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Abstract

B reast cancers are  o ften  trea ted  with an tioestrogens, response rates 
being  h ighest in cancers expressing  oestrogen  recep to rs, responsive tu m o u rs  
will how ever eventually becom e resistant. T his thesis exam ines the  role  o f 
a lte red  oestrogen  recep to rs in the  developm ent o f an tioestrogen  resistance. 
O estrogen  recep tors a re  nuc lear h o rm one  recep tors th a t on  b inding  
oestrad io l bind to specific sequences on DNA an d  a re  able to m odify the  ra te  
o f  transcrip tion  o f ta rg e t genes. A ntioestrogens com petitively b ind  to the 
oestrogen  recep to r displacing oestradiol bu t a re  unable  to fully activate the 
recep to r. O estrogen  recep tors with ab e rran t p roperties  may lead to 
an tioestrogen  resistance an d  could arise fro m  m utation  o f the  gene o r 
th ro u g h  a lte rnate  splicing o f exons. V arian t oestrogen  recep to r m RN A  
arising  from  alternative splicing o f coding exons has been rep o rte d  in  breast 
cancers. O ne splice varian t lacking exon 5 encodes a tru n ca ted  recep to r, 
which has constitutive activity in yeast. T o  exp lore  the role  o f  this varian t in 
an tioestrogen  resistant b reast cancer, stable cell lines expressing  the varian t 
on a conditional p ro m o ter have been isolated. T hese  clones do  no t a p p e a r  to 
have a lte red  pro liferative response to oestrogen  o r an tioestrogens and  th e re  
is no constitutive induction  o f oestrogen  responsive genes in the  p resence o f 
splice varian t recep to r, how ever m odest activity o f some re p o r te r  constructs 
is seen.

A sho rt region o f the h o rm one  b inding  dom ain  o f the  recep to r has 
been identified  as being im p o rtan t in d e term in ing  the  response o f the 
recep to r to ligand, specific m utations leading  to loss o f oestradiol activation 
bu t leading to stim ulation o f  transcrip tion  by antioestrogens in H eLa cells. 
T h e  activity o f such m u tan t recep tors has been exam ined in b reast cancer 
cell lines. M odest agonist activity is seen in transien t expression  systems and  
attem pts to establish stable expression o f m u tan t recep tors are  described . A 
system fo r the  identification o f m utations in this reg ion  has been  used  to 
screen fo r m utations in h u m an  breast cancers.

M utations th a t a lter the  ligand b inding  p ro p ertie s  o f  the re cep to r have 
been rep o rted . In  o rd e r to identify  m utations th a t a re  unab le  to bind 
tam oxifen  bu t are  still activated by oestrogen , a yeast screening  system was 
used to screen random ly m u ta ted  oestrogen  recep tors. T h e  p ro p ertie s  o f 
m utations iden tified  from  this system are  described.
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C h ap te r  1 In troduction

Introduction
T h e  trea tm en t and  p reven tion  o f breast cancer is an  increasingly 

com plex a rea  o f m edicine. H orm onal m anipu la tion  in the  fo rm  o f 
an tioestrogens, such as the  tripheny le thy lene  co m pound  tam oxifen , is used in 
all stages o f b reast cancer trea tm en t. N ot all b reast cancers respond  to 
tam oxifen  and  even those th a t do respond  eventually becom e refrac to ry  to 
this d ru g . T am oxifen  resistance is th e re fo re  a m ajor issue in b reast cancer 
m anagem ent, d  his ch ap te r reviews o u r know ledge o f the role o f oestrogens 
in the aetiology and  progression  o f b reast cancer, the  m echanism s o f 
oestrogen  action m ediated  th ro u g h  the oestrogen  recep to r and  the  
m echanism  o f an tioestrogen  action. T h e  process by which breast cancers 
becom e resistan t to an tioestrogens and  re frac to ry  to horm onal in fluence will 
be discussed with pa rticu la r re fe ren ce  to the role  o f the oestrogen  recep to r 
in this process. Subsequent chap ters  will describe experim en ts designed to 
im prove o u r  u n d e rs tan d in g  o f the role o f the oestrogen  recep to r in the 
process o f an tioestrogen  resistance. T h e  final ch ap te r will discuss the 
relevance o f these and  o th e r experim en ts to o u r  u n d e rs tan d in g  o f oestrogen 
recep to r function  and  an tioestrogen  resistance.

H um an Breast Cancer
Breast C ancer: a m ajor clinical issue

Breast cancer is the m ost com m on cancer am ong w om en in the 
w estern w orld. It is a devastating illness giving rise to both physical and  
psychological m orbidity  and  eventually causing the  d eath  o f h u n d red s  o f 
thousands o f  w om en annually  th ro u g h o u t the  w orld. Estim ated world-wide 
incidence fo r the  year 2000 is 859,300 (Parklin et al. 1984). In  E ngland and  
W ales annual incidence fo r 1991 was 34,500 and  th e re  w ere 15,180 breast 
cancer deaths in 1990 (CRC 1996). O ne in twelve UK w om en will develop 
breast cancer. W hile incidence has been steadily increasing  since the  1950s 
it is encourag ing  to note th a t in the  last few years m ortality  from  breast 
cancer has been  falling in m any developed countries (UK deaths in 1995 was 
14,080). T h is  fall is largely a ttrib u ted  to the  wide-scale adop tion  o f ad juvan t 
therap ies a fte r p rim ary  surgery  most notably the  use o f ad juvan t tam oxifen
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and  to a lesser ex ten t ad juvan t chem otherapy  (Beral et al. 1995; B errino  et al. 
1995). T h e re  may also have been an im pact as a resu lt o f the  N ational 
breast cancer screening  p rog ram m e.

Synopsis o f b reast cancer m anagem ent
Breast cancer deaths a re  nearly  all a ttribu tab le  to the  developm ent o f 

d istan t m etastatic sp read . H ow ever, m ost breast cancer patien ts p resen t with 
clinically early  stage disease. Clinically localised disease is trea ted  surgically 
by rem oval o f the  p rim ary  tu m o u r with a m arg in  o f uninvolved tissue. T h e  
ex ten t o f  this op era tio n  is de te rm in ed  by a wide variety o f  factors, m ost 
im portan tly  the  size and  site o f disease. M odern  surgical m anagem en t is 
aim ed at p rov id ing  the  m axim al chance o f cu re  and m inim al m orbidity  using  
breast-conserving techniques, w here possible. At definitive surgery , it is now 
custom ary to rem ove tissue from  the  ipsilateral axilla as both  a th e rap eu tic  
p ro ced u re  and  to obtain prognostic  in fo rm ation  to guide additional 
trea tm en t. T h is  usually m eans th a t com plete m acroscopic clearance o f  early 
breast cancer is achieved. Despite this only about h a lf  o f clinically early 
stage disease is cu red  by surgery . T h is is believed to be p rim arily  d u e  to the 
developm ent o f clinically occult m icrom etastatic disease a t an early  stage in 
the na tu ra l h istory o f breast cancer. It is possible to d em onstra te  breast 
cancer cells in the bone m arrow  o f m any patients u n d e rg o in g  p rim ary  b reast 
surgery  (D earnaley et al. 19 8 1) a lthough  this is no t an au tom atic  m ark e r fo r 
the developm ent o f subsequent overt m etastatic disease (Diel et al. 1996)

Following p rim ary  su rgery  a large n u m b er o f in d ep en d en t prognostic  
featu res can be analysed such as tu m o u r size, histological g rade , oestrogen  
recep to r o r specific oncogene expression such as erb  b2 (D hingra et al. 1996) 
How ever the  m ost im p o rtan t single prognostic factor a fte r  p rim ary  breast 
surgery  is th e  presence o r absence o f axillary lym ph node m étastasés, with 
increasingly po o r prognosis with increasing  nu m b er o f involved nodes.
T hese factors a re  used  clinically in de te rm in in g  the likely benefit from  
additional ad juvan t therap ies aim ed at reducing  chances o f relapse.
C urren tly  these ad juvan t trea tm en ts  consist o f ho rm onal therapy , cytotoxic 
chem otherapy  and  loco regional rad io therapy . W hile these m odalities a re  o f  
und o u b ted  benefit in  reducing  relapse rates and  increasing survival (Bentley 
et al. 1992), research  is constantly re fin ing  th e ir  use. Despite m any advances
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in the tre a tm en t o f early breast cancer approx im ate ly  h a lf o f these patients 
eventually  develop m etastatic disease.

In  patien ts w here overt d is tan t m étastasés exist a t the  tim e o f diagnosis 
o r who subsequently  develop m étastasés the  disease is considered  incurable 
by conventional trea tm en t. T h e ra p e u tic  goals o f s tan d ard  trea tm en ts in 
these circum stances are  aim ed prim arily  a t disease contro l, w ith the  palliation 
o f  sym ptom s and  en h an cem en t o f quality  o f life the  p rim ary  focus o f 
th e rap eu tic  in terven tion . T h e re  a re  lim ited expectations in term s o f 
p ro longation  o f life. In  add ition  to the  th e rap eu tic  m odalities described 
above a com plex p ro g ram  o f m anagem en t involving m any specialist health  
care professionals is o ften  needed  to p rovide o p tim u m  individualised  care 
fo r  patien ts with m etastatic b reast cancer.

Epidem iology and  risk factors fo r b reast cancer
W idespread  geographical variation in breast cancer incidence points to 

the im portance  o f env ironm enta l factors with age standard ised  incidence 
rang ing  from  12.1 (per 100,000) in J ap a n  to 79.9 in the  USA (Los A ngeles 
w hite population) (W aterhouse 1976). Studies o f Jap an ese  m igrants to the 
USA have shown a tendency fo r breast cancer incidence to reach  local levels 
w ithin two generations. T h e re  is a dem ograph ic  varia tion  in incidence with 
h ig h e r incidence in m ore a fflu en t sections o f the com m unity.

D ietary factors are  likely to be im p o rtan t bu t a re  d ifficu lt to separate  
from  co n found ing  variables. N ational breast cancer incidence correlates with 
national total and  sa tu ra ted  fat intake, with low fat in take subgroups w ithin 
a fflu en t nations d em onstra ting  a lower incidence o f  b reast cancer (A rm strong  
et al. 1975). In  anim al studies o f d ie tary  influences on  breast cancer, high fa t 
in take in rats leads to an  increase in  DMBA induced  m am m ary  tum ours 
(Caroll et al. 1979). T h e  in fluence o f  fat in take may be m ore im p o rtan t in 
early years as fa t in take in la tte r life has little in fluence on breast cancer risk 
(Phillips 1980). Increased  alcohol consum ption  is re p o rte d  to increase breast 
cancer risk and  sm oking is also likely to in fluence risk, with recen t studies 
show ing a significant increase in risk to sm okers com pared  to non sm okers 
u nexposed  to passive cigarette  sm oking. (M orabia et al. 1996). Radiation 
exposu re  is also a recognised facto r increasing  breast cancer risk.

T h e  horm onal env ironm en t is undoub ted ly  an im p o rtan t consideration  
in the aetiology o f b reast cancer, with a n u m b er o f observations indicating
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alterations in ho rm onal en v iro n m en t influence b reast cancer risk (see T able  
I). Early m enarche  and  late m enopause are  both  associated with increased 
risk o f b reast cancer, (T ricbopoulos et al. 1972; K am pert et al. 1988) 
suggesting th a t the  total n u m b er o f  ovarian  cycles has im plications fo r breast 
cancer risk. P regnancy has a protective effect with h ighest incidence in 
nu liparous w om en and  lowest incidence with m u ltiparity  (M ustacchi et al. 
1961). Age at first b irth  is also in fluen tia l, an  increasing  breast cancer 
incidence w ith increasing  age a t first b irth  has been established (M acM ahon 
1970). A rtificial ho rm onal in terventions affect breast cancer risk, fo r 
instance surgical oophorectom y u n d e r  the  age o f forty  years o f  age reduces 
risk (Lillenfield 1956). T h e  risk associated with ho rm o n e  rep lacem ent 
th e rap y  has been extensively stud ied  bu t earlie r results have been 
controversial. Recently la rg e r studies and  overviews have dem onstra ted  an 
increased  breast cancer risk, bu t this is only a p p a ren t a fte r p ro longed  
exposure . A fte r five years con tinued  use, an  increased  breast cancer risk is 
detectable. T h e re  is a tendency fo r risk to rise with increasing  d u ra tio n  o f 
exposure . A fte r 8 - 15 years ho rm o n e  rep lacem ent th erapy  relative risk 
increases to 1.3 (S teinberg et al. 1991; Sillero-A renas et al. 1992)also 
review ed in (Ewertz 1996). Most o f the studies o f long term  horm one 
rep lacem en t have been on w om en taking u nopposed  oestrogens. T h e re fo re  
th e re  rem ains uncerta in ty  concern ing  any risk associated with com bined 
oestrogen  and  progestin  rep lacem ent.

T h e  in fluence o f exogenous oestrogens in the fo rm  o f oral 
contraceptives in breast cancer has been m ore controversial with increased 
risk re p o rte d  in som e bu t no t all studies (V eronesi et al. 1995). Recently an 
overview o f 54 epidem iological studies has re p o rte d  a small bu t defin ite  
increase in b reast cancer incidence in  users o f the  com bined oral 
contraceptive, relative risk 1.24 (Collaborative g ro u p  on  horm onal factors in 
breast cancer 1996). T his risk is still detectable five years a fte r stopping  
trea tm en t bu t is absent a fte r  ten years. T h is observation is consistent with 
the  view th a t oestrogen  is no t a genotoxic agen t and  th e  role o f oestrogens in 

breast cancer is in tu m o u r prom otion .
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(Genetic factors
T h e  genetic in fluence  on breast cancer risk was first described  m ore 

th an  fifty years ago (W assink 1935) w here increased risk am ongst first 
d eg ree  relatives o f breast cancer cases was described. T h is  risk was 
particu larly  s trong  fo r relatives o f patien ts with bilateral breast cancer 
(Bucalossi et al. 1954) o r w here  the  index  case was p re  m enopausal at 
diagnosis (A nderson  1972; A nderson  1976) M olecular genetic studies o f 
fam ilies with particu larly  h igh  num bers o f breast cancers has led to the 
iden tification  o f m utations w ithin tu m o u r suppressor genes such as p53, 
BRCAl and  BRCA2. H eterozygous inheritance  o f m utations in these genes 
results in h igh  to n ea r certa in  life tim e risk o f developing  breast cancer. 
(Szabo el al. 1995) H ow ever in h erited  m utations in these known genes 
probably  account fo r only 2-5-% o f all b reast cancers. (Peto el al. 1996) with 
BRCA 1 alone accounting  fo r 5-10% o f b reast cancer u n d e r  the  age o f  forty. 
C learly th e re  are  o th e r genetic factors p ro d u c in g  less well defined  pa tte rn s 
o f genetic inheritance. It is o f in terest to note th a t while m utations in 
BRCAl in sporadic  cancers are  not seen, the  expression o f BRCA l tran scrip t 
is reduced  in sporadic breast tum ours com pared  to norm al breast, tissue 
(T hom pson  et al. 1995).

Table 1.1 Reproductive ! hormonal risk factors for breast cancer

Risk factor Comparator Risk category Relative risk

Age at menarche 16 yrs 13 yrs 1.3
Age at birth of first child Before age 20 >30yrs 1.9

nuliparous 1.9
Age at menopause 45-54 yrs >55 yrs 1.5

<45 yrs 0.7
Oral contraceptive Never used current use 1.24

past use 1.0
Hormone replacement therapy Never used 10 yrs use 1.3

Modified from Harris el al NEJM 1992 327 5 319-328
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M alignant tran sfo rm atio n  is believed to occur m ainly in  the  term inal 
duc tal/lobu lar u n it o f b reast tissue. Benign hyperp lasia  is com m on and 
carries little risk o f invasive cancer bu t atypical hyperp lasia  is associated with 
a five fold risk o f invasive disease. In  situ carcinom a is a condition in which 
m orphologically  neoplastic cells are  seen w ithin ducts (DCIS) o r lobules 
(LCIS) b u t th e re  is no invasive com ponent. In  situ carcinom a is associated 
with h igh  incidence o f invasive carcinom a. Invasive b reast cancer may 
develop w ithin in situ carcinom a and  may take place a t an  early stage in the 
situation w here a t the  tim e o f diagnosis small m icro invasive disease is fo u n d  
with little su rro u n d in g  in situ disease. In  some carcinom as it is no t possible 
to find evidence o f any in situ disease. B reast cancers may arise in a 
clonogenic fash ion  from  a single cell b u t because o f  genetic instability they 
inevitably becom e heterogeneous and  the  behav iour o f a tu m o u r changes 
with tim e as cell popula tions with d iffe ren t p ro p ertie s  outgrow  the  previous 
d o m in an t cell popu la tion  th a t characterised  initial behav iour. It is 
presum ably  the  he terogeneous n a tu re  o f breast cancer th a t form s the basis 
fo r the developm ent o f cancer th a t is resistan t to any single therapy .

O estrogen  action in norm al and  m alignant breast tissue
From  epidem iology and  anim al w ork oestrogenic stim ulation is an 

im p o rtan t aspect o f breast cancer pathogenesis. O estrogen  is req u ired  fo r 
norm al b reast fo rm ation  at puberty . O estrogen  and  p rogesterone  
rep lacem en t in  hypogonadal deficiency states such as T u rn e rs  syndrom e 
w here ovarian  developm ent does no t occur, can resto re  b reast developm ent. 
H ow ever g onado troph ins a re  also req u ired  since in  hypogonado troph ic  
conditions oestrogen  rep lacem en t is not sufficient (L aron  et al. 1989) . 
T h e re fo re  a n u m b er o f m am m otroph ic  ho rm ones func tion ing  in concert a re  
req u ired  to control breast developm ent and  m ain tenance.

O estrogens have been im plicated in  the pathogenesis o f breast cancer 
no t only th ro u g h  epidem iological studies bu t also in anim al m odels. DMBA 
induced  m am m ary carcinom as a re  m ore freq u e n t in ovariectom ised anim als 
supp lem en ted  with oestrogen  (Lyons 1958; L ieberm an et al. 1978).
O estrogen  stim ulates the fo rm ation  o f term inal en d  buds in  the  developing 
ra t m am m ary gland. It is a t the stage o f m axim al te rm inal end  bud
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fo rm ation  (at the  beginning  o f first oestrus), th a t m axim al DMBA induced  
tu m o u r fo rm ation  occurs (H uggins et al. 1961; Russo et al. 1983). T h u s  
ex p erim en ta l evidence suggests th a t oestrogens act as tu m o u r p rom oters  
th ro u g h  th e ir  m itogenic action by p ro d u c in g  increased ta rg e t cells with 
sh o rte r grow th cycles exposed  to carcinogenic risk. Epithelial cells with early 
changes rem ain  u n d e r  oestrogenic stim ulation increasing  the  risk o f 
developing  fully invasive disease. S tudy o f  hum an  breast cancer cell lines 
and  clinical observation o f b reast cancer response to oestrogen  deprivation  
clearly d em onstra te  th a t m any breast cancers show e ith e r oestrogen  
d ep en d en ce  o r oestrogen  stim ulated  grow th, review ed in (D abre et al. 1989; 
C larke et al. 1991). O estrogen  is also req u ired  fo r effective im p lan ta tion  in 
x en o g ra ft tu m o u r fo rm ation  fo r several h u m an  breast cancer cell lines,
(Soule et al. 1980) Reviewed in (W elsch 1982), which may have im plications 
fo r im p lan ta tion  o f d istan t m étastasés in hum ans.

E ndocrine  aspects in the  m anagem ent o f  breast cancer.
W hile th e re  a re  nu m ero u s aetiological factors associated with the 

developm ent o f b reast cancer the  strongest in fluence in  the developm ent o f 
sporadic cancer is ho rm onal. T h e  sensitivity o f established cancers to 
horm onal m an ipu la tion  has a ttrac ted  substantial research  effo rts  to 
u n d e rs tan d  the  m echanism s involved in ho rm o n e  action in b reast cancer and  
to identify  d ifferences th a t characterise  h o rm o n e  sensitive and  insensitive 
breast cancer.

T h e  im portance  o f endocrine  influence in the practical trea tm en t was 
first described over 100 years ago w hen Beatson showed responses in 
advanced breast cancer a fte r  surgical oophorectom y (Beatson 1896). T his 
lan d m ark  descrip tion  laid the  fo u n dation  fo r a variety o f ho rm onal 
m anipu lations such as adrenalectom y and  hypophysetom y. In  the  early 
1970s the  tripheny le thy lene  com pound  tam oxifen  was in tro d u ced  fo r the  
trea tm en t o f  advanced  b reast cancer (Cole et al. 1971). T h is com pound  
initially developed  as a con traceptive was fo u n d  to have p o ten t 
an tioestrogenic  effects and  was used  with success in the  trea tm en t o f 
advanced b reast cancer. A t the sam e tim e oestrogen  recep to r (ER) b inding 
assays w ere app lied  to b reast tu m o u r sam ples. A corre la tion  was m ade 
betw een ER con ten t o f  p rim ary  breast cancer and  prognosis (M cG uire 1975) 
and  th a t ER negativity was a p red ic to r o f  early  re lapse (K night et al. 1977).

22



C h ap te r  1 In troduction

T his  th en  raised the  possibility o f p red ic ting  response to h o rm o n e  the rap y  
using  ER assays (Horwitz et al. 1975). It has becom e firm ly established tha t 
the  p resence o f ER pred icts fo r response, no t only to tam oxifen  bu t also fo r 
all o th e r active horm onal therap ies, see (V eronesi et al. 1995) fo r review.
T h e  p red ic tion  o f response to tam oxifen  according  to ER con ten t is relatively 
c ru d e  with only 50% o f ER positive b reast cancers resp o n d in g  to trea tm en t. 
T h e  absence o f ER expression  is how ever a m ore accurate  p red ic to r o f 

tre a tm en t fa ilu re  with only 10% o f ER negative tu m o u rs  respond ing  to 
endocrine  therapy . T h is p red ic tion  o f response can be re fin ed  by the 
m easurem ent o f  p rogesterone  recep to rs  (PR). T h e  presence o f both ER and  
PR increases the likelihood o f response to tam oxifen  to 70% . PR is induced  
by oestrogens and  it is likely th e re fo re  th a t tu m o u rs  expressing  PR have a 
functional ho rm onal response pathw ay and  are  th e re fo re  m ore likely to be 
sensitive to an tioestrogens. W hile the response  ra te  fo r ER positive PR 
negative tu m o u rs  is lower, it is fa r from  insignificant a t a ro u n d  30%. Einally 
the  p h eno type  ER negative PR positive is en co u n te red  and  h e re  the response 
ra te  is a ro u n d  50%

T h e  defin ition  o f h o rm one  recep to r negativity is d ep en d en t on the 
technique used and  has fo r m ost o lder studies been defined  as less th an  10 
fm ol/m g o f tu m o u r tissue. T h is  is largely a p ragm atic  cu t o ff based on assay 
sensitivity and  may explain  why an tioestrogen  responses a re  seen in a 
p ro p o rtio n  o f  ER 'negative' tum ours. W ith c u rre n t h o rm one  recep to r assays 
based on sensitive inim unohistochem ical studies it m ay be possible to be m ore 
accurate  and  certainly weak h o rm o n e  recep to r staining is prognostically 

favourable com pared  to no staining (Elledge et al. 1997).*
T h e  ER negative PR positive pheno type  is som ew hat anom alous since 

ER is re q u ired  to stim ulate the expression o f PR. Analysis o f this pheno type 
resu lted  in the  identification  o f varian t ER m R N A  gen era ted  by a lte rnate  
splicing. T h is  will be discussed in detail la te r in  this ch ap te r.

*Reference is not listed in alphabetical order see page 195, also see Clark 1997 page 195
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Table 1.2 Response to Endocrine therapy

Steroid receptor 
content

Objective Response Rate
%

ER- /PR- 9
ER-/PR+ 53
ER+/PR- 32
ER+/PR+ 71

From McGuire et al Seminars in Oncology (1983)

A djuvant endocrine  th e rap y
T h e  success o f endocrine  th erapy  fo r inoperab le  o r advanced disease 

p ro m p ted  the  investigation o f the  use o f  ho rm onal th e rap y  as ad juvan t 
th e rap y  a fte r p rim ary  surgery . A djuvant therapy  has the  theoretical 
advantage o f in fluencing  the  behaviour o f  m icrom etastatic disease w here the 
disease b u rd en  is low and  presen ts an o p p o rtu n ity  o f inhib iting  b reast cancer 
progression  before  the em ergence  o f resistan t clones. A djuvant trea tm en t 
th e re fo re  in troduces the  possibility o f cu re  fo r som e patients who would 
otherw ise die from  m etastatic disease. A pplication o f  ad juvan t therapy  
exposes all patien ts to the side effects and  toxicity o f trea tm en t bu t does not 
provide benefit to all patien ts since som e patients have been cu red  by 
surgical trea tm en t and  o th ers  relapse despite  ad juvan t therapy . T h e  benefit 
o f ad juvan t th e rap y  can only be described  as a popu la tion  effect ra th e r  than  
a benefit to an  individual pa tien t. M any trials o f ad juvan t ovarian  ablation 
and  ad juvan t tam oxifen  have dem o n stra ted  a significant benefit to ad juvan t 
h o rm one  th e rap y  bu t the  m agn itude  o f these benefits was d em onstra ted  with 
ex trao rd in ary  statistical accuracy by the Early Breast C ancer T rialist's 
C ollaborative G roup 's  overview (Bentley et al. 1992). In  p re  m enopausal 
patients th e re  is a clear benefit to ovarian ablation with a 30% reduction  in 
annual odds o f recu rren ce . A djuvant trea tm en t with tam oxifen  is beneficial 
in term s o f red u ced  re lapse free  and  overall survival rates fo r both p re  and 
postm enopausal age g roups, with an overall reduction  in  annual odds o f 
recu rren ce  o f 25%. W hile the  reduc tion  in  annual odds is sim ilar in node
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negative and  node positive patients, in term s o f absolute benefit th e re  is a 
la rg e r effect on axillary node positive patien ts since prognosis is substantially 
w orse, a sim ilar percen tage  reduction  in annual odds translates in to  m any 
few er events. T h e  p a tte rn  o f im provem en t a fte r ad juvan t th erapy  in term s 
o f  survival is sim ilar in  all g roups to the  relapse free  survival da ta  fo r tha t 
g ro u p .

H orm onal P reven tion  o f b reast cancer
Analysis o f da ta  fro m  ad juvan t studies o f tam oxifen  shows a 40% 

red u c tio n  in the  incidence o f con tra la tera l breast cancers in the  trea ted  
p o pu la tion  (Bentley et al. 1992). M any patien ts at substantially increased risk 
o f developing  breast cancer such as those with strong  family histories may 
benefit from  preventative d ru g  th e rap y  (Cuzick et al. 1986). H ow ever, this 
fu r th e r  raises the th resho ld  o f concern abou t exposu re  to toxicity o f d ru g  
in terven tion . Large scale clinical trials a re  evaluating  the  role o f tam oxifen 
in this situation  (Jordan  1997).

The m itogenic response to oestrogen.
O estrogen  trea tm en t results in a variety o f cellu lar responses in 

d iffe ren t tissues. T hese  responses are  the  result o f regu la tion  o f  transcrip tion  
from  specific genes. A prerequ isite  fo r an  oestrogenic response is th o u g h t to 
be the p resence o f the  oestrogen  recep to r. T h is section will discuss the 
process by which oestrogens influence m itogenesis.

H orm one response elem ents and  oestrogen  responsive genes
T h e  ER is known to bind to specific DNA sequences te rm ed  oestrogen 

response elem ents (EREs) located in the vicinity o f oestrogen  responsive 
genes. T hese  w ere first p roposed  by com parison  o f  u p s tream  regions o f 
iden tified  oestrogen  responsive genes (W alker et al. 1984) allowing a 
"consensus " ERE to be described consisting o f an in verted  re p e a t o f six 
nucleotides separa ted  by a th ree  base pa ir central region, 
A G G T C A N N N T G A C C T  . Eunctional analysis o f oestrogen  responsive 
genes has con firm ed  th a t this sequence is sufficient fo r h igh  affin ity  DNA 
binding,.see (G ronem eyer 1991; M artinez et al. 1991) fo r reviews. Many 
oestrogen  response elem ents are  not p e rfec t pa lindrom es and  w hen placed in 
fro n t o f ho rm o n e  insensitive re p o rte r  genes are  weakly active, how ever w hen
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a rra n g ed  closely to g e th er they co-operate  to becom e strongly induced  by 
oestrogen . For instance the  X enopus vitelogenin p ro m o te r, which contains 
two im p erfec t EREs is strongly activated by oestrogen  (K lein-H itpass et al.
1986). T h u s  individual EREs can fo rm  a la rg e r entity , the  h o rm one  
response u n it (FiRU) (M artinez and  W ahli 1991). H RU s can com prise several 
d iffe ren t stero id  response e lem ents lead ing  to sensitivity to a n u m b er o f 
d iffe re n t stero id  horm ones (M artinez and  W ahli 1991). O estrogen  
responsive genes can also be in fluenced  by o th e r tran scrip tio n  factors 
con tro lled  th ro u g h  o th e r signalling pathw ays. Eor instance the c-fos p ro m o te r 
contains an ERE and  A PI site (Weisz et at. 1990). T h e  ER has also been 
shown to affect transcrip tion  by in teraction  with A PI sites (Philips et al. 1993; 
W ebb el al. 1995) discussed in m ore detail la ter. T h is  results in com plex 
regu la tion  o f genes u n d e r  the  influence o f a n u m b er o f d iffe ren t stim uli 
with the  potential fo r synergism  and  com petition.

Cell cycle control by oestrogens in breast cancer
O estrogen  trea tm en t o f breast cancer cells results in increased  grow th 

and  m orphological changes (D abre and  Daly 1989). T h e  G1 phase o f the 
cell cycle is sh o rten ed  and  non cycling cells a re  rec ru ited  into G 1 (B runner et 
al. 1989)). Cell cycle control genes such as myc and  fos a re  im plicated  as 
targets fo r oestradiol stim ulated  mi to gene sis (W ilding et al. 1988; W atts et al. 
1994) followed by induction  o f cyclin D l. Cyclin D1 is an im p o rtan t 
reg u la to r o f early G1 progression  and  in breast cancer cells artificially 
overexpressing  D l on an inducible p ro m o te r the  grow th inhib itory  effects o f 
an tioestrogens can be overcom e (M usgrove et al. 1993; M usgrove et al. 1994; 
W atts et al. 1994) reviewed in (S u therland  et al. 1995).

T h e  re la tionsh ip  o f oestrogen  and cytokines in grow th control o f breast 
cancer

P ro lifera tion  in b reast cancers rem ains to a g rea te r o r lesser ex ten t 
u n d e r  regu lation  by a com plex set o f endocrine  pa racrin e  o r au tocrine  
influences th a t control the  grow th and  developm ent o f  norm al m am m ary 
gland. M any grow th factors o r cytokines play a role in  regu la ting  the  grow th 
o f breast cancers. T h e  m itogenic response to oestrogens in cell cu ltu re  using 
serum  free  m edium  may req u ire  additional factors such as insulin 
(S u therland  et al. 1992) bu t this is no t universal (D eEriend et al. 1994). Some
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cytokines im plicated  in  grow th regu la tion  o f b reast cancers fo rm  p a rt o f the 
oestrogenic pathw ay o f grow th regu lation . T G F a  is a po lypep tide  cytokine 
th a t is secreted  by breast cancer cells in response to oestrogenic stim ulation 
(Bates et a I. 1988).

T G F a  prom otes m itogenesis th ro u g h  the activation o f the  plasm a 
m em brane  bound  EOF recep to r tyrosine kinase. It can cause grow th 
stim ulation o f  breast cancers th ro u g h  au tocrine  p a racrin e  and  endocrine  
effects (C larke et al. 1991), bu t it is no t the  sole m ed ia to r o f oestrogen 
stim ulated  grow th. W hile oestrogen  induced  m itogenesis is less m arked  
w hen exogenous T G F a  is p resen t, th e re  is a detectab le m itogenic effect o f 
ad d in g  oestrogen  to T G F a  stim ulated b reast cancer cell lines (V o n d erh aar 
1988) and  they rem ain  partially  sensitive to an tioestrogens (Koga et al. 1987). 
F u r th e r  m ore, grow th stim ulation o f tum ours by T G F a  is blocked by 
neu tra lising  antibodies to T G F a  but this does not abolish oestradiol grow th 
stim ulation (Clarke et al. 1989). O verexpression  o f  T G F a  does no t confer 
oestrogen  in dependence  (Clarke et al. 1989) and  T G F a  can no t replace 
oestrogen  as a req u irem en t fo r xen o g ra ft im plan ta tion  (C larke et al. 1989) 
bu t does enhance  im plan tation  rates w hen used sim ultaneously with 
oestradiol (Dickson et al. 1986).

O estrogen  stim ulated  p ro lifera tion  is th e re fo re  a com plex process 
involving m ultip le  pathw ays. A n o th er im p o rtan t cytokine p e rtin en t to the 
oestrogenic pathw ay is TGF(3. T his is generally  a grow th inhibitory  cytokine 
in  b reast cancers. Synthesis and  secretion is red u ced  d u rin g  oestrogen  
stim ulation and  is increased  d u rin g  antioestrogen  trea tm en t (K nabbe et al.
1987). TGFj3 can be secreted  by strom al fibroblasts and  this may occur in 
response to an tioestrogens in an ER in d ep en d en t fashion. (Butta et al. 1992). 
T h is is an exam ple o f w here the  cellu lar env iro n m en t can influence tu m o u r 
behaviour. M any o th e r cytokines have been im plicated  in the regu la tion  o f 
p ro lifera tion  in b reast cancers includ ing  EGF, IG F I, IG F II, FGFs and 
PDGF review ed in (L ipprnan et al. 1989; Dickson et al. 1991; M urphy  1994 
1203: C larke, 1991 i ;.

T h e  role o f grow th factor recep tors is also o f u n d o u b ted  im portance 
in the regu la tion  o f breast cancer p ro lifera tion . O f p a rticu la r in te rest is the 
regu la tion  o f EGF-R and  rela ted  recep tors. EGF-R an d  IGF-R expression 
can be induced  by oestrogen , in terestingly overexpression  o f EGF-R may 
form  the  basis fo r the developm ent o f oestrogen  in d ep en d en ce  in some
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breast cancers and  th e re  is in  general an  inverse re la tionsh ip  betw een ER and  
EGF-R expression in b reast cancers. It is now becom ing increasingly 
a p p a re n t th a t thei e is extensive cross-coupling betw een d iffe ren t signalling 

pathw ays such th a t oestrogens and  antioestrogens can affect th e  response 
th ro u g h  several signalling pathw ays and th a t o th e r signalling pathw ays affect 
the  oestrogenic pathw ay. T h u s  recep to r cross-coupling adds a fu r th e r  
d im ension  to cellu lar responses to an  env ironm en t o f  m ultip le  grow th 
signalling systems. (This aspect o f the  oestrogen  response will be covered 
later.) T o  com plicate the  overall situation fu r th e r  th e re  a re  as described 
above with reg a rd  to TGF|3 com plex in teractions betw een tu m o u r and 
su p p o rtin g  strom al elem ents. It is th e re fo re  always necessary to in te rp re t 
experim en tal in vitro o r tu m o u r X enograft systems with caution  before 
ex trapo la ting  to p red ic t events in patients. T h e re  a re  considerable 
d ifferences betw een d iffe ren t b reast tum ours in th e ir  cytokine p roduction , 
cytokine recep to r con ten t and  response to individual horm ones and  cytokines 
T h is  gives rise to he terogeneous behav iour o f breast cancers to grow th 
regu la ting  factors (K ern et a i  1990).

O estrogen receptor structure and function
T h e  h u m an  ER is a 595 am ino acid p ro te in . It can be divided into six 

regions A-F based u p o n  hom ology with o th e r steroid h o rm o n e  recep tors 
(K rust et al. 1986) (Fig 1.1). Study o f proteolytic fragm ents o r artificially 
expressed  m u tan t form s o f the  recep to r includ ing  deletions and  m utan ts 
c reated  by site d irec ted  m utagenesis, has led to the descrip tion  o f functional 
dom ains (Fig 1.1) and  the iden tification  o f small regions o f the  p ro te in  
critical to specific functions o f the m olecule. T h e  crystal s tru c tu re  o f the 
DNA bind ing  dom ain o f the  FR  has been d e term ined . Grystal s truc tu res fo r 
the ligand b inding  dom ains fo r RAR RXR and  m ost recently  the  FR  have 
also been described. T h e  FR  fro m  several o th e r species have been cloned 
including  the  m ouse oestrogen  recep to r (MOR) (W hite et al. 1987). T his 
shows 89% hom ology with the  h u m an  recep to r. T h e re  is absolute 
conservation o f the  en tire  DNA bind ing  dom ain  across species and  m any 
areas o f absolute conservation in sequences associated with specific functions 
(W hite et al. 1987; Fawell et al. 1990; G reen  et al. 1991; D anielian el al. 1992). 
T his section will review the identification, analysis the  s tru c tu re  and 
m echanism  o f action o f the  FR.
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T h e  simplistic m odel fo r ER function  is th a t in  the  absence o f  ligand the 
re cep to r is bound  as an inactive com plex w ithin the  nucleus and  u p o n  
b ind ing  ligand it is re leased  from  ch ap e ro n e  p ro te ins and  form s 
hom odim ers. T hese  d im ers bind to DNA at specific oestrogen  response 
e lem ents w ithin the  p ro m o te r regions o f ta rg e t genes. T h ro u g h  a d irec t o r 
in d irec t in teraction  betw een ER and  the basic transcrip tional m achinery , the  
ra te  o f gene transcrip tion  is a lte red . W hile th e re  is good evidence th a t this 
m odel is essentially correct, this is a com plex process and  it is now becom ing 
a p p a re n t th a t this is only one o f several ways in  which the ER can in fluence  
gene transcrip tion . O th e r signalling pathw ays can in fluence  ER activity 
e ith e r by m odu la ting  response to oestradiol o r th ro u g h  ligand in d ep en d en t 
m echanism s. T h e re fo re  a detailed  exam ination  o f  o u r know ledge o f s tru c tu re  
and  function  is o f value in u n d e rs tan d in g  the ro le  o f ER and  the  responses 
to an tioestrogens.
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Fig 1.1
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Iden tifica tion  o f oestrogen  recep to rs and  the  n uc lear recep to r su p e r fam ily
T h e  "discovery o f  the  oestrogen  receptor" is said to have been  m ade 

w hen oestrogen  responsive tissue was first no ted  to re ta in  rad io  labelled 
oestradiol against a concen tra tion  g rad ien t (Jensen 1962). Early work 
iden tified  the  b ind ing  o f steroid  in the "cytoplasmic fraction" in  the  absence 
o f ligand and  in the "nuclear" frac tion  a fte r  add ition  o f oestradiol. 
Sedim entation  studies revealed the cytoplasm ic frac tion  had  a sedim entation  
coefficien t o f 9.5S and  the  nuclear frac tion  58 (T oft et al. 1966; G orski et al. 
1968; Jen sen  et al. 1968). T h u s  a two step hypothesis was p ro posed  in which 
oestradiol b inding  led to nuc lear translocation  coupled  to a struc tu ra l 
transition  to an active fo rm  th a t could in te rac t with DNA (Jensen et al.
1968). T h is  sedim entation  change can be induced  by h igh  salt o r heat 
trea tm en t and  correlates with the loss o f associated p ro teins. T h e  m ost 
im p o rtan t o f these a re  the  heat shock pro te ins particu larly  hsp90  bu t m any 
o th e r p ro te ins a re  bound  in a com plex including  hsp70, hsp59, p54, p50 and  
p28, review ed in (P ra tt 1993; Sm ith el al. 1993). T h e  b inding  o f hsp90 is 
th o u g h t to m aintain  the recep to r as an inactive com plex. On b inding  to 
ligand the recep to r dissociates from  these ch ap ero n e  pro te ins an d  becomes 
free  to in te rac t with targe t genes. L igand binding  is associated with a 
p resu m ed  conform ational change o f the recep to r d em o n stra ted  by an a lte red  
p a tte rn  o f proteolysis in the  presence o f ligand (K um ar el al. 1988) and 
a lte red  mobility on band sh ift assay (Lees et al. 1989).

