mouse tongue with 
th a t produced  by com mercially available PDGF-A antibodies {Young et al., 
1990}. The result showed PDGF-Al staining in skeletal muscle b u t no t in the 
epithelium  or connective tissue. General PDGF-A staining was more intense, 
and thus consistent with the body of evidence indicating PDGF-As is the 
predom inant form. However, these studies did not indicate a distinct tissue 
distribution for PDGF-As and PDGF-Al. Given that this was only a limited study 

of a relatively  sm all num ber of cell types it is possible th a t fu tu re  
im m unohistochemical studies of o ther tissues may yet reveal a distinct tissue 
distribution.

6.2 Conclusions on the d ifferentia l expression  of the PDGF-A 
isoforms.

The combined evidence of the work described in this thesis and tha t of 
others sum m arised above (Table 10), po in t to the  conclusion th a t PDGF-Al is 

the less commonly used form of PDGF-A in the cell and tissue types analysed to 
date. There is, as yet, no evidence for there  being a d istinct p a tte rn  of 
expression for PDGF-Al, since every cell or tissue type in which it has been
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detected, also produces PDGF-As and usually at levels several fold greater than 
PDGF-A l - My experim ents and, it w ould app ear, m ost of the o ther 

investigations were carried out on the assum ption tha t the two isoforms have 
different functions and are therefore likely to exhibit a d istinct pattern  of 
expression. On the basis of these studies it m ight appear that this assumption 
was wrong. From their coincident pattern  of expression it is possible that they 
have a distinct bu t concurrent or in ter-dependent function, indeed they may 
even form heterodim ers though it is not clear what, if any, the function of 
such polypeptides m ight be. The work described in thesis does not address 
these possibilities; insofar as I and others have shown there to be a functional 
difference between the two PDGF-A hom odim ers it still rem ains a possibility 
that the two isoforms are independently  and differentially expressed in some 
circum stances. It would therefore be of in terest to use some of the above 
techniques, suitably refined, to carry out a more detailed analysis of a much 
wider range of cell types (e.g. Chapter 1, Table 2) from  different stages in 
development.

6.3 Future in vestiga tion s into the d ifferen tia l expression  of 
PDGF-A isoforms.

A num ber of add itional approaches m ay be w orth  investigating, 
including the use of in  situ  hybridisation with PDGF-As and PDGF-Al specific 

oligonucleotides such as those used in the first PDGF-A northern  blot analysis 
described above {Tong e t al., 1987}. However, unlike SI nuclease or PCR 
analysis and in common with northern  blotting this approach may lack the 
sensitivity to detect low levels of PDGF-Al such as have been shown to exist in 

most of the cell types examined so far. On the o ther hand, it would have the 
singular advantage of locating the expressing cells precisely ra th e r than  
simply identifying whole tissues as expressing one or, more likely, both  forms 
simultaneously.

A lternatively the in vivo function of the two PDGF-A isoforms may be 
inferred from  studies of o ther similar factors, in particu lar the related VEGF, 
which exhibits alternative splicing of an analogous sequence to tha t present 
in the PDGF-Al tail {Betsholtz et al., 1990}.
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10 20 30 40 50 60 69
I I I I I I I

GAAGGCCTAGGGAGTCAGGTAAAAAACGGAAAAGAAAAAGGTTAAAACCCACCTAAAGCAGCCAACCAG Hum an Exon 6  

GAAGGCGTAGGGAATCAGGTAAAAAGCGGAAAAGGAAAAGGTTAAAACCCACCTAAGGCGGCCGACCAG Mouse Exon 6

SI Nuclease probe

Figure 41.

Illustrating the differences between hum an and m ouse exon 6 
cDNA sequences {Betsholtz et al., 1986; Young et al., 1990}. Also 
indicates region of mouse PDGF-Al exon 6 mRNA protected by the 

SI nuclease probe used by Young etal., (1990).

(•) = matching bases. ( ^ “ ) = stop codon.