1 he oestrogen  recep to r gene was cloned from  a cDNA lib rary  from  
MCF-7 h u m an  breast cancer cells and  the  p rim ary  am ino acid sequence has 
been derived  from  this (G reen et al. 1986). S ubsequent to the  cloning o f the 
oestrogen  recep to r a large and  expand ing  n u m b er o f re la ted  recep to rs  
includ ing  all the  recognised steroid h o rm o n e  recep to rs  have been  cloned and 
collectively te rm ed  the  nuclear recep to r super-fam ily . M em bers o f this 
family o f nuc lear recep to rs share  s truc tu ra l hom ology and  m any aspects o f 
the m echanism  o f action o f these p ro teins a re  shared . T h is  fam ily o f 
p ro te ins function  as transcrip tion  factors m odu la ting  the  ra te  o f  transcrip tion  
o f ta rg e t genes in response to ligand activation. T h e  fam ily consists no t only 
o f steroid  h o rm o n e  recep to rs b u t also thyro id , vitam in D, farneso id , retinoic 
acid and  re tino id  X recep tors. T h e re  a re  also a n u m b er o f so called o rp h an  
recep tors, which cu rren tly  m ake u p  the  m ajority o f the  fam ily. T hese  are
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pro te in s fo r which th e re  is as yet no iden tified  ligand, alternatively  they may 
function  as un liganded  transcrip tion  factors, review ed in (Evans 1988; G reen  
et al. 1988; Beato 1989; H am  et a i  1989; P a rk e r 1993).

A second oestrogen  recep to r : ERB
Recently a second oestrogen  recep to r has been cloned from  ra t and 

h u m an  DNA (K uiper et al. 1996; M osselm an et al. 1996). T h e  h u m an  gene 
has 96% hom ology with the DBD o f the  orig inal ER (ERa) an d  58% 
hom ology with the  HBD, b u t a tru n ca ted  N -term inus. T h e  p a tte rn  o f 
expression  is relatively restric ted  bu t it has been detected  in b reast tum ours 
and  b reast cancer cell lines (Dotzlaw el al. 1997). T h is  recep to r is functional 
as an oestradiol d ep en d en t transcrip tional activator on oestrogen  responsive 
p rom oters . It form s heterod im ers with E R a (Cowley et al. 1997) bu t its 
biological significance has no t been established.

H orm one b inding
1 he h o rm one  b inding  region o f the ER was fo u n d  to be p resen t 

within reg ion  E o f the recep to r (residues 302-552). T h is is the  most 
functionally  com plex reg ion  as it also contains regions responsible fo r 
recep to r d im érisation  and  ligand d ep en d en t activation.

L igand b inding  activity was iden tified  w ithin dom ain  E by 
d em onstra tion  o f a C term inal proteolytic frag m en t tha t bound  ligand 
(K atzenellenbogen et al. 1987). Using e ith e r ke tononestero l azirid ine or 
tam oxifen  azirid ine (H arlow  et al. 1989) cysteine 530 was labelled thus 
identify ing  m ore accurately the reg ion  o f im portance  fo r ligand binding. 
H ow ever this individual residue is not critical as substitu tion o f cysteine 530 
does no t affect ligand b inding  (Eawell et al. 1990). T h is  im plies th a t cysteine 
530 is close to bu t does not fo rm  p a rt o f the  ligand b ind ing  pocket. L igand 
binding  is lost a fte r C term inal deletion to residue 539 in the  M OR 
(equivalent to 535 fo r hER) (Eawell et al. 1990). Critical po in t m utations 
w ithin this reg ion  can lead to in teresting  effects on ligand  binding. M utation 
at M OR 518 (hER 514) abolishes all ligand binding. Substitu tion o f glycine 
at position M OR 525 (hER 521) with arg in ine also abolishes oestradiol 
b ind ing  bu t it does no t p rev en t activation o f  transcrip tion  by 
hydroxytam oxifen  im plying th a t hydroxytam oxifen  still binds this m u tan t 
(Danielian et al. 1993). T h is dem onstrates th a t while the  ligand binding
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pockets fo r oestrogen  and  an tioestrogens a re  in a sim ilar reg ion , small 
changes to th e  recep to r can a lte r the  ability o f the  re cep to r to discrim inate 
betw een d iffe ren t ligands. A fu r th e r  po in t o f in te rest is th a t th e  original 
descrip tion  o f the  hER  cloned sequence contains a p resu m ed  cloning e rro r , 
resu lting  in a codon fo r valine at position 400 ra th e r  than  the tru e  wild type 
glycine. T h e  valine substitu ted  m u tan t recep to r p roduces a te m p e ra tu re  
sensitive a lteration  in ligand b ind ing  affinity. T h e  tru e  wild type recep to r 
(HEGO ) binds oestradiol w ith h igh  affin ity  a t both  h igh  and  low tem p e ra tu re  
bu t the  valine m u tan t (H EO) binds with wild type affin ity  only a t low 
te m p e ra tu re  (4®C) with red u ced  affinity  and  stability a t 25‘̂ C (T o ra  et al.
1989). It has also been fo u n d  th a t the partia l agonist effect o f tam oxifen  
th ro u g h  H EO  is g rea te r th an  H EG O  w hen these recep to rs  a re  expressed  in 
an  ER negative breast cancer cell line (Jiang et a i  1992). In  this situation 
ra th e r than  simply a reflection o f a ltered  b inding  specificity accounting  fo r 
d ifferences seen th e re  ap p ears  to be a qualitative change in the  n a tu re  o f the 
response.

DNA B inding and dim érisation
T h e  DNA binding  dom ain  co rresponds to the 66 am ino acid 

region C o f the recep to r and  is the  m ost highly conserved p art o f  the 
recep to r superfam ily  contain ing  two "zinc finger" m otifs which com prise fo u r 
cysteine residues th a t are  able to com plex with a zinc atom . (E reedm an et at. 
1988) T h e  zinc finger m otif is characteristic  o f several DNA binding  
pro teins. T h e  C region was confirm ed  as responsible fo r DNA binding  and  
ERE specificity by showing th a t sw apping the C dom ains o f ER with tha t o f 
the  GR allowed the  hybrid recep to r to bind to a GRE (G reen et al. 1987)

T h e  palindrom ic n a tu re  o f the response e lem en t suggested th a t ER 
would bind as a d im er. T h is  was confirm ed  by gel sh ift analysis o f  full 
length  and  an N term inal tru n ca ted  ER dem o n stra tin g  an in te rm ed ia te  band 
w hen m ixed rep resen tin g  a h e te ro d im er o f the  two d iffe ren t sized p ro teins 
(K um ar and  C ham bon 1988). E u rth e r analysis show ed th a t full leng th  ER 
could no t bind a h a lf site ERE. T h e  m ajor d im érisation  in te rface  was fo und  
to be located w ithin the ho rm o n e  b ind ing  dom ain  since a tru n ca ted  recep to r 
lacking the HBD could  not heteroclim erise with full leng th  recep to r.
H ow ever a weak secondary d im érisation  in terface  exists w ithin the  DNA 
b inding  dom ain  since hom odim ers o f HBD tru n ca ted  m utan ts a re  able to
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b ind  to an  ERE (K um ar and  C ham bon 1988). F u r th e r  detailed  analysis has 
shown a two am ino acid region betw een the  th ird  and  fo u rth  cysteines o f the  
N term inal zinc finger and  a th ird  am ino acid residue betw een the  zinc 
fingers as critical in d e te rm in in g  ERE recognition, pe rm ittin g  transcrip tional 
activity and  form s the  ‘P box’, review ed in (G reen and  C ham bon 1991). A 
th ird  reg ion , the  D box, is im p o rtan t in d e te rm in in g  the  specificity fo r the  
spacing betw een h a lf sites o f  the response elem ent.

C rystallographic and  NM R analysis has shown th a t the  DBD is m onom eric in 
solution and  th a t on b ind ing  DNA a h o m od im er is fo rm ed  th a t co
operatively  binds to DNA in te rac ting  with the  m ajor grove o f th e  double 
helix. T h e  DBD dim érisation  in terface  is only fo rm ed  on b ind ing  to DNA, 
the  d im érisation  in terface  s treng thens the  in teraction  with DNA by contacts 
with the  pho sp h ate  backbone o f  the DNA (H ard  et al. 1990; Schwabe et at. 
1990; Schwabe et al. 1993) also see (Zilliacus et al. 1995).

T h e  m ajor d im érisation  in terface  within the  HBD ap p ears  to overlap 
with the  ligand b ind ing  reg ion  (Fawell et al. 1990). DNA b ind ing  in the 
absence o f the HBD can be detected  b u t with 10 fold low er affin ity  than  with 
the  fu ll-length  p ro te in . T h e  full length  p ro te in  is capable o f b ind ing  DNA 
in vitro in the  absence o f ligand a lthough  in som e circum stances DNA 
binding  is ligand d ep en d e n t (M etzger et al. 1988). T ranscrip tiona l 
in te rfe ren ce  assays have suggested th a t ligand is req u ired  fo r DNA binding  
in vivo (Pham  et al. 1991) unless excess recep to r is used in which case DNA 
binding  occurs in the absence o f ligand. H ow ever, o th e r experim en ts  suggest 
DNA bind ing  can occur in  the  absence o f ligand (Zhuang et al. 1995).

Subcellular localisation
Early studies in which ER was isolated from  cytosolic fractions have 

been m isleading. U n d er steady state conditions the  ER s p redom inan tly  
located in the  nucleus (G reene et al. 1984; King et al. 1984). It does how ever 
move betw een com partm en ts  being taken  u p  by the nucleus in an  energy  
d ep en d en t m an n er which req u ires  the  presence o f nuc lear localisation signals 
located in both  the  D reg ion  and  the  HBD (Ylikomi et al. 1992; Dauvois et al. 
1993). T h e  ER can exit the  nucleus in a passive process. T h e  ER is 
th e re fo re  subject to a nucloecytoplasm ic shu ttling  process. T h e  equilibrium  
o f this process is such tha t the g rea t m ajority o f ER is located w ithin the 
nucleus, review ed in (D efranco et al. 1995).
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T ran scrip tio n a l activation
T h e  ER contains two separable activation regions, te rm ed , A F l located 

in th e  N term inal A/B region  ,and AF2, located w ithin the  HBD. T h e  
functional im portance  o f these two regions is variable d ep en d in g  on the 
con tex t in which they are tested  being both  cell type and  p ro m o te r 
d ep en d en t, reviewed in (G reen  and  C ham bon 1991).

A F l functions in ‘ligand in d e p en d e n t’ fash ion  in th a t deletion  m utan ts 
lacking the HBD show constitutive activity, how ever the  activity relative to 
the  full leng th  recep to r varies d ep en d in g  on both th e  cell type and  target 
gene. In  m any cell types fo r instance H eLa cells o r Cos cells activity is 5% 
or less o f the  full leng th  FR. In  chicken em bryo fibroblasts A F l con tribu tes 
u p  to 70% o f fu ll-length  recep to r activity (K um ar et al. 1987; Lees el al.
1989; Lees et al. 1989; D anielian et al. 1992). T h e  p ro m o te r system used to 
test fo r A Fl activity is also im p o rtan t in d e te rm in in g  the  relative con tribu tion  
o f A F l activity. T h u s  rem oval o f the  N term inal dom ain  o f  the  recep to r 
results in little reduction  in oestradiol stim ulated transcrip tion  in H eLa cells 
from  a p ro m o te r contain ing  the vitelogenin FR F u p stream  o f the  tyrosine 
kinase p ro m o ter. W hen the  p ro m o ter fo r the pS2 gene is used the N- 
term inal trunca tion  shows only 20% activity o f the  full leng th  recep to r 
(K um ar et al. 1987). T h e  constitutive n a tu re  o f a tru n ca ted  recep to r lacking 
the HBD indicates th a t despite  the lower affin ity  fo r DNA binding, in 
transien t transfection  experim en ts a t least, this recep to r is able to bind DNA. 
T h e re  is now accum ulating  evidence th a t the  N term inal reg ion  may also be 
a ta rg e t fo r activation by o th e r signalling pathw ays particu larly  FG F and  this 
may be m ediated  by phosphory la tion  o f the  N term inal reg ion  a t serine 118. 
T h e  effect o f various grow th factors on FR  function  will be discussed later.

AF2 is in m ost circum stances ligand d ep en d en t. D eletion o f the  C- 
term inal po rtion  o f the  M OR iden tified  sequences betw een 538 and  552 th a t 
was req u ired  fo r ho rm one  d e p en d e n t activation but d id  not affect the  ability 
o f the  recep to r to bind ligand (Lees et al. 1989). F u r th e r  analysis o f this 
region iden tified  an am ino acid sequence in  which th e  residues were 
consistent with the fo rm ation  o f an am phipa th ic  a  helix. T h is sequence is 
highly conserved am ongst the  nuclear recep to rs. M utation o f pairs o f 
hydrophobic  residues w ithin this region virtually abolished ligand induced  
transcrip tion  in m ouse 3T3 cells (D anielian et al. 1992), w ithou t affecting
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ligand b ind ing  o r DNA binding. T h is  con firm ed  th a t the s tru c tu re  o f this 
reg ion  is critical to the  activity o f  AF2 and  has been confirm ed  by o thers 
using sim ilar m utations (Ince et al. 1993; T zu k erm an  et al. 1994). Recently it 
has been shown th a t m uta tion  o f T yrosine 537 w hich is also highly 
conserved, o r the  equ ivalen t M OR 541 results in s trong  constitutive activity 
(Weis et al. 1996; W hite et al. 1997). O th e r m utations w ithin th e  N term inal 
po rtio n  o f the  HBD have been  shown to affect transcrip tional activity w ithout 
affecting  ligand b ind ing  affin ity  (Pakdel et al. 1992).

In  som e situations the  in tegrity  o f both  A Fl and  AF2 are  req u ired  fo r 
full activity thus in 3T 3 o r H epG 2 cells th e re  is negligible o r weak activity 
a ttribu tab le  to A F l alone b u t deletion  o f  A Fl m arkedly  reduces ligand 
d e p en d e n t activation. Som e m utations th a t abolish AF2 activity in  the 
absence o f A F l have partia l activity resto red  if  A Fl is p resen t (D anielian et 
al. 1992; T zu k erm an  et al. 1994). A Fl and  AF2 th e re fo re  show 
cooperativity. A th ird  activation reg ion  was iden tified  in the  N -term inal 
reg ion  o f the  HBD using a yeast screen. A deletion m u tan t contain ing  
residues 179- 339 showed strong  constitutive activity in yeast. T h e  activation 
region was m ap p ed  betw een residues 302 and  339. (P ierra t et al. 1994) T his 
was inactive in m am m alian cells and  th e re fo re  it's significance is unclear, 
how ever this is the reg ion  bound  by a transcrip tion  cofactor T A F n 3 0  and

corresponds to a know n activation reg ion  fo r the  GR.

Crystal s tru c tu re  o f the  HBD
T h e  crystal s tru c tu re  has been d e te rm in ed  fo r the HBD o f  un liganded  

R X Ra, the  liganded  R A R a, and  T R a  (B ourguet et al. 1995; R enaud  et al.
1995; W agner et al. 1995). Most recently  the  HBD s tru c tu re  fo r the ER 
bound  to both  oestradiol an d  ra loxifene has also been re p o rte d  (Brzozwski et 
al. 1997) T hese  studies d em onstra te  a sim ilar overall s tru c tu re  fo r  the ligand 
b inding  dom ain  o f nuc lear recep to rs  .T h e  HBD is com posed o f  12 a  helical 
regions te rm ed  H I - 12. H ow ever, in som e recep to rs such as ER, H5 and  H6 
form  a con tinuous helix. T hese  helices a re  a rran g ed  in th ree  an tiparallel 
layers, H 5/6, H 9 and  HIO a re  sandw iched betw een two o th e r layers 
com posed o f  H I -4 and H 7, H8 and  H I T  T h is scaffold form s a wedge 
shaped s tru c tu re  with a ligand b ind ing  pocket a t the  narrow  en d  o f the 
wedge. S u rro u n d in g  the  ligand b inding  reg ion  th e re  are  2 an tiparallel (3 
strands SI and  S2. T h e  ligand binding  reg ion  com prises a hydrophob ic  core
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fo rm ed  by H 3, H6, H I I, S i and  S2. W hen bound  oestradiol lies enclosed 
w ithin this com partm en t. T h e  A rin g  hydroxyl g ro u p  o f oestradiol form s 
hyd rogen  bonds with G lu353 and  A rg  394 and  the 17a hydroxyl g ro u p  o f 
the D ring  form s hydrogen  bonds with His 524. T h e re  a re  a n u m b er o f non 
po lar contacts with o th e r residues th a t allow specific recognition  o f 
oestradiol. H I 2 which contains the  conserved am p h ipa th ic  a  helix lies across 
the ex ternal surface o f the  HBD and  m akes contacts with H3, H5/6 and  H l l ,  
and  form s a 'lid' over the  ligand binding  pocket bu t does not contact ligand 
directly. S tructu ral analysis in the  presence o f ralox ifene shows th a t this 
an tioestrogen  is held  in the  sam e ligand b inding  reg ion  and  form s analogous 
hydrogen  bonds with Glu 353, A rg  394 and  His 524 b u t this leaves a side 
chain free  which p ro tru d es  from  the ligand b ind ing  cavity. A crucial 
consequence o f this is th a t the  a lignm ent o f H12 is d is ru p ted  and  is unable  
to form  contacts with H5/6 and  H l l .  T h e  positioning o f  H I 2 in  the 
ra loxifene bound  ER is how ever d iffe ren t to the  H I 2 position re p o rte d  fo r 
un liganded  R X R a, w here H12 points away from  the body o f the  LBD 
stru c tu re  and  may be held  in this position by H7. In  the ra loxifene bound  
ER, H12 lies along a groove fo rm ed  betw een H3, H 4, and  H5/6. It ap pears  
th e re fo re , th a t upon  b inding  ligand, th e re  is a struc tu ra l a lte ration  causing 
H12 to swing across the  ligand b inding  pocket locking the ligand in position.
I he rea lignem en t o f H I 2 results in contacts with o th e r regions o f the  HBD 
and fo rm ation  o f new surface available fo r in teraction  with cofactors 
im p o rtan t in m ediating  AE2 activity. A ntioestrogens a p p ea r to p reven t 
correct a lignm ent o f H12 an d  may as a resu lt in te rfe re  with the  ability o f the 
ER to in te rac t with cofactors.

T ranscrip tiona l regu la tion  via coactivators o f the oestrogen  recep to r 
Eucaryotic gene transcrip tion  by RNA polym erase II is a highly 

com plex process involving the  assembly o f an  in itiation  com plex com prising 
m ultip le  com ponents, in association with RNA polym erase. A key 
com ponen t o f  the  com plex is TB P (T A T A  binding  p ro te in  w hich form s p a rt 
o f a la rg e r assembly, TEIID ), this binds to a T A T A  box e lem en t up stream  
o f the transcrip tion  start site. T h e  com plex can th en  respond  to stim ulation 
by regu la tory  transcrip tion  factors review ed in (Sheldon et al. 1995). In  
addition  TB P is associated with an o th e r set o f in te rm ed ia ry  m olecules which 
are  th o u g h t to bridge the in teraction  o f transcrip tion  factors and  th e  p re
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in itia tion  com plex called T A Fs, review ed in (H ernandez  1993; Zawel et al. 
1993). ER can bind to TB P b u t it is unlikely th a t this association is sufficient 
to m ediate  transcrip tional activation, as it is no t abolished by inactivation 
m u tan ts  o f  AF2. O verexpression  o f ER leads to squelching o f activation 
suggesting th a t in te rm ed iary  p ro te ins a re  involved in m ed ia ting  the  
transcrip tional effects o f ER (Brou et al. 1993). A n u m b er o f p ro te ins have 
been  isolated th a t in te rac t w ith ER in a ligand d e p en d e n t m an n er and  are 
candidates fo r the  m ediation  o f ER induced  transcrip tional regu lation . 
Probably the m ost significant o f these a re  the  p i 60 fam ily o f p ro te ins which 
include S R C -l/p l6 0 , T1F2/GR1P-1, p /C lP /A lB l and  the p300/CBP family. 
T hese  have been  dem o n stra ted  to enhance  ligand induced  activation o f 
several nuc lear horm ones inc lud ing  ER (O nate et al. 1995; K am ei et al.
1996; Voegel el al. 1996; T o rch ia  et al. 1997), SRCl b inding  is abolished by 
m utations in H3 and  H4 o f the  HBD know n to be im p o rtan t in AF2 activity 
(O nate el al. 1995). O f in te rest is a recen t find ing  th a t an SRC-1 like p ro te in  
AIBI, is am plified  and  m R N A  is overexpressed  in som e ER positive breast 
and  ovarian cancers (Anzik et at. 1997). A n u m b er o f o th e r p ro te ins have 
been isolated th a t in te rac t with nuc lear recep tors in a ligand d ep en d en t 
m anner. T hese  include R IP 140, T lF -1 , T R lP -l/S U G -1  (Cavailles et at. 1994; 
vom B aur el al. 1996) T h e  effect o f these pro te ins is less clear since the 
ability to enhance  nuclear recep to r m ediated  transcrip tion  is less m arked  
(Cavailles el al. 1995). An increasing  n u m b er o f in teracting  p ro te ins are  
being iden tified  th a t in te rac t with d iffe ren t subsets o f  nuclear ho rm ones 
some o f which a p p ea r to act not as coactivators, bu t as rep resso rs o f recep to r 
induced  activation. T h e  field  o f nuc lear recep to r in teracting  p ro te ins is still 
very new and  fu r th e r  refinem ents  in o u r u n d e rs tan d in g  o f the  tru e  
physiological ro le  o f these factors can be expected , review ed in (H orw itz et al. 
1996; H eery et al. 1997). C learly how ever the  existence o f a n u m b er o f 
d iffe ren t p ro te ins th a t have ligand d e p en d e n t affinity  fo r the  ER and can 
affect the  p e rfo rm an ce  o f  the  recep to rs provides a potential exp lanation  fo r 
the he terogeneous responses to oestrogens and  o th e r ER ligands.
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M echanism  o f  action o f  A ntioestrogens
A ntioestrogens are  com pounds th a t com pete w ith oestrogens fo r 

b ind ing  to the  ER b u t fail to elicit the norm al agonist effects o f  oestradiol in 
e ffec to r cells o r organs. A large n u m b er o f  such com pounds have been 
developed, m any o f which a re  structurally  re la ted . Few o f these com pounds 
a re  in ro u tin e  clinical use b u t a n u m b er o f an tioestrogens are  u n d erg o in g  

clinical evaluation  in  a variety o f clinical applications (Fig 1.2).
A ntioestrogens can be conveniently divided in to  the tripheny le the lene  
derivatives o r nonstero idal an tioestrogens o f which tam oxifen  is the principal 
com pound  in ro u tin e  clinical usage. T h ese  a re  o ften  re fe rre d  to as type I 
an tioestrogens. T h e  o th e r d istinct category o f  an tioestrogens, the  type II, 
steroidal o r 'p u re  an tioestrogens' are  structu rally  distinct and  display 
d iffe ren t p roperties . D epend ing  on the  system chosen to dem onstra te  
oestrogen antagonism  by an tioestrogens it is o ften  possible to dem onstrate  a 
degree  o f agonist activity. T h e  tripheny le the lene  an tioestrogens are 
considered  as partia l agonists with the  deg ree  o f agonist activity d ep en d en t 
on the physiological response used to assess activity. D ifferen t 
tripheny le thy line  an tioestrogens show d iffe ren t p a tte rns o f partial agonisni.

T am oxifen  and  re la ted  an tioestrogens
T am ox ifen  o r ICI 46,474 a tri phenyl ethylene derivative was originally 

developed as a potentially  less toxic derivative o f  the  first an tioestrogen  M FR 
25 (etham oxytripheto l). T h is  clinically unusab le  com pound  was a weak but 
active an tioestrogen  with an tifertility  p roperties . T am ox ifen  was also not 
clinically usefu l as originally in ten d ed  as a post coital contraceptive b u t the 
anti oestrogenic p ro p e rtie s  led to developm ent as horm onal th e rap y  fo r breast 
cancer.
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Fig 1.2 Chemical structures of triphenylethylene and steroidal antioestrogens
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T am ox ifen  m etabolism  is com plex, fo r  reviews see (F u rr et a i  1984; 
J o rd a n  1984). It is extensively p ro te in  bound  and  has a long biological h a lf 
life. I t is converted  in the  liver to a variety o f re la ted  com pounds one o f 
w hich is 4 -hydroxytam oxifen . T h is m etabolite has approx im ate ly  ten fold 
h ig h e r affin ity  fo r ER w hich is com parab le  to th a t o f  oestradiol (Jo rdan  et al. 
1977). T h e  h a lf life o f 4-hyroxytam oxifen  is how ever com paratively short, it 
is th e re fo re  u n c lea r if  the  m etabolite o r the  p a ren t com pound  is the  most 

im p o rtan t co n trib u to r in vivo. T am ox ifen  can be isom erised fro m  trans to cis 
fo rm , the  cis fo rm  shows a g rea te r deg ree  o f agonist activity. O th e r 
m etabolites such as m etabolite E also display m ore po ten t agonist p roperties.
1 am oxifen and  m etabolites a re  excreted  in bile a fte r conjugation.

T h e  partia l agonist activity o f tam oxifen  results in clinically im p o rtan t 
effects notably the  low ering o f plasm a lip id  and  cholesterol levels in 
postm enopausal w om en and  the  p reservation  o f bone m ineral density (Love 
el al. 1988; Fentim an et al. 1989; T u rken  et al. 1989; Love et al. 1992; Love et 
al. 1994). T hese  oestrogenic effects may have clinical benefits such as o f 
reduction  in cardiovascular disease (M cDonald el al. 1991; C onstantino el al. 
1997), and  red u ced  osteoporotic  com plications. T am oxifen  has significant 
agonist activity in the  u te ru s , in both  rats and  hum ans. U terine  w eight in 
the ra t is a com m only used  assay o f oestrogenic activity. In  ovariectom ised 
rats oestrogen  rep lacem en t causes u te rin e  w eight gain. T h is  can be reduced  
in a dose d e p en d e n t fashion by co-adm inistration  o f tam oxifen  b u t tam oxifen 
can no t block all u te rin e  w eight gain. T am ox ifen  alone causes an  increase in 
u te rin e  w eight in  the ovariectom ised ra t u te ru s  dem onstra ting  th e  p roperties  
o f a partia l agonist.

T h e  ra t u te rin e  w eight assay can be used  to com pare  the  relative 
partia l agonist activity o f d iffe ren t com pounds. Derivatives o f tam oxifen  
such as ralox ifene and  idoxifene show red u ced  partia l agonist activity and  
are  being evaluated  as d ru g s  fo r the  tre a tm en t o f b reast cancer and  also as 
agents fo r tre a tm en t o r p reven tion  o f osteoporosis.

T am ox ifen  com petes fo r  ER b inding  and  prom otes DNA b ind ing  but 
does no t induce the sam e conform ational change as oestradiol. T h e  p ro tease  
digestion p a tte rn  seen in the  presence o f oestrogen  o r an tioestrogen  is 
d iffe ren t (Allan et al. 1992; T zu k erm an  et al. 1994). T h e re  is a d ifference  in 
m obility o f the  DNA-ER com plex seen in band shift assays in the  presence o f
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oestradiol o r hydroxytam oxifen . (K um ar an d  C ham bon 1988; Lees et al.
1989; Sabbah et al. 1991; Em m as et al. 1992). T h e  structu ra l basis o f this 
conform ational d ifference  has been discussed above with respect to the 
crystal s tru c tu re  o f the  HBD. T ran s ien t transfection  experim en ts  using 

d iffe ren t re p o r te r  constructs and  d iffe ren t cell types d em onstra te  th a t 
tam oxifen  can stim ulate gene transcrip tion  b u t th a t the  relative s treng th  o f 
transcrip tion  is highly variable. T h e  deg ree  o f agonism  seen with 
hydroxytam oxifen  approx im ates to the  con tribu tion  o f  A F l to the  overall 
activity (Berry et al. 1990). T h e  im portance  o f A F l as a m ed ia to r o f 
tam oxifen  agonist activity is fu r th e r  dem o n stra ted  by the use o f  tru n ca ted  FR 
m utan ts lacking A F l. In  this situation hydroxytam oxifen  has no agonist 
activity bu t oestradiol re ta ins all o r som e agonist activity d ep en d in g  on the 
cell type and  re p o r te r  construct used  (Berry et al. 1990), giving rise to the 
concept that hydroxytam oxifen  agonism  is m ed ia ted  solely th ro u g h  A F l. In  
situations w here A Fl m akes a significant con tribu tion  to the FR  m ediated  
transcrip tion  th e re  will th e re fo re  be an agonist e ffect from  tam oxifen  b u t no t 
in situations w here A F l con tribu tes little. T h e  com plexity o f the  response 
e lem ent may play a role in the  deg ree  o f partial agonism  seen with 
hydroxytam oxifen  since w here oestrogen  response e lem ents a re  m ultim erised  
the  degree  o f agonist effect seen with hydroxytam oxifen  increases (T onetti 
et al. 1995). T h e re  a re  also d ifferences in  the b ind ing  affinity  fo r response 
elem ents betw een agonist and  antagonist occupied recep to r d ep en d in g  on the  
flanking sequences and  spacing betw een response e lem ents (Anolik et at.

1993X

A ntioestrogens and  grow th facto r secretion
O ne puzzling aspect o f tam oxifen  th e rap y  is th e  observation th a t some 

ap p aren tly  FR  negative tu m o u rs  respond  to tam oxifen  th erapy  an d  ad juvan t 
tam oxifen is o f benefit in FR  negative subgroups, particu larly  
postm enopausal w om en (Bentley et al. 1992). T h is  may be in p a r t d u e  to 
false negative assays o r may be because FR  negativity is a relative term  with 
an a rb itra ry  defin ition  based initially on the  limits o f  assay techniques. An 
alternative exp lanation  may be th a t tam oxifen  can act th ro u g h  FR 
in d ep en d en t m echanism s, as previously m entioned , tam oxifen  has been 
shown to stim ulate the secretion o f T G F p no t only fro m  breast cancer cells 
but from  strom al fibroblasts (Butta et al. 1992). TGF)3 secretion is stim ulated
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by tam oxifen  in both ER positive and  ER negative b reast tum ours. A 
fu r th e r  possibility is th a t ER negative tu m o u rs  may contain  sufficien t ERp to 
m ediate an  an tioestrogen  response. T u m o u rs  expressing  only ER(3 w ould be 
antigenically E R a negative a lthough  they would be ER positive by ligand 
b ind ing  m ethods and  th e re fo re  clearly can no t be a sole exp lanation  since 
ligand b ind ing  assays have been widely used  in the  past.

Steroidal p u re  an tioestrogens
T h e  steroidal an tioestrogens fo rm  a separa te  class o f oestrogen  

antagonist in  being alm ost devoid o f any agonist p roperties . T h e re  are  
im p o rtan t d ifferences in the  m echanism  o f action o f these antagonists in 
com parison  to the tripheny le thy lene  an tioestrogens, how ever th e  data  
concern ing  the  m echanism  o f  action is in  some respects contradictory . T his 
class o f an tioestrogens a re  struc tu ra lly  identical to oestradiol w ith the 
exeption  o f a side chain  a t the  7 a  position (Fig 1.3). T h e  leng th  o f  this side 
chain is im p o rtan t in d e te rm in in g  the  an tagonist p ro p ertie s  o f the  m olecule 
(Bowler et al. 1989). A ffinity fo r the ER is sim ilar to tha t o f oestrad io l and  
can com petitively inh ib it oestradiol b inding. IC l 164,384 was d em onstra ted  to 
have no agonist effect on the  u te ru s  (W akeling et al. 1987; W akeling et al. 
1988) o r transcrip tion  (B erry et al. 1990; Fawell et al. 1990) and  to be a 
pow erful an tagonist o f oestradiol induced  MCF-7 cell p ro lifera tion  
(T hom pson  et al. 1989; W akeling et al. 1989)
An unusual effect on recep to r con ten t and  localisation is seen w ith p u re  
an tioestrogens, with a d ram atic  dow n regu la tion  o f steady state recep to r 
con ten t in Cos-1 cells (Dauvois et al. 1992) m ouse u te ru s  (Gibson et al. 1991) 
and  p rim ary  h u m an  breast tu m o u rs  (D eEriend et al. 1994) a fte r  exposure  to 
p u re  an tioestrogen  com pounds. T h is  is associated with a m ark ed  increase in 
recep to r tu rn o v e r and  decreased  h a lf  life fo r  the  recep to r. T h is  down 
regu lation  is accom panied  by a subcellu lar sh ift o f recep to r fro m  the  nucleus 
to cytoplasm  and  is associated with in te rfe ren ce  o f norm al n u c lea r up tak e  o f 
recep to r (Dauvois et al. 1992; Dauvois et al. 1993). T h e  effect o f  p u re  
an tioestrogens on DNA seems to d ep en d  on the  experim en tal system used 
DNA b ind ing  is inh ib ited  in vitro in oestrogen  recep tors overexpressed  in 
insect cells an d  Cos-1 cells b u t n o t from  breast cancer cells (Lees et al. 1989; 
Fawell et al. 1990; A rbuckle et al. 1992). T h is inhibition o f  DNA binding  can 
be rescued  by co-incubation with the  ER antibody M P I6. MF 16 has the
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ability to rescue DNA bind ing  ability in d im érisation  defic ien t m u tan t ER.
T h e  resto ra tion  o f  DNA b ind ing  o f p u re  an tioestrogen  occupied ER by 
M P16 suggests th a t the  p u re  an tioestrogens inhib it d im érisation  (Eawell et a i
1990). O th e r studies have re p o rte d  no effect o f ICI 164,384 on the  ability o f 
ER fro m  a variety o f sources to b ind  ERE in vitro (Sabbah et al. 1991;
M etzger et al. 1995). H ow ever a reduction  in recep to r stability a t 37*  ̂ C in 
the  p resence o f ICI 164,384 com pared  with o th e r ligands has been  observed 
(M etzger et al. 1995). It seems th e re fo re  th a t the  conditions used to study the 
effects o f DNA bind ing  a re  critical. In vivo evidence using a transcrip tional 
in te rfe ren ce  assay suggests tha t these com pounds can p rom ote  DNA binding. 
H ow ever th e re  is no agonist effect ind icating  th a t the  p u re  an tioestrogens fail 
to generate  a transcrip tionally  com peten t fo rm  o f the recep to r (Pham  et al.
1991). A possible exp lanation  is th a t p re fo rm ed  d im ers a re  no t d is ru p ted  by 
p u re  an tioestrogens bu t d im er fo rm ation  is inhibited . A p ro p o sed  m echanism  
o f action fo r the  p u re  an tioestrogens is th a t d im érisation  o f m onom ers is 
inh ib ited  as a consequence o f  steric in te rfe ren ce  o f the 7 a  side chain  bu t th a t 
the d isrup tion  o f p re fo rm ed  dim ers is less efficient (A rbuckle et al. 1992).
I he reduced  recep to r con ten t is a result o f  inhibition o f n uc lear up take, 
p e rh ap s  as a resu lt o f im p a ired  d im érisation  and  subsequent d eg rad atio n  
(Dauvois et al. 1993). In add ition  binding  o f p u re  an tioestrogen  to any 
rem ain ing  DNA b o und  ER still leaves the  com plex in a conform ational state 
th a t is incapab leof activating both  AEl and  AF2. T h is  com bination o f effects 
results in highly effective antagonism . T h e  relative im portance  o f  these 
m echanism s to the  overall effect is not known.

T h e  clinical utility o f p u re  an tioestrogens is being  evaluated . Because 
o f d ifficulties with solubility the  only co m pound  tested to date  is ICI 182,780 
adm in istered  by in tram u scu lar d ep o t injection. A small study in  w om en with 
tam oxifen resistan t m etastatic breast cancer has dem o n stra ted  clinical activity 
(Howell et al. 1995). O f in te re st is the  a p p a ren t long d u ra tio n  o f  response in 
a n u m b er o f the  patients th a t have resp o n d ed  to trea tm en t (Howell et al.
1996)
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Effect o f  m u tan t oestrogen  recep to r on antagonist activity
A n u m b er o f m u tan t oestrogen  recep to rs  have been artificially 

constructed  o r  isolated from  breast cancer cell lines th a t display a lte red  
sensitivity to an tioestrogens, stim ulating in te rest in the  possibility th a t ER 
m utan ts may resu lt in an tioestrogen  resistant breast cancer.
A po in t m u tan t M OR has been constructed  with a m uta tion  in th e  region 
know n to be im p o rtan t in ligand b inding  (G-525R.). T h is recep to r is unable  
to b ind  oestradiol b u t re ta ins the  ability to bind hydroxytam oxifen  and 
displays norm al agonist activity on  exposu re  to hydroxytam oxifen  w hen 
expressed  in CEE cells (D anielian et al. 1993). A fu r th e r  po in t m uta tion  in 
the hER  was iden tified  fro m  a tam oxifen  resistan t clone derived  from  MCF-7 
breast cancer cells (W olf et at. 1994). T h is m uta tion  (A-351T) has been 
expressed  in ER negative b reast cancer cells in transien t and  stable 
expression systems and  shows an agonist response to a fixed ring  
hydroxytam oxifen  analogue in transfection  experim en ts (C atherine  et al. 
1995)In stable systems it causes paradoxical grow th inhibition. T h is  is sim ilar 
to the effect o f oestradiol w hen wild type recep to r is expressed  in these cells. 
O estradiol causes a paradoxical grow th inhibition bu t stim ulates transiently  
expressed  rep o rte rs . (C atherine  et al. 1995). T h e  in te rp re ta tio n  o f the 
m u tan t recep to r experim en ts  is th a t the  an tioestrogen  has an agonist effect. 
E u rth er study o f an tioestrogen  effects on M OR m utan ts has p ro d u ced  
unexpected  observations. D ouble m utan ts o f  highly conserved H12 
hydrophobic  residues (L-543A/L-544A and  M -547A/L-548A), have been 
found  to function  as strong  agonists u n d e r  the in fluence o f both 
tripheny le thy lene  an d  p u re  an tioestrogens (M ahfoudi et al. 1995). T hese  
m utan ts with defective AF2 activity u n d e r  oestradiol stim ulation w ere 
originally used to d em onstra te  the  im portance  o f the  C term inal am phipa th ic  
a  helix. T h ey  req u ire  the presence  o f A F l fo r this an tioestrogen  stim ulated  
agonist activity. It is no t clear why tam oxifen  is able to stim ulate s trong  A Fl 
d e p en d e n t activity th ro u g h  these m utan ts, while being unab le  to stim ulate 
th ro u g h  the  wild type recep to r. In terestingly  the  dow n regu la tion  o f wild 
type ER with ICI 164,384 is no t seen with these m utations. Sim ilar 
antagonist to agonist sw itching has now been shown in hER m utations in the 
analogous reg ion  to the  M OR m utations. H ere  the  effect has been  shown to
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be cell type d ep en d e n t suggesting a role fo r cofactors in de te rm in in g  the 
activity o f an tioestrogens (M ontano et al. 1996).