(—«—") = SI oligonucleotide probe com plem entary to the mRNA 
sequence shown.
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Table 10. Showing the techniques used to study the expression of the two 
PDGF-A isoforms, the cell types studied and a summ ary of the results of each 
study in chronological order.

Techniques Source of 
material

Results References

cDNA library 
screening

Human glioma cell 

line U-343 MGa c 2:6

3 independent Short 

& 1 Long form clone
Betsholtz et al., 1986

cDNA library Human endothelial 4 independent Short
screening

&

"EC" cells form clones
Collins et al., 1987

EC cells & 2 human
RNase

protection
osteosarcoma lines 

(HOS & U1810) All Short form

cDNA library Human umbilical 3 independent Short
screening vein endothelial form clones

&

Northern

"HUVE" cells

HUVE cells & 3 

human tum our lines 

(HOS, A172 &U-2 OS)

All Short form

Tong et al., 1987

Northern Human tum our cells All showed

(melanoma WM266-4, 

glioblastoma U-343, 

osteosarcoma U-2 OS, 

Squamous cell

predominantly short 

form although the 

relative levels 

varied.

Rorsman et al., 1988

carcinoma A431)

cDNA library 
screening

Xenopus oocyte 

Xenopus gastrula

1 Long form clone 

1 Short Form clone
Mercola et al., 1988

- 155 -



Wide range of 
normal & All showed both

PCR
transformed human, forms though Short
pig, rat & hamster 
cells (e.g. HUVEs, 
U2 OS &U1810)

form was at least 10 

fold more abundant.

Matoskova et al., 1989

SI Adult mouse Liver, 

kidney, thymus,

Both forms found in 

each with levels of

& muscle, heart, testes short being much

PCR
Brain & ES cells and 
tissue from 6.5. 10.5

greater in those 

underlined.

&
& 13.5 day embryos. Young et al., 1990

Immuno-
histochemistry

Mouse tongue No distinct pattern 

of staining

cDNA library Mouse embryonal 7 independent Short
screening tetracarcinoma- 

derived cell line F9

form clones

&

Undifferentiated &

Mercola et al., 1990

RNase differentiated F9 Both forms found in

protection cells and 6.5, 7.5 & 

8.5 day mouse 

embryos.

each though Short 

form predominates.

cDNA library P7 rat brain 12 independent
screening Short form clones

&

SI Human glioma 157 Short form
Chapters 3 & 4 
of this thesis.

& Human glioma 157,

PCR
mouse brain, adult 

rat cerebellum, P8 

rat brain & rat 

glioma cell line C6.
All short form
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6.4 Possible biological reasons for cell and/or ECM retention.

Chapter 5 described my attem pts to define the functional differences 
between hom odim ers of the two PDGF-A isoforms. The results of this work, 
along with that of a num ber of other studies discussed in chap ter 5, provide 
evidence that PDGF-As is soluble while PDGF-Al is re tained  on both the cell 

surface and within the ECM, at least initially, via association with HPGs. This 
raises the question why should PDGF-A be produced in either a diffusible or an 
immobilised form? It may be possible to answer this by analogy with other 
polypeptide growth factors including members of the TGF-p family {Andres et 
al., 1989} and the FGF family {Vlodavsky et al., 1991} that are known to associate 
with both the cell surface and the ECM.

A) Heparin binding may regulate receptor activation directly.

It has been shown th a t about 70% of FGF-2 b inds to heparin-like 
molecules on the cell surface {Vlodavsky et al., 1987b} while the rem aining 
30% associates with the ECM {Vlodavsky et al., 1987a}. An explanation for this 
biased distribution probably lies in the recent evidence th a t association with 
cell surface heparin-like molecules is required for FGF-2 to b ind  to its high- 
affinity cell-surface receptor {Yayon et al., 1991}. On the other hand, while it 
is possible th a t the m atrix bound  FGF-2 also in teracts  w ith cell surface 
receptors (Figure 2), it seems likely tha t this association represents a storage 
system, or perhaps even a mechanism for titrating  out excess FGF, given that it 
can be released in an active form by com petition with soluble heparin  or in 
complex with p a rtia l degradation  p roducts of h ep arin  by the action of 
endoglycosidases such as heparanase and heparitinase {Bashkin et al., 1989; 
Presta et al., 1989}.