Cross coup ling  o f  ER signallin g  w ith other signalling pathways
In  add ition  to the  classical steroid  ho rm o n e  recep to r signalling 

pathw ay described  fo r the ER, th e re  is increasing  evidence th a t o th e r 
signalling systems can in fluence ER responses e ith e r by m odifying ligand 
induced  responses o r inducing  ligand in d ep en d en t responses m ed ia ted  
th ro u g h  the  ER. T h e  ER has also been shown to affect o th e r  signalling 
pathw ays. T h e  physiological significance o f these observations is not clear 
bu t som e o f these effects m ay be im p o rtan t aspects o f  an tioestrogen  
responses.

Signalling th a t affects ER responses
O ne o f the first observations th a t ER was able to respond  to a lternative 

signals was th a t the  n eu ro tran sm itte r dopam ine was able to induce  activation 
o f ER expressed  in H eLa cells in the absence o f oestrogenic ligand (Power el 
al. 1991). 1 his activation was inh ib ited  by IC l 164,384 but not by 
hydroxytam oxifen  (Smith et al. 1993). S tim ulation o f  DNA synthesis induced  
by the grow th facto r EGF in ra t u te ru s  was blocked by co-adm inistration o f 
IC l 164,384 (Ignar-T row bridge  et al. 1992). T h e  stim ulation o f  an  ERE 
re p o rte r  gene in u te rin e  cells by EGF, was similarly blocked by IC l 164,384. 
T his EGF effect ap p ears  to be m ediated  th ro u g h  the N term inus o f the ER 
since it is not seen with N term inal deleted  ER (Ignar-T row bridge  et al.
1993). cAMP and  activators o f p ro te in  kinase C have also been re p o rte d  as 
in d ep en d en t activators o f ER m ediated  transcrip tion  (A ronica et al. 1993;
Clio et al. 1993; A ronica et al. 1994). lGF-1 has been im plicated in  the  
m odification o f response to oestradiol resu lting  in en h an cem en t o f  the  
response to oestradiol b u t no t behaving as an  in d ep en d en t activator (A ronica 
and  K atzenellenbogen 1993). In  add ition  to the  ligand in d ep en d en t effects 
the  response to an tioestrogens is m odified . In  the  p resence o f IG F o r 
activators o f PKA, such as 8 bromocyclic AMP, th e re  is a g rea te r partia l 
agonist response to hydroxytam oxifen  (Ince et al. 1994). T ranscrip tionally  
inactive m u tan t ER can be 'rescued ' by raising in tracellu lar cAM P resto ring  
response o f the  m u tan t recep to r to oestradiol (Ince et al. 1994). M any o f 
these effects may be associated with ER phosphory la tion . An im p o rtan t
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p iiosphory la tion  site is serine 118 o f HER, this is phosphory la ted  d u rin g  
oestradiol tre a tm en t (Ali et al. 1993), also a fte r stim ulation with phorbo l 
esters (Joel et al. 1995) and  a fte r  activation o f M AP kinase (Kato et al. 1995). 
EGF induced  activation o f M AP kinase has been shown to directly 
phosphory la te  serine 118. Substitu tion o f  serine 118 by alanine abolishes the 
ligand in d e p en d e n t activation o f ER by EGF (B unone et al. 1996). EGF or E2 
are  still able to phosphory la te  this m u tan t recep to r, ind icating  th a t o th e r 
phosphory la tion  events take place. T h ese  fu r th e r  phosphory la tion  sites a re  
functionally  im p o rtan t since m im icking serine 118 phosphory la tion  by 
substitu tion  with glutam ic acid, which mimics constitutive phosphory la tion , 

does no t resu lt in ligand in d ep en d en t activation. EGF is able to activate this 
m u tan t p ro d u c in g  ligand d e p en d e n t activity, suggesting th a t while serine 118 
phosphory la tion  is critical it is no t the  only phosphory la tion  site requ ired . 
W hile EGF activity is d ep en d en t on serine 118 phosphory la tion  the  activation 
o f ER by cAMP is in d ep en d en t o f serine 118. It is how ever, blocked by 
inhib itors o f cAMP activated p ro te in  kinase A (E l-Tanani et al. 1997).

ER influence on o th e r signalling pathw ays
A n u m b er o f  stero id  h o rm one  recep to rs have been  shown to have an 

in fluence on the  activating p ro te in -1 com plex (AP-1). AP I re fe rs  to a 
transcrip tion  factor com plex, which regu lates transcrip tion  th ro u g h  AP-1 
response elem ents located w ithin a n u m b er o f genes im p o rtan t in m ediating  
the  m itogenic responses to m any grow th factors. M em bers o f th e  Fos and 
J u n  families o f transcrip tion  factors fo rm  the  principal com ponents o f the 
AP-1 transcrip tion  family fo rm in g  hom o o r h e te rod im ers th a t control 
transcrip tion  from  A PI sites. ER has been dem onstra ted  to in fluence  AP-1 
responses. In  MCF-7 breast cancer cells, IGF-1 o r EGF in d u ced  stim ulation 
o f AP-1 is increased  in the  p resence o f oestradiol. W hen antioestrogens 

(tam oxifen o r ICI 164,384) w ere used th e re  was an  inhib itory  effec t on 
grow th factor stim ulated  A PI activity (Philips et a,I. 1993). T h e  A PI effects 
are  m ediated  th ro u g h  ER since the e ffec t is m agnified  by increasing  ER 
expression (G aub et al. 1990; Philips et al. 1993). O estradiol en h an cem en t o f 
AP-1 does not a p p ea r to involve DNA b ind ing  o f  the ER since rem oval o f 
the DBD does no t abolish AP-1 en h an cem en t (W ebb et al. 1995). ER is able 
to m ake p ro te in -p ro te in  contact with J u n  (W ebb et al. 1995), th e re fo re  ER 
influence on A PI activity m ay occur to som e ex ten t th ro u g h  DNA
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in d e p en d e n t contact with A PI m em bers. T h e  in teraction  is com plex and  not 
fully un d ers to o d . Forinstance, it has also been observed th a t a fte r  p ro longed  
expo su re  (4 days), basal AP-1 activity is suppressed  by tam oxifen , bu t the 
grow th fac to r stim ulated  AP-1 activity is enhanced  by tam oxifen  (A struc et al. 
1995). In  o th e r  cell lines such as endom etria l o r H eLa cells both  oestradiol 
and  hydroxy tam oxifen  activate transcrip tion  th ro u g h  the  A PI response 
e lem en t o f the  C ollagenaseprom oter (W ebb et al. 1995).
In  con trast to the  oestradiol agonist effect, the  tam oxifen  agonist effect seen 
in som e cells ap p ears  to be d e p en d e n t on the  p resence o f the ER DNA 
bind ing  dom ain (W ebb et al. 1995). In  b reast cancer cells th e re  is strong 
oestradiol induced  AP-1 activation bu t hydroxytam oxifen  has no in d ep en d en t 
stim ulatory  action. W hile the  data  on ER influence is inconsistent and  
controversial, it is a p p a re n t th a t the  in fluence o f  ER on AP-1 activity is 
com plex and  a potentially  im p o rtan t m echanism  th ro u g h  which oestrogens 
and an tioestrogens can in fluence  pro liferative activity in cells. H ow ever, the 
biological significance o f these effects is no t clear.

A ntioestrogen resistance in breast cancer
Despite the expression  o f oestrogen  recep to rs in the  m ajority  o f breast 

cancers and  the  clinical utility o f oestrogen  recep to r expression in p red ic ting  
response to endocrine  th e rap y  no t all ER positive tum ours resp o n d  to first 
line ho rm one th e rap y  with tam oxifen and  are  reg a rd ed  as having  innate  o r 
de novo resistance. In  the con tex t o f m etastatic breast cancer the  
developm ent o f tam oxifen  resistance is reg a rd ed  as inevitable even a fte r 
response with a m edian  d u ra tio n  o f rem ission o f  12-18 m onths befo re  this 
occurs. T h e  m echanism s th ro u g h  which previously h o rm o n e  d ep en d en t 
tam oxifen sensitive tu m o u rs  escape horm onal regu la tion  and  acquire  
an tioestrogen  resistance has been the subject o f extensive research  bu t 
rem ain  to a large ex ten t unknow n. T u m o u rs  d em onstra ting  tam oxifen  
resistance can be divided clinically in to  tu m o u rs  th a t respond  to second line 
horm onal m an ipu la tion  an d  those th a t a re  re frac to ry  to fu r th e r  endocrine  
m anipu lation . A n u m b er o f  factors can be used to m ake statistical 
p redictions as to the  likely response to second line therapy . T h e  best 
p red ic to r o f  response is a history  o f response to previous endocrine  therapy  
(H enderson  1990; Howell et al. 1995). Intuitively, it is the  tu m o u rs  re ta in ing  
second line sensitivity w here we m ight best be able to identify  d istu rbances in
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the  specific response to tam oxifen , with o th e r tum ours being m o re  likely to 
show alterations dow nstream  o f the  ho rm onal axis o r  stim ulation o f 
p ro liferative  responses th ro u g h  separa te  m itogenic pathways. H ow ever it is 
arguably  m ore  im p o rtan t to identify  these m echanism s since we have no 
effective a lternative  trea tm en t in  this situation. T hese  observations do 
how ever clearly dem onstra te  th a t tam oxifen  resistance is n o t a single entity 
and  th e re  a re  likely to be m ultip le  m echanism s.

O estrogen  recep to r expression
Since ER negative tu m o u rs  are  largely unresponsive to an tioestrogens 

it has been speculated  th a t an tioestrogen  resistance may resu lt as a 
consequence o f loss o f ER expression. T h is  is unlikely as a m echanistic 
exp lanation  since isolated loss o f ER expression  would resu lt in grow th a rre st 
in horm onally  d ep en d en t tissue bu t may be a m ark er o f escape from  
horm onal control. ER expression has been com pared  in p rim ary  and  
secondary tum ours an d  in p a ired  sam ples w here acquired  resistance has been 
observed to develop betw een sam pling tim e points. W hile a p ro p o rtio n  o f 
tum ours do lose ER expression the  m ajority  o f tu m o u rs  re ta in  ER expression 
(Encarnacion et al. 1993; Jo h n sto n  el at. 1995). A cquired  tam oxifen  
resistance g enera ted  in cell lines is seldom  associated with loss o f  ER 
expression (W estley et al. 1995; Lykkesfeldt 1996)

T am oxifen  pharm acology
No evidence o f a lte red  systemic tam oxifen  m etabolism  in  tam oxifen 

resistance has been dem o n stra ted  in anim al o r clinical situations. T am oxifen  
and  m etabolites w ithin tu m o u rs  have been stud ied  p ro d u c in g  in teresting  
results. W hen MCE-7 xenografts  grow n to visible size in ovariectom ised 
n u d e  mice are  subsequently  trea ted  with tam oxifen th e  tum o u rs  initially 
respond , b u t a fte r p ro lo n g ed  exposu re  resistan t tum o u rs  eventually  em erge. 
N ot only a re  these tu m o u rs  re frac to ry  to the  cytostatic effects o f  tam oxifen, 
they becom e stim ulated  by tam oxifen  and  a re  d e p en d e n t on con tinued  
adm in istra tion  o f tam oxifen  (or oestradiol) fo r  viability. In  these resistant 
tum ours the in tra  tu m o u r tam oxifen  concentra tion  is frequen tly  low er (up  to 
10 fold) than  in sensitive tum ours. T h e  level o f 4 -hydroxytam oxifen  is also 
lower and  the  ratio  o f the cis and  trans isom ers o f hydroxytam oxifen  was 
a lte red  such th a t relatively m ore cis isom er was fo u n d  (O sborne et al. 1991).
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Since the  cis isom er is a m ore  p o ten t agonist this may account fo r  the 
resistance. T h ese  findings do not explain  the  tam oxifen  d ep en d en ce  o f these 
tum o u rs  since it was fo u n d  th a t non  isom erisable fixed rin g  analogues o f 
tam oxifen  w ere still able to stim ulate grow th as w ere a wide variety o f o th e r 
trip h eny le the lene  an tioestrogens (W olf et al. 1993; O sborne et al. 1994). In  
h u m an  tu m o u rs  th e re  a re  two studies th a t show a red u ced  tam oxifen  con ten t 
in som e tam oxifen  resistan t breast cancer sam ples com p ared  to sensitive 
tu m o u rs  (O sborne et al. 1992; Jo h n sto n  et al. 1993). T h e  m echanism  
involved in red u ced  tam oxifen  concen tra tion  is no t know n an d  an  efflux  
p u m p  m echanism  has been postu lated . A lthough it has been no ted  th a t 
tam oxifen  resistance is associated with increased expression o f P-glycoprotein  
(Keen el al. 1994), tam oxifen  is no t a substrate  fo r this efflux  m echanism . 
In te res t has also been  expressed  in the in tracellu lar b inding  capacity fo r 
tam oxifen, which in cell extracts is h ig h e r than  the b inding  fo r oestrogens. 
T hese  so called an tioestrogen  binding  sites, which have no t been 
characterised , a re  increased  in a tam oxifen  resistant cell line co m pared  to the  
p a ren t cell line (Pavlik et al. 1992). W hile an tioestrogen  b ind ing  sites may 
rep resen t a sink th a t sequesters tam oxifen  it is d ifficu lt to see th a t this would 
resu lt in a red u ced  free  in tracellu lar tam oxifen level in the  steady state 
unless the  bound  tam oxifen  w ere e lim inated  and  fresh  u n b o u n d  
an tioestrogen  b inding  sites synthesised.

T am oxifen  resistance m odels
In vitro cell cu ltu re  has been em ployed extensively to study the 

acquisition o f h o rm o n e  ind ep en d en ce  an d  subsequently  an tioestrogen  
resistance. T h e  most com m only used cell line is the  MCF-7 b reast cancer cell 
line, a lthough  o th e r oestrogen  d e p en d e n t lines such as ZR-75 an d  T47-D  
have been used  in sim ilar experim en ts (See T able  3). T h e  MCF-7 cell line 

will grow th a rrest, o r grow only very slowly in tissue cu ltu re  a fte r rigorous 
elim ination o f  oestrogenic stim ulus. E xposure  to oestrogens results in 
increased p ro lifera tion . MCF-7 cells inocu lated  into ovariectom ised nude  
mice req u ire  oestradiol supp lem enta tion  in o rd e r  to fo rm  viable tum ours, 
review ed by (B ru n n e r et al. 1990). H ow ever cell cu ltu re  and  xen o g ra ft 
techniques have been used to isolate clonal lines derived  from  ho rm o n e  
sensitive breast cancer cell lines by long te rm  cu ltu re  in  the  absence o f 
oestrogen. Initial m odels o f oestrogen  dependence  w ere developed by long
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term  cu ltu re  in stero id  d ep le ted  conditions and  resu lted  in clonal selection o f 
cells able to p ro life ra te  in the  absence o f  oestradiol. T h is ind ep en d en ce  was 
reversible in  som e cases. O estrogen  in dependence  d id  no t autom atically  
equate  with an tioestrogen  resistance (Daly et al. 1990)
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Table 3 Cell line models of aquired Antioestrogen resistance

Name Origin Anti
oestrogen

Method ER PR pS2 Comment Referraice

R27 MCF-7 TAM Agar/tam wt wt wt Nawata 1981
R3 MCF-7 TAM Agar/tam wt i wt Nawata 1981
RTx6 MCF-7 TAM Mono/tam wt wt wt Faye 1983
LY2 MCF-7 LY117018 Mono/tam + 

soft agar
I 0 wt Bronzert 1985

MCT7/TAMR MCF-7 TAM Mono/tam •X 0 R tam supression of42 Kd 
Protien lost 
ICI sensitive

Lykkesfeldt 1986

ZR-75-9a2 ZR-75 TAM Mono/tam 0 0 - Van dMi Berg 1989
RL3 MCF-7 TAM Mono/tam wt wt IGF sensitivity increased 

IGFR-1 increased 
pNR-25 decreased

Wiseman 1993

MCF-7 MCF-7 TAM 2 step xraograft wt i wt ICI sensitive Brunner 1993
LCC2 + Mono/tam
MCF-7 TOT MCF-7 TAM Mono/tam i R Herman 1994
MCF-7 MCF-7 TAM cDNA wt wt wt Toi 1993
clone 9 library/tam
Unnamed MCF-7 TAM Retrovirus /tam i - - Multiple clones (80) Dorssers 1993
MCF-5-23 MCF-7 TAM no selectim wt - - ICI sensitive Hu 1993
MCF-7 MCF-7 ICI164384 Mono/ICI164 i 0 - Lykkesfeldt 1995
164R1

iMCF-7 MCF-7 ICI182780 Mono/ICI182 i -  - tamoxifen sensitive Lykkesfeldt 1995
182R1
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A progressive m odel o f  acqu ired  oestrogen  independence  an d  tam oxifen  
resistance

In  one exam ple a serial collection o f cell lines have been developed 
using  x en o g ra ft and  cell cu ltu re  techniques to m odel serial acquisition o f 
first oestrogen  in d ep endence  and  th en  hydroxytam oxifen  resistance. T h e  
MCF-7 varian t M ill was isolated from  a tu m o u r x enograft a fte r  w ithdraw al 
o f oestrogen  (Clarke et al. 1989). T h is line could  establish new tu m o u rs  in 
xenografts  and could be m ain tained  in cell cu ltu re  in d e p en d e n t o f  oestradiol. 
F u r th e r  xen o g ra ft passage resu lted  in isolation o f LCC-I (C larke et al. 1989), 
which is able to p ro d u ce  tum ours in ovariectom ised mice m uch faster than  
M ill bu t p ro lifera tio n  in both  lines was still increased  in response to 
oestradiol. LCC-1 was then  used  to generate  a hydroxytam oxifen  resistant 
line by long te rm  cu ltu re  exposed to hydroxytam oxifen  (B ru n n e r et al. 1993). 
T h is line continues to re ta in  partial oestrogen  sensitivity and  is grow th 
inh ib ited  by p u re  antioestrogens. As expected  ER expression  is m ain ta ined  
in these lines but th e re  is a parallel increase in the invasive and  m etastatic 
potential o f these derived  clones (T hom pson  et al. 1993), review ed in 
(B ru n n er el al. 1995). T h e  progression to an tioestrogen  resistance is also 
associated w ith increased constitutive expression  o f oestrogen  responsive 
genes such as cathepsin  D and  PR and  also m ark er genes associated with 
increased  invasive/m etastatic potential such as mta-1 (T oh  et al. 1994).

Single step m odels o f an tioestrogen  resistance
Most an tioestrogen  cell lines have been p ro d u ced  by p ro longed  an d  g raded  
exposure  to an tioestrogens in tissue cu ltu re  with derived  clones achieving 
an tioestrogen  resistance as a 'one step' process. W hile d ifferences in the 
expression  o f  oestrogen  reg u la ted  genes have been d em o n stra ted  in  m any o f 
these cell lines (table 3), the  m echanism s generating  these changes in gene 
expression  have rem ained  elusive. N early all these clones re ta in  ER 
expression a lthough  the  level o f expression is o ften  d iffe ren t. A fu r th e r  
com m on find ing  is tha t virtually all the clones selected fo r tripheny le thy lene  
an tioestrogen  resistance rem ain  sensitive to p u re  an tioestrogens. M ore 
u nexpec ted  is the observation th a t a fte r selection fo r p u re  an tioestrogen  
resistance, tam oxifen  sensitivity is re ta in ed  (Lykkesfeldt et al. 1995). I f  this is 
tru e  also o f clinical breast cancer then  this may be im p o rtan t since tam oxifen
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could  th en  be used  as second line trea tm en t a fte r p rim ary  tre a tm en t with 

p u re  antioestrogens.
A fu r th e r  ap p ro ach  to identification  o f  genes involved in developm ent o f 
an tioestrogen  resistance has been the  in tro d u c tio n  o f  cDNA libraries into the  
b reast cancer cells. T h is  ap p ro ach  has to be com bined with an tioestrogen  
selection to dem onstrate  an tioestrogen  resistance (Toi ei al. 1993) and  
th e re fo re  it is no t clear if  isolated clones a re  "naturally  occurring" 
an tioestrogen  resistan t clones o r generated  as a result o f specific gene inserts. 
U nfo rtunate ly  it has no t p roved  possible to recover the  pu tative genes 
responsible, which could th en  be re in tro d u ced  to dem onstrate  a causal link.
A sim ilar ap p ro ach , using  defective re trov iru s in teg ra tion  to increase gene 
expression has re p o rte d  success in p ro d u c in g  an tioestrogen  resistance and 
has iden tified  a com m on site fo r viral in teg ra tion  in an tioestrogen  resistant 
clones (Dorssers et at. 1993). T h e  m echanism  o f an tioestrogen  resistance 
here  may be d iffe ren t to th e  conventionally gen era ted  resistan t cell lines 
since these resistan t clones do no t express oestrogen  recep to r. It rem ains to 
be d em onstra ted  w h e th er a lte red  expression o f specific genes in the vicinity 
o f  this in teg ra tion  site can result in anti oestrogen  resistance o r w h e th er this is 
a m echanism  tha t occurs in clinical breast cancers.

A ntioestrogen  stim ulation o f b reast cancers
A clinical observation th a t some tu m o u rs  th a t have developed 

tam oxifen resistance regress w hen tam oxifen is d iscon tinued  is well 
recognised (Legault-poisson et al. 1979; Howell et al. 1992), occu rrin g  in up  
to 20% o f cases in one series (Howell et al. 1992). T am ox ifen  stim ulation and  
depen d en ce  in xen o g ra ft m odels has been described earlier. T u m o u r  cells 
re im p lan ted  in a second m ouse requ ires  the presence o f e ith e r tam oxifen  o r 
oestradiol (G ottardis et al. 1988; O sborne et al. 1991). T hese  observations 
clearly d em onstra te  the  ability o f b reast cancer cells to respond  to tam oxifen  
as a m itogenic agonist and  suggests th a t changes have occu rred  w ithin the 
ER signalling system th a t resu lt in  tam oxifen  agonism . M utated  ER is clearly 
a cand idate  fo r this type o f a lte ration  and  has resu lted  in  the  previously cited 
identification  o f an ER p o in t m uta tion  from  one such tu m o u r (W olf and 
Jo rd a n  1994). T h e  m olecular basis fo r the  developm ent o f tam oxifen  
stim ulated  grow th in m ost cases rem ains unknow n b u t since several tissues 
respond  to tam oxifen  as an agonist it is no t d ifficu lt to  conceive th a t changes
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in  the expression  o f cofactors o r m odulators o f the oestrogenic signalling 
pathw ay to resem ble th e  situation in fo r  instance u te rin e  tissue could 
p ro d u ce  this type o f change.

Abnorm al oestrogen receptor species and function  in  breast cancer
T h e  ER is clearly a crucial e lem ent in the generation  o f oestrogenic 

responses and  in the  m ediation  o f  the action o f antioestrogens. A lteration  o f 
ER function  is clearly a cand idate  fo r the  generation  o f an tioestrogen  
resistance in breast cancer. Site d irec ted  m utations and  a single exam ple 
from  an in vitro h u m an  breast cancer cell line dem onstra te  the po ten tia l fo r 
ER m utations to change breast cancer responses. T h e  ER from  breast 
tum ours has th e re fo re  been the subject o f  detailed  study by several g roups 
over a n u m b er o f  years

M utations in the  ER gene in breast cancer cell lines
W hile the m ajority  o f exam inations o f ER from  breast cancer cell lines 

have revealed wild type coding sequence a DNA library  from  one T47D  
subline known to be genetically highly unstable was fo und  to contain  a large 
variety o f ER m utants. cDNA clones coding fo r a variety o f tru n ca ted  ER 
species an d  som e contain ing  un ique  sequences have been  isolated from  this 
subline. P erhaps the m ost in teresting  o f these contains a po in t deletion 
within exon 5 th a t results in a p re m a tu re  stop codon, and  is p red ic ted  to 
encode a tru n ca ted  recep to r contain ing  417 am ino acids with a u n ique  7 
am ino acid carboxyl tail (G raham  el al. 1990), T h e  function  o f this m u tan t 
recep to r has no t been stud ied . T h e  T47D co subline shows m arked  
heterogeneity  in PR expression and  it is possible tha t m u tan t ER is 
responsible fo r constitutive triggering  o f  PR expression. T h e  concern  with 
this m odel is th a t since the  genetic diversity is so m arked  the  ER m utan ts 
may simply be a m ark e r o f genetic instability, ra th e r  than  functionally  
im p o rtan t in them selves.

A m plification o f ER in breast cancer
Breast cancers have been exam ined fo r alterations in the ER gene at 

both DNA an d  RNA level T h e re  is little evidence fo r substantial ER gene 
am plification o r gross gene d isru p tio n  with one study showing no 
am plification o r gross re a rra n g em e n t o f the  gene (Koh et al 1989), and
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an o th e r study d em o nstra ting  at m axim um  a th ree  fold am plification in  some 
tu m o u rs  (N em brot et al. 1990).

M utations in  the ER gene in b reast tum ours
A restric tion  frag m en t polym orphism  RFLP was iden tified  in breast 

cancers (G arcia et a i  1988) an d  show n to resu lt from  a single base pa ir 
change at nucleotide 257 resu lting  in  a C -T substitu tion at am ino acid 
position 86. (Garcia, 1989). A lthough  this is now reg a rd ed  as a 
polym orphism  having  been isolated in germ  lines it has been  linked  to an 
a p p a re n t increased incidence o f spon taneous abortion  (L eh rer e t al 1990). 
F u r th e r studies o f ER from  breast cancers have used single s tran d  
conform ational polym orphism  analysis to identify  m u tan t ER. K arnik  and 
co-w orkers analysed 40 tu m o u r sam ples consisting o f equal n u m bers  o f 
h o rm one  sensitive and  h o rm o n e  resistant tu m o u rs  (some o f  these w ere 
available as p re  and  post tam oxifen  pairs). T hey  used R T-PCR  followed by 
single s tran d  chain po lym orphism  (SSCP), to isolate m u tan t recep to r 
sequences. T hey  fo u n d  in one resistan t tu m o u r a re a rran g em en t in exon 6 
w here 47 nucleotides w ere rep laced  by 42 nucleotides from  exon 5 which is 
p red ic ted  to p roduce  a tru n ca ted  p ro te in  454 am ino acids in leng th  
(p rem atu re  stop codon). T h is  m u tan t has no t been functionally  analysed bu t 
it may behave in a sim ilar way to the  exon 5 deletion variant. T h e  m uta tion  
was heterozygous since wild type sequence was also p resen t and  the  tu m o u r 
was ER positive by im m unoassay (H 222 antibody). A single base pa ir 
deletion  at codon 432 was iden tified  in the  resistant m etastasis o f  a fu r th e r  
tu m o u r sam ple b u t no t the  co rresp o n d in g  p rim ary  tu m o u r m ateria l. T his 
m uta tion  p roduces a p re m a tu re  te rm ina tion  sequence at am ino acid 437. A 
th ird  m u tan t, a po in t m u ta tion  in a sensitive tu m o u r leading  to a Glu to Val 
substitu tion a t am ino acid 352 was iden tified . In  addition  a n u m b er o f  silent 
m utations w ere also no ted  (K arnik  et al. 1994). Roodi and  co-w orkers 
analysed 118 ER positive and  70 ER negative p rim ary  tum ours, only one o f 
which carried  a potentially  functional change. T h ey  iden tified  two m utations 
in codons 69 (Asn to Lys) and  396 (M et to Val) from  the  sam e tu m o u r. Silent 
m utations o r polym orphism s w ere also iden tified . A silent po lym orphism  at 
codon 325 was fo u n d  to be p resen t in 28% o f  patien ts and  p resence o f this 
polym orphism  co rre la ted  with a fam ily h istory o f  b reast cancer (Roodi et al. 
1995).
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T hese  studies re p o rte d  d u rin g  the  course o f the  w ork p resen ted  h e re  show 
th a t ER m utations do occur in b reast cancers bu t with low frequency. 
A lthough  m utations a re  unlikely to rep re sen t a com m on m echanism  fo r 
ho rm o n e  resistance the  m ethods used  to screen fo r m utations will inevitably 
miss som e m utations an d  if  these occu rred  at specific hotspots they m ight 
conceivably be m ore com m on than  antic ipated . It was th e re fo re  ap p ro p ria te  
to a ttem p t to identify  specific m utations that have the  potential to p roduce  
an tioestrogen  resistance and  th en  d irec t m ore  com prehensive m utational 
analysis tow ards areas o f  specific in terest. I t is on  this basis th a t b reast 
cancer sam ples w ere subjected to rigorous exam ination  fo r m uta tions w ithin 
the C- term inal po rtion  o f the  h o rm one  b inding  dom ain . T h ese  experim ents 
are  described in ch ap te r 4. E xperim ents to identify  tam oxifen  stim ulated ER 
m utants using a yeast screening  system w ere p e rfo rm ed  as described  in 
ch ap te r 5.

Splice V arian t oestrogen  recep to r m RN A
I he h u m an  oestrogen  recep to r gene tran sc rip t contains 8 coding 

exons, which give rise to a 595 am ino acid p ro te in  (See Fig 3.1). T h e  liER 
m RNA is a 6.5 Kb in size. S h o rte r m RN A  fragm ents  have been isolated 
from  breast tu m o u rs  (M urphy  et al. 1989). T h ese  transcrip ts  w ere fo und  to 
contain 5' ER sequence spliced to non ER sequence and  in one instance to an 
u n re la ted  sequence derived  from  a d iffe ren t chrom osom e (Dotzlaw et al.
1992). ER m RN A  from  breast cancers have been extensively s tud ied  and  a 
n u m ber o f variants have been  described lacking in te rna l coding sequences. 
RNA isolated initially fro m  the  paradoxical ER negative PR positive 
pheno type breast cancers has been analysed by R T-PCR  and  revealed 
transcrip ts contain ing  deletions o f  en tire  coding exons. T h e  first o f  these 
iden tified  a cDNA clone con tain ing  exon fo u r sequence fused to exon  six 
sequence e lim inating the  exon 5 coding reg ion  (Euqua et al. 1991). 
Subsequently an increasing  n u m b er o f splice varian t ER m RN A  species have 
been isolated from  a variety o f  both  norm al and  neoplastic tissue th a t lack 
one o f  the  in te rna l coding exons 2-7. In  add ition  variants lacking m ultip le  
in ternal exons have been described (G otteland et al. 1995; P feffe r ei al.
1995). Little is know n abou t the m echanism s contro lling  the  ap p earan ce  o f 
splice varian t ER m R N A  and also little is know n abou t th e ir  physiological 
significance. T h e  splice varian t m RNAs are  p red ic ted  to resu lt in the
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genera tion  o f  tru n ca ted  oestrogen  recep to r p ro teins. T hese  a re  o f  two types, 
firstly p ro te ins with in ternal deletions co rrespond ing  to the  m issing exon 
sequence as in exon 3 an d  exon 4 deletions and  secondly p ro teins th a t 
contain  C -term inal truncations, these arise because the  new splice junc tions 
in troduce  a read ing  fram e sh ift in the  coding  sequence. T h e  fram e  shift 
results in the generation  o f a p re m a tu re  stop codon p receded  by a short 
un ique  sequence o f am ino acids. T h e  splice variants th e re fo re  a re  all 
p red ic ted  to encode incom plete p ro te ins b u t because o f the  n a tu re  o f  the 
truncations p ro d u ced  they lead to p ro te ins w hich a re  functionally  distinct.

T h e  Exon 5 splice varian t ER
1 he exon 5 varian t is p e rh ap s  the  m ost in te resting  o f  the splice varian t ER 

species. It contains the  coding reg ion  u p  to am ino acid 366 and  d u e  to a 
read ing  fram e sh ift a fu r th e r  5 codons th a t a re  un re la ted  to full leng th  
sequence, followed by a stop codon. T h is  recep to r re ta ins the  N -term inal 
activation region A F-I, the en tire  DBD, the  nuclear localisation signal and  
the first 64 am ino acids o f the  HBD. It lacks regions essential to AF2 
activity, ligand b inding  and the m ajor d im érisation  in terface  w ithin the HBD. 
It was first isolated from  a h u m an  breast tu m o u r with an FR  negative PR 
positive pheno type  (Fuqua et a i  1991). T h ese  recep to r assays w ere based on  
ligand binding. T h e  varian t recep to r was shown to have constitutive 
transcrip tional activity in a yeast transcrip tion  assay. T h is  was u n a ffec ted  by 
addition  o f full leng th  recep to r thus it is described as a do m in an t positive.

T h e  p ro te in  p roducts  o f each o f the com m only rep o rte d  splice 
variants are  sum m arised  in Fig 3.1 and  are  discussed fu r th e r  in the  
discussion ch ap te r.

T h e  identification  o f the  exon 5 varian t from  an FR  negative PR 
positive tu m o u r im m ediately suggested the  possibility th a t the  varian t 
recep to r was inducing  the expression  o f PR, exp lain ing  PR expression  in the 
a p p a ren t absence o f FR. F u rth e rm o re  this raised the  possibility th a t a 
constitutively active FR  varian t could con tribu te  to the  progression  o f  breast 
cancer tow ards an oestrogen  in d ep en d en t state stim ulating  grow th in the 
absence o f oestrogen . T h is  possibility is fu r th e r  ex tended  to suggest th a t the 
expression o f do m in an t positive FR o f this type that could no t bind 
tam oxifen could resu lt in an tioestrogen  resistance. T h e  expression  o f  this 
varian t has been stud ied  in detail and  it was no ted  th a t a lthough  isolated
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from  an  ap p aren tly  ER negative tu m o u r wild type m RN A  was still detectable 
by PGR (Fuqua et al. 1991). In  fact in all cases w here the exon 5 variant has 
been detec ted  it has been in association w ith full leng th  m RN A . T h e  exon 5 
varian t has been detected  in  tu m o u rs  o f all ER and PR recep to r phenotypes 
1 effecting the  increased  sensitivity o f PGR over im m unoassay o r ligand 
b inding  assay. T h e  varian t has not only been isolated from  breast cancers 
and  breast cancer cell lines bu t has been isolated from  norm al u te ru s  and 

norm al b reast ep ithe lium  (Fuqua et al. 1991; G otteland  et al. 1995; P feffe r et 
al. 1995).

Clearly the  role o f  the  exon 5 varian t in the grow th o f  b reast cancer is 
an im p o rtan t issue which may shed light on the  developm ent o f  oestrogen  
independence. If  involved in the  generation  o f an tioestrogen  resistance, it has 
im p o rtan t im plications reg a rd in g  the developm ent o f new pharm acological 
agents fo r the  trea tm en t o f an tioestrogen  resistant breast cancer.
E xperim ents to exam ine the  functional significance o f the exon 5 varian t ER 
have been p e rfo rm ed  and a re  described in ch ap te r 3.

O estrogen  recep to r DNA b inding  in breast cancer
In an a ttem p t to study functional aspects o f ER from  breast cancers the  DNA 
binding o f ER has been exam ined . DNA bind ing  activity d id  no t always 
correla te  with the  ER level de te rm in ed  by im m unoassay. W estern  blotting 
showed tru n ca ted  ER p ro te in  bands o f a ro u n d  50 KD (Scott et al. 1991). T h is 
and sim ilar studies a re  d ifficu lt to in te rp re t since ex vivo proteolysis (despite 
ap p ro p ria te  handling) may occur. T h e  high  deg ree  o f non concordance o f 
DNA b inding  and  im m unoassay in  tu m o u r sam ples is no t seen in  analysis o f 
resistant cell lines does lead to concern  over the  validity o f these 
observations.
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MATERIALS.

M aterials an d  M ethods

C hem icals.
All general chem icals and  solvents w ere o f analytical g rade  and  obtained  
from  e ith e r Sigm a Chem icals L td Poole, UK, BDH Chem icals L td, Poole 
UK. o r FSA L aboratory  Supplies, L oughborough  UK. A dditional reagents 
are  listed.

Absolute alcohol
yVcrylamide
Agarose
A m m onium  p ersu lp h a te  
Am picillin

B rom ophenol blue 
C.asamino Acids 
D ithiothreitol 
D extran T-70 
Hygrom ycin B

TEM ED
Tw een-20
SDS

Yeast n itrogen  base 
w/o am ino acids 
X - gal

H aym an L td W itham  UK. 
B oehringer M annheim  UK. 
Elowgen.
Bio-Rad, UK.
Beecham s Research 
Laboratories UK.
Bio-Rad.
Difco Laboratories 
Bio-Rad.
Pharm acia Biotech UK. 
Calbiochem  - N ovabiochem  
C orpora tion  C alifornia USA. 
Bio-rad 
Bio-rad
Serva Feinbiochem ica GMBH 
& Co.
Difco

Calbiochem  -N ovabiochem ,

Radiochem icals
All supp lied  by A m ersham  In terna tiona l PLC (A m ersham  UK)

[ll'^C ] acetyl-coenzym e A
[y-32p] ATP
[a32p] dC T P

[a35s] d A T P
[2, 4, 6  ,7,-^H ] oestradiol

50-60 m Ci/m m ol. 
3000 Ci/mmol 
3000 Ci/mmol

400 Ci/ m m ol 
96 Ci/ m m ol
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Enzym es
R estriction endonucleases. 
C alf intestinal phosphatase, 
14 DNA ligase 
14 Polynucleotide kinase 
l aq polym erase

New E ngland  Biolabs, USA 
B oehringer M annheim  
Gibco BRL, UK.
P harm acia  Biotech 
ICRF

M em branes 
H ybond N 
H yljond N+ 
NA 45 DEAE

N itrocelulose

A m ersham

Schliecher and  Schuell, 
G erm any.
Schliecher and  Schuell,

Plasmids 
pSG5 
pMEP4 
pSG5 H EG O

ERE PBL CA E 
ERE2 T A T A  CA T 
pJ5 MOR
p}3 M OR M U T A N T S 
Yeast E xpression Plasm ids 
pC up liER M tl 
Yeast rep o rte rs  
pRLA21U3ERE 
pYCpERElacZ

S tratagene
Invitrogen
P C ham bon S trasbourg  
France
M olecular Endocrinology 
ICRE

Ian Purvis (Glaxo research)

P G ham bon 
Ian  Purvis

M iscellaneous
Cyanogen brom ide activated sepharose 
C loneA m p^^ system.
D ried skim m ed milk pow der
Film

RX

Pharm acia
Life T echnologies Inc. 
Boots Pic, UK

Fuji
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XAR
Filtration units 
G alactoiight (3-galactosidase 
assay kit
T 7  Sequenase sequencing kit 

(version 2 .0 )
FCL detection  reag en t kit 
Ready T o  Go DNA labelling kit 
Nick colum ns
W izard M axiprep  DNA purification  
system
Cycle sequencing dye te rm in a to r kit 

Buffers, and  stock solutions

KODAK
N algene Co R ochester USA. 
T R O P IX  Inc. M assachusetts, 
USA.
U.S. B iochem icalC orporation, 
USA.