Although my experim ents show evidence of a sim ilar bias towards cell 
surface re ten tion  for PDGF-Al (Figure 37 b) there  is no evidence th a t the 
activity of PDGF-Al can be augm ented by heparin  or related HPGs. Indeed the 
equivalent activity of PDGF-As and PDGF-Al produced in yeast {Ostman et al., 
1989} and the fact th a t active PDGF-Al is released from  cells by proteolytic 

cleavage of the heparin  binding region {Beckmann e t al., 1988; LaRochelle et 
al., 1991}, indicate that interaction between PDGF and heparin  is not necessary 
for activity. However, since there are m any d ifferen t form s of HPG with 
different affinities for FGFs {Gordon e t al., 1989; Ruoslahti, 1989; Herndon and
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Lander, 1990; Ruoslahti and Yamaguchi, 1991 fo r review} it rem ains a 
possibility th a t some as-yet-unidentified  form (s) of heparin  or HPG may 
regulate PDGF receptor activation. Recently, in teraction betw een PDGF-AB or 
BB dimers and the extracellular glycoprotein SPARC has been shown to inhibit 
binding of these isoforms to the PDGF-|3 receptor {Raines e t al., 1992}. Thus, 
although this particu lar effect does not seem to require an in teraction with 
heparin  p e r  se it provides evidence that PDGF activity can be regulated by 
extracellular glycoproteins.

B) Bound growth factors may be stored for future release.

Aside from the possibility of regulation by heparin, it seems likely that 
this association represents a storage mechanism given tha t a synthetic peptide 
corresponding to the PDGF-Al retention dom ain can be released from cells in 

vitro  by using soluble heparin  or heparan sulphate {Raines and Ross, 1992} 
suggesting PDGF-Al may be released in vivo  in a m anner analogous to that 
proposed for FGFs {Thompson et al., 1990; W halen et al., 1989}. Moreover, 
during the process of clot form ation and  vascular repair, the proteolytic 
enzyme throm bin is known to induce release of soluble PDGF from endothelial 
cells w ithout recourse to p ro te in  synthesis {Harlan e t al., 1986}. This 
observation has been explained by suggesting th a t th rom bin  activates an 
inactive form  of PDGF, because these cells, unlike platelets, do not contain 
intracellular stores of PDGF. It now seems possible th a t throm bin may release 
PDGF by pro teoly tic  cleavage of the hep arin  b ind ing  re ten tio n  dom ain. 
Although this rem ains to be tested it is interesting to note th a t a second and 
otherwise unrelated polypeptide, tissue factor pathway inhib itor (TFPI) shares 
some key features w ith PDGF-Al, including a very sim ilar COOH term inal 

sequence (Figure 42). TFPI is a m ultivalent kunitz type protease inhibitor that 
regulates fibrin  clot fo rm ation  by inactivating  fac to r Xa d irec tly  and  
thereafter inhibiting the factor V ila/tissue factor pro teoly tic  cascade in an 
Xa-dependent m anner {Broze et al., 1988}. Like PDGF it is known to be released 
from  p la te le ts  by th ro m b in  {Novotny e t al., 1988} and  perhaps most 
significantly it has been shown to exist in two forms th a t can be separated on 
the basis of heparin  agarose affinity: a p ro teo ly tically  cleaved carboxy- 
terminal truncated form eluting at 0.3 M NaCl and a full length form  eluting at 
0.6 M NaCl {Wesselschmidt et al., 1992}, rem in iscen t of the  differential 
heparin-b inding  activity of PDGF-As and PDGF-Al. In addition  it has been 

shown th a t  so luble h ep a rin  increases th e  p lasm a TFPI levels w hen
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adm inistered  in travenously  {Sandset et al., 1988}. Taken together, these 
similarities provide compelling evidence tha t the analogous COOH sequences 
p resen t in TFPI and  PDGF-A allow them  to be sto red  in association with 
heparin molecules from which they can be released by proteolytic cleavage. 
Furtherm ore it is possible that this type of retention sequence may be present 
in o th e r p ro te in s involved in vascu lar rep a ir  and  prov ide a general 
mechanism for storage and release by thrombin.

A) V R R P P K G K H R K F K H T H
D i

B) G R P R E S G K K R K R K R L K P T

C) V R G K G K G Q K R K R K K S R Y K

D) S K G G L I K T K R K R K K Q R V K

S ¥  S V.

Figure 42.
A com parison of the basic re ten tio n  sequences encoded by 
hum an PDGF-B exon 6 (A), hum an PDGF-A exon 6 (B), hum an 
VEGF exon 6 (C) and the sequence encoded by hum an TFPI exon 9 
(D).

C) Retention may serve to localise growth factor activity.

A lternatively, im m obilisation of grow th factors on th e  ECM may 
facilitate precise localisation of proliferation and  differentiation signals and 
possibly even allow form ation of discrete pathways for m igrating cells as has 
been proposed for kit ligand (KL or Steel factor) {Flanagan and  Leder, 1990}. 
RNA encoding KL, the ligand for the c-k it receptor which is a m em ber of the 
PDGF tyrosine-kinase subfam ily (Figure 1), undergoes a lternative  splicing 
giving rise to two forms of KL one of which has a transm em brane domain that 
anchors it to the cell surface {Flanagan et al., 1991}. Mutations affecting either 
KL or its receptor c-k it are known to affect the developm ent of th ree different 
m igratory cell lineages: prim ordial germ cells, melanocytes and hem atopoietic 
stem cells {Russell, 1979; Silvers, 1979}. An aberran t form of KL, the mouse 
m u tan t Steel-Dickie (51^), has a deletion of the  sequence coding for the 
transm em brane dom ain, allowing production  of a soluble form  of KL th a t is
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able to stim ulate proliferation of mast cells in vitro  but apparently  unable to 
direct the normal development of its target cells in vivo {Flanagan et al., 1991}. 
This indicates the im portance of m em brane association for normal KL activity 
in vivo. Recently in situ studies examining the relative distribution patterns of 
c-k it and  KL mRNAs have revealed th a t they are expressed in separate bu t 
adjacent cell layers suggesting the range of KL activity may be regulated  
jointly by restricted expression and cell retention {Motro et al., 1991; Keshet et 
al., 1991}.

A sim ilar pattern  of 'appositional' expression has been observed for a 
num ber of o ther related ligand-receptor pairs including CSF-1, which also has 
a transm em brane dom ain {Rettenmier et al., 1987} and its receptor c-fms,  
an o th e r  m em ber of the  PDGF ty ro s in e -k in ase  subfam ily , (Figure 1) 
{Regenstreif and Rossant, 1989}; PDGF-B and the PDGF p-receptor {Holmgren e t 
al., 1991}; and more recently PDGF-A and the PDGF a-recep to r {Orr-Urtreger 
and Lonai, 1992; Mudhar et al., In preparation}.

D) Cell adhesion and growth factors as receptors.

A num ber of o ther activities have been  p roposed  for im m obilised 
growth factors. For example, it has been  suggested th a t transm em brane 
growth factors including EGF, TGF-a and the related  Drosophila Notch  a n d  
C.elegans lin-12  gene products may m ediate cell-cell adhesion {Massague, 1990 
for review}. It has also been suggested th a t the highly conserved intracellular 
dom ains of these same transm em brane grow th factors may function  as 
signalling dom ains in their own right, although they  have so far shown no 
homology with any of the known growth factor receptors {Massague, 1990}. 
Growth factors such as PDGF-Al may also act as cell surface receptors by 
association with HPGs such as Syndecan th a t have a m em brane spanning 
protein core {Saunders et al., 1989}. It is even possible that ECM bound factors 
may act as receptors by causing conform ational alterations in the ECM leading 
in tu rn  to signalling via transm em brane proteins such as integrins, according 
to the ’dynam ic reciprocity’ model for m atrix regulation of gene expression 
{Bissell etal., 1982; Bissell et al., 1987; Ruoslahti, 1989}.