A m ersham .
P harm acia
Pharm acia
Prom ega.

Perkin  E lm er C orpo ra tion  
USA

All solutions were p re p a red  using quartz  distilled and  deionised w ater 
and w ere stored  at room  tem p era tu re  excep t w here stated otherw ise.

CIP b u ffe r (lOx) 0.5 M Tris-H C l, 1 mM EDTA pH 8.5
(stored a t 4^C)

DCC suspension 0.025% (w/v) d ex tran , 0.25% (w/v) charcoal.
in 10 mM Tris-H C l pH  7.4, 1 mM EDTA 

14 DNA ligase b u ffe r (5x)0.25 M Tris-H C l p H  7.6, 50 mM M gCl2 , 5 mM

A TP, 5 mM D T T , 25% (w/v) PEG # 8000 
(stored a t -20®C)

Digestion b u ffe r 100 mM NaCl, 10 mM Tris-H C l pH 7 .4 , 25 mM
ED TA , 0.5% (w/v) SDS 

DNA loading b u ffe r  (5x) 0.25% brom opheno l blue, 5x TB E 25% (v/v)
glycerol
100 mM sodium  ph o sp h ate  pH  8.0,
1 mM M gClg(stored at 4®C)

40 mM HEPES, 275 mM NaCl pH  7.1,
(filter sterilised and  sto red  at 4°C)
0.5 M T ris-H C l pH  7.4, lOOmM MgCl^, 1 mM

ED TA  pH  8.0
10 mM Tris-H C l pH 7 .4 , 1 mM ED TA ,
0 . 1 % (w/v) ovalbum in.

G alacto-light reaction 
b u ffer d iluen t

HBS (2x)

Kinase b u ffe r (lOx) 

Ligand binding  b u ffe r
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Luciferase/C A T/p-gal 
ED TA  lysis b u ffe r 
L ticiferase reaction 
b u ffe r

M ineral Stock (lOOOx) 

N T E  b u ffe r (Ix)

PBSA

Phosphate  b u ffer 

fo r X-gal Plates (lOx) 
Protein loading 
b u ffe r (2 x)

R epair b u ffe r (lOx)

Restriction enzym e 
buffers (stored at -2()®C) 
low salt (lOx)

m edium  salt (lOx) 
high salt (lOx)
RIPA (2x)

R unn ing  B uffer
fo r co lum n purifica tion
SDS-PAGE b u ffe r

S T E T  b u ffe r

TBE (lOx)
TBS 
TE (Ix)
TE L  b u ffe r 
T fb l

0.65% N P40, 10 mM T ris-H C l p H  8.0, Im M  
150 mM NaCl,
25 mM glycylglycine pH 7.8 , 5 mM A T P  p H  8.0, 
15 mM M gS 04 (stored at -20°C)

2 mM EeC13, 0.8M M gS04

0.1 M NaCl, 10 m M -Tris-H Cl pH  7.5, 1 mM
ED TA  pH  8.0
140 mM NaCl, 2.5 rnM KCl, 10 mM N ag H P 0 4 ,

1.5 mM K H 2  PO 4

IM  K H 9 P 0 4 , 0.15M (N H 4)2S 04, 0.75M KOH

4% (w/v) SDS, 125 mM Tris-H C l pH  6 .8 , 20% 
(v/v) glycerol, 0.05% b rom opheno l blue,
2 % m ercap toethano l
0.5 M T ris-H C l pH  7.4, 70 mM M gCl2 ,

10 mM D T T , (stored at -20°C)

lOOmM Tris-H C l, lOOmM Mg CI2 , 10 mM D T T , 

pH  7.9
As above with 0.5 M NaCl.
As above with 1.0 M NaCl,
50 inM Tris-H C l, pH 7.4 , 150 mM NaCl,
1 % Eriton X-100, 1 % sodium  deoxycholate 
0.1 % SDS, (stored at 4®C)
TBS with 0.1% NP40

25 mM T ris  base, 190 mM glycine,

0.1% (w/v) SDS,
8 % (w/v) sucrose, 0.5% T rito n  X-100 (v/v), 50mM
ED TA , 10 mM T ris-H C l pH  8.0
0.89 M T ris  base, 0.89 M boric acid, 25 mM ED TA
25 mM T ris-H C l pH 8 .2 , 144 m M NaCl
10 mM Tris-H C l pH  8.0, Im M  ED TA
100 mM L ith ium  acetate in T E , p H  8.0
30 mM potassium  acetate, 100 mM rub id ium
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(filter sterilised)

lTb 2

(filter sterilised) 

V itam in stock (lOOx)

M aterials an d  M ethods

W estern  blot 
tra n s fe r  b u ffe r 

W hole cell ex tract 
bu f Ter

Yeast lysis b u ffe r 
EG TA ,
fo r p ro te in  analysis

Yeast lysis b u ffe r 
Z b u ffer

chloride, 10 mM CaClg, 50 mM M anganese

chloride 15% glycerol (v/v)
pH  5.8 (with acetic acid and  sto red  at 4®C)
10 mM MOPS, 75mM  CaClg 10 mM ru b id iu m

chloride, 15% glycerol (v/v), 
pH  6.5 (with K O H , stored a t 4®C)
0.04 m g/m l T h iam ine , 2 pg/ml biotin,
0.04 mg/ml pyridoxine, 0.2 m g/m l inositol,
0.04 m g/m l pan to then ic  acid 
(filter sterilised and  stored a t 4®C)
192 mM glycine , 25 mM T ris  base,
2 0 % m ethanol
0.4 M KCl, 20 mM HEPES pH  7.4, 1 mM D T T  
20% (v/v) glycerol, 0.5 m g/m l bacitracin,
40 pg/ml PMSF, 5jLAg/ml pepstatin A 
5 pg/ml leupeptin. 10 pg/ml aprotinin 
(stored at 4®C, D T T  and protease inhibitors 
added immediately prior to use).
50 mM HEPES pH  7.9, 5mM ED TA , 5 rnM

0.5 mg/ml bacitracin , 40 pg/ml PMSE,
5pg/ml pepstatin A, 5pg/ml leupeptin,.
10 pg/m l ap ro tin in  Im M  D T T
(stored a t 4®C, D T T  and  pro tease  inhib itors
ad d ed  im m ediately p rio r  to use).
lOOmM T ris-H C l pH  7.5 0.05% (v/v) T r ito n  X-100
60 mM N a9 H P 0 4 , 40 rnM N aH o P 0 4
10 mM KCl, Im M  M gS04 pH  7.0

Bacterial M edia and  Plates.
L -broth 1% (w/v) bacto tryp tone, 0.5% (w/v) yeast ex tract.

0.5%(w/v) NaCl, 0.1% (w/v) glucose.
L plates L-broth  with 1.5 (w/v) bactoagar.
T  b ro th 2% (w/v) bacto tryp tone 0.5% (w/v) yeast extr act.

0.5% (w/v) M gS04 (pH  7.6 with K OH)

T  plates T  b ro th  with 1.4% bactoagar.
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soc 2 % (w/v) bacto tryp tone, 0.5% (w/v) yeast ex tract 
10 mM NaCl, 2.5 mM KCl, 10 mM M gCl2 , 20 mM

glucose

Yeast M edia and  Plates.
YP m edia 2 .2 % (w/v) bactopep tone 1 . 1 % (w/v) yeast ex tract,

0.0055%  A denine su lphate, autoclaved and  then  
m ade u p  to 2 % glucose from  2 0 % (w/v) glucose stock

YP plates YP m edium  with 2.2% (w/v) bactoagar

Selective m edium
Selective m edium  lacking essential am ino acids are  p re p a re d  by add ing  

casam inoacids defic ien t in uracil and  try p to p h an  o r by add ing  a mix o f all 
req u ired  am ino acids excep t those fo r which selection is desired  (d ro p o u t 
m ix).,described in Rose et al (1990).

M inus uracil 
m inus try p to p h an  
mg/ml m edium  (-ut)

1.1% (w/v) Casam inoacids, 0.8% (w/v) 
Yeast n itrogen  base (w/o am ino acids) 0.1 
tyrosine, 0.16 m g/m l aden ine , 2 % glucose.

M inus uracil m edium  
(-u)

M inus leucine m edium  

(-1 )

M inus leucine- 
m inus uracil m edium  
(-1 1 1 )

Selective plates

For uracil selection try p to p h an  is added  to -ut 
m edium  at a concen tra tion  o f 0 . 1  rng/rnl by 
add ing  from  a 5 m g/m l stock (filter sterilised) 
0.2% (w/v) D ropou t mix (-leucine), 0.8% (w/v) 
Yeast n itrogen  base (w/o am ino acids), 0.1 mg/ml 
tyrosine, 0.16 m g/m l aden ine , 2 % (w/v)glucose. 
As -1 m ed ium  using  d ro p o u t mix w ithout uracil 
and  leucine

C om posed o f  selective m edium  and  2.2% agar

X-gal ind ica to r plates C om posed o f 2% agar Ix  p h o sp h ate  b u ffe r  Ix  
m ineral stock, Ix  vitam in stock, 0 .0 2 % (w/v) 
d ro p o u t mix (m inus uracil and  leucine)
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50 jLiM X -gal, 50jliM C u S 0 4

Cell culture m aterials and m edia.
Chick serum
Dulbecco's m odified
Eagles m edium
Foetal calf serum  
T rypsin

V ersene

Sigma
ICRF central services m edia supplies 
(suplied with and  w ithout phenol red)
Gibco BRL, UK.
0.01% (w/v) trypsin  0.8% (w/v) NaCl,
0.038% (w/v) KCl, 0.01% (w/v) N a 2 H P 0 4

0.01% (w/v) dex trose, 0.3% Tris-H C l p H  7.7, 
0.01% streptom ycin , lOOU/ml penicillin 
0.02% (w/v) FD T A  in PBSA with pheno l red.

T issue cu ltu re  flasks Falcon
Tissue cu ltu re  plates N unc

Archival hum an  tu m o u r sam ple
Breast cancer sam ples w ere p rovided  by Diana Barnes (Guy's Hospital) 

and M Dowsett and  S Jo h n sto n  (Royal M arsden H ospital)
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METHODS. 

Bacterial Transform ation.
p rep a ra tio n  o f  com peten t D H 5a strain  Escherichia coli 
(Scott an d  Sim anis unpub lished)

D H 5a bacterial colonies w ere streaked  o u t and  grow n to 2 m m  on T  
plates. Single colonies w ere inoculated  in to  5 ml T  b ro th , grow n a t 37*^0 
with con tinuous agitation to an O D 5 9 5  0.3. Bacteria w ere added  to 100 ml 
p rew arm ed  Y  b ro th  and  grow n to an O D 5 9 5  o f 0.48. T h e  cu ltu re  was chilled 

on ice and  bacteria pelleted  by cen trifuga tion  at 3000 rp m  at 4®C. T h e  pellet 
was re  suspended  in 40 ml cold T fb l and  incubated  on  ice fo r 5 m inutes.
(he bacteria  were pelleted  again by cen trifuga tion  a t 4^C, re su spended  in  4 
ml TB  2 and  the cells snap frozen  on dry  ice in 0.3 ml aliquots, an d  sto red  at 
-70OC.

tra n sfo rm a tio n  o f D H 5g stra in  Escherichia coli
C om peten t cells w ere thaw ed on ice and  25-100 pi o f cells added  to 

10-25 pi o f ice cold DNA sam ple o r ligation mix. Bacteria w ere incubated  
with DNA fo r 30 m inutes on ice followed by heat shock fo r 90 seconds at 
37<^C, bacteria  w ere re tu rn e d  to ice fo r 30 seconds. Following this 4 volum es 
o f  L -broth w ere ad d ed  and  bacteria w ere incubated  at 37^C. B acteria were 
then  sp read  onto  L -bro th  plates contain ing  100 pg/m l Am picillin an d  grow n 
at 37°C  overn ight.

P repara tion  o f com peten t SCS-1 Escherichia coli 
(M odified from  Y oung and  G oodbourne , unpub lished)

SCS-1 strain  Escherichia coli w ere streaked  onto  LB plates an d  grown 
overn ight. T h re e  colonies w ere inocu lated  in to  20 ml p rew arm ed  L-broth  
and  grow n at 37^C with continuous agitation to an  O D 5 9 5  0.2, the  cu ltu re  
was added  to 80 ml w arm  L -bro th  and  grow n to O D 5 9 5  0.2. T h e  cu ltu re  
was ad d ed  to 250 ml L -bro th  and  grow n to an O D 5 9 5  0.4. T h e  cu ltu re  was 

cooled on ice fo r 5 m inutes and  bacteria  pelleted  by cen trifuga tion  at 2500 
rpm  fo r 10 m inutes. Cells were re  suspended  in 200 ml cold w ater pe lle ted  
again by cen trifuga tion  fo r 1 0  m inutes at 4®C re  suspended  in 1 0 0  ml cold 
w ater repe lle ted  by cen trifugation . Bacteria w ere re suspended  in  20 ml
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w ater with 10%v/v glycerol. A fte r re  pelleting  bacteria w ere re  suspended  
in 1 / 2  the  pellet volum e with w ater and  1 0 % (v/v )glycerol. 1 0 0  pi aliquots 
w ere snap frozen  on d ry  ice and  sto red  at -70®C.

T ran sfo rm atio n  o f com peten t SCS-1 Escherichia coli
Bacteria w ere thaw ed on ice m ixed and  40 pi ad ded  to 4 ml DNA 

p re p a re d  from  yeast in  a p recooled  0.1 cm elec tropo ration  cuvette. B acteria 
w ere e lec tro p o ra ted  using  1.8 kV, 200 O hm s and  25 mF settings o f  a Bio- 
Rad G ene-Pulsar e lec tropo ra tion  ap p ara tu s ., p ro d u c in g  a tim e constan t o f
4.5 - 4.9 milliseconds. Im m ediately  a fte r e lec troporation  1 ml SOC was 
added  and  the bacteria  incubated  fo r 60 m inutes at 37^C. B acteria w ere 
then  sp read  onto  L -bro th  plates and  incubated  a t 37®C overnight.

Preparation o f  Plasm id DNA
Plasm id DNA was p re p a re d  by both small and  large scale m ethods 

d ep en d in g  on the  quantities req u ired .

Small scale p rep a ra tio n  o f DNA (m iniprep)
Bacterial colonies o r glycerol stocks o f tran sfo rm ed  bacteria w ere 

inoculated into 5 ml L -broth  with 80 pg/m l am picillin. C ultu res w ere grow n 
overn igh t and  1 ml cu ltu re  cen trifu g ed  in a m icrofuge. the bacterial pellet 
was re suspended  in 0.35 ml S T E T  b u ffe r with 0.5 m g /ml lysozyme. T h e  
bacteria w ere placed in  a boiling w ater bath fo r 40 seconds and  th en  
cen trifuged  in  a m icrofuge fo r 10 m inutes. T h e  pellet was carefully  
rem oved with a toothpick and  DNA p recip ita ted  by the  addition  o f  40 pi 3M 
sodium  acetate pH  7.0 and  420 pi isopropanol an d  freezing  on d ry  ice fo r 30 
m inutes. T h e  DNA was pelleted  by cen trifuga tion  fo r 10 m inutes in a 
m icrofuge , liquid rem oved by asp iration  and  the  pellet a ir d rie d  fo r 30 
m inutes. DNA was th en  dissolved in 50 pi distilled w ater.

Large scale plasm id p rep a ra tio n
Caesium  chloride  density g rad ien t m ethod(m odified  from  D Ish-H orow itz 
unpub lished  ICRF)

400 ml L -bro th  contain ing  80 pg ml am picillin was inocu la ted  from  a 
colony o r glycerol stock and  grow n overn igh t at 37^C. B acteria w ere 
harvested  by cen trifuga tion  a t 6,000g fo r 10 m inutes. T h e  pellet was
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resiisperided in  20 ml T E  contain ing  0.05M glucose. 100 m g lysozyme was 
added  and cells lysed at room  te m p e ra tu re  fo r 10 m inutes. 30 ml 0.2 M 
N aO H , 1% SDS was ad d ed  m ixed and  incubated  fo r 5 m inu tes on ice, a fte r 
w hich 25 ml 5M potassium  acetate pH  4.8 was added  and  incubated  fo r a 
fu r th e r  15 m inutes on ice. T h e  solution was cen trifuged  at 6,000g fo r 10 
m inu tes and  filte red  th ro u g h  sterile m uslin gauze. Plasm id DNA was 
p rec ip ita ted  by the add ition  o f 52 ml isopropano l and  cen trifuga tion  at 
7,000g fo r 10 m inutes. L iquid was p o u red  o ff  and  the  pellet a ir d ried . T h e  
pellet was re  suspended  in 8.5 ml T E  and  0.7 ml 0.5M ED TA  p H  8.0 and  
240 pi IM  T ris  base pH  8.0 added , to this 10.5g caesium  ch lo ride  was added  
with 100 ml e th id ium  brom ide (5 mg/m l). A fte r dissolving the caesium  
ch loride  the  solution was used  to fill a Beckm an 5/8 x3" quick- seal cen trifuge  
. before  heat sealing h ea t sealing tubes w ere balanced and  the  cen trifu g ed  at 
64,000 rp m  fo r 24 ho u rs  in a Beckm an L3 50 u ltracen trifu g e . Plasm id DNA 
was visualised u n d e r uv illum ination  and  su p er coiled plasm id DNA rem oved 
with a l9  gauge needle and  syringe. T h e  asp irated  sam ple was m ade u p  to 5 
ml with w ater and  5 ml isobutanol added . T h e  organic phase was rem oved 
and  the aqueous phase ex tracted  twice m ore with isobutanol. T h e  DNA was 
then  p rec ip ita ted  by add ition  o f 2.5 volum es o f e thano l and  incubation  a t - 
20^C fo r 20 m inutes. DNA was recovered  by cen trifuga tion  at 10,000g fo r 
10 m inutes, liquid p o u red  o ff and  the  pellet washed with 70% ice cold 
('thanol. Briefly cen trifu g ed  at lO.OOOg, the  ethanol p o u red  o ff  and  the  pellet 
a ir d ried , the  pellet was th en  re  suspended  in 500 pi T E  o r w ater. DNA 
was quan tified  by m easu rem en t o f  OD960 an d  OD9gO o f an  app ro p ria te ly  
d ilu ted  aliquot. C oncen tration  was calculated taking an OD260 o f  1.0 = 50 

pg/m l the ratio  o f OD90O to ODogq was re q u ired  to be 2 . 0  fo r adequate  

purity . DNA was also visualised on  agarose gel fo r  quality.

P rom ega W izard M axiprep  M ethod
T his com m ercial kit supp lied  by P rom ega was used fo r la tte r work.

400 ml o f bacterial cu ltu re  obtained  as above was cen trifu g ed  at 5,000 g fo r 
10 m inutes and  the  bacterial pelle t re  su spended  in  15 ml 50 mM T ris  base 
pH  7.5 lOmM ED TA  100 pg/ml RNase A. B acteria w ere lysed by addition  o f 
15 ml 0.2 M N aO H  1 % SDS. a fte r  5 m inutes in te rm itten t m ixing at room  
te m p e ra tu re  the m ix tu re  was neu tra lised  with 15 ml 1.32 M potassium  
acetate pH  4,8. T h e  solution was cen trifu g ed  at 14.000g fo r 10 m inutes at
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4®C stra ined  th ro u g h  sterile m uslin gauze and  0 . 6  volum es isopropano l 
added  to p rec ip ita te  th e  DNA. T h e  DNA was collected by cen trifuga tion  at 
14,000g fo r 10 m inutes a t 4^C, the  pellet re  suspended  in 2 ml T E . T h e  
DNA was p u rified  by ad d ing  10 ml purifica tion  resin to the  DNA m ixed and  
p o u red  in to  a M axicolum n on  a vacuum  m anifo ld  T h is was w ashed twice 
with 12 ml ethanol based colum n wash followed by 5 ml 80% ethanol. T h e  
resin was d ried  on the  vacuum  m anifo ld  and  DNA elu ted  by add ition  o f 1.5 
ml distilled w ater a t 6 8 ®C. T h e  DNA was collected by cen trifu g a tio n  o f  the 
m axicolum n at l,300g . T h e  DNA was re  p rec ip ita ted  by the  add ition  o f 
30pi 5M NaCl and  2.5 volum es o f  ethanol freezing  on dry  ice and  
cen trifug ing  at 1 0 ,0 0 0 g fo r 1 0  m inutes at 4^C. followed by w ashing with 70% 
ethanol. T h e  DNA was a ir d ried  and  re  suspended  in 200 pi w ater, 
concen tration  and  purity  d e te rm in ed  by m easu rem en t o f O D960 an d  OD280

Q uality was d e te rm in ed  by visualisation on agarose gel.

Isolation o f genom ic DNA from  breast cancer sam ples
T issue sam ples w ere recovered from  storage at -70^C and  w ere broken 

to a fine pow der in a d ism ernbranator. Sam ples were kep t frozen  by 
im m ersing the d ism em branato r cham bers in liquid n itrogen . DNA was 
1 eleased by overn igh t incubation in  200 pi digestion b u ffe r con tain ing  0.5 
mg/ml p ro tienase  K. Sam ples w ere cen trifuged  fo r 10 m inutes to rem ove 
insoluble debris and  DNA p rec ip ita ted  from  the  su p ern a tan t

DNA m anipulation and cloning.
R estriction endonuclease digestion.

R estriction enzym e digests w ere p e rfo rm ed  using buffers 
recom m ended  and  supp lied  by the  m an u fac tu re r . Double enzym e digests 
w ere p e rfo rm ed  using  b u ffers  recom m ended  by New E ngland Biolabs. DNA 
was digested a t 37®C using  a 5 fold excess o f enzym e in a volum e no t less 
than  20 pi. Enzym e reactions w ere te rm in a ted  by the  addition  o f DNA 
loading b u ffe r o r by ex traction  with an  equal volum e o f  pheno l/ch lo ro fo rm , 
followed by e thanol p recip ita tion . T h is was p e rfo rm ed  by the  add ition  o f  5M 
NaCl to a concen tra tion  o f 100 mM and  2.5 volum es 100% ethano l, the  

m ix ture  frozen  on dry  ice fo r 30 m inutes and  cen trifu g ed  in a m icro fuge fo r 
10 m inutes. T h e  liquid was rem oved and  the DNA washed with 70% ice cold 
ethanol re  cen trifuged  and  a ir d ried  p rio r  to re  suspension.
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A garose gel electrophoresis o f DNA
A garose gels o f 1-2% w ere p re p a re d  by boiling agarose in IxT B E  in a 

m icrow ave oven. T h e  solution was cooled to approx im ate ly  60^C p rio r  to 
the add ition  o f e th id ium  brom ide to a concen tra tion  o f  Ijag/mL A garose 
solution was p o u red  onto  casting a casting tray  and  slot fo rm ers  inserted . 
O nce set, the gel was im m ersed  in  IxT B E  an d  DNA sam ples loaded  an d  ru n  
at 2- 7.5V/cm until DNA fragm ents  w ere separa ted . DNA was visualised by 
uv illum ination. F ragm ent size was assessed by ru n n in g  DNA size m arkers 
with the  DNA sam ples Such as L am bda phage DNA digested w ith H ind  III, 
o r H ind  III and  EcoRI. o r pSP65 d igested with H in f I.

Purification  o f DNA fragm ents
Restriction enzym e digests w ere ru n  on fresh  agarose gels with fresh 

bu ffer. W hen well separa ted  fragm ents w ere e ith e r directly cut o u t o f the  gel 
o r tra n sfe rre d  to NA-45 DEAE m em brane  by cu tting  the gel in fro n t o f  and  
beh ind  the band and  inserting  a m em brane e ith e r side o f the band. T h e  
gel was ru n  until the  fragm en t had  m oved onto  the  m em brane. T h e  
m em brane was rem oved from  the gel and  DNA elu ted  in 250 pi IM  NaCl at 
70^C fo r 20 m inutes. T h e  m em brane was rem oved and DNA was recovered  
by e thanol p recip ita tion . F ragm ents cu t from  the  gel w ere recovered  using 
G ene Clean (B io l01 Inc.). In  this m ethod  the  m an u fac tu rers  instructions 
were followed. T h e  agarose was dissolved at 55^C in a solution o f potassium  
iodide and  TB E m odifier solution, followed by the  addition  o f Glassm ilk and  
incubated  on ice fo r 15 m inutes to bind DNA. T h e  m ix tu re  was briefly 
cen trifu g ed  in a m icrofuge and  liquid rem oved. T h e  glassmilk pelle t was 
w ashed twice with "NewWash" and  once with 80% ethanol. T h e  DNA was 
then  recovered  by add in g  25 pi o f  w ater an d  incubating  at 55®C fo r 10 
m inutes T h e  sam ple was cen trifu g ed  an d  the  liquid rem oved and  sto red  in a 
new tube. A dequate  recovery o f p u rif ied  fragm ents w ere co n firm ed  by gel 
electrophoresis o f an aliquot.

P rep ara tion  o f vectors fo r cloning
2 pg o f plasm id DNA was cut with the  req u ired  restric tion  

endonucleases, which w ere then  rem oved by pheno l ch lo ro fo rm  ex traction  
followed by ethanol p recip ita tion  o f  the  cu t DNA. T h e  DNA was re
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suspended  in  phosphatase  b u ffe r and  2 0  units calf intestinal phosphatase  
added  followed by incubation  at 37^C  fo r 30 m inutes to rem ove th e  5' 
term inal phosphate  thus p reven ting  re  ligation. T h e  sam ple was re  ex tracted  
with phenol /ch lo ro fo rm , ethanol p rec ip ita ted  and  re  suspended  in  w ater at 
2 0  ng/jLtl

O ligonucleotide kinasing and  annealing
d o construct the  exon 5 deletion  coding sequence com plem entary  

oligonucleotides w ere synthesised. T hese  w ere kinased to g e th er p rio r  to 
annealing  by m ixing 1 0 0  ng  o f each oligonucleotide in 2 0  pi kinase b u ffe r 
contain ing  Im M  d A T P  and  5 mM D T T  10 units o f T 4  polynucleotide kinase 
was ad d ed  and  incubated  fo r 60 m inutes a t 37®C. 10 pi N T E  was ad d ed  and  
volum e m ade up  to 100 pi with w ater. T h e  sam ple was annea led  by heating  
to 80^C and cooling slowly to room  tem p era tu re .

Ligations
Most ligations w ere carried  o u t using 20 ng  o f p re p a red  vector and  

variable am ounts o f insert DNA ran g in g  from  equim olar to lOx excess insert, 
consisting o f PGR products  gel p u rif ied  DNA fragm ents o r annealed  
oligonucleotides. T h e  ligation was p e rfo rm ed  in  20 pi Ix  ligase b u ffe r  with 
1-2 units o f T 4  DNA ligase , Ligations w ere incubated  fo r 4-15 h o u rs  .

pAM P Ligations
PGR am plification p roducts  from  genom ic DNA w ere subcloned into 

pA M P vector suplied in the G loneA m p^^ system. T h e  G loneA m p^^  
system requ ires PGR p ro d u c t gen era ted  with p rim ers contain ing  4 dU M P 
sequences spaced w ithin the  5' ends. T h e  p rim er pa ir used is illu stra ted  

5-G A U G A U G A U G A U G A A A G G G A TG G A G G A TG TG TA G -3' 
3-G G G A G A TG A A G TA G G G TA A G G A A U G A U G A U G A U G -5'

T h e  uracil residues a re  rem oved by digestion with uracil DNA glycosylase 
leading  to exposed 3' overhangs on  the com plem entary  s trand , these 
overhangs are  com plem entary  to 3' overhangs in the  linearised pA M P vector 
supp lied  and  will spontaneously  anneal to each o th e r d u rin g  com bined 
digestion annealing  reaction  . L igation was achieved by using  2pi PGR 
p ro d u c t and  25 ng pA M P vector DNA incubated  with 1 U uracil DNA 
glycosylase in 20 pi annealing  b u ffe r, incubated  fo r 30 m inutes a t 37°G . 10
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pi the ligation reaction  was used  to tran sfo rm  100 pi o f D H 5a com peten t 
bacteria  genera ting  approxim ately  1 0 0 0  - 2 0 0 0  colonies.

A utom ated  colony picking
T h e  screening  o f tu m o u r DNA fo r low frequency  m utations requ ires 

the  analysis o f m ultip le  colonies fro m  the above PGR subcloning process (384 
from  each tum our) th e re fo re  an au to m ated  bacterial colony picking system 
was used. T his system has been developed by the  ICRF genom e analysis 
laborato ry .(ref) T h e  in s tru m en t identifys bacterial colonies on  24x24 cm 
plates picks a sam ple fro m  each colony onto  a 96 pin picking h ead  and 
transfers  the bacteria into 384 well m icro titre  plates contain ing  L -bro th  with 
10% glycerol. T h e  bacteria  a re  grow n overn igh t a t 37‘̂ C. F u r th e r  copies o f 
the  plates a re  m ade by inoculating  a fresh  plate  using a sterile disposable 384 
po in t comb. T h e  plates can then  be stored  at 4^C fo r u p  to one week or 
indefn iately  a t -70^C.

A utom ated  spotting  o f  ream plified  DNA to Nylon m em branes
T h e  au tom ated  picking system was used  fo r  tran sfe rin g  PCR p roduct 

from  384 well plates on to  Nylon m em brane. T h e  PCR reactions w ere 
o pened  by rem oving  the  h eat sealed film  and  the  robo t p ro g ram m ed  to spot 
the  PCR p ro d u c t onto  H ybond N+ as a g ridded  array  using a 96 po in t 
spo tting  head  with acurate ly  m achined  0.25 m m  d iam eter tips. T h ese  pins 
tran sfe r approx im ately  0,2 pi o f PCR p ro d u c t to the  m em brane a fte r  each 
contact It was em pirically  d e te rm in ed  th a t each PCR p ro d u c t re q u ired  5 
individual contacts to tran sfe r an op tim um  am m o u n t o f DNA to the  
m em brane. T h e  robo t was p ro g ram m ed  to spot each individual PCR sam ple 
from  15 d iffe ren t tu m o u rs  into a 4x4m m  array  T h e  final position w ithin the 
4x4 array  was reserved  fo r an  ink spot to allow o rien ta tion  o f the  m em brane. 

U sing this p a tte rn  it was possible to tran sfe r the  PCR products  fro m  5700 
individual PCR reactions onto  a m em brane m easuring  1 2 x 8  cm. T h e  
robo t was p ro g ram m ed  to p ro d u ce  m ultip le  copies o f each filter.

flyb rid isation  to decam er oligonucleotides.
T h e  m em branes spo tted  with PCR products  w ere allowed to a ir dry  

and  w ere then  w etted in Sarcosl hybrid isation b u ffe r.an d  placed into 
h tb ridsa tion  bottles. 5 ml sarcosyl b u ffe r contain ing  100 ng  end  labeled
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decarner o ligonucleotide was ad ded  an d  incubated  a t 4^C fo r 4 h o u rs  with 
con tinuous ro tation . A fte r hybridisation the  filters w ere w ashed once in 
sarcosyl b u ffe r and  tran sfe red  to 2 0 0  ml fresh  b u ffe r  and m ixed gently fo r 
15 m inutes at 4®C Filters w ere w rap p ed  in cling film  and  hybrid isation  
de tec ted  by exposure  to K odack XAR film  at 4^C w ithout the  use o f 
in tensification screens,

Polym erase chain reactions
PCR was used  to am plify oestrogen  recep to r sequences fro m  genom ic 

DNA derived  from  breast tum ours, to am plify the  subcloned plasm ids 
derived  from  these PCR products  and  to in troduce  random  m utations into 
th e  h o rm one  b inding  dom ain  o f ER.

A m plification o f  sequences o f oestrogen  recep to r horm one  b ind ing  dom ain  
PCR was p e rfo rm ed  in 0.5 ml m icrotubes contain ing  100 pi Ix T aq  

b u ffe r  with 1.5 niM MgClo, 20 pM dN T P s (20 pM each of, dA T P , dC T P,

(IGTP, d T T P ) 200 ng o f each p rim er 0.5 pg o f genom ic DNA an d  5 U T aq  
po lym erase ..T hese m ixtures w ere overlaid w ith m ineral oil and  incubated  in 
a therm al cycler set to h eat to 94°C  fo r 5 m inutes to fully d e n a tu re  the  
tem plate. T h e rm a l cycling then  p roceeded  with annealing  at 50^C fo r 1 
m inu te  ex tention  at 72®C fo r 1 m inu te  and  d én a tu ra tio n  at 94^C fo r 1 
m inu te ., rep ea ted  fo r 30 cycles, and  finally ex ten d ed  at 72®C fo r 5 m inutes. 
Satisfactory yield was de te rm in ed  by gel e lectrophoresis o f 10 pi o f  p roduct.
1 he PCR p ro d u c t was subcloned into pA M P (see ligations)

Re am plification o f pAM P subcloned PCR fragm ents
Re am plification o f pA m p clones was p e rfo rm ed  in 384 well 

po lypropylene m icro titre  wells 80 pi o f Ix  T aq  b u ffe r  with 20 pM dN T P s,
1.5 rnM MgClo, an d  200 ng  each p rim er (com plem entary  to pA m p

sequences). T em p la te  was ad d ed  by innocu la ting  the  reactions with a small 
am o u n t o f tran sfo rm ed  bacteria  using a 384 po in t innocu lating  com b. T h e  
reactions w ere h ea t sealed with plastic film  and  subjected to th erm al cycling 
in  a custom  built large scale therm al cycling robo t (G enom e analysis 
labora tory  ICRF). using  a 2 te m p e ra tu re  cycle ho ld ing  at 92°C  fo r  30 
seconds and  72®C fo r 300 seconds.
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D egenerate  PCR m utagenesis o f oestrogen  recep to r h o rm one  b ind ing  dom ain  
PGR reactions w ere p e rfo rm ed  using  conditions pe rm itin g  deg en era te  

rep lication  in tro d u cin g  po in t m utations approxim ately  every 1 0 0 0  nucleotides 
in the  final PCR p roduct. 100 pi o f Ix  T aq  b u ffe r  with 250 pM dN T P s, 7.5 
niM M gCl2 , 20 ng M13 liER tem plate, and  20 picom oles o f each p rim er, and

5 U T aq  polym erase. T h e  reaction was overlaid with m ineral oil and 
subjected to 30 am plification cycles consisting 1 m inu te  d én a tu ra tio n  a t 94®C, 
30 seconds annealing  at 55°C  and  2 m inutes elongation at 72°C

DNA Sequencing.
D énatu ration  o f DNA fo r sequencing with dideoxynucleotides

A pproxim ately  2 pg o f plasm id DNA was d en a tu red  in  20 pi 0.2M 
N aO H  at 70^C fo r 20 m inutes. T h is was neu tra lised  by the add ition  o f  8  pi 
5M am m onium  acetate p f i  5.4 and  p rec ip ita ted  by add ition  o f 120pl e thanol 
and  sto red  on dry  ice fo r 10 m inutes. DNA was recovered  by cen trifuga tion  
and  w ashed with 70% ethanol. A fte r d ry ing  the DNA was re  suspended  in 
7pl w ater and  2 pi 5x sequenase b u ffe r 2.5 ng (1.5 pm ol) oligonucleotide 
sequencing p rim er was ad ded  in 1 pi and  placed in a w ater bath  at 80*^C and 
allowed to cool to 37^C over 30 m inutes.

Sequencing reactions with Sequenase II
T h e  Sequenase (USB) protocol was followed A nnealed  prim er/D N A  

was added  to a m ix tu re  contain ing  the  ap p ro p ria te  dilu tions o f dN T P s 
l^^Sa) dA T P  and  sequenase II enzym e fo r sequencing w ithin the  req u ired  
distance from  the p rim er. T h e  reaction  incubated  fo r 1- 10 m inutes 
following which the  reaction  m ix tu re  was divided equally in to  4 tubes 
contain ing  2.5 pi o f one o f 4 d ideoxynucleotide solutions. T h ese  tube s were 
incubated  at 37®C fo r 5 m inutes an d  the  reaction  stopped  with the  add ition  
o f 4 pi Stop solution.

E lectrophoresis o f sequencing  reactions
D enatu ring  gels w ere p re p a red  from  75 ml 6 % Easigel p re  m ade 

acry lam ide/urea/T B E  solution by the add ition  o f 400 pi 10% am m onium  
p ersu lp h a te  and  80 pi TEM ED  p o u red  betw een 24x30 cm sequencing  plates 
with 0.25 m m  spacers. A fte r washing the top  o f the gel with 1/2 TB E the 
spacer com b was inserted  and  the gel p re  ru n  fo r 2 0  m inutes p rio r  to the
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ad d ition  o f  3 pi o f sequencing reaction  p e r lane. Gels w ere ru n  a t 45-50 
m illiam ps fo r 1-2 hours. Gels w ere fixed in 10% m ethanol 10%> acetic acid, 
tran sfe rre d  to W hatm an 3MM p a p e r an d  d ried  u n d e r  vacuum ., sequences 
w ere visualised by au to  rad io g rap h y  using  K odak XAR film.

Fluorescent sequencing
ABI PRISM tm  j)ye T e rm in a to r cycle sequencing was used fo r 

m ultip le  sam ple sequencing, using  reagents supp lied  by Perk in  E lm er 

C orpora tion .
0.5-1 pg  o f plasm id DNA and  3.2 pm ol sequencing p rim er was ad d ed  to 8  

pi o f dye te rm in a to r mix containing. A-Dye te rm in a to r, C-Dye te rm in a to r, G- 
Dye te rm in a to r, T-D ye te rm in a to r, d IT P , dA T P , dC T P, d T T P  T ris-H C l pH  
9.0, MgClo, therm al stable pyrophosphatase  and  A m pli-T aq DNA

polym erase. T h e  sam ple m ade u p  to 20 pi and  subjected to 25 the rm al cycles 
consisting 96®C fo r 10 seconds ,50®C fo r 5 seconds, 60^C fo r 4 m inute.s. 
Sam ples w ere cooled to 4°C  and  DNA p rec ip ita ted  with the  add ition  o f  2 pi 
3M sodium  acetate pH  4.6 and  50 pi ethanol . Sam ples w ere th en  incubated  
on ice fo r 15 m inutes and  cen trifu g ed  in a m icrofuge for 30 m inutes. 
Sam ples w ere w ashed with 70% ethanol and  a ir d ried . Sam ples w ere 
resu sp en d ed  in deionised form am ide/25  mM EDTA pH  8.0 with blue 
d ex tran . Ratio 5:1 and  loaded  onto  sequencing gels ru n  in  an  ABI 373 
au tom ated  sequencing ap p ara tu s . Sequences are  in te rp re te d  from  
histogram s o f florescence intensity.