6.5 Conclusions.

In each of the above examples the  growth factors can be made in both 
soluble and  cell-surface-bound forms, except perhaps FGF which appears to
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require association with HPG for activity and may therefore all be considered 
bound. There are a num ber of d ifferen t m echanism s for th is including 
production of a transm em brane precursor that can be selectively processed as 
for CSF-1 and EGF family members {Massague, 1990 for review}, or production 
by alternative RNA splicing of separate form s w ith differing affinities for 
HPGs, as has been shown for PDGF-A. The cell m em brane localisation of KL also 
seems to be regulated by alternative splicing leading to p roduction  of two 
different forms; however it seems th a t they  differ, not by the presence or 
absence of the transm em brane region, which they  both  have, bu t ra th er in 
their susceptibility to proteolytic release {Flanagan et al., 1991}.

TGF-ps, on the other hand, do not seem to be produced in different forms 
but can nevertheless be localised to the cell surface or the ECM by interaction 
with various differentially  expressed betaglycans th a t have been shown to 
bind to cell membranes and to associate with the ECM and which it binds to via 
the core protein ra ther than the GAG side chains {Andres et al., 1989; Ruoslahti 
and Yamaguchi, 1991}. So far only one o th e r grow th factor, Leukemia 
inhibitory factor (LIF), has been shown to regulate its association with ECM by 
producing alternative forms of the growth factor. Although the mechanism of 
association is not yet understood it appears th a t alternative prom oter usage 
produces two forms of LIF th a t differ at th e ir  am ino-term ini, one of which 
codes for a signal sequence that is rem oved after directing incorporation into 
ECM {Rathjen et al., 1990}. Vascular endothelial growth factor (VEGF) displays 
analogous alternative splicing of sequence sim ilar to the PDGF-A chain exon 6 
(Figures 5 & 42) {Tischer et al., 1989; Leung et al., 1989; Keck et al., 1989; 
Betsholtz et al., 1990}. However, although there is evidence for an affinity with 
heparin {Ferrara and Henzel, 1989} it has, so far, not been shown to associate 
with either cell surface or ECM bound HPGs. It seems possible th a t V-EGF, 
PDGF-Al and TFPI (see Section 6.3) may be m em bers of a larger family of 

proteins which use this polypeptide m otif to regulate th e ir  mode of action. 
Further work is requ ired  to understand  when and  where these polypeptides 
are expressed and the mechanism and circum stances leading to their release 
in vivo.
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AppendixPlasmid constructs.

M l3 MP10 PDGF-Al Used for SI nuclease probe production (See Figure 7).

pHYK Original plasmid expression vector obtained from Hugh Pelham
(See also Figure 43).

pHYK 2 Version of the expression vector adapted to allow subsequent
cloning steps (See also Figure 43).

pHYK 3 Version of expression vector adapted fu rther to allow subsequent
cloning of untagged PDGF-As and PDGF-Al. This version was used 
as a negative control for the effects of transfection by vector 
alone (See also Figure 43).

PDGF-As pHYK vector encoding human PDGF-A short form cDNA sequence
(See Figure 8).

PDGF-Al pHYK vector encoding hum an PDGF-A long form cDNA sequence
(See Figure 8 and Figure 43).

PDGF-Al 2 :- pHYK vector encoding human PDGF-A long form  cDNA sequence 

adapted for further alterations (See Figure 43).

PDGF-Al 3 :- pHYK vector encoding hum an PDGF-A long form cDNA sequence 

adapted for further alterations (See Figure 43).

PDGF-Al 4 :- pHYK vector encoding human PDGF-A long form cDNA sequence 

adapted for further alterations (See Figure 43).

PDGF-As Tag :- pHYK vector encoding PDGF-A short form sequence including 

Myc Tag epitope (See Figure 8).

PDGF-Al Tag :- pHYK vector encoding PDGF-A long form sequence including 

Myc Tag epitope (See Figure 8).
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Figure 43.
Diagram indicating the pHYK vector m anipulations p rio r to sub
cloning hum an PDGF-A cDNA as described in Figure 8. Changes in 
each case highlighted with an oval CD.
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'  A d 2 Late

I X

u

S a d BamHI
Srrual

S V 4 0
ORI

Change Stnl to SacII

PDGF-A Long 4

Stul\.

PDGF-A short TAG 
&

PDGF-A Long TAG
See Figure 8
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Poly linker

(6,232bp)
EcoRI
SacI
Smal
Xmai
BamHI
Xbalx
Hindi
Accl
Sail
(6,260bp)

(6,835bp)

15bp Primer
Anneal
Site

Bgll 6.96

Pvul 6.94  

Hindlll 6.80

Bglll 7 .47 mnl 0.36

EcoRI 6.23
Sail 6.26 PDGF A Hindlll/Sall

7 .78  Kb

M13 PDGF A Long

naBI 1.27

Narl 6.00  
Avail 5.91

Nael 5.60

Ball 5.08

Clal 2 .53  

Xmnl 2.66

Plasmid name: M l3 PDGF A Long
Plasmid size: 7.78 kb
Constructed by: inserting the Sail / Hindlll fragment of human PDGF
A-chain long form cDNA.
Construction date: 9-2-88
Comments/References: Used to produce S1 probes by primer extension. The correct
orientation was confirmed by sequencing.

- 189-



Aatn 394:

XmnI 3619v SspI 3826,
tul 232

Seal 350! Imal 706SV40 On
Pvul3391

TK Poly A
PstI 3265 Amp

PHYK
Ppal 3091, 4019 bp

:acl 881chicken lysozyme

Adeno Late
ORI Hindin 1333

HgiEH 2712

SacII 1648

EagI 2007

Nml 2040

Plasmid name: PHYK
Plasmid size: 4019 bp
Constructed by: Hugh Pelham
Construction date:
Comments/References: PBR322 deleted from 0 to 651 and 1063 to 2475 and minus
Afllll + BspMI sites -- SV40 Ori 232bp — TK poly A signal allowed 500bp -  Chicken 
lysozyme 600bp- Adeno vims serotype 2 major late promoter 313bp.
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Aatll 3942. 
XmnI 3619v SspI 3826

HincII 3563,
Seal 3502,

Pvul 3391 

PstI 3265

Ppal 3091

tul 232

HgiEII 271

SV40 Ori

TK Poly A

PHYK 2

4019 bp

chicken lysozyme

Adeno Late

EagI 2007

mal 706

amHI 712 

Xbal 718 
acl 724 
coRI 733

acl 881

Hindm 1333

Sail 1648

Nml 2040

Plasmid name: PHYK 2
Plasmid size: 4019 bp
Constructed by: changing PHYK SacII site to Sal I
Construction date:
Comments/References: PBR322 deleted from 0 to 651 and 1063 to 2475 and minus
AfHII + BspMI sites — SV40 Ori 232bp — TK poly A signal allowed 500bp — Chicken 
lysozyme 600bp- Adeno virus serotype 2 major late promoter 313bp.
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Aatll 394: !tul 232
XmnI 3619 SspI 3826,

HincII 3563,
Imal 706Seal 350: 

Pvul 3391.*
SV40 Ori

amHI 712 
Xbal 718 
5 acl 724 
EcoRI 733

TK Poly A
Amp

PHYK 3
Ppal 3091,

4019 bp
;acl 881chicken lysozyme

HgiEII 271 Adeno Late
ORI SacII 1333

Sail 1648
EagI 2007

Nml 2040

Plasmid name: PHYK 3
Plasmid size: 4019 bp
Constructed by: changing PHYK 2 Hindlll to SacII
Construction date:
Comments/References: PBR322 deleted from 0 to 651 and 1063 to 2475 and minus
AflHI + BspMI sites -- SV40 Ori 232bp -- TK poly A signal allowed 500bp — Chicken 
lysozyme 600bp-- Adeno virus serotype 2 major late promoter 313bp.