R adiolabelling o f  D N A  probes
End labelling o f oligonucleotides

Synthetic oligonucleotides w ere end  labelled with y] A T P.
100 ng o f o ligonucleotide was incubated  with 30pCi o f [ y A T P  an d  2U 
T 4  polynucleotide kinase in 30 pi Ix  phosphory la tion  b u ffe r, incubated  at 
37®C fo r 30 m inutes and  the  reaction  stopped  with the  add ition  o f  Ipl 0.5 M 
EDTA.
A dequate  in co rp o ra tio n  o f label was confirm ed  by T h in  layer 
ch rom ato g rap h y  o f Ip l o f the  reaction. T h e  probes were used  fresh ly  m ade 
an d  added  to 5 ml o f hybrid isation  solution at 4*^C.
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R andom  p rim er p robes fo r n o rth e rn  blot analysis
Sequence specific probes w ere genera ted  by random  prim ing . Plasm id 

DNA was cut with a p p ro p ria te  restric tion  enzym es an d  fragm en ts separa ted  
by gel e lectrophoresis and  recovered  with "Gene Clean". 25 ng  o f DNA in 
45 pi w ater was heated  to 95^C fo r 2 m inutes cooled th en  ad d ed  to a "Ready 
to Go" reaction  tube contain ing  lyophilised polym erase, random  nonom ers 
and  nucleotide mix. 50 p Ci [^^Pa] dC T P  was ad d ed  and  the  reaction  
incubated  at 37®C fo r 30 m inutes. T h e  in co rp o ra ted  nucleotides w ere 
p u rif ied  by elu ting  on a "NICK" colum n. Ip l o f the e lu ted  p robe  was 
coun ted  in a scintillation co u n ter to de term in e  specific activity (typically 5x 
10^ d p m  p e r pg DNA).

ERE oligonucleotides
C om plem entary  oligonucleotides fo rm ing  5' overhangs w ere annea led  

and  labelled by filling in the  overhangs. 2 0 0  ng  o f annealed  oligonucleotide 
was incubated  in a total o f 20 pi contain ing  Ix rep a ir  b u ffe r w ith 0.1 mM 
d A T P , d G T P  d T T P , an d  8  nl [a-32p] dC T P(10 m Ci/m l, 3000 Ci/m niol) and  
2 IJ Klenow. fo r 30 m inutes at room  tem p e ra tu re . T h e  reaction was 
ex tracted  twice with phenol ch lo ro fo rm  and  the  DNA precip ita ted  by the  
add ition  o f 20 pi 3M sodium  acetate Ip l glycogen and  lOOpl e thanol. T h e  
sam ple was dissolved in w ater, re  p rec ip ita ted , w ashed with 70% ethano l air 
d ried  and  resu sp en d ed  in 2 0 0  pi w ater. 1 ng labelled oligonucleotide was 
used in each band shift reaction.

Mammalian and avian cell culture.
G row th o f cell lines

All cell lines w ere rou tinely  m ain ta ined  as exponentially  grow ing stocks 
in Ealcon tissue cu ltu re  flasks at 37°C  in a h um id ified  a tm osphere  
supp lem en ted  with 10% GOo. All b reast cancer cell lines w ere grow n in

Dulbecco's m odified  Eagle's m ed ium  (DMEM) supp lem en ted  with 10% v/v 
Foetal calf serum  (ECS). Chicken em bryo fibroblasts w ere grow n in DMEM 
with 10% ECS and  1% Chick serum  (CS). M edium  was changed  at least every 
5 days. P rio r to reach ing  confluence cell cu ltu res w ere su b cu ltu red  into 
fresh  flasks. M edium  was rem oved and  cells w ashed once with PBSA 3-5 ml 
trypsin/versene (1:5) was ad d ed  and  cells incubated  until they s tarted  to
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de tatch  from  the surface. 5-10 ml o f serum  contain ing  m ed ium  was added  
and  cells tra n sfe rred  to a polystyrene universal con tainer an d  cen trifu g ed  at 
1500 rp rn  in an  MSE bench top  cen trifuge . T h e  su p e rn a tan t was rem oved, 
cells re su sp en d ed  in fresh  m edium , and  1/20 th  to 1/5 th  o f  the  volum e used 
to seed a fresh  flask.

S torage o f cell lines
Subconfluen t cells w ere recovered  by trypsinisation as above, a fte r 

cen trifuga tion  and  rem oval o f the  su p ern a tan t, cells w ere resu sp en d ed  in 
ECS contain ing  10% v/v DMSO approx im ate ly  3x10^ cells in 1 ml o f serum  
w ere placed in a 2 ml N unc freezing  tube and  placed at -20^C fo r 1 h o u r , 
th en  at "70®C overn igh t and  then  im m ersed  in liquid  n itrogen  fo r long-term  
storage. Cells w ere recovered  by thaw ing rap id ly  at 37*^C and  ad d in g  the 
whole tube o f cells to a 75 cm flask, the  m edium  was changed  the  following 
day to rem ove dead  cells and  residual DMSO.

C harcoal trea tm en t o f serum
Foetal calf serum  contains endogenous steroids and  pheno l red  acts as 

a weak oestrogen . Most experim en ts w ere p e rfo rm ed  in m ed ium  lacking 
phenol red  and  contain ing  d ex tran  charcoal s trip p ed  serum  (DCC. ECS). 
D extran  charcoal was p re p a re d  by add ing  1 g d ex tran  T  70 and  10 g 
activated charcoal to 10 ml IM T ris  HCl pH  7.4. T h is  was m ade u p  to IL  
with dislilled w ater, divided into fo u r  250 ml disposable C orn ing  cen trifuge  
tubes and  cen trifu g ed  at 2000 g fo r 10 m inutes. T h e  su p e rn a tan t was 
asp irated  and h a lf the  charcoal resu sp en d ed  in to  IL  o f ECS. T h is  was 
incubated  at 55®C with agitation fo r 30 m inutes in  a 2 L flask, the  serum  
cen trifu g ed  as above , the serum  tra n sfe rred  to a second flask and  the 
rem a in d er o f the charcoal added . T h e  serum  was incubated  a t 55®C fo r a 
fu r th e r  30 m inutes an d  re  cen trifuged  as above. T h e  serum  was th en  
filtered  th ro u g h  a 0.4 pm  N algene filter and  th en  th ro u g h  a 0. 22 
pm  Nalgene filter an d  s to red  at -20°C  in 50 ml aliquots.

T ransient Transfections.
C hicken em bryo fibroblast transfections

CEE cells w ere transfected  by the  HBS calcium  p h osphate  
coprecip itation  m ethod  m odified  fro m  (G raham  an d  V an D er E rb,1973).
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Cells grow ing in  log phase were harvested  by trypsinisation and  seeded in to  6  

cm dishes a t a density o f 2x10^ cells in  4 ml pheno l red  free  m ed ium  with 
10% DCC. FCS. and  1% DCC chick serum . T h e  following day the  m edium  
was changed  and  calcium  phosphate/D N A  p recip ita te  contain ing  10 pg DNA 
p e r  dish app lied . T ransfections w ere always p e rfo rm ed  in  duplica te , the 
calcium  phosphate / DNA p recip ita te  was p re p a re d  by m ixing freshly  
p re p a red  solutions A and  B to fo rm  sufficien t p rec ip ita te  to trea t the 
req u ired  n u m b er o f dishes.
For 2 dishes Solution A

500 pi 2x HBS pH  7.1
5 pi 70 mM NaHgPO^^ 5 pi 70 mM N agHPO^^

Solution B
500 pi distilled w ater
60 pi 2M CaCl2 , 20 pg supercoiled  plasm id DNA

Solution B was ad ded  dropw ise to solution A while m ixing continuously  by 
bubbling air th ro u g h  the solution with a glass p ipette .. T h e  m ixed solutions 
w ere left for 2 0  m inutes to form  a visible cloudy p recip ita te  and  a mock 
transfection  solution contain ing  no DNA was p re p a red  at the  sam e tim e. 
500pl o f p rec ip ita te  was app lied  to each dish o f CEF cells an d  the cells 
incubated  in an a tm osphere  o f 5% C 0 9  fo r 15 hours. Following this the

cells w ere w ashed with serum  free  m edium  u p  to 4 times incubating  fo r 10 
m inutes betw een changes o f m edium  until all visible p rec ip ita te  had  
d ispersed . Fresh m edium  was added  an d  ca rrie r ethanol o r ligands in 
e thano l added . E thanol concen tra tion  was ad justed  w ere necessary to 0.1% 
fo r all dishes. Cells w ere incubated  a t 37^G in 10% COg in the  p resence o f

ligand fo r 24 hou rs p rio r to harvesting.

MCF-7 cell transfections
MCF-7 cells w ere transfected  by BBS calcium  pho sp h ate  

coprecip itation  m ethod  (Chen ei al. 1987). Cells w ere p la ted  in to  24 well o r 
6  well plates a t 70% density in pheno l red  free  m ed ium  con tain ing  10%
DCC. FCS. 24-48 ho u rs  a fte r p lating  the  m edium  was changed  an d  DNA 
app lied . T ransfections w ere always p e rfo rm ed  as duplicates. T o  transfec t 2 
wells the  DNA was p re p a re d  by d ilu ting  a total o f 2jLtg supercoiled  DNA into 
OOjLil distilled w ater , add ing  10 pi 2.5M CaClg and  lOOpl 2xBBS. T his was
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m ixed gently and  left to stand  fo r 15 m inutes a t room  te m p era tu re . T h is 
was m ixed again and  100 pi app lied  to each well. For experim en ts  req u irin g  
m ore than  2 wells the quantities w ere scaled u p  ap p rop ria te ly . T h e  
prec ip ita te  was allowed to fo rm  overn igh t while incubating  in 5% C O 2  at

37°C . T h e  following day the  p rec ip ita te  was rem oved by w ashing with u p  to 
4 changes o f serum  free  m ed ium  and  finally m edium  contain ing  10% DCC 
FCS was app lied  and  add itional ligands o r e thanol c a rrie r added . T h e  cells 
w ere incubated  fo r a fu r th e r  24 hou rs in the  presence o f ligands in  10%
C O 9  at 37®C p rio r  to harvesting . For 6 cm dish transfections a total o f  5 pg

DNA was used  p e r dish an d  a final volum e o f  200 pi p rec ip ita te  p re p a re d  
fo r each dish using the sam e p ro p o rtio n s  as fo r 24 well plates.

E lectroporation
Cos-1 cells w ere transfected  by e lec troporation . Cells w ere grow n to 

70% confluency in 175 cm flasks, trypsinised and  a fte r cen trifuga tion  
resu sp en d ed  in 3 ml PBSA 0.8 ml cells w ere added  to 20 pg supercoiled  
plasm id DNA in a 0.4 cm elec tropo ration  cuvette, incubated  on ice fo r 10 
m inutes and  e lec tropo ra ted  using  a Bio-rad gene pu iser e lec tropo ra tion  
ap p ara tu s , at 450 V and  250 pF, with a tim e constant o f 4.5-5.0 msec. 
Following e lec troporation  cells w ere incubated  on ice fo r a fu r th e r  10 
m inutes and  then  resuspended  in 10 ml m ed ium  and  p lated  on to  9 cm 
dishes. 1 he following day m ed ium  was changed  and  cells grow n fo r a 
fu r th e r  48 hou rs  p rio r  to harvesting.

H arvesting  cells from  transien t transfections fo r luciferase (3-galactosidase 
an d  CA 1 assay

M edia was rem oved fro m  cells w hich w ere w ashed twice w ith PBSA. 
the  final wash was rem oved as com pletely as possible and  50-100 pi lysis 
b u ffe r  added  to each dish on  a flat surface. A fte r 2 m inutes cell lysis was 
confirm ed  by m icroscopic exam ination  with only nuclei visible. T h e  lysate 
was recovered  into e p e n d o rf  tubes and  placed on  ice. T h e  lysate was c leared  
o f  cell debris by cen trifuga tion  in a m icrofuge fo r 2 m inutes an d  the 
su p e rn a ta n t tran sfe rred  to a new tube. Luciferase assay was p e rfo rm ed  
w ithin 2 hou rs but lysate could  be stored  at -20®C p rio r  to C A T o r p- 
galactosidase assay.
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L uciferase assay
Luciferase assay was p e rfo rm ed  according  to (De W et et al. 1987). 

Between 5 and  20 pi ex tract was added  to 350 pi o f luciferase reaction  b u ffe r 
in a lum inom eter cuvette. Sam ples w ere loaded  into an  LKB lum inom eter.
33 pi o f 3 mM luciferin  was injected in to  each sam ple, m ixed and  the  peak 
light em ission reco rded . Extracts from  mock transfections w ere u sed  to 
obtain background record ings

B-galactosidase assay
p-galactosidase activity was assayed using G alacto-light kit T R O P IX  

Inc. Galacton substrate  was d ilu ted  1:100 with G alactol-light reaction  
b u ffer. 5-10 pi ex tract was added  to 100 pi d ilu ted  galacton in a lum inom eter 
cuvette and  incubated  at room  te m p e ra tu re  fo r  1 h o u r . Sam ples w ere then  
loaded into an LKB lu m inom eter and  165 pi o f G alacto-light accelerato r 
injected with continuous m ixing, peak light emission was reco rd ed  fo r each 
sam ple. Extracts from  mock transfections w ere used to obtain background  
record ings and  these w ere sub tracted  from  the  values obtained  fro m  the 
experim ental sam ples.

C hloram phenico l acetyl transferase  assay C A T assay
T h e  m ethod  used  is described by (Sleigh 1986). Initially 20 pi ex tract 

was heated  to 65®C fo r 5 m inutes to inactivate endogenous C A T activity and  
added  to a mix com posed o f 20 pi 8  mM chloram phenico l, lOpl lysis 
b u ffer, 30 pi 250 rnM T ris  HCl p H  7.8, and  20 pi acetyl coenzym e A mix 
contain ing  0.5 mM cold acetyl coenzym e A and  0.1 pC i[l- I'^C] acetyl 
coenzym e A. T h is was incubated  at 37®G fo r 1 h o u r  an d  p laced  on ice.
T h e  reaction was s topped  and  acetylated ch loram phenicol ex trac ted  by the 
add ition  o f 100 pi ice cold ethyl acetate. Sam ples w ere vortexed  an d  
cen trifuged . 80 pi o f th e  u p p e r  organic phase was tra n sfe rred  to a 
scintillation vial contain ing  5 ml scintillation flu id . A fu r th e r  100 pi ethyl 
acetate was added  to the  sam ple which was re  ex tracted  and  a fu r th e r  1 0 0  pi 
organic phase ad d ed  to the scintillation vial. Sam ples w ere co u n ted  in a 
scintillation coun ter. G ounts above 50,000 cpm  w ere above the linear range  
o f the assay an d  re  assayed using less ex tract. Mock transfection  extracts 
w ere used to m ake u p  residual sam ple volum es and  counts ob tained  from  
mock ex trac t assays w ere sub tracted  from  experim en tal sam ples.
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Isolation o f  stable cell lin es
T o  isolate stable cell lines the  inducible expression  vector pM EP4 was 

used. MCF-7 cells in 9 cm plates grow ing in  norm al m ed ium  w ere 
transfected  using  the  calcium  p hosphate  coprecip itation  m ethod  described  
fo r tran sien t transfections o f MCF-7 cells. A total o f 1 ml o f p rec ip ita te  
suspension contain ing  25 pg o f DNA was app lied  to each plate. A fte r 
incubation overn igh t the  p rec ip ita te  was washed o ff  and  the  cells allowed to 
recover fo r 24 hours. Cells w ere trypsinised and  p la ted  dow n a t a 20% 
confluency. A fte r a fu r th e r  24 h o u rs  m ed ium  was rep laced  with m ed ium  
contain ing  200U /m l H ygrom ycin B. M edium  was rep laced  every 3 days and  

a fte r approx im ate ly  4 weeks colonies o f  resistant cells w ere well established 
and  m ost non  resistant cells had  been  rem oved d u rin g  m edia changes.
E ntire  dishes o f cells w ere trypsinised and  p la ted  in to  25 cm flasks to grow 
stocks o f  pooled clones. O th e r plates w ere used to isolate indiv idual clones 
using 5 m m  d iam eter steel rings coated in vacuum  grease. T h ese  w ere 
autoclaved and used to encircle individual clones approx im ately  2  m m  in 
d iam eter.. lOOpl o f trypsin /versene was app lied  to the  ringed  clone, a fte r 
incubation fo r 2-3 m inutes 100 pi m edium  was added  and  the  clone 
d ispersed  by rep ea ted  p ipeting . Each d ispersed  clone was placed in  1 ml o f 
m edium  in a 24 well p late. T h e  clones w ere allowed to reach  confluence 
and  then  subcu ltu red  to 6  well dishes and  finally into 75 cm flasks. W hen 
80% con fluen t the  cells w ere trypsinised and  frozen  stocks m ade. T h e  
rem ain ing  cells w ere screened  fo r the presence o f  inducible ER by w estern 
blotting. Positive clones w ere grow n fu r th e r  and  m ore stocks o f early 
passage cells stored.

Indirect Im m unoflouresence
W ashed cover slips w ere autoclaved and  placed in  6  well dishes, 

incubated  overn igh t with 0.5 m g /ml polylysine in PBSA and  th en  w ashed 
with PBSA. Cos-1 cells w ere transfected  by e lec tropo ra tion  and  p la ted  onto  
the  coverslips and  allowed to grow fo r 24- 48 hours, th en  w ashed th re e  tim es 
with with PBSA.(PBSA x3). Cells w ere fixed with 4% p ara fo rm a ld eh y d e  in 
PBSA fo r 20 m inutes, th en  w ashed with PBSA x3 and  the  fixative q uenched  
fo r 2 m inutes with witfi 50 mM am m onium  ch loride in PBSA. Cells w ere 
w ashed with PBSA and  perm eabalised  in 0.2% triton  X I 00 in PBSA fo r 4
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m inutes. Cells w ere w ashed th ree  tim es in  PBSA with 1% BSA (BSA/PBS) 
Coverslips w ere then  lifted  and  inverted  onto  40 pi antibody solution placed 
on parafilm . A ntibody solution consisted 10 ng/m l antibody (H 222, H226, 
MP40) o r neat N -ter hybridom a cu ltu re  conditioned  m edium . Cells were 
incubated  with antibody fo r 1 h o u r  and  then  w ashed with BS A/PBS x3 and  
incubated  fo r  1 h o u r using  the  parafilm  tecnique with an F IT C  o r Texas 
red  con jugated  antibody against the  p rim ary  antibody species. Cells w ere 
again w ashed in BS A/PBS x3 and  m oun ted  on  m icroscope slides in  citiflour. 
Slides w ere exam ined with a confocal m icroscope o r with Zeiss A xipho t 
flouresence m icroscope.

Protein Isolation and analysis
W hole cell p ro te in  ex tract from  cu ltu red  m am m alian  cells

Cells w ere grow n to 70-80% confluence on 9 cm dishes. T h e  
m onolayer was washed twice with PBSA, 5 ml PBSA ad ded  and  the  cells 
scraped  o ff  the  dish with a "rubber policem an", the  dish was rinsed  with a 
fu r th e r  5 ml PBSA to collect all cells in a universal con tainer. T h e  cells 
were recovered  by cen trifugation  at 1500 rpm  in an MSE bench top  
cen trifuge , the  su p ern a tan t rem oved and  the  cell pellet frozen  on dry  ice . 
At this stage cells could  be stored a t -70^C. Cells w ere thaw ed on ice a fte r 
the  add ition  o f  1 0  volum es o f whole cell ex tract b u ffe r  contain ing  freshly 
ad d ed  pro tease  inhib itors and  D T T . A fte r re  suspension the  cells w ere 
fu r th e r  lysed by passing 5 times th ro u g h  a 25 gauge needle. Debris and 
insoluble m aterial was rem oved by cen trifuga tion  at 50,000 g fo r 15 m inutes 
at 4^C and the  soluble fraction  sto red  in aliquots at -70®C.

D eterm ination  o f p ro te in  concen tra tion
Protein  concentra tion  was d e te rm in ed  by the  dye b ind ing  assay 

described by (B radford , 1976). Dye concen tra te  supp lied  by B iorad was used. 
Sam ples to be assayed w ere d ilu ted  in to  800 jal w ater, and  200 pi dye 
concen tra te  added . Sam ples w ere m ixed and  left to stand fo r 10 m inutes 
a fte r which O D 5 9 5  was reco rded  in  a disposable sp ec tro p h o to m ete r cuvette

A set o f know n standards p re p a re d  from  BSA was used to construct a 
nom ogram  from  which the  p ro te in  concen tra tion  o f test sam ples could be 
ex trapo la ted . As album in binds approx im ate ly  twice as m uch dye as m ost
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pro te ins ad ju stm en t was also m ade to allow fo r this in  d e te rm in in g  p ro te in  
concen tra tion ,

SDS polyacrylam ide gel e lectrophoresis
P roteins w ere separa ted  by discontinuous polyacrylam ide gels using 

A tto co rp o ra tion  AE-6220 dual slab cham ber electrophoresis ap p ara tu s . Gel 
plates (14x16 cm) with 1.5 m m  spacers w ere used to p re p a re  gels . T h e  

resolving phase o f the gel was m ade u p  from  10% acrylam ide (30% 
acrylam ide 0.8% bisacrylam ide stock, 375 mM T ris  HCl pH  8 . 8  and  1%
SDS). Gels w ere polym erised by th e  add ition  o f am m onium  p e rsu lp h a te  
0.1% and TEM ED  0.1%,. A fter p o u rin g  the  resolving gel to w ithin 3 cm  o f 
the  sam ple wells the  acrylam ide was overlaid with w ater sa tu ra ted  isobutanol 
and  allowed to set. T h e  isobutanol was p o u red  o ff  and  the gel rinsed  with 
stacking b u ffer. T h e  stacking gel was p re p a red  from  4% acrylam ide 125 
inM T ris  HCl pH  6 . 8  and  1% SDS. T h e  gels w ere polym erised by add ition  o f 
am m onium  su lphate  and  TEM ED  as above and  p o u red , the  sam ple com b 
inserted  and  the  gel allowed to set. T h e  com b was rem oved and  the  slots 
washed with Ix SDS PAGE bu ffer. 1 he gel was loaded into the gel tank  and  
filled with IxSDS PAGE bu ffer. P ro tein  sam ples consisting o f u p  to 200 pg 
total p ro te in  w ere loaded in a m axim um  volum e o f 1 0 0  pi p ro te in  loading 
b u ffe r. Sam ples w ere boiled fo r 2 m inutes im m ediately p rio r  to loading. 
Sam ples w ere always ru n  with a lane con tain ing  Rainbow m olecu lar w eight 
m arkers. Gels w ere ru n  a t 250 volts.until ap p ro p ria te  separa tion  was 
achieved.

W estern  Blotting
Proteins resolved by SDS PAGE w ere tran sfe rred  by wet blot technique 

(Sam brook el al. 1989). T h e  gel was placed as a "sandwich" in a cassette with 
nitro-cellulose m em brane carefu lly  app lied  directly  onto  the  gel en su rin g  no 
tra p p in g  o f a ir bubbles with 2 layers o f W hatm an  3MM p a p e r e ith e r side 
this was su rro u n d e d  by fib rous pads. T h e  assem bly was p e rfo rm ed  while 
com ponents w ere subm erged  in b lo tting  b u ffe r. T h e  cassette was placed in 
a Biorad e lec trophoretic  b lotting tank filled with blotting b u ffe r  and  ru n  at 
30 V fo r 15 ho u rs  followed by 2 h o u rs  a t 70 V. T h e  sandwich was 
d ism antled  and  the nitro-cellulose stained with 2 % tricarboxylic acid 0 .2 % 
Ponceau S fo r 1 m inute  . T h e  m em brane was w ashed in PBSA an d  tran sfe r
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o f pro te ins inspected  visually. T h e  m em brane  was placed in blocking agen t 
fo r  1 h o u r  with gentle agitation. T h e  m em brane  was th en  incubated  with 
p rim ary  antibody d ilu ted  ap p ro p ria te ly  in blocking agen t inside a h ea t sealed 
poly thene envelope with vigorous agitation fo r 1 h o u r  at room  te m p era tu re . 
T h e  m em brane was th en  w ashed fo r 30 m inutes with 5 changes o f  blocking 
agen t and  then  incubated  as above with horse  rad ish  perox idase  conjugated  
secondary antibody d ilu ted  in blocking agent. T h e  m em brane was then  
w ashed fo r  30 m inutes with 5 changes o f PBSA with 0.1% T w een  20. 
A ntibody/recep tor com plexes w ere detected  using the A m ersham  en h an ced  
chem olum inescence system (ECL). Equal volum es o f reag en t A and  B were 
m ixed and  applied  to the  nitrocellulose fo r  1 m inu te , the excess liquid 
d ra in ed  o ff  before  w rapp ing  the nitrocellulose in  cling film  an d  detec ting  
ligh t em ission using Euji RX film.

Gel re ta rd a tio n  assay
1 he ability o f wild type and  m u tan t oestrogen  recep tors to bind to 

DNA was assessed by gel re ta rd a tio n  o r band sh ift assay.
1 - 1 0  pg whole cell ex tract was p re  incubated  fo r 1 0  m inutes in 18 pi 

Ix band shift b u ffe r contain ing  Ip g  poly (d l-dC ).(dl-dC ), 0.1 m g BSA, with 
o r w ithout p re im m u n e  o r specific anti ER an tisera  M P I6 . L igands o r c a rrie r 
w ere also added  p rio r  to incubation  . 1 ng o f labelled double  s tran d ed
oligonucleotide p robe  was added  and  incubated  fo r a fu r th e r  2 0  m inutes at 
room  tem p era tu re . Sam ples w ere app lied  to a non d en a tu rin g  gel p re p a red  
from  6 % acrylam ide, 0.5% TBE and  set u p  as described fo r SDS PAGE gel 
electrophoresis. Gels w ere p re  ru n  at 250 V fo r 10 m inutes and  sam ples 
ru n  at the  sam e voltage fo r 50 m inutes. Gels w ere fixed in 10% acetic acid 
30% m ethanol and  d ried  u n d e r  vacuum . R etarded  bands w ere detec ted  by 
au to  rad iography .

Ligand b ind ing  assay
Cos-1 whole cell ex trac t from  cells transfec ted  with wild type o r 

m u tan t ER w ere incubated  in 50pl ligand b ind ing  b u ffe r w ith d iffe ren t 
concentrations o f {3,4,6,7-^H} oestradiol at 25®C fo r 2 hours. Eollowing 
incubation sam ples w ere placed on ice and  50 pi DCC ad d ed  and  incubated  
for 5 m inutes. Sam ples w ere cen trifu g ed  at 5000g fo r 5 m inutes and  the  
su p e rn a tan t fraction  coun ted  in a scintillation co u n ter as bou n d  an d  the
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pellet fraction  as free  steroid . N on specific b ind ing  was d e te rm in ed  by the 
inclusion o f 500 fold excess cold oestradiol. C ontrols using  ex trac t fro m  cells 
transfected  with em pty  vector w ere p e rfo rm ed , All assays w ere p e rfo rm ed  
in dup licate  fo r each data  point.

C om petition assays
C om petition assays w ere p e rfo rm ed  by incubating  Cos-1 ex tracts as 

above, b u t in  addition  to labelled oestradiol, a range  o f concen trations o f 
unlabelled  4 -hydroxytam oxifen  o r oestradiol w ere added .

Antibody isolation
G enera tion  o f  polyclonal an tisera

T h e  pep tide  R-V-P-G-T-R-E-N-V C orrespond ing  to the last 9 am ino 
acids o f  the  exon 5 varian t p ro te in  sequence w ere synthesised by N O'Reilly 
(ICRF ) using a m odel 430A A pplied  Biosystems Solid phase Synthesiser.
1 he pep tide  was analysed by reverse phase FiPLC and  mass spectroscopy.
1 he pep tide  was coupled  to a ca rrie r p ro te in  Keyhole lim pet haem ocyanin  
(KLH) G Evan (ICRE unpublished). 6.25 m g KLFl and  6.25 m g pep tid e  
were dissolved in 3 ml 0.1 M NaElCOg, G lu tara ldehyde was ad d ed  to a

concen tra tion  o f 0.05% and  m ixed overn igh t at room  tem p era tu re . T h e  p f i  
was ad justed  to 8.4 with N aO H  and  IM glycine ethyl ester ad d ed  to a 
concen tra tion  o f 0.1 M, the  solution was incubated  fo r a fu r th e r  30 m inutes 
with m ixing. T h e  coupled  conjugate was p rec ip ita ted  with 5 volum es o f  cold 
acetone and  placed on dry  ice fo r 30 m inutes. T h e  conjugate was pelleted  
by cen trifuga tion  a t 10 ,000g 'fo r 10 m inutes and  resu sp en d ed  in saline. T h e  
concentra tion  was ad justed  to 1 mg/ml. T h e  conjugate was used  to 
im m unise 2 rabbits (D W atling ICRE C entral Services anim al unit) using  the 
anim al u n it s tan d ard  im m unisation  schedule consisting seven im m unising  
doses o f 0 . 6  ml each adm in istered  in traderm ally  initially as a 1 : 1  em ulsion 
with F reunds com plete ad juvant in to  4 separa te  sites. F u r th e r  im m unising  
injections w ere p e rfo rm ed  a t 2 weekly intervals using  F reunds incom plete 
ad juvant. P re im m une serum  sam ples w ere ob tained  and  b leedouts 
p e rfo rm ed  a fte r 16 weeks. Serum  sam ples ob ta ined  were s to red  at 4^G with 
0 . 1  % sodium  azide.
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A ffinity purifica tion  o f  an tisera
Im m unoglobulin  was p rec ip ita ted  by add in g  12.3 ml sa tu ra ted  

am m onium  su lphate  to 15 ml an tiserum  contain ing  5 mM ED TA , stiring  and  
stand ing  fo r 15 m inutes, th en  cen trifug ing  fo r 10 m inutes a t 10,000g a t 4^C. 
T h e  pellet was resuspended  in 15 ml ru n n in g  b u ffe r.

C yanogen brom ide separose was w ashed and  h y d ra ted  by ad d ing  2 g 
to 200 ml 1 M BiCl, m ixed and  left to stand  fo r 15 m inutes. T h e  sepharose 
was collected on a sin ter funne l and  m ixed with 7 ml PBSA contain ing  700 
pg o f the im m unising  pep tide . T h e  m ix tu re  was rocked gently fo r  2 hours, 
p o u red  onto  a sin ter funnel and  w ashed with 30 ml PBSA, 30 ml 100 mM 
sodium  acetate p f i  4.0, 2M NaCl in  TBS. T h e  separose was suspended  in 
TBS and  packed into a Pharm acia  reversible colum n. U sing a peristatic  
pum p . T h e  colum n was washed with 100 ml ru n n in g  b u ffer. T h e  antibody 
was then  ru n  in to  the colum n at a ra te  o f 1 ml / m inute. T h e  colum n was 
w ashed with 100 ml ru n n in g  b u ffe r . T h e  colum n was reversed  a n d  w ashed 
again with ru n n in g  b u ffe r. T h e  afinity p u rif ied  antibody was e lu ted  w ith 40 
ml lOOmM sodium  citrate  pH  2.5 ru n  in over 10 m inutes. T h e  e luate  was 
im ediately neu tra lised  to pH  6.0 with 2M T ris  base. T h e  antibody was 
p rec ip ita ted  with 1 volum e sa tu ra ted  am m onium  su lphate., cen trifu g ed  at 
10,000g fo r 10 m iutes a t 4®C, resu sp en d ed  in 0.5 ml w ater and  dialysed 
against TBS with 0.1% azide. T h e  affin ity  p u rif ied  antibody was sto red  at - 
20®C (H ancock et al. 1992).

RNA analysis
Isolation o f RNA from  cu ltu red  cells

Glassware baked at ISO^C fo r 2 hou rs was used and  RNAse free  w ater 
used  to p re p a re  solutions. Cells w ere grow n in 15 cm dishes to 80% 
confluence , w ashed th ree  tim es with cold PBSA an d  10 ml PBSA ad d ed  to 
the plates. T h e  cells w ere scraped  o ff  with a "rubber policem an" an d  the 
dish w ashed with a fu r th e r  10 ml cold PBSA. Cells w ere pelle ted  in an MSE 
bench top  cen trifuge  and  resu sp en d ed  in 2.5 ml N T E  (10) to w hich 250 pi o f 
(v/v) NP40 was added , th en  tra n s fe rre d  to a glass "Corex" tube. All 
subsequent m anipu lations w ere p e rfo rm ed  on  ice , cells w ere left fo r  10 
m inutes p rio r  to cen trifuga tion  at 10,000g in a sorval SS34 ro to r a t 4^C.
T h e  su p ern a tan t was tra n sfe rred  to a fresh  tube and  1/10 volum e o f  10%
SDS added . A n equal volum e o f pheno l/ch lo ro fo rm  (1:1) was ad d ed  and  the
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m ix tu re  vortexed  to mix thoroughly . A fte r cen trifuga tion  fo r 2 m inu tes the 
organic low er layer was rem oved leaving the  in terface  behind . T h e  organic 
ex traction  was rep ea ted  as above twice an d  a 4 th  ex traction  w ith ch lo ro fo rm  
alone p e rfo rm ed . T h e  aqueous layer was th en  rem oved and  tra n s fe rre d  to a 
fresh  tube. RNA was p rec ip ita ted  by the add ition  o f 2.5 volum es o f  e thanol 
and  incubating  at -20®C fo r 2-15 hou rs . RNA was recovered  by 
cen trifuga tion  at 10,000g fo r 10 m inutes as above. T h e  pellet was w ashed 
in ice cold 70% ethanol and  air d ried  a t room  te m p e ra tu re  fo r 15 m inutes. 
RNA was resu sp en d ed  in 100 pi w ater an d  sto red  at -70^0  in  aliquots. Yield 
and  pu rity  was d e te rm in ed  by spec tropho tom etry  o f a d ilu ted  a liquot a t 260 
and  280 nm  .
Gel electrophoresis o f RNA

RNA was separa ted  by electrophoresis in d en a tu rin g  1.25% agarose.
2.5 g agarose was dissolved in 144 ml w ater and  20 ml lOx ru n n in g  b u ffer, 
by boiling in a m icrowave oven. 36 ml o f 38% (w/v) fo rm aldehyde  was 
added  and  the  gel p o u red  in a fum e hood. 20 pg total RNA fo r each track 
was p rec ip ita ted  with e thanol and  a fte r d ry ing  resu sp en d ed  in  4.5 pi w ater 
16 pi RNA sam ple b u ffe r added  and  the RNA d en a tu red  by heating  to 65®C 
fo r 2 m inutes. 8 pi loading dye was added  and  the  sam ple loaded  on to  the 
gel which was im m ersed  in Ix  ru n n in g  b u ffe r in an  electrophoresis 
ap p ara tu s . E lectrophoresis was ru n  at 5 V/cm fo r 5 hours. A fte r 
e lectrophoresis RNA was stained by im m ersion in  ru n n in g  b u ffe r con tain ing  
200 ng/L e th id ium  brom ide, fo r 20 m inutes followed by destin ing  fo r several 
hours in ru n n in g  bu ffer. RNA was visualised by uv illum ination  to confirm  
adequate  separa tion  and  quality o f  RNA ju d g e d  by the  sharpness o f  18S 
and  28S ribosom al RNA bands. Gels w ere p h o to g rap ed  by p o laro id  film  o r 
videocam era.

N o rth e rn  blotting and  hybridisation
RNA was tra n sfe rred  to H ybond N+ nylon m em brane by capillary 

e lution overn igh t using  20 x SSC (Sam brook et al. 1989). A fte r tra n sfe r  
RNA was crosslinked to th e  m em brane by uv fixation. T h e  m em brane  was 
p re  hybrid ised  at 65®C in C hurch  and  G ilbert hybridisation b u ffe r  fo r 3 
h o u rs  a fte r which the  m em brane was hybrid ised a t 65oC with specific DNA 
probes fo r 15 hours. M em branes w ere then  washed in C hu rch  and  G ilbert 
wash b u ffe r th ree  tim es fo r 30 m inutes each. M em branes w ere w rap p ed  in
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saran w rap an d  hybrid isation detected  by au to  rad iog raphy  using  XAR film. 
Blots w ere also analysed by phospho im m aging  to obtain quantita tive  data. 
A fter au to rad s  were ob ta ined  the m em branes w ere s tripped  by im m ersion  in 
boiling 0.1% SDS fo r 2 m inutes, following which m em branes w ere rin sed  in 
hybridisation solution and  re  p ro b ed  with a second specific p robe  fo r yactin 
m RNA to confirm  aproxim ately  equal loading.

Yeast transform ation and mutant screening
T h e  p ro tease  defic ien t Saccaromyces cerevisiae strain  BJ 5458 (from  

Berkeley Stock centre) was used  fo r expression  an d  functional screen ing  o f 
ER

T  ransfo rm ation
M odified from  (Ito et al ,1983)

Exponentially  grow ing cells at a density o f 2xl0^cells/m l (OD600 o f

0.6-0.8) w ere cen trifu g ed  at 1500 rp m  in an MSE bench top  cen trifuge  and  
resuspended  in w ater, re  cen trifu g ed  re su sp en d ed  in T E L  b u ffe r  pelleted  
and resuspended  in T E L  at 109 cells/ml. 100 pi cells were ad d ed  to 1 pg  o f 
supercoiled  DNA and  15 pg o f salm on sperm  DNA in 50 pi w ater, incubated  
at 30^C fo r 30 m inutes, th en  700 pi 40% PEG 4 0 OO io T E L  was ad ded  and

incubated  fo r a fu r th e r  60 m inutes. T h e  cells w ere subjected to a h eat shock 
o f 42°C  fo r 5 m inutes, cen trifu g ed  in a m icrofuge at 6,500 rp m  fo r 10 
seconds, w ashed twice with selective m edium  and  th en  plated  o u t onto 
m inim al selective plates. Plates w ere th en  incubated  at 30°C  un til colonies 
ap p ea red . T ran sfo rm atio n  efficiency is variable bu t u p  to 10^ colonies p e r 
m icrogram  o f DNA can be obtained.

Phenotypic screening o f m u ta ted  oestrogen  recep to rs in yeast 
U npub lished  m ethod  o f I Purvis Glaxo Research.

M utan t hER  was in tro d u ced  into Saccaromyces cerevisiae strain  BJ 5458 
which had  previously been tran sfo rm ed  with the  oestrogen  responsive 
re p o rte r  YCp ERE lacZ.