- 192 -



AatH 4235
XmnI 3912 SspI 4119,

;tul 232 Imal 706HincII 3856.

Seal 3795. amHI 712SV40 Ori
>al 718Pvul 3684. TK Poly A

acl 724PstI 3558 Amp
:oRI 733

Ppal 3384.
PDGF-A short top Codon 997

4312 bp

PDGF A Short cDNA

ORI
Adeno Late

iacll 1626

laH 1941

Nrul 2333
EagI 2300

Plasmid name: PDGF-A short
Plasmid size: 4312 bp
Constructed by: inserting SacII / EcoRI fragment of human PDGF-A short form cDNA
into PHYK 3 instead of chicken lysozyme 
Construction date: 28/9 /89
Comments/References: PBR322 deleted from 0 to 651 and 1063 to 2475 and minus
AfHII + BspMI sites -  SV40 Ori 232bp -- TK poly A signal allowed 500bp — Human 
PDGF A short cDNA 893bp -  Adeno virus serotype 2 major late promoter 313bp.
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XmnI 3981, SspI 4188
> tul 232 Imal 706 

lamHI 712
HincII 3925,

Seal 3864. 
Pvul 3753_ SV40 Ori »al 718

SacI 724 
EcoRI 733 
Hindffl 774

TK Poly A
Amp

Ppal 3453,
PDGF-A Long

4381 bp top Codon 1019
PDGF A

;tul 1067

HgiEII 3074

ORI

Adeno Late

SacR 1695

SaH 2010Nrul 2402
EagI 2369

Plasmid name: PDGF-A Long
Plasmid size: 4381 bp
Constructed by: inserting SacII / EcoRI fragment of human PDGF-A Long form cDNA
into PHYK 3 instead of Chicken lysozyme 
Construction date: 19-2-88
Comments/References: PBR322 deleted from 0 to 651 and 1063 to 2475 and minus
Afllll + BspMI sites -- SV40 Ori 232bp -  TK poly A signal aUowed 500bp -  Huma n 
PDGF A (Long form cDNA) 962bp- Adeno virus serotype 2 major late promoter 313bp.
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XmnI 3981, 
HincD 3925w

SspI 4188. ;tul 232
Imal 706 
lamHI 712

Seal 3864.
SV40 Ori

Pvul 3753,
bal 718 
acl 724

TK Poly A
PstI 3627,

Amp
:oRI 733

Ppal 3453,
PDGF-A Long 2

4381 bp
top Codon 1019

PDGF A tul 1067

HgiEH 3074

ORI
Adeno Late

SacH 1695

Sail 2010Nral 2402
EagI 2369

Plasmid name: PDGF-A Long 2
Plasmid size: 4381 bp
Constructed by: killing the Hindlll in "PDGF-A long "
Construction date: 29-3-88
Comments/References: PBR322 deleted from 0 to 651 and 1063 to 2475 and minus
AflHI + BspMI sites — SV40 Ori 232bp — TK poly A signal allowed 500bp — Human 
PDGF A (Long form cDNA) 962bp-- Adeno virus serotype 2 major late promoter 313bp.