T h e  hER  expression  plasm id p C u p h E R M tl was cut w ith N col an d
Bgll.
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gel p u rif ied  and  recovered  with "Geneclean". 1 pg o f cu t vector was used  
with 5 pg o f deg en era te  PCR p ro d u c t to tran sfo rm  yeast carry ing  YCp 
ERElacZ T h e  tran sfo rm ed  yeast was p la ted  onto  20 double  selective plates 
(-U/-L) and  incubated  at 30^C until colonies w ere 1 m m  in size. T h e  plates 
w ere th en  rep lica  p la ted  using  W hatm an  filter discs and  a felt p ad  on to  X 
gal plates contain ing  50pM C u S 0 4  with o r w ithou t ad d ed  ligand. T h e

colonies w ere incubated  a t 30°C  fo r u p  to 5 days. Plates w ere exam ined  
daily fo r the  developm ent o f blue coloration . Colonies confo rm ing  to the 
req u ired  pheno type  w ere picked an d  re  streaked  onto  X-gal plates to 
confirm  the  phenotype.

DNA recovery from  yeast.
D escribed in (Rose el al ,1990)

Yeast was grow n in a 5 ml cu ltu re  overn igh t with ap p ro p ria te  
selection. 1.5 ml o f cu ltu re  was cen trifuged  briefly to pellet cells . the 
su p e rn a tan t rem oved and  200 pi o f  2% triton  X I00, 1% SDS 100 niM NaCl, 
10 niM fr is  HCl pH  8.0, 1 mM ED TA  added . T h e  pellet vo rtexed  into 
suspension an d  200 pi o f phenol:ch loroform :isoam yl alcohol added . (25:24:1). 
T h e  m ix tu re  was vortexed fo r 2 m inutes with in te rm itten t cooling a fte r the 
add ition  o f  0.3 g o f acid w ashed glass beads. T h e  tube was cen trifu g ed  fo r 
5 m inutes in  a m icrofuge and  the aqueous po rtio n  ethanol p rec ip ita ted . T h e  
pellet was resuspended  in 5 pi o f w ater and  1-2 pi used  to tran sfo rm  SCS-1 
strain bacteria by e lec troporation .

Protein  ex traction  from  yeast
Yeast colonies w ere inoculated  an d  grow n a t 30oC in 50 ml selective 

m edium  to a OD660 o f 0.8 Cells w ere pelleted  by cen trifuga tion  and  washed

in ice cold yeast lysis b u ffe r  and  subsequently  m ain ta ined  at 40C. Cells w ere 
tra n sfe rre d  to a 1.5 ml e p e n d o rf  tube, rep e lle ted  and  re su sp en d ed  in 350 pi 
lysis b u ffe r  contain ing  freshly  added  pro tease  inhib itors. An equal volum e o f  
glass beads w ere ad d ed  and  the tube vortexed  with in te rm itten t cooling fo r 5 
m inutes. 200 pi o f RIPA b u ffe r w ith p ro tease inhib itors was ad d ed  the  tube 
m ixed and  cen trifuged . T h e  su p e rn a tan t was rem oved and  a fu r th e r  200 pi 
o f RIPA  added  and  a fte r m ixing left on ice fo r 10 m inutes. T h e  tube  was 
recen trifu g ed  and  the su p e rn a tan t added  to the  first ex traction . T h e  p ro te in  
ex tract contains an  oily layer th e re fo re  the aqueous layer is carefully
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rem oved  to a fresh  tube. P ro te in  concen tra tion  was d e te rm in ed  and  the  
sam ple sto red  in aliquots a t -70®C.

Liquid B-galactosidase assay fo r yeast 
(m odified from  B A m ati u n p u b lish ed  ICRF)

Yeast with expression  vector and  re p o r te r  w ere inocu la ted  into 4 ml 
selective m ed ium  at a density o f 0.2 OD 600 and  grow n fo r 15 h o u rs  with

shaking at 30^C in the p resence o f  50 pM C u S 0 4  an d  ligand o r e thano l 
c a rrie r  alone. Cells w ere harvested  by cen trifugation , w ashed with w ater 
twice and  tra n sfe rre d  to a 1.5 ml e p e n d o rf  tube. T h e  pellet was 
resu sp en d ed  in 200 pi lysis b u ffe r  and  frozen  on dry  ice. T h e  cells w ere 
thaw ed on ice fully resuspended  an d  ODOOO o f an  aliquot reco rded , T ubes

contain ing  0.5 ml Z b u ffe r  with freshly  added  (3-m ercaptoethanol to 50 mM 
an d  0,1 ml 4 m g/m l O N PG  w ere p re p a red  an d  w arm ed  to 3 ? o c  T o  these 
tubes 100 pi o f cell suspension was added  and  incubated  a t 3 ? o c . T h e  time 
taken fo r a pale yellow co lour to a p p e a r  was reco rded  and  the  reaction 
stopped  by the  add ition  o f 250 pi IM N aoCO g. Sam ples w ere c leared  by 
cen trifuga tion  and  ODqOQ reco rd ed  using a lysis b u ffe r  only sam ple as a 

blank . W here the absorbance was outside the linear range  o f the  assay (0.2- 
0.4) the assay was rep ea ted  using  a sh o rte r incubation  tim e o r using a sm aller 
volum e o f cells, m aking u p  to full volum e with lysis bu ffer.

Results w ere norm alised  fo r cell density and  incubation tim e to give 
com parable values in a rb itra ry  units..
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Chapter 3

Analysis of the exon 5 variant oestrogen receptor
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Introduction
T h e  identification  an d  initial analysis o f splice varian t ER has been  

described in  ch ap te r 1. T h is ch ap te r describes a detailed  analysis o f the  
function  o f the exon 5 varian t oestrogen  recep to r. T h e  varian t ER cDNA 
was cloned into two expression vectors to allow p ro te in  expression in 
transien t transfections an d  to pe rm it the  developm ent o f stable cell lines 
expressing  varian t p ro te in  th ro u g h  an inducible p ro m o ter. T h e  expression 
o f  varian t expression  has been confirm ed  by the  raising o f a specific 
an tisernm  th a t recognises only the  varian t p ro te in . T h e  transcrip tional 
activity o f the varian t recep to r has been analysed in  both these systems. 
Finally the effect o f  the  varian t on  cell p ro lifera tion  has been  investigated.

Construction o f  an expression  vector for the exon  5 variant ER
T o  create an  expression vector fo r the  exon 5 varian t ER the  full 

leng th  cDNA o f pSG 5H EG O  was m odified  to encode the  tru n ca ted  p ro te in ,
I his was achieved by rep lacing  the  sequences 3' to the H in d lll  site at 
position 1017 with a synthetic o ligonucleotide p a ir th a t fo rm ed  the  exon 4/6 
ju n c tio n  and  sequences as fa r as the  p rem a tu re  stop codon (see append ix ). 
T h e  m odified cDNA was th e re fo re  no t a tru e  splice varian t bu t con tained  all 
the  necessary coding sequence to fo rm  the 371 am ino acid p ro te in  identical 
to that coded by the  tru e  splice varian t m RNA, T h e  expression o f the 
varian t p ro te in  was established by transien t transfection  o f Gos-1 cells and  
w estern blotting o f the ex tract using  the  oestrogen  recep to r m onoclonal 
antibody H226 as a secondary antibody. H22 recognises an  ep itope  in  the  N- 
term inal p a rt o f the  full leng th  recep to r close to the ju n c tio n  with the DNA 
b inding  dom ain, this ep itope  is re ta ined  in the  exon 5 varian t recep to r and  
in the N -term inal tru n ca ted  recep to r 121-595, this trunca tion  does no t 
contain the first 121 residues o f ER b u t still contains a small po rtion  o f  
region B including the  H 226 epitope. T h is  recep to r an d  full leng th  p ro te ins 
w ere used as controls o f recep to r expression and  stability. T h e  w estern blot 
detected  a band o f approx im ate ly  42 kD co rrespond ing  to the  p red ic ted  size 
o f the exon 5 varian t ER (see Fig 3.2). Full-length recep to r was expressed  
and  as expected a band  o f  65 kD was detected  an d  the 121-595 tru n ca tio n  
appears  as an  in te rm ed ia te  band. T h e  two pro te ins a re  de tec ted  in 
approxim ately  equal am ounts ind icating  th a t th e re  is no m ajor d ifference  in 
the  stability o f the two pro teins. It is a lready know n th a t the  tru n ca ted  M OR
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Fig 3.2

Western blot of full length and exon 5 deleted oestrogen  
receptor expressed in Cos-1 cells
O estrogen receptors were expressed by transient transfection 
in Cos-1 cells 20 |ig  p ro t n extract w as loaded in each lane 
and oestrogen receptor was detected using H226 as secondary 
antibody. Full length oestrogen receptor (lane 1) N -term inal 
truncation 121-595 (lane2) Exon 5 deletion construct (lane3)
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contain ing  residues 1-339 has a sim ilar h a lf  life to full leng th  M OR 
expressed  in Cos-1 cells (Dauvois 1992).

Transcriptional activity o f  the variant in  chicken embryo fibroblasts
T o  de term ine  the  ability o f the  varian t to induce transcrip tion  o f an 

oestrogen  responsive re p o r te r  in anim al cells we chose chicken em bryo 
fibroblasts because these cells a re  know n to respond  well to stim ulation 
m ediated  by A F l. T h e  transcrip tional activity o f  the  exon 5 varian t was 
com pared  to full leng th  recep to r activity in transien t transfections. T h e  
oestrogen  responsive re p o r te r  construct ERE tk luciferase was co transfec ted  
with recep to r. T his re p o r te r  consists o f the vitellogenin ERE u p stream  of 
the thym idine kinase p ro m o te r driv ing  expression  o f luciferase. T h e  effect 
o f E2, and antioestrogens on  transcrip tional activity is shown in Eig 3.3. T h e  
exon 5 variant recep to r is able to stim ulate transcrip tion  5 to 6 fold  above 
tha t observed in the  presence o f the  re p o r te r  alone. T h is activation is 
com pletely unaffected  by the  add ition  o f  E2, O H T  o r ICI 182,780 indicating  
tha t the exon 5 varian t is indeed  constitutively active in this situation and  
tha t the  stim ulation can not be in fluenced  by ligand. Eull-length recep to r 
showed a 5 fold increase in activity in the  absence o f added  ligand and  this 
was fu r th e r  increased to 20 fold on the  add ition  o f E2. In  the p resence o f 
O H T  th e re  was a 5 fold stim ulation, sim ilar to th a t seen in  the  absence o f 
added  ligand but in the  presence o f the  p u re  an tioestrogen  ICI 182780 th e re  
was no significant stim ulation o f the  rep o rte r. In  this system O H T  is able to 
stim ulate the re p o rte r  to a m odera te  deg ree  bu t the  p u re  an tioestrogen  has 
no stim ulatory activity and  suppresses the  background  activity seen in  the 
absence o f added  ligand. T h e  absence o f basal activity in the  p resence o f 
IC l 182,780 is a reflection o f com plete ER blockade m ediated  th ro u g h  
m ultip le m echanism s.
T h e  m odera te  activity seen in  the  presence o f no added  ligand is th o u g h t to 
be caused by residual oestrogenic ligands con tained  in the  s trip p ed  serum  in 
which the experim ents a re  p e rfo rm ed . S u p p o rt fo r this in te rp re ta tio n  is 
gained by noting th a t the  m u tan t M ORG525-R which is unable  to bind E2 
has negligible activity in the  absence o f ligand bu t is stim ulated  by O H T  
(Danielian 1992). It is in te resting  to note th a t the  sub m axim al stim ulation 
seen with the exon 5 varian t is sim ilar to the stim ulation o f full leng th  
recep to r by O H T .
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Fig 3.3 

Transient transfection of chicken embryo fibroblasts with full length 

and Exon 5 variant oestrogen receptor.

Chicken embryo fibroblasts were transfected with Ijxg PJTlacZ internal control

plasmid 5pg of EREtk lucferase reporter and 0.5 pg pSG5 expression vector. DNA

was made up to a total of lOpg with pSG5. After transfection cells were treated for

24 hours with ethanol carrier alone ( ■  ), lO'^M 17-p oestradiol ( □  ),

10 4-hydroxytamoxifen (Q ), 10"^M ICI 182780 ( □  ). Cells were then harvested 

and analysed for luciferase and p-galactosidase. Luciferase values were firstly

normalised for transfection efficiency using p-galactosidase. and then expressed as

a percentage of the value obtained with full length receptor stimulated with 

oestradiol. The results shown represent the mean of three independent 

experiments performed in duplicate with standard errors indicated by error bars.
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G eneration o f  a specific  antibody to the exon  5 variant receptor.
O ne o f the  d ifficulties in assessing the  significance o f the exon 5 

varian t recep to r has been  the  absence o f positive evidence th a t the  p ro te in  is 
expressed . A specific antibody to the varian t ER is a potentially  usefu l tool 
to use to study p ro te in  expression. Since the  exon 5 varian t contains 5 C- 
term inal am ino acids th a t a re  no t p resen t in the  full leng th  recep to r this may 
p ro d u ce  a u n ique  ep itope  th a t would allow specific antigenic distinction o f 
exon5 v arian t recep to r. A pep tid e  was synthesised contain ing  the last 9 
am ino acids o f the  exon 5 varian t sequence. T h is leng th  was selected 
em pirically  with the  expectation  th a t a pep tide  o f this leng th  would contain  
the  a p p ro p ria te  ep itope  w ithout sufficient wild type sequence to fo rm  a wild 
type ep itope. T h is  pep tide  was used  as a conjugate w ith K eyhole lim pet 
haem ocyanin  to im m unise rabbits. T h e  resu lting  an tiserum  (MP40) was 
tested on  W estern  blots o f Cos-1 extracts overexpressing  the  wild type and  
varian t recep to rs. W hile the  anti serum  did  no t recognise full length  
recep to r, a band o f 42 kD was m ore a p p a re n t in the lane contain ing  exon 5 
varian t ex tract. A background  band o f indistinguishable size was how ever 
seen in the  full leng th  recep to r track. T his is probably no t a deg rad a tio n  
p ro d u c t since it was no t picked u p  with o th e r ER antibodies (data not 
shown), and  is th o u g h t to be a contam inating  non specific band. T h e  
an tiserum  was th e re fo re  p u rified  on an affin ity  colum n using  the 
im m unising  pep tid e  to trap  the specific antibodies. T h e  ability o f this 
antibody to recognise ER was th en  com pared  to 44226 in w estern  blots o f 
Cos-1 cell ex tracts (Fig 3.4). f ie re  it can be seen as previously th a t 44226 
recognises both  full length  and  exon 5 varian t recep tors. M P40 fails to 
recognise the  full leng th  recep to r bu t does recognise the  exon 5 varian t 
p ro te in . T h e  antibody specificity was fu r th e r  dem o n stra ted  by com peting  o ff 
the specific band by the  add ition  o f  excess native im m unising  pep tid e  d u rin g  
incubation  with p rim ary  antibody.

Stable exp ression  o f  exon  5 variant receptor in  MCF-7 cells
T o  study the effect o f the exon 5 varian t ER on p ro lifera tion  o f  b reast 

cancer cell lines it is necessary to establish stable expression o f  the  varian t 
p ro te in  and  it is desirable to be able to induce recep to r expression. T h is  was 
achieved using  an episom ally m ain tained  expression vector pM EP4
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Detection of Exon 5 variant with a specific rabbit antiserum 
MP40.

To establish the specificity of the MP40 rabbit antiserum, the 
exon 5 variant (hERAS), the w ild-type receptor (HEGO) and 
the expression  vector pSG5 (vector contro l) w ere 
over-expressed in Cos-1 cells .10 pg of extract was separated 
by SDS PAGE. Receptors were then detected after W estern 
blotting w ith either H226, MP40 or MP40 in the presence of 
an excess of the peptide used to generate MP40 antiserum.
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expressing  the  varian t u n d e r  the  control o f the  h u m an  m etallo th ionein  IIA  
p ro m o ter. T h is  p ro m o te r is responsive to heavy m etals and  can be used  to 
induce the  expression  o f varian t in  a dose d e p en d e n t m anner. T h e  vector 
carries the  hygrom ycin B gene co n fe rrin g  hygrom ycin resistance to 
transfected  m am m alian cells. T h e  plasm id contains the  E pstein  B arr virus 
orig in  o f rep lication  and  is able to replicate  ex tra  chrom osom ally and  does 
not rely on chrom osom al in teg ra tion  fo r stable m ain tenance o f  resistance and  
fo r expression  o f the foreign  gene. We used  the  Breast cancer cell line 
MCE-7 because it is a well characterised  ER positive cell line th a t shows a 
positive m itogenic response to E2. ER negative lines th a t have been 
transfected  with ER show a paradoxical negative grow th response to 
oestrogens and  in this artificial situation it is d ifficu lt to in te rp re t any 
changes seen in p ro liferation . In  addition , since the  exon 5 varian t rnRNA is 
only fo u n d  in association with o f full leng th  ER m R N A , we w anted to study 
the grow th effects o f the  exon 5 deletion  in the  con tex t o f wild type recep to r 
expression.

Isolation an d  characterisation  o f pooled clones expressing  exon 5 varian t 
recep to r

T h e  cDNA fo r full length  and  the  exon 5 varian t ER w ere tra n sfe rre d  
into pM EP4 and  hygrom ycin resistant clones isolated from  p aren ta l MCE-7 
cells transfec ted  with pM EP4, pM EP4H EG O  an d  pM EP4hERA5. Firstly 
transfected  cells w ere exposed to hygrom ycin and  resistan t popula tions from  
each plasm id transfection  w ere established on 9 cm dishes. Each dish 
p ro d u ced  approxim ately  100 individual colonies. A t first passage, each dish 
was m ain ta ined  as a continuously grow ing cu ltu re  com prising  m ultip le  clones 
which w ere m erg ed  d u rin g  the first passage p ro ced u re  and  a re  re fe red  to as 
pooled clones. T hese  w ere used  to dem onstra te  the  ability to induce 
expression  o f  e ith e r exon 5 varian t p ro te in  o r add itional wild type recep to r 
w hen exposed  to cadm ium . E xpression o f recep to rs  was m on ito red  by 
w estern b lotting  using  H 226 as secondary antibody (Eig 3.5). H ere  it can be 
seen th a t the  paren ta l MCF-7 and  the  cells transfected  with pM EP4 vector 
alone both  express a sim ilar am o u n t o f wild type recep to r. T h e  cells 
transfected  with pM EP4H E G O  also show sim ilar levels o f recep to r in the  
absence o f induction  bu t w hen exposed to cadm ium  the  am o u n t o f recep to r 
increases. In  the  two control cells the  am o u n t o f recep to r is decreased  in the
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W estern blot of MCF-7 cells stably transfected w ith  fu ll length  
and exon 5 variant receptor.
Hygrom ycin resistant cells were isolated after transfection w ith 
em pty pMEP4, or vector containing full length hER or exon 5 
variant. Individual colonies were pooled together. Cells were 
m aintaned in steroid depleted m edium  and extracts prepared 
from untreated cells (uneven lane num bers) and cells induced 
with 5 pM  cadm ium  chloride (even lane numbers). Receptors 
were detected using H226 anti ER antibody. U ntransfected 
MCF-7 cells are shown as a control (lanes land2), em pty vector 
control is shown (lanes 3 and4), full length hER (lanes 5 and6) and 
exon 5 variant (lanes 7 and 8).
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presence  o f  cadm ium . T h is  observation has been  m ade by o thers who re p o rt 
th a t cadm ium  causes dow n regu la tion  o f ER, an d  has oestrogenic type effects 
on MCE-7 cells inc lud ing  stim ulation o f oestrogen  responsive re p o rte rs  and  
an increase in  cell grow th (G arcia-M orales et al 1994). In  the  cells 
transfected  with the  pM EP4hERA5, norm al levels o f endogenous recep to r are 
seen b u t on induction  with cadm ium  a band  o f  approxim ately  42 kD was 
detected  co rresp o n d in g  to varian t ER expression. T h is  band  is n o t a p p a ren t 
in  the o th e r cell lines bu t can be seen faintly  in the  u n in d u ced  lane 
indicating  th a t the  m etallo th ionein  p ro m o te r is weakly active in the  absence 
o f ad d ed  heavy metals.

Use o f d iffe ren t heavy m etals to induce recep to r expression.
Since cadm ium  but no t zinc have been shown to exibit oestrogenic like 

activity (G arcia-M orales et al 1994) we used  zinc ch loride in m ost subsequen t 
work, especially in assessing the  activity o f the varian t on cell grow th and  
gene activation. In  p re lim inary  experim en ts we fo und  th a t zinc ch lo ride  was 
to lerated  in doses up  to 200 pM with no a p p a re n t effect on cell grow th or 
m orphology. C adm ium  how ever was only to le ra ted  u p  to 1 pM, A t h ig h er 
concentrations it was no ted  to re ta rd  cell g row th and  at concen trations above 
5 pM it was toxic causing cells to detach  from  th e  cu ltu re  dishes.

Isolation and  characterisation  o f clonal cell lines expressing  exon 5 varian t

m
Indiv idual colonies o f hygrom ycin resistan t cells obtained  a fte r 

transfection  with pM EP4 vectors w ere isolated by rin g  cloning and  screened 
fo r the expression  o f full leng th  an d  varian t recep to r. All o f the clones 
analysed show ed sim ilar levels o f full leng th  recep to r b u t m ost d id  not 
express varian t recep to r (data not shown). T h re e  clones expressing  varian t 
recep to r in an  inducible m an n er w ere isolated which we nam ed  V ar 1-3.
T h e  am o u n t o f ER expressed  before  an d  a fte r stim ulation with cadm ium  o r 
zinc was analysed by W estern  b lotting an d  is shown (fig 3.6). Semi 
quantita tive  estim ates o f relative abundance  o f recep to r w ere m ade using  
m ultip le  p h o to g rap h ic  exposures o f the blots. Var-1 cells express detectab le 
varian t recep to r in the absence o f induction  a t a level com parable  to the  full 
leng th  recep to r. O n induction  with 200pM  zinc ch loride  th e re  is a d ram atic  
rise in the level o f varian t recep to r expression such th a t it exceeds the
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In du ction  o f exon 5 variant exp ression  in stab le  M CF-7 
clones
The am ount of full length and exon 5 variant receptor is 
dem onstrated by western blot analysis of extracts prepared 
from three separate clones stably transfected w ith exon 5 
variant ER. 100 pg of extract was separated by SDS PAGE. 
Blots were probed with H226. Lanes 1-3 show the cell line 
var-1 in the uninduced state (lanel) after 24 hours induction 
w ith 5 |iM cadm ium  chloride (lane 2) and after 24 hours 
induction w ith 200 pM zinc chloride. Lanes 4 and 5 show 
cell line var-2 ,uninduced (lane 4) and w ith 200 |iM zinc 
chloride (lane 5). Lanes 6 and 7 show  cell line v ar -3  
,uninduced (lane 6) and with 200 uM zinc chloride (lane 7).
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am o u n t o f full leng th  recep to r by approxim ately  10 fold. I t was no ted  th a t 
at the  m axim um  to le ra ted  doses, zinc ch loride was m ore p o ten t as an  in d u cer 
o f  varian t expression  th an  cadm ium  chloride, w hich is re p o rte d  as the  m ost 
p o ten t in d u cer o f the m etalo th ion ien  p ro m o ter. V ar-2 cells do no t express 
detectab le levels o f varian t in  the  absence o f induction  bu t on induction  
express varian t recep to r a t 2-3 tim es the  level o f  endogenous recep to r. 
Sim ilarly Var-3 cells do not express varian t recep to r until exposed to heavy 
m etals w hen zinc ch loride  can induce varian t expression  to a level 3-4 times 
the  endogenous recep to r level.

T h e  specific antibody M P40 was used  to confirm  th a t the  42 kD H226 
im m unoreactive band seen in transfected  cells was indeed  genu ine  varian t 
recep to r by analysing Var-1 cells trea ted  with increasing  doses o f zinc 
ch loride. E xtracts w ere analysed by w estern b lo tting  using with M P40 and  
14226 as p rim ary  antibody (Eig3.7). H ere  it can be seen that with increasing  
doses o f zinc ch loride an  increasing  am o u n t o f  v a rian t recep to r is detected . 
Doses above 200 pM w ere not used , as these would have been in the  toxic 
range

D uration  o f Exon 5 recep to r expression.
In o rd e r  to assess the effect o f exon 5 varian t expression  on cell 

g row th it is necessary to have p ro longed  expression  o f the recep to r we 
th e re fo re  analysed the d u ra tio n  o f exon 5 varian t recep to r expression  in 
Var-1 cells d u rin g  pro longed  exposure  to 200|liM zinc ch loride. Cells w ere 
grow n fo r u p  to 6  days in the  presence o f zinc ch lo ride  and  analysed by 
w estern blotting. (Eig 8 ) M axim al expression is seen a fte r 1 day b u t the 
varian t rem ains expressed  a t substantially h ig h e r levels than  the  wild type for 
6  days. In  this ex p erim en t we also note tha t the  level o f the  endogenous 
recep to r is decreased  at 1 day bu t th a t over the  tim e course o f  the 
ex p erim en t the  endogenous recep to r recovers tow ards the  u n in d u ced  level.

E ffect o f ligands on the  expression o f varian t recep to r
T h e  expression  o f endogenous and  exon 5 varian t re cep to r in Var-1 

cells was exam ined  in the  presence o f E2 and  antioestrogens, both  in  the 
absence and  presence o f  zinc ch loride (Eig 3.9). In  the  u n in d u ced  state the  
endogenous recep to r iŝ  seen to respond  to ligands as expected  w ith a 
reduction  in ER a fte r exposu re  to E2. T h e re  is little effect o f  O H T  and
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D ose dependency of exon 5 variant oestrogen receptor 
induction detected by a specific and non specific  
antibody
To examine the dose dependency of variant induction var-1 
cells were induced with increasing concentrations of zinc 
chloride. Duplicate samples were separated by SDS PAGE 
W estern blots were probed using exon 5 specific antibody 
MP40 (lanes 1-4), or H226 (lanes 5-8). Lanes la n d  5 are 
control lanes w ith no inducer present. Lanes 2 and 6 were 
induced with 50 pM zinc chloride. Lanes 3 and 7, 100 pM 
zinc chloride. Lanes 5 and 8, 200 jiM zinc chloride.
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D u ration  o f in d u ctio n  o f exon  5 variant oestrogen  
receptor
To determ ine the duration of in d u ced  exp ression  of  
variant receptor var-1 cells w ere grow n in the pressence  
of zinc ch loride for up to 6 days. Variant receptor  
expression w as determ ined by w estern blot analysis of 
cell extracts u sin g  H 226. The in d u ctio n  p er iod  is 
indicated over each lane
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The effect o f lig a n d s on  the exp ression  o f w ild  type and  
variant receptors in  Var-1 cells
The effect of ligan d s on receptor lev e ls  w as a ssessed  by  
treating un induced (lanes 1-4) and induced  cells (lanes 5-8) 
for 15 hours w ith  no ligand (N H , lanes 1 and 5); 1Ô M 17-(3 
estradiol (E2, lanes 2 and 5); 10’  ̂ M 4 hyroxytam oxifen  
(OHT, lanes 3 and 7) or lO'® M ICI 182,780 (ICI, lanes 4 and  
8). Receptors w ere then detected by W estern blotting using  
H226.
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com plete d isap p earan ce  fu ll len g th  ER in  th e  p resence  o f  IC I 182780. T h e  
fall in  endogenous recep to r is again  seen w ith th e  add ition  o f zinc ch loride. 
T h is  is fu r th e r  re d u c ed  by ad d itio n  o f  E2 an d  is unde tec tab le  w ith IC I 
182,780. In  con trast th e re  is no discernible e ffec t o f  ligand  on  the  levels o f  
v a rian t re cep to r expression  in  th e  absence o r  p resence  o f  induction .

'V
E ffect o f  E xon 5 variant ER exp ression  on  growth o f  stable cell lin es

H aving established a system w here  th e  exon 5 va rian t could  be 
expressed  a t several d iffe re n t ratios an d  established th a t this expression  was 
m ain ta ined  a fte r  induc tion  fo r  m o re  th a n  5 days it was possible to analyse 
th e  effect o f  varian t expression  on  cell g row th  in  the  p resence  o f  E2 o r 
an tioestrogens.

All th re e  cell lines w ere grow n in  th e  absence o r  p resence  o f  zinc 
ch loride to a lte r the  am o u n t o f  varian t exp ressed  an d  th e  effects o f  ad d in g  
ligands to th e  ra te  o f  grow th m on ito red . T h ese  responses w ere co m p ared  to 

MCF-7 cells tran sfec ted  w ith th e  p a ren ta l pM EP4 vector (V ector control). All 
clones w ere seen to grow a t sim ilar ra tes in th e  absence o f  ligand. Increasing  
cell n u m b er by 4-5 fo ld  a f te r  7 days (FiglO). T h e  e ffec t o f  E2 on  v arian t 
expressing  clones was sim ilar in  all cases to th a t o f  th e  con tro l cells, 
increasing  th e  grow th  ra te  such th a t cell n u m bers  increased  15-20 fo ld  a fte r 
7 days. In  th e  presence  o f  O H T  th e re  was a  small decrease  in  cell g row th 
co m p ared  to cells grow n in  th e  absence o f  h o rm o n e . T h e  p u re  
an tioestrogen  IC I 182780 h ad  a m o re  p ro n o u n ced  effect red u c in g  the  
grow th o f  all clones fu r th e r . A lthough  th e re  was slight variability in the  
d eg ree  o f grow th inh ib ito ry  action o f  th e  an tioestrogens betw een th e  th ree  
va rian t expressing  cell lines, these d ifferences w ere com paratively  small. In  
all cases th e re  was no d iscernible e ffec t o f  in ducing  expression  o f  exon  5 
v a rian t ER. T h e  contro l cells w ere u n a ffec ted  by th e  ad d ition  o f  zinc 
ch loride.

E ffect o f  exon 5 varian t ER  on  th e  ability o f  an tioestrogens to  an tagonise  th e  
grow th stim ulation  o f  E2

T h e  ability o f  an tioestrogens to block th e  grow th stim ulatory  e ffect o f  
oestrogens is an  im p o rtan t aspect o f  th e ir  clinical efficacy, th e re fo re  the  
ability o f  th e  varian t to  in fluence  this action was tested  in  Var-1 cells. In  this 
ex p erim en t cell g row th  was follow ed over a  15 day perio d . E2 stim ulated
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FIG 3.10

Effect of inducing exon 5 variant ER expression on the proliferative response to oestrogen and antioestrogens

Three variant expressing clones (Var-1-3) are compared to cells transfected with empty vector (Vector control). 

Cells were plated at equal densities and increase in cell number determined after 7 days growth. Each cell line

was grown in the absence of the inducer zinc chloride ( -  ) or with 200 îM zinc chloride ( +  ). In addition cells

were exposed to ethanol carrier alone ( H  ), 10 17-|3 oestradiol ( O  ), 10 4-hydroxytamoxifen ( Q  ), 10 M

ICI 182780 ( 0  ). Results are expressed as fold increase in cell number above the number of cells present at the 

time treatments were applied. The results shown represent the mean values of three independent experiments 

performed in duplicate, error bars indicate the standard error.
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Fig 3.11

Antagonism of oestrogen stimulated growth by antioestrogens

Vector control and Var 1 cells were plated out and left to recover for 
two days and then treated in the absence or presence of 200 pM zinc 
chloride (-/+zinc) for periods up to 15 days with ethanol carrier alone 
( ■  ), or in the presence of lO’^M 17-p oestradiol ( □  ), 1 0 " 17-|3 
oestradiol plus 10”̂  M 4 hydroxytamoxifen ( A ), or lO'^M 17-P 
oestradiol plus 10"̂  M ICI 182,780 ( #  ). Results are plotted as fold 
increase compared to cell number at the time of adding ligand. Data 
shown represents the mean of three separate experiments performed 
in duplicate, standard error is indicated by error bars.
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cells w ere com pared  to cells grow n with both  E2 and  excess an tioestrogens. 
T h e  effect o f inducing  varian t expression on these responses was m on ito red . 
In  both  control cells and  varian t expressing  cells the grow th stim ulation  seen 
in the  presence o f E2 was com pletely reversed  by both O H T  an d  ICI 182780 
(Fig 3 .1 1). T h e  ra te  o f  grow th  was suppressed  below th a t seen in the  
absence o f ad d ed  ho rm one , ICI 182780 showing m ore p o ten t grow th 
re ta rd a tio n  than  O H T . T h e  antagonistic action o f both  an tioestrogens was 
u n affec ted  by induction  o f varian t with zinc ch loride  which also h ad  no 
e ffect on  the  responses in the  control cells.

T hese  experim en ts d em onstra te  th a t despite  the  presence o f AF-1 
(which was shown to be constitutively active in chicken em bryo fibroblasts), 
the  exon 5 varian t ER is not capable o f  significantly stim ulating  the  grow th 
o f  MCF-7 breast cancer cells in  the  absence o f  ER ligand. It is also not 
capable o f in fluencing  grow th stim ulation response to oestradiol o r the  
antagonistic action o f the  partia l agonist hydroxytam oxifen  o r the  p u re  
an tioestrogen  ICI 182,780. It ap pears  th e re fo re  th a t in  isolation, expression 
o f  exon 5 varian t recep to r even in  large excess is not sufficient fo r 
an tioestrogen  resistance in MCF-7 cells.

A ctivity o f  the Exon 5 variant ER on gene activation in MCF-7 cells
A lthough  th e re  was no effect o f the  exon 5 varian t on cell g row th it 

may have an  effect on individual gene expression. T h e re fo re  the  action o f 
the  varian t on  2 re p o r te r  genes an d  2 endogenous oestrogen  responsive 
genes was analysed.

t ransien t transfection  o f varian t expressing  cells with an ERE tk luciferase  
re p o r te r

T h e  e ffect o f varian t expression  on gene transcrip tion  in b reast cancer 
cells was exam ined by tran sien t transfection  o f Var-1 cells using th e  ERE tk 
luciferase re p o r te r  described earlier. C om parisons w ere m ade betw een 
induced  an d  u n in d u ced  cells. It was no ted  th a t the addition  o f 200 pM zinc 
ch loride  increased  the expression o f  the in ternal contro l re p o r te r  p lasm id 
p j7  lacZ consistently by 3 fold. It was th e re fo re  no t possible to use the  p- 
galactosidase assay to co rrect fo r  transfection  efficiency unless an ad justm en t 
was m ade to allow fo r this effect. T h e re fo re  the  results o f each well o f 
transfected  cells w ere norm alised  fo r p ro te in  concen tration . In  general the
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Fig 3.12
Transient transfection of exon 5 variant expressing cells w ith  an ERE tk 
luciferase reporter. Control cells and variant expressing cells were 

transiently transfected in 24 well plates with 0.5 |Xg ERE tk luciferase and 0.1 
\Lg pJ7 p-galactosidase reporters in a total of 1 |Xg DN A  . After transfection 

cells were incubated for 24 hours in the absence or presence of 200 pM zinc 
chloride with ethanol carrier alone (■  ), 10 M oestradiol (□ ) , 

lO^M 4-hydroxytamoxifen (H ), or 10“̂ M ICI 182,780 ( □ ) .  Cells were 
harvested and assayed for luciferase activity. Protein concentration was 

determined and p-galactosidase activity was monitored. Luciferase activity 
was corrected for protein concentration and has been expressed as the 

percentage of the activity seen in the control cells stimulated by oestradiol in 
the absence of induction by zinc chloride. Transfections were performed in 

duplicate and the results shown represent the mean of three independent 

experiments. Standard error is indicated by error bcirs.
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variation in p ro te in  concentra tion  betw een wells was less th an  1 0 % and
these d ifferences paralleled  the  p galactosidase results.

T ransfec tion  results a re  sum m arised  in Fig 3.12. In  both  Var-1 and  
vector control cells in the  absence o f in d u cer th e re  is low basal activity in  the  
absence o f ad d ed  ligand this S tim ulation o f approxim ately  8  fold is seen on 
trea tm en t with E2. T re a tm e n t with O H T  has a m inim al suppressive effect 
on  basal activity and  ICI 182,780 suppresses basal activity substantially. W hen 
the  cells a re  induced  with zinc ch loride  th e re  is no observable increase in 
basal activity in Var-1 cells o r control cells. T h e  response to E2 is u nchanged  
bu t th e re  is no significant suppression  o f basal activity in the  presence o f 
e ith e r an tioestrogen . Since this loss o f suppression  is seen in both  control 
and  var - 1  cells it is presum ably  an effect o f zinc ch loride and  not the 
induced  varian t ER. Zinc ch loride  th e re fo re  may have some weak 
stim ulatory effect on this re p o r te r  bu t this is only a p p a ren t w hen the basal 
ER stim ulation is suppressed . It is likely th a t this stim ulation occurs in  an 
ER in d ep en d en t m an n er since the p u re  an tioestrogens resu lt in recep to r 
depletion . Sim ilar results w ere obtained  w hen Var-2 cells w ere transiently  
transfected  with ERE tk luciferase. T h e  im p o rtan t conclusion from  this 
ex p erim en t is th a t the exon 5 varian t ER is unable  to stim ulate gene 
transcrip tion  and  it does no t affect the  ability o f the full leng th  recep to r to 
stim ulate in response to E2. T h u s  as with the grow th assays it has no t been 
possible to dem onstra te  significant functional activity o f  the  varian t recep to r.

I ransien t transfection  o f varian t expressing  cells with an ER E 9 T A T A  CA T 

rep o rte r.
T h e  effect o f  the varian t on  a sim ple p ro m o te r was investigated with a 

fu r th e r  set o f tran sien t transfection  experim ents using a re p o r te r  construct 
consisting o f two xenopus vitelogenin EREs up stream  o f  the  adenovirus 
m ajor late T A T A  box linked to CA T. In  these experim en ts we increased  the 
n u m b er o f cells in each transfection  scaling u p  the transfection  from  24 to 6  

well plates because the  activity o f this p ro m o te r is weak and  m ore  cells are 
req u ired  fo r an  accurate  assay. As before  the  transfections w ere norm alised  
fo r p ro te in  concen tration  bu t a sim ilar resu lt was obtained if a co rrection  in 
P galactosidase activity is m ade in zinc trea ted  transfections. T h e  resu lts o f 
these experim en ts a re  sum m arised  in Fig 3.13. W ith this re p o r te r  the  basal 
activity is low and  both  control an d  Var-1 cells show a 50 fold stim ulation  o f
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Fig 3.13
Transient transfection of exon 5 variant exp ressin g  c e lls  w ith  an 
ERE TATA CAT reporter. Control cells and variant expressing cells were 

transiently transfected in 6 well plates with 2.0 (Xg ERETATACAT and 0.5 \Lg 
pJ7 p-galactosidase reporters in a total of 5 |ig  D N A  . After transfection cells 

were incubated for 24 hours in the absence or presence of 200 p,M zinc 

chloride with ethanol carrier alone (b ) , 10"4vi oestradiol ( □ ) ,
1 0 ^  4-hydroxytamoxifen ( □ ) ,  or 10"̂  M ICI 182,780 ( □ ) .  Cells were 

harvested and assayed for CAT activity. Protein concentration was 

determined and p-galactosidase activity was monitored. Luciferase activity 
w as corrected for protein concentration and has been expressed as the 

percentage of the activity seen in the control cells stimulated by oestradiol in 
the absence of induction by zinc chloride. Transfections were performed in 

duplicate and the results shown represent the mean of three independent 

experiments. Standard error is indicated by error bars.
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C A T  activity w ith E2 (w ithout zinc induction .). T h is is unaffec ted  by zinc 
ch loride in the control cells b u t var - 1  cells show a significant 5 fo ld  increase 
in  ligand in d ep en d en t activity on add ition  o f zinc ch loride suggesting th a t 
this re p o rte r  is constitutively stim ulated  by increasing  the am o u n t o f exon 5 
varian t ER. T h e  re p o r te r  rem ains fully sensitive to stim ulation by E2. T h e re  
is a m odest stim ulation o f this re p o r te r  with th e  add ition  o f  O H T  in both  
cell lines o f 3-4 fold. T h is stim ulation is enhanced  in  var-1 cells induced  with 
zinc, a lthough  since basal activity is already elevated th e re  is a reduc tion  in 
fold increase co m pared  to basal activity. T h e  response to ICI 182,780 is also 
d e p en d e n t on the expression o f th e  variant. In  control cells th e re  is a 
suppression  o f basal activity by ICI 182,780 bu t a fte r zinc induction  this 
suppression  is not seen (a sim ilar effect was seen with the tk p rom oter). In  
the Var-1 cells th e re  is a paradoxical increase in activity o f un in d u ced  cells 

w hen ICI 182,780 is added  a lthough  this rise is small and  o f uncerta in  
significance. In  the presence o f zinc induction  ICI 182,780 stim ulation 
increases to a sim ilar level to th a t seen with no ad ded  horm one.

It th e re fo re  seems th a t this re p o rte r  is weakly responsive to 
stim ulation by Exon 5 varian t recep to r and  this stim ulation is no t suppressed  
by antioestrogens. T h e re  is a tendency fo r the  ligand in d ep en d en t 
stim ulation to increase in the presence o f the p u re  an tioestrogen . T h e  
response to stim ulation by E2 is unaffected .

Analysis o f pS2 expression by N o rth e rn  blot analysis
T o  exam ine the  effect o f  the  exon 5 varian t on na tu ra l oestrogen 

responsive genes total RNA was ex tracted  from  V ar 1 and  control cells 
before  and  a fte r induction  with zinc ch loride o r cadm ium  chloride. Cells 
w ere also trea ted  with E2. RNA from  these sam ples was analysed by p ro b in g  
a n o rth e rn  blot with DNA probes fo r pS2 and  with h u m an  y actin T h e  signal 
from  these two probes was quan tita ted  by phospho im ager, to quantify  the 
induction  o f pS2, Fig 3.14. T h e  N o rth e rn  blot analysis shows th a t in both 
control and  var-1 cells pS2 is induced  as expected  by addition  o f E2 by 7 and  
4 fold respectively. T h e re  is how ever no significant effect o f zinc ch loride 
and  only a m inor increase in pS2 with cadm ium  chloride 1.3 an d  1.5 fold 

respectively which is o f d oub tfu l significance. T h is  evidence suggests tha t 
the  exon 5 varian t is no t capable o f  inducing  pS2 expression.
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Northern b lot analysis of pS2 expression in variant 
expressing cells
Total R N A  from  exon  5 varian t o e stro g en  recep tor  

expressing var-1 cells (lanes 1-4) and control cells (lanes 5-8) 

w as analysed  for pS2 expression  after 24 hours treatm ent

w ith no added  ligand (lanes 1 and 5), 17p-oestradiol lO'^M 

(lanes 2 and 6), zinc chloride 200 |iM  (lanes 3 and 7), or 

cadm ium  ch loride 5 pM  (lanes 4 and 8). The b lot w as  

stripped  and reprobed for y-actin expression . Signal 

intensity w as quantified by phosphoim ager. N um bers below  

each  lane in d ica te  the fo ld  in d u c tio n  o f pS2 sign a l 

com pared to the no ligand  lanes for each cell line, after 

correction for y-actin signal intensity.
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Expression o f  p rogesterone  recep to r p ro te in
T h e  ability o f the exon 5 varian t to in fluence expression  o f 

p rog estero n e  recep to rs was exam ined  by analysing cell extracts fro m  control 
and  v arian t expressing  cells trea ted  with E2 o r zinc ch loride fo r p rogesterone  
recep tors using  a com m ercial im m unoassay kit (assays w ere kindly 
p e rfo rm ed  by D iana Barnes an d  W illiam  H arris  ICRE oncology u n it Guys 
H ospital).
T h e  results a re  indicated  in table 3.1. In  the absence o f ho rm o n e  PR levels 
were sim ilar in the  two cell lines. E2 induced  the  expression o f PR 15 fold 
in control cells and  6  fold in var-1 cells. Induction  with zinc ch loride 
resu lted  in a m odest rise in PR con ten t o f both cell lines 2.3 and  1.7 fold 
respectively. Clearly th e re  is an  effect o f  zinc causing a rise in PR expression  
bu t since this occurs in the control cells it is an  effect o f the inducing  agen t 
and  no t due  to increased  exon 5 ER expression.

Table 3.1 Expression of progesterone receptors

Progesterone receptor levels (fm ol/m g protein)
Cell lin e Vector control Var-1

Treatm ent
N o H orm one 48 60
O estradiol (lO’^M) 762 375
Zinc chloride (200pM) 111 102

C ellular localisation o f the  exon 5 variant.
T h e  varian t contains the  nuclear localisation signals con tained  within 

region D o f the  recep to r and  is th e re fo re  p red ic ted  to be nuc lear b u t since 
ligand also has an  influence on nuclear localisation and  the varian t can not
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bind ligand ind irec t im m unoflouresence  studies w ere p e rfo rm ed . Cos-1 cells 
w ere transiently  transfected  with varian t o r wild type recep to r and  detec ted  
by ind irec t im m unoflouresence  using M P40, N -ter, (a m onoclonal an tibody 
against the  N term inus o f th e  ER {Dauvois unp u b lish ed  bu t sim ilar to 
M P I5}) o r H 222. Eig 3.15 a; shows im ages gen era ted  by confocal m icroscopy 
o f  Exon 5 varian t recep to r expressed  in  Cos-1 cells and  detected  w ith M P40 
and  FIT C  conjugated  anti rabb it antibody. T h e  recep to r is clearly detectab le 
only in the nucleus o f the  cells. T h e  d istribu tion  is identical to full leng th  
recep to r de tec ted  with N -ter E ig3.15 b. T his ex p erim en t dem onstra tes th a t 
the MP40 antibody is effective as a reag en t fo r  detecting  exon 5 varian t 
histologically. T o  confirm  the  specificity o f  the  antibody fo r the varian t 
recep to r Cos-1 cells w ere in d ependen tly  transfected  with e ith e r varian t o r 
full length  recep to r, a fte r e le tro p o ra tio n  and  recovery on ice the  two 
transfected  popu la tions w ere m ixed to ge ther before  p la ting  on to  coverslips. 
T h ese  cells w ere then  incubated  with a m ix tu re  o f two p rim ary  antibodies 
p re p a red  from  d iffe ren t species an d  two secondary antibodies, one to each o f 
these species. T h e  secondary antibodies w ere conjugated  to d iffe ren t 
fluorescen t m arkers respond ing  to d iffe ren t w avelengths o f light. Fig 3.16 
shows im ages from  this ex perim en t, in 3.16A, exon 5 varian t recep to r is 
detected  by M P40 (using an  anti rabbit EITC conjugate). In  3.16 B, both  full 
length  and varian t recep tors a re  detected  by using  N -ter (and T exas red  
conjugated  antim ouse antibody). T h is ex p erim en t clearly dem onstrates the 
specificity o f M P40 in ind irec t im m unoflouresence studies. T h is  specificity 
is fu r th e r  d em onstra ted  in fig 3.17 w here Cos-1 cells w ere tran sfec ted  with 
full length  and  varian t recep to r, m ixed as described above and  stained using  
a m ix tu re  o f both  MP40 and  H222 followed by secondary staining with anti 
rabbit EITC conjugate anti ra t T exas re d  conjugate. H222 reacts to a C- 
term inal ep itope  in the full leng th  recep to r b u t will n o t detect the  exon 5 
variant. H ence exon 5 varian t cells are  detected  only as g reen  fluorescence 
and  full leng th  recep to rs  as red  fluorescence. In  this ex p erim en t th e  full 
leng th  recep to rs have p ro d u ced  a weak signal because the T exas red  
conjugate used had  d e te rio ra ted  in quality. T h is has resu lted  in po o r 
defin ition  o f  the  nuclei stained w ith T exas red , which does not accurately  
rep ro d u ce  the  naked eye app earan ce  seen with dark  ad ap ted  vision in which 
weak intensity but well d e fined  nuclei can be seen.
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3.15

Indirect immunoflouresence of exon 5 variant and full length 
receptor expressed in Cos-1 cells

a) Cos-1 cells transfected with exon 5 variant receptor were 
detected using MP40 and FITC conjugated anti rabbit 
immunoglobulin. The left hand panel shows a phase contrast 
inunage and the right hand panel shows the flouresence image 
showing nuclear staining of transfected cells

b) Cos-1 cells transfected with full length oestrogen receptor 
detected with N-Ter anti ER antibody and FITC conjugated anti 
mouse antibody. The left hand panel shows a phase contrast 
immage and the right pannel shows the flouresence image 
showing nuclear staining.





3.16

Indirect immunoflouresence of mixed exon 5 variant and full 
length receptor expressed in Cos-1 cells.

Cos-1 cells transfected with full length and variant receptor were 
mixed together and stained simultaneously with MP40 and N-Ter. 
The antibodies were detected with FITC conjugated anti-rabbit 
immunoglobulin (MP40) and Texas red conjugated anti-mouse 
immimoglobulin(N-Ter). a) shows the FITC flouresence image 
detecting only nuclei transfected with exon 5 variant,
b) shows the Texas red flouresence immage detecting both exon 5 
variant receptor and full length receptor.
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3.17

Indirect immunoflouresence of mixed exon 5 variant and full 
length receptor expressed in Cos-1 cells.

Cos-1 cells transfected with full length and variant receptor were 
mixed together and stained simultaneously with MP40 and H222. 
The antibodies were detected with FITC conjugated anti-rabbit 
immunoglobulin (MP40) and Texas red conjugated anti-rat 
immunoglobulin(H222). This image shows the green FITC 
flouresence image detecting a single nucleus from a cell 
transfected with exon 5 variant and superimposed is the texas red 
image showing 2 nuclei from cells transfected with full length 
receptor.
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D etection o f exon 5 varian t in cell lines and  tu m o u r sam ples
T h e  exon 5 varian t is readily  detectable in var-1 cells with M P40 (Fig 

3.17) how ever using both  w estern  blot and  im m unoprécip ita tion . It has not 
been possible to detect exon 5 varian t recep to r in norm al MCF-7 cells o r the 
FR  positive ZR 75 and  T47D  cells. FR  negative B T20 and  M DA 23I cells 
also show no detectable varian t FR  (Data no t shown). In  a p relim inary  
irnm unohistochem ical study p e rfo rm ed  by D iana Barnes and  W illiam  H arris  
the MP 40 antibody has not revealed the  presence o f exon 5 varian t FR in 
histological sections o f FR positive hum an  tum ours.

F u r th e r  studies on tu m o u r m aterial have been p e rfo rm ed  by S 
Jo h n sto n  on tam oxifen resistan t m aterial using  im m unohistochem ical 
staining. T h e  staining techn ique has been validated using p ara ffin  
em bedded  blocks p re p a red  from  pelle ted  control and  var-1 cells. No specific 
MP40 staining has been seen in tu m o u r blocks. T h is  includes blocks from  
tu m o u rs  th a t a re  know n to have a high exon 5 varian t to wild type ratio .

Summary and conclusions
T h e  exon 5 varian t FR  m RNA codes fo r a tru n ca ted  FR  re ta in in g  AF- 

1 and  the DNy\ b inding  dom ain  o f  the full leng th  recep to r. T h is p ro te in  has 
been shown to activate transcrip tion  in transfected  anim al cells w here AF-1 is 
known to have strong  activity, this activity is u n affec ted  by FR  ligands. T h e  
Fxon 5 varian t recep to r has been stably in tro d u ced  into MCF-7 cells u n d e r  
the  control o f the  m etalo th ionien  p rom oter. V arian t recep to r can be induced  
and  expression m ain tained  fo r long periods with zinc chloride. In  th ree  
in d ep en d en t cell lines exam ined no  a p p a ren t effect on p ro liferation  was seen 
w hen the varian t recep to r was induced . T h e re  was no change in  the 
p ro liferative  response to oestrogen , the partia l agonist 4 -hydroxytam oxifen  
o r the  p u re  an tioestrogen  ICI 182780. T h e re  was no effect on the  ability o f 
the  oestrogen  antagonists to reverse the p ro liferative  stim ulus o f  oestradiol. 
T h e  effect o f varian t expression on  gene transcrip tion  was studied , th e re  was 
a m odest constitutive stim ulation o f  a sim ple p ro m o te r w hen varian t recep to r 
was induced  bu t this effect was no t seen on a m ore  com plex tk p ro m o ter.
T h e  stim ulation seen was no t blocked by add ition  o f ICI 182780. T h e  
stim ulation seen with varian t recep to r d id  no t affect the  response to 
oestradiol and  ap p ea red  to be additive to the m odest stim ulation seen on this
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C h ap ter 3 Exon 5 V arian t

p ro m o te r w ith 4 -hydroxytam oxifen . In  n a tu ra l oestrogen  responsive genes 
no increase in  pS2 expression  was seen a fte r induction  o f the  varian t 
recep to r an d  p rogesterone  levels a re  n o t affected  by the  varian t recep to r. It 
is th e re fo re  concluded th a t a lthough  the  expression o f som e oestrogen  
responsive genes may be affected  by th e  exon 5 varian t ER it does no t elicit a 
positive pro liferative response in MCF-7 b reast cancer cells and  is n o t able to 
m odify response to an tioestrogens. It is th e re fo re  unlikely th a t oestrogen  
independence  an d  tam oxifen  resistance in b reast cancer arises solely from  
increased  expression  o f  splice varian t ER.
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Chapter 4

Activity o f mutant oestrogen receptor in breast 
cancer cells and screening fo r mutations o f the 

oestrogen receptor in breast cancer
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Introduction
T his ch ap te r describes experim en ts in  which oestrogen  

recep to rs  contain ing  m utations which affect AF2 function  are  transien tly  
ex p ressed  in breast cancer cells. T h e  transcrip tional behav iour o f these 
m u tan ts  are  investigated in a cell type in  which oestrogens are  an  im p o rtan t 
m itogen . T hese  experim en ts  m odel the  effects th a t could  occur in b reast 
cancer cells as a resu lt o f acqu ired  m utations in  AF2. Following this a system 
fo r th e  identification o f  m utations in  the  FR  p resen t a t low frequency  w ithin 
a tu m o u r sam ple is described. T h is  novel ap p ro ach  to identification  o f 
m u ta tions was used with the  aim  o f  identify ing  m utations th a t may be 
p re sen t in only a small p ro p o rtio n  o f the  tu m o u r cells particu larly  a t the  
p rim ary  tu m o u r stage. I f  expression  o f FR m utations resu lted  in  insensitivity 
to th e  grow th inh ib itory  action o f an tioestrogens th en  clones o f resistan t cells 
m ay arise from  a single cell carry ing  an  an tioestrogen  resistant FR  m uta tion  
a n d  may potentially  give rise to m etastatic clones dom inated  by a functionally  
im p o rtan t m utation . T h e  system selected perm its analysis o f tu m o u r DNA 
th a t consists o f DNA derived  from  both  strom al elem ents and  m alignan t 
b reast epithelial cells, f h e  results o f screening  both  u n trea ted  p rim ary  
b reast cancers and  tu m o u r tissue know n to have developed acqu ired  
tam oxifen resistance are  p resen ted . T h is  ch ap te r also describes a ttem pts to 
establish stable expression  o f AF2 m u tan t recep to rs  in  breast cancer cell lines 
in ten d ed  to fu r th e r  evaluate the potential role o f m u tan t AF2 FR  in the 
p ro liferative  responses o f breast cancer cells in  response to an tioestrogens 
an d  establish w hether these m utations a re  a po ten tia l causes o f an tioestrogen  
resistance.

T ransient exp ression  o f  mutant oestrogen receptors in  MCF-7 breast 
cancer cells

T h e  effect o f  in tro d u c in g  m u tan t oestrogen  recep to r o r additional wild 
type recep to r into MCF-7 cells was stud ied  in tran sien t transfection  
experim en ts. U sing FR F tk luciferase as re p o r te r  and  a constitutive p j7  lac 

Z re p o r te r  as an in te rna l contro l, the  e ffect o f oestrogen  and  antioestrogens 
on  re p o r te r  activity in the  presence o f artificially in tro d u ced  FR  was 
exam ined . T h re e  m utan ts (L-543A/L-544A, M -547A/L-548A an d  A 540-552) 
w ere in tro d u ced  two o f  these had  m utations in the  am ph ipa th ic  a-helix  
located  at the  C -term inal p a r t o f the  ligand b ind ing  dom ain , in which
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C h ap te r 4 M utan t ER in b reast C ancer

ad jacen t pairs o f hydrophob ic  am ino acids w ere rep laced  by alanines (L- 
543A/L-544A and  M -547A/L-548A). T h e  th ird  m u tan t had  the  en tire  
conserved reg ion  betw een am ino acids 540 an d  552 deleted  (A 540-552). As 
discussed in ch ap te r 1, this reg ion  is critical fo r E2 stim ulated AF2 activity. 
T h e  first two m u tan t recep to rs  used  in  the  following experim en ts no t only 
abolish E2 d e p en d e n t AE2 activation b u t a re  know n to a lter the 
pharm acology o f an tioestrogens resu lting  in agonist activity in the  p resence 
o f both O H T  and ICI 164,384 in H eL a cells (see C h ap ter 1). In  add ition  to 
the  m utan ts the  wild type sequence was also used  as a control.

T h e  results o f transfecting  MCE-7 cells with these recep to rs is 
sum m arised  in Fig 4.1. In  this figu re , as described  in  the  previous ch ap te r, 
E2 stim ulates transcrip tion  and  while O H T  has little effect com pared  to basal 
activity, ICI 182,780 causes suppression  o f  basal activity. W hen  wild type 
M OR is added  th e re  is a 5 fold increase in basal activity and  a 4 fold  increase 
in E2 stim ulated  activity ind icating  tha t the  cells w ere expressing  transfec ted  
recep to r substantially in excess o f the  endogenous IiER. O H T  can be seen to 
reduce  basal activity and  ICI 182,780 suppresses activity still fu r th e r . W hen 
the  m utan ts are  transfected , a d iffe ren t p a tte rn  is observed. T h e  basal 
activity is not significantly increased  and  th e re  is no a p p a re n t e ffect on  the 
m agn itude  o f induction  by E2. T h is is a su rp ris ing  resu lt, as these m utan ts 
would be expected  to behave as d o m inan t negative recep tors since they are  
know n to bind ligand and  DNA b u t AF2 can no t be activated by E2. In  
o th e r systems sim ilar m utan ts have been described  as showing d o m in an t 
negative activity and  sim ilar m utations o f the thyro id  h o rm o n e  recep to r also 
a p p ea r to show d o m inan t negative effects (see discussion). T h e  response to 
an tioestrogens is sim ilar fo r all th ree  m u tan t recep to rs. T h e re  is a 4 to 5 
fold stim ulation above basal activity in the  p resence o f  O H T  o r ICI 182,780. 
In  com parison  to the stim ulation seen w hen add itional wild type M OR is 
stim ulated by E2 this increase is small b u t the  im portance  o f this small 
stim ulation in  term s o f  m itogenic response to an tioestrogens is unknow n. 
T h e re  is u n fo rtu n a te ly  no practical m ethod  o f  d e term in ing  the  relative 
am o u n t o f each recep to r expressed  in these experim en ts since they a re  o f 
identical size and  no t antigeniclly distinguishable. It is assum ed b u t not 
certain  tha t the  m u tan t M OR recep to rs a re  being expressed  at the  sam e level 
as the wild type MOR. It is also no t know n if  the  stability and  in tracellu lar 
localisation o f the  m u tan t recep to rs in the  p resence o f p u re  an tioestrogen  is
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Fig 4.1

Transient transfection of mutant and wild type receptor in MCF-7 breast cancer cells

MCF-7 breast cancer cells were tranfected in 24 well plates with 0.5 jig ERE tk luciferase reporter plasmid 
0.1 pg pJ7 lacZ internal control plasmid and 0.1 pg pJ3 receptor expression plasmid. The pJ3 vector 
contained either no insert (CONTROL), wild type mouse oestrogen receptor (Mor 1-599), mouse oestrogen 
receptor with mutations of pairs of hydrophobic residues in the AF2 amphipathic a-helix (L-543A/L- 
544A) or (M-547A/L-548A), or a deletion of the amphipathic a-helix (A 540-552). Total DNA was made up 
to 1 pg with additional empty pJ3 plasmid. The transfected cells were treated for 24 hours with ethanol 
carrier alone (K  ), 10“̂ M oestradiol ( O  ), 10"̂ M 4-hydroxytamoxifen ( £3 ) or 10"̂ M ICI 182780 ( ^  ) 
Cells were harvested and p-galactosidase and luciferase assays performed. The p-galactosidase values 
were used to correct luciferase values for transfection efficiancy. Results are expressed as a percentage of 
the activity seen with oestradiol in the absence of any added receptor (ERE only) Results represent the 
mean of three independent experiments performed as duplicates.
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Fig 4.2
p ose  response of w ild  type and mutant mouse oestrogen 
preceptor transiently expressed in MCF-7 cells.
MCF-7 cells were transiently transfected with 0.5 |Xg ERE tk 
uciferase O.lpg pJ7 lacZ and increasing amounts of wild type 
mouse oestrogen receptor (MORI-599) or mutant receptor (MOR 
M-547A /  L-548A). Transfected cells were exposedfor 24 hours to 
ethanol carrier alone ( ■  ), 10"® M oestradiol ( □  ),10r® M 
4-hydroxytamoxifen ( H ) or 10'® M ICI 182,780 ( ^  ).Luciferase 
vralues were normalised for transfection efficiency usinj 
3-galactosidase and are expressed relative to the activity seen in 
cells tranfected with reporter alone and stimulated with oestradiol. 
The results shown represent the mean value from duplicate 
samples. Note that the Y axis scales are different in the two plots 
shown.
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affec ted  in the  sam e way as is seen in Cos-1 cells, w here  unlike wild type 
recep to r, the  m u tan t recep to rs  rem ain  n uc lear d u rin g  ICI 182, 780 trea tm en t. 
A n ex p erim en t in w hich increasing  am ounts o f  wild type o r m u tan t recep to r 
w ere transfected  into MCF-7 cells is shown in Fig 4.2. In  this fig u re  the  
an tioestrogen  induction  is seen to be d e p en d e n t on the  am o u n t o f  m u tan t 
re c ep to r transfected  b u t the  F2 response is u n affec ted  by the  am o u n t o f 
m u tan t recep to r. In  con trast the wild type recep to r shows a dose (am oun t o f 
transfec ted  MOR) d ep en d an t rise in F2 induced  activity.

T hese  experim en ts dem onstra te  th a t in tro d u c in g  m u tan t FR  in to  
b reast cancer cells can resu lt in agonist responses to an tioestrogens. T hese  
responses a re  d e p en d e n t on  the  am o u n t o f transfec ted  m u tan t FR  DNA and  
by in ference  the  am o u n t o f m u tan t FR  p ro te in  expressed . T h e  m agn itude  
o f  these agonist responses is small in com parison  to the  ability o f  F2 to 
stim ulate the re p o rte r  in the  presence o f  transfected  wild type recep to r. In  
add ition  th e re  does not a p p ea r to be any effect o f the  m u tan t recep to r on F2 
in d u ced  transcrip tion .

Exam ination o f  tum ours for m utations in  the oestrogen receptor
4 he observation th a t these m u tan t recep to rs can lead to stim ulation o f 

oestrogen  responsive rep)orter genes in the  p resence o f both partia l agonist 
an tioestrogens and the p u re  an tioestrogens suggests th a t m utations o f this 
type could potentially  resu lt in an tioestrogen  resistance in breast cancers. 
H um an  breast tu m o u r m aterial was th e re fo re  exam ined  fo r the  p resence  o f 
genom ic DNA m utations w ithin th e  conserved region iden tified  as critical to 
AF2  function .

T u m o u r  sam ples
Tw o g roups o f tu m o u r sam ples w ere exam ined. T h e  first g ro u p  

exam ined  was obtained  from  the  Guys H ospital ICRF oncology u n it tu m o u r 
bank courtesy  o f P rofessor R D R ubens and  D iana Barnes. All these sam ples 
w ere fro m  p rim ary  breast tum ours rem oved d u rin g  initial surgical 
m anagem ent. A t the  tim e o f opera tion  patients had  received no p rio r  

trea tm en t b u t the  subsequen t clinical course o f  each pa tien t was know n. 
O estrogen  recep to r positive tu m o u r sam ples w ere selected from  patien ts tha t 
re lapsed  w ithin 2  years o f p rim ary  th e rap y  and  had  been trea ted  on relapse 
with tam oxifen  bu t had  developed progression  o f disease w ithin 6  m onths o f
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com m encing  tam oxifen. T h is  g ro u p  th e re fo re  rep resen ted  p rim ary  tu m o u r 
m ateria l from  patients who a re  know n to subsequently  develop tam oxifen  
resistan t m etastatic breast cancer. T h e  an tioestrogen  sensitivity o f the  
tu m o u r at the  tim e o f biopsy is unknow n.

T h e  second g ro u p  o f tu m o u r sam ples w ere ob tained  fro m  T h e  Royal 
M arsden  fiosp ita l Fulham  R oad (courtesy o f P rofessor M Dowsett and  S. 
Johnston ), T hese  oestrogen  recep to r positive tu m o u r sam ples w ere obtained  
from  patien ts who had developed acqu ired  resistance to tam oxifen  p r io r  to 
the  rem oval o f tu m o u r m aterial. T hese  sam ples consisted o f both p rim ary  
tu m o u rs  (treated  with neoad juvan t h o rm o n e  therapy), and  biopsy m aterial 
from  m etastatic tu m o u r deposit

O ligonucleotide hybridisation
G enom ic DNA was isolated from  the tu m o u r sam ples and  analysed fo r 

the  presence o f m utations w ithin the conserved C -term inal reg ion  o f the  
h o rm o n e  b inding  dom ain. M utations can be detected  by identification  o f 
am plified  DNA fragm ents th a t fail to hybridise to specific decam er 
oligonucleotides com plem entary  to the  wild type sequence. T h is  techn ique 
allows the identification  o f po in t m utations o r deletions w ithin a sh o rt reg ion  
o f DNA and  has the potential to detect m utations p resen t a t low frequency  
w ithin a popu la tion  o f cells. T h is is th e re fo re  an  ap p ro p ria te  techn ique to 
apply  to p rim ary  tu m o u r m aterial, which may contain  a sub p o pu la tion  o f  
cells carry ing  a m uta tion  w ithin th e  ER gene. T h e  principal o f  m uta tion  
detection  is illustra ted  in  figu re  4,3 and  the  steps in the  process re q u ired  are 
illu stra ted  in  the flow d iag ram  in fig 4.4. P rim ers w ere designed  to am plify 
a 174 base pair frag m en t o f exon 8  encom passing the  coding sequence fo r 
the 13 am ino acid conserved reg ion  o f the  ho rm o n e  b inding  dom ain . T h e  
PGR p ro d u c t from  each tu m o u r was subcloned in to  the  pA M P cloning vector 
and  the  plasm ids contain ing  the  PGR derived  fragm ents  w ere used  to 
tran sfo rm  bacteria, which w ere p lated  onto  large agar plates. Bacterial 
colonies from  these plates w ere recovered  using  an  au tom ated  system 
developed  by the  ICRF G enom e analysis laboratory . T h is  eq u ip m en t uses a 

video cam era an d  com pu terised  im age analysis system th a t is able to 
recognise and  accurately  locate individual bacterial colonies. A picking h ead  
consisting o f 96 separa te  picking pins is th en  used  to pick colonies and  
tra n sfe r  them  to 384 well m icro titre  dishes. T h e  colonies a re  grow n
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DECAMER OLIGONUCLEOTIDES 
PCP PRIMER _

AAAGGCATGGAGCATCTGTACAGCATGAAGTGCAAGAACGTGGTGCCCCTCTATGACCTGCTGCTGGAGATGCTGGACGCCCACCGCCTACATGCGCCC//AGACGACTGAGCA
P L Y D |L L| L E |M L| D A H

^ PCP PRIMER 
CONSERVED REGION

Oligonucleotide fails to bind to mutant sequence

PCR PRIMER
►

AAAGGCATGGAGCATCTGTACAGCATGAAGTGCAAGAACGTGGTGCCCCTCTATGACCg'GCTGCTGGAGATGCTGGACGCCCACCGCCTACATGCGCCC//AGACGACTGAGCA
P L Y D |R* L| L E | m l] D a H

Fig 4.3
PCR PRIMER 

MUTATION IN CONSERVED REGION

Ilustration of the principal of mutation detection by oligonucleotide hybridisation.
Single point mutations result in failure to hybridise with oligonucleotides complementary to 
the normal sequence if the mismatch is within the middle six bases. Therefore all point 
mutations are covered by a set of decamer oligonucleotides overlapping by 5 base pairs 
each. 10 oligonucleotides will cover a 50 base pair region. Oligonucleotides are chosen that 
are not complementary to sequences within the PCR product.



Fig 4.4

Stages in analysis of tumour DNA for mutations in the 
hormone binding domain of the oestrogen receptor

---------- 1

Efficient subcloning into pAMP vector witfi 
Uracil DNA glycosylase treatm ent

A utorads from fiybridisations exam ined for failure of 
each  PCR product to hybridise to specific 

oligonucleotides

Amplify 174 bp fragm ent of ER g en e  from tum our DNA
by PCR

C andidate colonies directly seq u en ced  from 
plasm id DNA isolated from subcloning s ta g e

M utations identified verified by reisolation from 
genom ic DNA

Each m em brane hybridised to one of a  s e t of 
overlapping decam er oligonucleotides or a  non 

hom ologous decam er and  a  PCR primer a s  controls.

S econd  round PCR poducts transferred a s  a  gridded array 
onto multiple nylon m em branes by autom ated spotting

robot.

Transform ed bacteria picked by robot into 384 well 
plates, grown overnight and used  to inoculate a  second  

round PCR reaction perform ed in 384 well plates. 
Cultures stored at -70 d eg ree s  C
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o v ern ig h t and  stored indefin itely . T o  g enera te  sufficien t DNA sequence to 
p e rfo rm  several d o t hybridisations the  bacteria  w ere used  as a source o f 
tem p la te  fo r a second PCR am plification. Because o f  the  high  n u m b e r o f 
reactions req u ired  to identify  possible in freq u e n t m utations this am plification 
was p e rfo rm ed  in 384 well m icro titre  plates identical to those used  to grow 
the  bacterial colonies. I t was thus feasible to analyse 384 separa te  clones 
derived  fro m  each tu m o u r sam ple. Inoculation  o f PCR reactions was 
p e rfo rm ed  autom atically using  a 384-poin ted  inoculating  com b to tra n s fe r  a 
few bacteria  to the  PCR reaction  m ix tu re . T h e  plasm id DNA con tained  in  
the  bacteria  is sufficient to act as tem pla te  fo r  the PCR Prim ers. T h e  
resu lting  PCR products w ere th en  spo tted  onto  m em branes in an o rd e re d  
a rray  again  using au to m ated  spotting  equ ipm ent. T h e  spotting  process was 
rep ea ted  12 tim es to p ro d u ce  12 identical filters. Each filter was u sed  in a 
hybrid isation  reaction  to one o f  a set o f 1 0  overlapp ing  rad io labeled  decam er 
oligonucleotides com plem entary  to the 50 nucleotides fro m  1597 to 1646 o f 
the h u m an  ER cDNA. T h ese  nucleotides code fo r hE R  am ino acids 543 to 
548. U n d e r the hybrid isation conditions used the oligonucleotides will 
hybrid ise to the wild type sequence p ro d u c in g  a small do t on the  
au to rad iog raph (M eir-E w art 1994). T h e  presence o f a poin t m uta tion  in the  
central po rtion  (m iddle six nucleotides M eir-Ew art unp u b lish ed  in fo rm ation) 
o f an  oligonucleotide sequence will resu lt in the fa ilu re  o f hybrid isation. T h is 
results in  a blank spot on the au to rad  exposed to the nitrocelulose filter. T h e  
use o f oligonucleotides overlapp ing  by 5 base pairs ensures th a t all single 
base p a ir  m ism atches can be detected . Deletions w ithin the reg ion  covered  by 
the  oligonucleotides w ould also be revealed by this techn ique as non  
hybrid ising  blank spots on the  filter. T h e  oligonucleotides w ere selected to 
en su re  they w ere no t com plem entary  to o th e r sequences w ithin the  PCR 
p ro d u c t inc lud ing  the p rim er sequences.

Screen ing  p rim ary  b reast tu m o u r sam ples

DNA from  15 p rim ary  b reast tum ours w ere analysed. Tw o o f the  
second ro u n d  PCR p roducts  from  each tu m o u r w ere analysed by gel 
e lec trophoresis  and  these confirm ed  th a t a PCR p ro d u c t o f approx im ate ly  
280 bp was generated . T h e  au to rad io g rap h s gen era ted  fro m  th re e  filters are  
shown in Fig 4.5. From  panel A o f this fig u re  it can be observed th a t the 
filter consists o f 383 panels o f  spots in a 4x4 a rray  in which the  top  left spot
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Fig 4.5

Hybridisation of oligonucleotides to ER sequence PCR products 
to detect mutations in genomic DNA.

Subcloned and reamplified PCR products from breast tumour 
DNA were spotted onto Hybond N+ nylon membrane. Multiple 
copies of each filter were made and each filter hybridised to a
different 32p end labeled decamer oligonucleotide. Panel A shows 
a filter hybridised to a decamer homologous to part of the 
amphipathic a-helix spanning hER residues 539-541. (nucleotides 
1617-1626). Panel B shows a duplicate filter hybridised to the 5' 
pAMP PCR primer used in the second round amplification stage. 
Panel C shows a third duplicate filter hybridised to a non 
homologous decamer sequence. Note that this autorad has 
deliberately been over exposed compared to the filters above to 
reveal residual background binding.
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C h ap te r 4 M utan t ER in b reast C ancer

does no t hybridise, this position is an ink m ark  fo r o rien tation . T h e  o th e r  15 
positions in each 4x4 array  rep re se n t the  position o f the 15 d iffe ren t 
tu m o u rs  tested  and  each o f  the  383 arrays rep resen ts  a single PCR p ro d u c t 
from  each tu m o u r. Panel A shows the au to rad io g rap h  from  a hybrid isation  
to a com plem entary  oligonucleotide an d  panel B shows an au to rad io g rap h  
from  hybrid isation  to the  PCR p rim er. A few gaps a re  a p p a re n t in  the  PCR 
hybrid isation  and  these gaps a re  all re p ro d u c ed  in panel A ind icating  th a t 
this position does not contain  a PCR p ro d u c t T h is  is a resu lt o f a fa ilu re  o f 
the  au to m ated  system at any o f  the  sequential steps such as a picking e r ro r  a t 
the  stage o f bacterial colony picking (This could  be seen visually in  the 
m icro titre  wells som e o f which failed to grow bacteria and  rem ain ed  as clear 
cu ltu re  b ro th) o r fa ilu re  o f an  individual PCR reaction. Also approx im ate ly  
1 % o f  the c loneam p p ro d u c t is expected  to recom bine w ithout any PCR 
p ro d u c t p resen t. In  the  single exposure  illu stra ted  is d ifficu lt to see all PCR 
hybridisations b u t using  several d iffe ren t exposures an d  a s trong  light source 
b e tte r defin ition  is obtained  and  allows virtually  all the  positions on each 
filter to be assessed fo r the deg ree  o f hybridisation. It is possible to identify  
som e positions w here th e re  is a positive signal in the PCR control b u t no 
signal in the  co rresp o n d in g  position in the test hybridisation. T his is 
illu stra ted  in an  en largem en t o f p a r t o f panel A and  B see Fig 4.6 and  figu re  
legend. In  panel C o f Fig 4.6 a negative contro l is illustrated . T h is  filter has 
been hybrid ised  to a non  hom ologous decam er and  requ ires heavy 
overexposu re  as illustra ted  to dem onstrate  a m inim al background  signal.

A total o f 22 m ism atched sequences w ere identified  4 o f which w ere 
deriv ed  from  a single tu m o u r. T h e  subcloned first ro u n d  PCR p roducts  
w ere sequenced  bu t w ere all fo u n d  to com prise wild type sequence only. No 
m u tan t sequences could be identified .
T h ese  false positives could  arise from  a n u m b er o f possibilities and  is 
discussed in C h ap te r 6 .

S creening  tam oxifen  resistan t tum ours

T am ox ifen  resistan t tum o u rs  w ere analysed in the  sam e m an n er as the 
p rim ary  tu m o u rs. In  this g ro u p  o f  tum ours, 30 'm ism atch hybridisations' 
w ere iden tified  and  sequenced directly. All these sequences w ere wild type 
fu r th e r  d em o nstra ting  th a t this techn ique is associated with a significant false

136



Fig 4.6

Enlargement of hybridised filters shown in Fig 4.5

Part of each of panel A and panel B from figure 4.3 are shown as 
enlargements. Again panel A is hybridised to a homologous 
decamer oligonucleotide and panel B to the PCR primer as 
positive control. Comparing block4B in each panel it can be seen 
that bottom left spotting position fails to give any signal in Panel A 
but there is a strong signal in panel B in the corresponding 
position. This clone was selected for direct sequencing.

In block IE there is no signal from two spotting positions. In 
the corresponding control block one position fails to give any 
signal and in the other position the signal is weak. This clone was 
also selected for direct sequencing.
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C h ap ter 4 M utan t ER in b reast C ancer

n u m ber o f false positive artefacts. No m u tan t sequences w ere iden tified  
suggesting th a t th e  tu m o u r sam ples contain  only wild type ER sequence.