- 195 -



XmnI 3981, 
HincII 3925^ SspI 4188, itul 232 Imal 706

lamHI 712Seal 3864.
SV40 Ori XbaI718 

SacI 724 
JEcoRI 733

Pvul 3753,
TK Poly A

PstI 3627,
Amp

Ppal 3453.
PDGF-A Long 3 

4381 bp
top Codon 1019

tul 1067PDGF A

HgiEII 3074

ORI
Adeno Late

HindlD 1695

Nrul 2402 Sail 2010

EagI 2369

Plasmid name: PDGF-A Long 3
Plasmid size: 4381 bp
Constructed by: changing "PDGF-A Long 2" SacII site to Hindlll
Construction date: 29-3-88
Comments/References: PBR322 deleted from 0 to 651 and 1063 to 2475 and minus
AflHI + BspMI sites -  SV40 Ori 232bp -- TK poly A signal allowed 500bp — Human 
PDGF A (long form cDNA) 962bp- Adeno virus serotype 2 major late promoter 313bp.
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Aatll 4304
XmnI 3981,

SspI 4188,
HincH 3925, 

Seal 3864____
Imal 706 
lamHI 712

SV40 OriPvul3753 rbal 718 
lacl 724TK Poly APstI 3627,

Amp
IcoRJ 733

Ppal 3453,
PDGF-A long 4

4381 bp
top Codon 1019

I tul 1067PDGF A

HgiEII 3074

ORI
Adeno Late

Hindlll 1695

Nrul 2402 Sail 2010
EagI 2369

Plasmid name: PDGF-A long 4
Plasmid size: 4381 bp
Constructed by: changing "PDGF-A Long 3" StuI (232) to SacII
Construction date: 26-5-88
Comments/References: PBR322 deleted from 0 to 651 and 1063 to 2475 and minus
AflHI + BspMI sites -  SV40 Ori 232bp -  TK poly A signal allowed 500bp -  Human 
PDGF A (Long form cDNA) 962bp-- Adeno virus serotype 2 major late promoter 313bp.
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Aatll 4348.
XmnI 4025^ SspI

Hindi 3969.
Seal 3908.

Pvul3797

Pstl 3671 

Ppal 3497,

HgiEII 3118

PDGF-A short TAG

MYC TAG

PDGF A

Adeno Late

mal 706 
amHI 712 

al 718 
acl 724

coRI 733

,Unused Stop Codon 1019 

Stop codon 1071 

ol 1077 

tul 1111

Hindin 1695

Nrul2446
EagI 2413

Sail 2054

Plasmid name: PDGF-A short TAG
Plasmid size: 4425 bp
Constructed by: inserting 44bp MYC TAG at StuI site of "PDGF-A Long 4 "
Construction date: 25-5-88
Comments/References: PBR322 deleted from 0 to 651 and 1063 to 2475 and minus
Afllll + BspMI sites -  S V40 Ori 232bp -  TK poly A signal allowed 500bp — Human 
PDGF A (Long form cDNA) 962bp — MYC TAG 44bp -  Adeno virus serotype 2 major late 
promoter 313bp.
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Aatl 4348,
XmnI 4025 SspI 4232 ,

HincII 3969.
80*  3908 

PvuI3797

PstI 3671__ . JW  TK Poly A
Amp

Ppal 3497. ___
PDGF-A Long TAG

^ u p  MYC TAG

HgiEII 3118

PDGF A Long Form Tail 
Stop Codon 1019

mal 706

amHI 712
al 718

ad  724
coRI 733

PDGF A

Adeno Late

tul 1111

HindlH 1695

Nrul 2446 Sail 2054
EagI 2413

Plasmid name: PDGF-A Long TAG
Plasmid size: 4425 bp
Constructed by: filling in the Xhol site in the MYC TAG of PDGF-A short TAG
Construction date: 27-5-88
Comments/References: PBR322 deleted from 0 to 651 and 1063 to 2475 and minus
AfUII + BspMI sites — SV40 Ori 232bp -- TK poly A signal allowed 500bp -  Human 
PDGF A (Long form cDNA) 962bp -- MYC TAG 44bp ~ Adeno virus serotype 2 major late 
promoter 313bp.
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