Since no m utations w ere iden tified  using  this unconventional ap p ro ach  
it was considered  necessary to use an a lternative m ethod  to confirm  th a t the 
tum ours d id  no t contain  any m utations in  this region. T h e  tam oxifen  
resistan t tu m o u rs  w ere considered  m ore likely to contain  m utations th e re fo re  
five o f the  PCR clones fro m  each o f the  15 tam oxifen  resistan t tu m o u rs  w ere 
analysed by d irec t sequencing using  ABI fluo rescen t sequencing. O f 75 
sequencing reactions 65 p ro d u ced  readable sequence in fo rm ation  62 
contained wild type oestrogen  recep to r sequence and  3 clones con tained  
vector sequences only and  a re  p resu m ed  to rep re sen t background  fro m  
uncu t o r re ligated  vector. T h e  fa ilu re  to identify  m utations o f the  C- 
term inal p a r t o f  the  h o rm one  binding dom ain  o f  the ER in both  p rim ary  
breast cancers and  tam oxifen  resistan t tu m o u rs  indicates th a t this is no t a 
com m on site fo r m uta tion  and  th e re  is no selection fo r m utations in  this 
region in tam oxifen  resistan t breast cancer.

Stable exp ression  o f m utant m ouse oestrogen receptor in MCF-7 cells.
Despite (or p e rh ap s  because of) the lack o f evidence fo r m utations in 

the conserved C- term inus o f the HBD in h u m an  breast tum ours it is o f 
in terest study the  effects o f m utations in this reg ion  on the grow th o f breast 
cancers in response to antioestrogens. It w ould be in teresting  to know if  the 
agonist activity seen in transien t transfection  experim en ts is m irro red  by a 
positive m itogenic response in breast cancer cells. I f  this w ere no t seen it 
may p e rh ap s  explain  why we do no t see these m utations in resistan t tum ours 
and  if  they a re  able to g enera te  an tioestrogen  resistan t o r stim ulated  tum ours 
the question  o f  why this is no t m im icked in the  n a tu ra l situation needs to be 
explained . T h e re fo re  an a ttem p t to establish MCE-7 cells stably expressing  
the M OR as e ith e r wild type o r w ith m utations in this region was 
u n d e rtak en . Since it was no t necessary to have an inducible system we 
a ttem p ted  to in tro d u ce  the oestrogen  recep to r u n d e r  the control o f a 
constitutively active p ro m o te r using  the  pJ3 vector expressing  M OR u n d e r  
the contro l o f the  SV40 early p ro m o ter. MCE-7 cells w ere th e re fo re  
transfec ted  with em pty  pJ3, pJ3 MOR (1-599), o r pJ3 M OR (1-599 L-543A/L- 
544A) and  pSV hygrom ycin plasm ids in  a ratio  o f 20:1. H ygrom ycin 
resistant cells w ere then  pooled o r individually rin g  cloned. It was no ted  th a t
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Fig 4.7

Western blots of stable cell lines transfected with mutant and 
w ild type mouse oestrogen receptors
MCF-7 cells were transfected w ith  pSV hygrom ycin resistance 
plasm id and w ith em pty pJ3 plasm id, or pJ3 containing M or 
(1-599) w ild type, or m utant Mor(1-599 M-547A/L-548A). Stable 
cell populations were pooled or isolated as individual clones. 
Extracts w ere p repared  from each cell line after grow ing in 
steriod depleted m edium (odd num bered lanes) or after 15 hours 
incubation w ith 10 ^ M ICI 182780 (even num bered lanes)
Lanes 3-10 show examples of M ori-599 transfected cells and lanes 
13-20 show  exam ples of cell lines transfected w ith  m u tan t 
receptor. Receptors were detected w ith H222 monoclonal anti ER
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co m p ared  with control cells transfected  w ith em pty  pJ3, cells transfec ted  with 
both  m u tan t and  wild type M OR gave rise to 5- 10 fold  few er colonies.
Pooled cells and  rin g  cloned colonies w ere analysed by w estern blotting fo r 
th e  level o f ER expression. Since the level o f m u tan t M OR transiently  
expressed  in Cos-1 cells is stable u n d e r  the  in fluence o f ICI 182,780 we 
tested the  effect o f ICI 182,780 on the level o f  ER in the stable clones 
a rg u in g  th a t m u tan t recep to r expression w ould be m ain tained  bu t wild type 
recep to r w ould be dow n-regu lated . T his w ould allow us to identify  stable 

cell lines expressing  m u tan t recep to r.
In  add ition  to the  analysis o f  pooled  cells derived  from  25 -50 colonies 

we analysed 6  separa te  clones transfected  with wild type M OR an d  I I  
separa te  clones transfected  w ith m u tan t M OR Exam ples o f this analysis a re  
shown in Eig 4.7. It can be observed th a t the  in tro d u ctio n  o f em pty  pJ3 has 
no a p p a re n t effect on the  level o f recep to r com pared  with the paren ta l 
MCF-7 cell line and  th a t ICI 182,780 reduces the am o u n t o f wild type hER  
below detectable limits. It can also be observed th a t in n e ith e r the  wild type 
o r m u tan t M OR stable transfectan ts is th e re  any significant increase in 
detectab le ER and  th a t ER p resen t in the  absence o f ligand is always absent 
a fte r ICI 182,780 trea tm en t. T h e  in te rp re ta tio n  is th e re fo re  th a t none o f 
the  stable clones o r pools o f clones was expressing  any additional recep to r 
(wild type MOR o r m u tan t MOR) It ap p ears  th e re fo re  th a t this system is 
unsu itab le  fo r the  expression  o f M OR in MCE-7 cells. T h e  reduction  in the 
n u m b er o f colonies obtained  w hen M OR is in tro d u ced  suggests th a t th e re  
m ay be a toxic effect o f  overexpressing  both wild type and  m u tan t recep to rs 
u n d e r  the contro l o f the  SV40 early p ro m o ter.

Summary and conclusions
A ddition  o f wild type M OR into  MCE-7 breast cancers resu lted  in  an  increase 
in basal re p o r te r  activity and  an en hanced  response to oestradiol, the 
response to an tioestrogens is u nchanged . T ran sfec tio n  o f  MORs with specific 
m utations o f the  h o rm o n e  b inding  dom ain  w hich a re  know n to abolish AF2 
stim ulation  by oestradiol b u t a re  stim ulated  by antioestrogens was also 
exam ined . In this situation w here both  transfec ted  m u tan t and  endogenous 
wild type recep to rs  a re  expressed  in the  sam e cells, the  response to oestradiol 
is unaffec ted  bu t stim ulation  by both  O H T  and  ICI 182,780 is observed. 
H ow ever the  m agn itude  o f this stim ulation is small in com parison to the
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enhanced  oestradiol response seen with wild type MOR. It is concluded  
th e re fo re  th a t m u tan t ER in  b reast cancer cells can a lte r the response to 
an tioestrogens.

W e have screened 15 p rim ary  tu m o u rs  and  15 tam oxifen  resistan t 
tum o u rs  using  a system to identify  m utations w ithin a sh o rt reg ion  o f  the  ER 
im p o rtan t in AE2 activation. N one o f these tum ours carried  m utations 
w ithin this highly conserved reg ion . T o  study the  effects o f AF2 m utations 
on cell grow th, a ttem pts to express AF2 m u tan t ER stably in  MCF-7 cells 
w ere m ade using  a constitutive p ro m o ter. T hese  attem pts w ere unsuccessful. 
T h e re  is som e evidence to suggest th a t MCE-7 cells a re  unab le  to to lerate  

overexpression  o f recep to r using  this system.
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Chapter 5

Identification of tamoxifen insensitivity by 
phenotypic screening in yeast
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Introduction
M utations in  th e  ho rm o n e  b inding  dom ain  o f th e  oestrogen  

recep to r th a t abolish oestradiol b ind ing  bu t p e rm it tam oxifen  b ind ing  have 
been described. T h e  opposite  pheno type  w here oestradiol binds norm ally  
b u t tam oxifen is unable  to b ind, w ould have the  potential to cause tam oxifen  
resistance in  b reast cancer. T o  identify  m utations with such a p h eno type  a 
yeast screen was utilised th a t allowed screening  o f ran d o m  m utations o f  the  
oestrogen  recep to r h o rm o n e  b ind ing  dom ain . W hile in  m am m alian  systems 

tam oxifen  can be used  as an  an tagonist o f oestradiol m ediated  stim ulation, in 
yeast it is no t possible to see antagonism  o f oestradiol with tam oxifen . T his 
is not only because tam oxifen  functions as an  agonist in  yeast, bu t partly  as a 
resu lt o f relatively poor p en e tra tio n  o f  tam oxifen  com pared  with oestradiol. 
T h e re fo re  the  screening  strategy used  was to com pare  oestradiol and  
tam oxifen  as agonists.

Establishing a screen ing system  in  yeast
A m u tan t recep to r with enh an ced  activity in yeast.

As the  aim  o f the screening  system was to identify  m utan ts  with 
a lte red  b inding  specificity, it was possible to increase the  sensitivity o f the  
screen by the  use o f  a m u tan t oestrogen  recep to r p roducing  a s trong  
response in  yeast. T h is recep to r was prov ided  by I Purvis (unpublished), it 
contains a po in t m utation  at position 362 such th a t lysine is rep laced  by 
glutam ic acid (hER K-362E). T h is  m uta tion  which was itself iden tified  by 
m utational screening in yeast, p roduces a h ig h e r ligand d e p en d e n t signal in 
yeast com pared  w ith wild type ER stim ulated w ith e ith e r oestradiol o r 
4-hydroxytam oxifen. T h is  m akes screening fo r loss o f  activity in  response to 
a weak agonist possible (com pare wild type and  m u tan t recep to r responses in 

Fig 5. 3).

Yeast strains, expression  vectors an d  rep o rte rs

T h e  p ro tease  defic ien t Saccharomyces cerevisiae s tra in  BJ 5458 was used 
in all experim ents. R ecep to r activity was m onito red  by using  a re p o rte r  
plasm id con tain ing  two xenopus vitelogenin EREs up stream  o f  the  PGK 
p ro m o te r linked to LacZ. (YcP ERE lacZ). T h e  yeast expression  vector pC up 
1 in which expression is inducib le with co p p er su lphate  was used  to express 
ER.
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Yeast initially tran sfo rm ed  with the  re p o r te r  construct was 
tran sfo rm ed  with a yeast expression  vector contain ing  the  m u ta ted  recep to r 
(pC up  1 hER K-362E) Initial experim en ts showed th a t yeast colonies 
con tain ing  expression vector an d  re p o r te r  p ro d u ced  a ligand  d e p en d e n t 
co lour change w hen grow n fo r 3-4 days on Xgal plates con tain ing  50 pM 
c o p p er su lphate. C oncentra tions o f ligand p ro d u c in g  o p tim u m  colour 
change w ere selected fo r the  screening  p ro ced u re , 10“^M 4- 
hydroxytam oxifen  and  10"^ M oestradiol w ere used.

G en era tion  o f yeast colonies contain ing  ran d o m  m utations in the h o rm o n e  

b ind ing  dom ain  o f the  ER
R andom  m utations w ere in tro d u ced  in to  the HBD o f  the  oestrogen  

recep to r by deg en era te  PCR, using  high m agnesium  an d  high nucleo tide 
concentra tions in the  PCR reaction . A n 800 bp frag m en t was gen era ted  
using  p rim ers  located in  the  D region and  F regions o f  the  recep to r. M13 
phage DNA contain ing  the  en tire  hER cDNA was used as tem plate. T h e  
PCR p roducts  w ere in co rp o ra ted  into the yeast ER expression  vector by 
tran sfo rm in g  yeast with a m ix tu re  o f PCR p ro d u c t and  ER expression  vector 
th a t had  been cut with two restric tion  enzym es which rem oved an 84 bp 
frag m en t from  the  cen tre  o f the  HBD. T h e  cut vector is unab le  to rep licate  
unless it u n d ergoes hom ologous recom bination with the  PCR p ro d u c t to 
b ridge the  gap in the plasm id (Fig 5.1). T h is hom ologous recom bination 
occurs efficiently in yeast and  a single tran sfo rm atio n  was fo u n d  to p ro duce  
1 0 0 0 - 2 0 0 0  colonies.

Identification  and characterisation o f  a m utant receptor with aberrant 
respon se to 4-hydroxytam oxifen  in yeast

T h e  screening  system described above was used  to identify  colonies 
th a t p ro d u ced  a norm al co lour developm ent in the  p resence  o f E2 bu t failed  
to p ro d u ce  a co lour change with O H T .

Isolation o f phenotypically  abnorm al m u tan t ER
F rom  two separa te  transfo rm ations 6  initial positive clones w ere iden tified  

th a t re ta in ed  the pheno type  w hen re tested  on fresh  Xgal plates. O f these 
only 3 w ere successfully recovered  and  grow n as bacterialy rep licated  
plasm ids. T h e  reason  fo r th e  fa ilu re  to isolate plasm id DNA from  the
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Fig 5.1

Ilustration of Homologous recombination of mutated PCR 
fragments into an incomplete plasmid
Plasmid DNA containing oestrogen receptor cDNA is cut with 
Bgl II and Nco I creating incompatible overhangs. The purified 
cut plasmid is mixed with a stoichiometric excess of PCR 
product produced by degenerate amplification of the ER 
hormone binding dom ain. The mixture is used to transform 
sachcaromyces cerevisiae. The PCR product is incorporated into 
the plasmid sequence by homologous recombination generating 
replicating cicular plasmid DNA . Transformed yeast colonies 
can then be examined for abnormal phenotype resulting from 
mutation of the ER hormone binding domain.
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rem ain ing  clones has no t been established bu t it is likely to re p re se n t a 
technical fa ilu re  since even w here recovery was successful this was the  resu lt 
o f m any rep ea ted  attem pts. I t was fo u n d  necessary to use e lec tro p o ra tio n  o f 
bacteria to recover the  plasm ids as no plasm ids w ere recovered  using  the  
s tan d ard  cation p re p a re d  com peten t bacteria. All th ree  plasm ids w ere 
sequenced across the  ho rm o n e  b inding  dom ain  and  w ere all fo u n d  to con tain  
a t least one m utation . T h e  m utations iden tified  a re  indicated  in Fig 5.2. It is 
in te resting  to note th a t in  two o f the  clones the  sam e m utation  has been 
isolated. T hese  clones w ere isolated from  the  sam e screening ru n  and  it is 
likely th a t this position was m u ta ted  at an  early po in t d u rin g  the  PCR 
reaction.

T h e  recovered  clones w ere used  to re tran sfo rm  yeast and  re tested  on 
X-gal plates. Only one m u tan t recep to r hER K-362E/A-382V was fo u n d  to 
re ta in  the  pheno type, the  o th e r two m utan ts w ere fo u n d  to resp o n d  to E2 
and  O H T  norm ally. It is no t clear w hat the  reason  fo r losing th e  phen o ty p e  
is bu t it may be because the  orig inal yeast clones contained  m ore th an  one 
m u tan t recep to r, and  th a t on  both occasions, the recep to r recovered  was no t 
responsible fo r d e te rm in in g  the orig inal phenotype.

Dose response o f m u tan t ER in Yeast
T o  fu r th e r  characterise  the  effect o f the  m utation  on ligand induced  

activity a dose response analysis was p e rfo rm ed  using  a liquid (3-galactosidase 
assay. T h e  responses o f the original m uta tion  hER K-362E and  the 
tam oxifen  insensitive m uta tion  hER  K-362E/A-382V w ere co m p ared  to 
H EG O . T h e  d a ta  from  these experim ents is sum m arised in  Eig 5.3. I t is 
clear from  this da ta  th a t hER  K-362E/A382V is com pletely insensitive to 
O H T  bu t rem ains responsive to E2.

Effect o f ligand on recep to r stability in  yeast
T h e  possibility th a t the  insensitivity to O H T  was a resu lt o f  ligand 

induced  changes in recep to r stability was tested by p re p a rin g  extracts fro m  
yeast expressing  wild type o r m u tan t ER and  analysing fo r recep to r con ten t 
by w estern blotting. It can be observed in # ig  5.4 th a t th e re  is no significant 
effect o f ligand on the  am o u n t o f  recep to r detected  a fte r ex p osu re  to E2 o r 
O H T  and  th a t th e re  is equal expression  o f both wild type and  m u tan t 
recep to r.

146



1144
Base change and position

4— i
362 K-E 3 3 2  

Amino acid change and position V

1347
A% T - ^ A

362 K-E 4 5 0

S - # - T

9 2 9  9 6 3
T -* -C  A 1276  1347

A -* "G  T -* " A-I—i---------1--1-
3 1 4  3 2 5  4 2 6  4 5 0

L -* » P  D -* -E  D -* -G  S - * - T

Fig 5.2

Position of mutations present in the hormone binding domain 
in plasmids recovered in yeast phenotypic screen 
Plasmids recovered from the yeast screen that responded 
normally to oestradiol but were unresponsive to 4- 
hydroxytamoxifen were sequenced across the entire hormone 
binding domain. All three recovered plasmids contained 
missense mutations^the positions of these are indicated. Only the 
first sequence shown (1) containing a mutation at nucleotide 1144 
causing a substitution of valine for alanine at position 382 retained 
the phenotype after reintroducing into yeast. The first two mutant 
sequences retained the mutation present (at nucleotide 1081) in 
the original mutant receptor used as starting material. This 
mutation was absent in the third sequence. Nucleotide number 
starts from the first nucleotide of coding sequence. Amino add 
number also starts from the N-terminal amino acid.
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T ran scr ip tion a l a c tiv ity  o f  m utan t and  w ild  ty p e  o estro g en  receptors  
exp ressed  in  saccharomyces cerrevisiae
The d o se  d ep en d en t effect of oestrad iol and 4-hyd roxytam oxifen  on  the  
transcrip tional activ ity  w ild  typ e  and m utant oestrogen  receptors w a s  
m o n ito red  in  saccharomyces cerrevisiae transform ed w ith  an  ERE PGK  
lacZ  reporter and a copper ind ucib le  exp ression  vector for the m utan t  
hER K-362E ( • )  andhER K -362E /A -382V  ( A )or w ild  typ e receptor ( B ). 
C ells  g ro w n  in  d o u b le  se lec tiv e  m ed iu m  w ere  in d u ced  w ith  50 pM  
c o p p e r  su lp h a te  an d  in c re a s in g  c o n c en tr a tio n s  o f o e s tr a d io l or 
4-hyd roxytam oxifen  w ere  added . C ells w ere  incubated  for 15 hours and  
p -g a la c to sid a se  activ ity  determ in ed . The data sh o w n  rep resen ts the  
m ea n  o f three in d ep en d en t experim en ts p erform ed  in  d u p licate . The 
error bars w h ere  v isib le  represent the standard error.
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W estern  b lo t a n a ly s is  o f w ild  typ e  and  m u tan t  
oestrogen receptor in yeast
Yeast transformed with expression vectors for w ild  type 
or m utant oestrogen receptors w ere grow n in selective  
m edium  for 15 hours in the presence of 50 jiM copper  
sulphate with ethanol carrier or oestradiol 10"  ̂ M or 
1 0 ”̂  M 4-hydroxytam oxifen . 100 jig of p ro tien  w as  
separated by SDS PAGE, transfered to nitrocelu lose and 
oestrogen receptor detected w ith H222.
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Ligand binding properties o f  m utant oestrogen receptors
T h e  L igand binding p ro p ertie s  o f  the  m u tan t recep to rs was exam ined . 

Firstly the  recep to r cDNAs w ere tran sfe rre d  into the  m am m alian  expression  
vector pSG5 an d  th en  expressed transiently  in Cos-1 cells. W hole cell 
extracts w ere p re p a red  and  used to  p e rfo rm  a Scatchard analysis using  [^H] 
labelled oestradiol. L igand b inding  curves and  Scatchard  plots a re  shown in 
Fig 5.5.
It can be observed th a t th e re  is little d ifference  in  the  affinity o f  all th ree  
receptors hF R  K-362F/A382V has a m inim ally red u ced  affinity  Kd .99 nM 
Vs 0.65 nM fo r H FG O  and  0.66 fo r hF R  K-362F. T h e  Kd ob ta ined  fo r 
H FG O  o f 0.65 nM is h ig h e r but in a com parable  ran g e  to the fig u re  o f  0.35 
nM re p o rte d  fo r  tiF G O  expressed  in H eLa cells. (T o ra  1989)

C om petition assay o f 4 -hvdroxytam oxifen  binding  to m u tan t oestrogen  
recep to r

Prelim inary a ttem pts to d e term in e  affinity  o f the  recep to rs to O FiT  by 
Scatchard analysis proved unsuccessful because high non  specific b ind ing  o f 
O H T  to the plastic tubes used to incubate  the  recep to rs  led to inconsistent 
results. T h e re fo re  O H T  binding was de te rm in ed  indirectly  by com petition  
assay with labelled [^H] labelled oestradiol. A n exam ple o f a com petition  
assay is shown in Fig 5.6. I t can be observed th a t O H T  is able to displace F2 
from  the  wild type and  both m u tan t recep to rs. Lhe Relative b ind ing  affin ity  
was calculated from  a regression analysis o f the da ta  and  while th e  RBA of 
O H T  fo r the  tam oxifen  insensitive hF R  K -362F/A382V  is lower th an  fo r 
H FG O  0.91 Vs 0.66 this d ifference  is m ino r and  is n o t able to account fo r 
the total absence o f tam oxifen stim ulation in yeast by hFR  K-362F/A-382V

A nalysis o f the transactivation properties o f  m utant ER in  chicken em bryo  
fibroblasts.

T h e  m u tan t recep tors hFR  K-362F and  hFR  K -362F/A-382V  clearly 
show a d ifference  in the  m axim al response in yeast an d  have d iffe re n t dose 
response characteristics th a t would not have been p red ic ted  from  th e ir  ligand 
binding  characteristics. T o  exam ine if  these d ifferences w ere specific to the 
yeast m odel o r w ere m ore generally  applicable the  transcrip tional activity o f 
the m utants was exam ined in chicken em bryo fibroblasts. T hese  cells were
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Fig 5.5
Scatchard analysis of mutant oestrogen receptors 
Ligand binding characteristics of hER K-362E and hER K-362E/ A- 
382V were compared with HEGO by Scatchard analysis of [3H] 
17p-oestradiol binding to receptors expressed in Cos-1 cells. 5ng 
Cos-1 extract was incubated at room temperature for 2 hours and 
specific binding determined for duplicate samples. The average of 
duplicate determinations is shown. Kd was calculated from the 
slope of the Scatchard plots.
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Competition assay of wild type and mutant oestrogen receptors
The ability of 4-hydroxytam oxifen to com pete w ith  17p-oestradiol for

oestrogen receptor w as assessed by incubating receptors w ith 10 nM [^H] 

oestradiol and increasing concentrations of unlabeled competitor ligand  

(4-hydroxytam oxifen) at room temperature for 2 hours. The specific  

binding of oestradiol w as determ ined and the % of specific binding  

determ ined at each concentration of competitor ligand. Mutant receptors 

hERK-362E(x) and hERK-362E/A-382V ( o )  were compared to HEGO (■). 

Receptors were expressed in Cos-1 cells and 5 |ig  protein extract used. Data 

show n represents the average of duplicate determ inations. Calculated  

relative binding affinity is shown for each receptor in the inset panel.
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chosen because we w ished to m onito r the  agonist and  an tagonist p ro p ertie s  
o f 4-hydroxytam oxifen.

Dose response to ligands
T h e  dose d ep en d en t response to both  E2 and  O H T  was stud ied  w hen 

e ith e r H EG O  o r e ith e r o f the  two m u tan t recep to rs w ere transiently  
expressed  in CEE cells with an  oestrogen  responsive re p o rte r  ERE pBL CAT. 
A rep resen ta tive  exam ple o f these experim en ts is sum m arised in fig u re  5.7,
It can be seen th a t in  the absence o f ad d ed  h o rm one  H EG O  produces a 
h ig h e r basal activity com pared  to e ith e r o f the  m u tan t recep tors. In 
response to E2, H EG O  produces a dose d e p en d e n t response reach ing  a 
p la teau  at 10"^ M. T h e  m u tan t recep to rs a re  also responsive to E2 bu t in 
con trast to the activity in yeast have sim ilar m axim al responses to H EG O .
T h e  dose dependency  o f this response is how ever dissim ilar, in hER  K-362E 
the  dose response curve is left sh ifted  by approx im ately  1 0  fold (com pared  to 
H EG O ), bu t in hER K-362E/A-382V the  dose response curve is sh ifted  to the 
rig h t approx im ate ly  1000 fold (com pared  to HEG O ). W hen O H T  is used  as 
ligand we see no d ifference  in response betw een H EG O  and  hER  K-362E, 
but the response o f hER K-362E/A-382V is again sh ifted  to the r ig h t by at 
least 1000 fold. T h e  m agn itude  o f the  m axim al response to O H T  is sim ilar 
fo r all th ree  recep tors. In the  ex p erim en t shown a lthough  the basal activity 
o f H EG O  is h ig h e r than  fo r the m u tan t recep to rs  th e re  is an increase in 
activity seen with O H T . T h is  is no t always observed because th e re  is 
variability in the basal activity seen which is th o u g h t to be due  to d ifferences 
in  the  efficiency with which oestrogens a re  rem oved from  the serum  used  to 
p re p a re  the  m edium .

4-hydroxytam oxifen  as an an tagonist
T h e  ability o f O H T  to antagonise the  stim ulation by oestradiol was 

assessed in GEE cells, the  results o f  a transien t transfection  ex p erim en t are 
shown in Fig 5.8. In  this ex p erim en t 100 fold excess O H T  was used to 
antagonise E2 stim ulated  activity. At the  doses tested th e re  was no a p p a ren t 
d ifferen ce  betw een H EG O  o r the two m u tan t recep to rs  in the ability o f  4- 
O H T  to antagonise the stim ulation o f a re p o rte r  transiently  expressed  in 
GEE cells, O H T  was unable  to fully suppress re p o r te r  activity consistent with 
the  know n m odera te  partial agonist activity o f O H T  in this system.

1 5 3
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Transcriptional activity o f  AF-2 defective m utant MOR in  yeast.
From  the  above data  is clear th a t th e re  are  d ifferences betw een the 

transcrip tiona l activity o f m u tan t oestrogen  recep to rs in  yeast an d  anim al 
systems, we th e re fo re  decided  to analyse the  activity in  yeast o f an  ER 
m u tan t with defective transcrip tion  in m am m alian systems. T h e  m u tan t M OR 
M -547A/L-548A discussed extensively in previous chap ters and  know n to 
have defective AF2 activity was stud ied  as the  N -term inal tru n ca ted  121-599 
fo rm  to rem ove AE-1 activity. T h is  recep to r and  its wild type co u n te rp a rt 
w ere tra n sfe rred  into a galactose inducible yeast expression vector by V. 
Cavallies (see append ix ). T h e  ligand induced  activity o f  this recep to r was 
analysed and  results shown in fig 5.9. It was observed th a t the  m u tan t 
recep to r M OR 121-599 M -547A/L-548A could induce re p o rte r  activity in a 
dose d e p en d e n t m an n er from  an ERE U3 re p o rte r . S tim ulation was to a 
sim ilar deg ree  as tru n ca ted  wild type recep to r M OR 121-599. fiow ever, the 
dose response curve fo r the AE2 m u tan t was slightly d iffe ren t with wild type 
recep to r showing a small response to low concentrations o f E2 (lO '^^/lO"^  ̂
M). T h e re  was no response at these concentra tions from  the m u tan t 
recep to r, th e re  was a small d ifference  in basal activity seen with wild type 
showing h ig h e r basal activity. T h e  plateau  o f activation was how ever seen at 
the sam e concen tra tion  (lO '^M ). W hen OBiT is used  as an agonist MOR 
121-599 and  M OR 121-599 M -547A/L-548A show sim ilar responses. 
S tim ulation is m odest in  com parison  to E2 and  is only seen at doses o f  10“^M 
and  above with a p lateau at lO’^M.
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Transient transfection of chicken embryo fibroblasts with mutant 
and wild type oestrogen receptors
The activity of mutant oestrogen receptors was assesed by transient 
transfection in chicken embryo fibroblasts. Cells were transfected 
overnight with 5 |xg ERE pBL CAT,1 |ig pJ7 luciferase internal control 
and 0.5 pg pSGShER. Containing HEGO (^ ), hERK-362E ( •  ) or hER 
hERK-362E/A-382V (A). Total DNA was made up to 10 pg per plate 
with pSG5. After transfection cells were incubated for 24 hours in the 
pressence of ethanol carrier or increasing concentrations of oestradiol 
(left hand plot) or 4-hydroxytamoxifen (right hand plot). Cells were 
harvested and luciferase and chloramphenical acetyl transferase 
activity recorded. Results shown are a representitive plot of CAT 
activity divided by luciferase activity to correct for transfection 
efficiency. Data points represent the average of duplicate 
transfections.
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Antagonist activity of 4-hydroxytamoxifen in mutant oestrogen 
receptors.
Chicken embryo fibroblasts were transfected and harvested as 
described in fig legend 5.7 This figure shows data from an 
experiment in which cells are incubated with both oestradiol and 
an excess of 4-hydroxytamoxifen. Cells were treated with 
ethanol carrier alone ( ■ ) 10“̂  M oestradiol ( □ ), 10’̂  M 
4-hydroxytamoxifen ( S  ) or 10 M oestradiol and 10'̂  M 
4-hydroxytamoxifen together ( ^  ). Data shown is the average of 
duplicate determinations and is a representitive example from 
several experiments.
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Transcriptional activity of mouse oestrogen receptor with mutations 
abolishing AF2 activity in mamalian cells
The activity of mutant mouse oestrogen receptors was tested in 
saccharomyces cerrevisiae The N-terminal truncated receptorl21-599 was 
expressed on a galactose inducible expression vector as either wild type 
MORI21-599 ( •) or containing mutations of 2 hydrophobic residues in the 
hormone binding domain MOR121-599 M-547A/L-548A (  ̂ ) and the ERE 
U3 lacZ reporter construct was used to monitor ligand induced activity. 
Transformed cells were grown in galactose under double selection in the 
presence of increasing concentrations of oestradiol or 
4-Hydroxytamoxifen for 15 hours. Cells were analysed for 
p-galactosidase activity. The data shown represents the average of three 
independent experiments performed in duplicate with error bars 
indicating standard error.
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Summary and conclusions
A system fo r phenotyp ic  screening  o f m u tan t ER was developed  and  

used  to identify  a po in t m u tan t ER th a t could induce transcrip tion  o f an  E2 
responsive re p o r te r  b u t in con trast to both  wild type and  a su p er active 
m u tan t recep to r could  no t be activated by O H T  in yeast. H ow ever in  an 
anim al cell system a response to E2 and  O H T  could  be elicited from  the 
m u tan t recep to r a lthough  only a t h ig h e r concentrations. T h e re  was no 
d ifference  in  recep to r stability in the  p resence o f d iffe ren t ligands. T h e  
ligand b ind ing  characteristics o f this m u tan t can no t explain  the  findings 
since th e re  was no significant d ifference  in affinity  o f the  m u tan t fo r E2, and 
O H T  was able to com pete fo r recep to r b inding  sites with a sim ilar RBA as 
wild type recep to r.

T h e  transcrip tional activity o f the AE2 defective recep to r M OR M- 
547A/L-548A was studied  in yeast as a tru n ca ted  recep to r lacking AF-1. It 
was fo u n d  to be transcrip tionaly  active in the presence o f E2. O H T  was also 
capable o f stim ulating  this tru n ca ted  m u tan t recep to r and  it's wild type 
co u n te rp a rt bu t the  m axim al response was weak in com parison  to E2.

It ap p ears  th e re fo re  th a t th e re  is a d ifference  in the m echanism  by 
which ER induces transcrip tion  in yeast and  anim al cells since a recep to r th a t 
can n o t be stim ulated  by O H T  w hen expressed  in yeast is s tim ulated  by O H T  
in anim al cells. A tru n ca ted  m u tan t ER th a t is transcrip tionaly  inactive in 
m am m alian cells in the  presence o f  E2 can induce transcrip tion  in yeast in 
the p resence o f E2.
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The role of the oestrogen receptor in antioestrogen 
resistance

T h e  oestrogen  recep to r has p roved  a valuable tool to d e term in e  
prognosis and  is rou tinely  used  in clinical practice to m ake th e rap eu tic  
decisions fo r b reast cancer patients. In  this respect it is alm ost un iq u e  as a 
m olecular m ark er in oncology. In  try ing  to u n d e rs tan d  the  n a tu re  o f 
acqu ired  an tioestrogen  resistance the  oestrogen  recep to r has been  an obvious 
a rea  fo r investigation. A cquired tam oxifen  resistance is frequen tly  associated 
with con tinued  sensitivity to a lte rnate  fo rm s o f horm onal m an ipu la tion  in 
both clinical and  experim en tal settings, and  has been described in the 
in troduction . T h is re ta ined  sensitivity im plies th a t in this situation the  
horm onal axis rem ains in tact and  th e re  is th e re fo re  a potential role fo r  the 
ER in an tioestrogen  resistance. T h e  ER may be directly responsible th ro u g h  
ab erran t activity arising from  varian t o r m u tan t form s o f the  recep to r, or 
indirectly  as a resu lt o f  a lterations in factors th a t can influence ER function . 
T hese  include alterations in signalling pathw ays tha t affect ER function , 
alterations in pathw ays th a t are  affected  by the ER and  alterations in 
cofactors im p o rtan t in m ediating  the ER response. T hese  possibilities are 
considered  with p a rticu lar re fe rence  to the  findings p resen ted  in the  last 
th ree  chap ters.

T he potential role o f  sp lice  variant ER in antioestrogen resistance
W hile the exon 5 varian t has been the cen tre  o f m ost a tten tion  it is 

also ap p ro p ria te  to review the com m only detected  splice varian t recep tors 
since these may also have im p o rtan t p ro p ertie s . T h e  m ost frequen tly  
re p o rte d  splice variants lacking exons 2,3,4 o r?  a re  exam ined individually 
below T h e  exon 5 varian t is considered  in m ost detail since it has been a 
m ajor focus o f this thesis and  is the  final varian t to be discussed.

Exon 2 splice varian t ER
T h e  exon 2 deletion  encodes a 152 am ino acid p ro te in , consisting o f

the  first 151 am ino acids o f the A/B reg ion  o f the  hER  and  one un ique  

am ino acid, th reon ine . It has no DNA bind ing  dom ain  o r h o rm one  binding  

dom ain  and  it is th e re fo re  unable  to act as a DNA d ep en d en t transcrip tion  

factor. I t is theoretically  possible th a t it could in te rac t with p ro te ins involved

—  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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in m ediating  A Fl activity. T h e re fo re  if  p resen t a t high enou g h  levels this 

varian t could have a negative in fluence on wild type A Fl activity th ro u g h  a 

squelching m echanism . T h e re  is how ever no evidence fo r this. In  transien t 

transfection  o f H eLa cells the  exon 2 varian t appears  to have no intrinsic 

activity, n o r does it in te rfe re  with wild type responses (W ang et al. 1991).

T his may not be the  case in situations w here AF-1 is m ore im p o rtan t in 

m ediating  transcrip tional activity b u t a t p resen t th e re  is no evidence to 

su p p o rt a ro le  o f this varian t in an tioestrogen  resistance.

Exon 3 splice varian t ER
T h e  exon 3 deletion results in an  in fram e splice from  nucleotide  642 

to 759. T h e  splice varian t th e re fo re  codes for a p ro te in  lacking am ino acids 
215-253 which fo rm  the  central reg ion  o f the DBD, rem oving the  en tire  
second zinc finger, destroying  the ability o f  the recep to r to bind DNA (W ang 
and  Miksicek 1991). T h e  varian t recep to r is transcrip tionally  inactive in 
tran sien t transfection  assays bu t represses the ligand induced  activity o f  the 
wild type recep to r (W ang and  Miksicek 1991). T h e  m echanism  p roposed  is 
th a t th e  variant form s heterod im ers with the wild type recep to r, which are  
unable to bind efficiently to iespouse  elem ents, thus reducing  transcrip tional 
activation. T his has no t as yet been d istingu ished  from  the a lternative 
possibility o f the exon 3 variant fo rm ing  inactive com plexes, which squelch 
the wild type response by com peting  fo r cofactors. T h is varian t th e re fo re  
has th e  potential to in te rfe re  with norm al ER responses. A lthough  the 
activity o f this varian t on an tioestrogen  action has no t been evaluated  it is 
d ifficu lt to envisage how this varian t may be involved in an tioestrogen  
resistance.

Exon 4 splice varian t ER
T h e  exon 4 deletion p roduces an in fram e varian t th a t lacks am ino 

acids 254-365. T his p ro te in  contains both  zinc fingers o f the  DBD, bu t lacks 
the last 10 am ino acids o f the  DBD. T h e  en tire  D region  an d  the  first 63 
am ino acids o f the ligand-binding  dom ain  are absent. T h is varian t is unable 
to bind DNA in vitro and  is transcrip tionally  in e rt in tran sien t transfection  
assays (K oehorst et al. 1994). It rem ains to be de te rm in ed  w hat function  may
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be served by this variant. I t does no t contain  the  m ajor n uc lear localisation 
signals and  is unlikely to be able to bind ligand yet it form s the  m ajor ER 
tran scrip t in ra t brain  and  is p resen t in ER negative PR positive m eningiom a 
(K oehorst et al. 1993; S k ipper et al. 1993).

Exon 7 splice varian t ER
Tw o g roups iden tified  the exon 7 splice variant. In  one case from  an 

ER positive PR negative breast tu m o u r sam ple (Fuqua et al. 1992) an d  also 
from  the  T 47D  breast cancer cell line (W ang and  Miksicek 1991). T h e  
varian t m RN A  encodes a recep to r con tain ing  the  first 457 am ino acids o f the 
ER and  a fu r th e r  10 non-ER residues. T h e  varian t is p red ic ted  to be unable  
to bind ligand as it lacks residues essential fo r ligand binding, it also lacks 
residues essential fo r AF-2 activity. In  a yeast functional assay the exon 7 
varian t is fo u n d  to be transcrip tionally  inactive and  in add ition  ap p ears  to 
ex ert a d o m inan t negative effect on the  ligand induced  transcrip tional 
activity o f the full leng th  recep to r (Fuqua et al. 1992). H ow ever in tran sien t 
transfection  experim en ts using H eLa cells the  exon 7 varian t was fo u n d  to be 
functionally inert (W ang and  Miksicek 1991) It is no t clear why this varian t 
beliaves as a dom inan t negative in yeast btu not in H eLa cells. T h e  p ro te in  
does not contain  the m ajor d im érisation  in terface  and  it is not clear why this 
varian t acts as a dom inan t negative in yeast w hen in the  sam e system the 
exon 5 variant is constitutively active.

Exon 5 splice variant ER
T h e  s tru c tu re  and  expression o f  this varian t has been described in the

in troduction  and  the ra tionale  fo r detailed  functional analysis has also been 

exp lored .

Since virtually all the in fo rm ation  concern ing  varian t expression  has 

relied  on PCR analysis o f RNA expression, the  question o f w h e th er the 

variants are  expressed  at the  p ro te in  level is unclear. Evidence in su p p o rt o f 

varian t expression comes from  analysis o f a subline o f the BT 20 breast 

cancer cell line which expresses p redom inan tly  exon 5 splice varian t m RN A . 

Im m unopréc ip ita tion  with an N -term inal antibody to the ER reveals a 43 kD 

band consistent with the  size o f the  exon 5 varian t p ro te in . (Castles et al.
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1993). H ow ever in a parallel ex p erim en t u sing  MCF-7 cells expressing  m ore 

v arian t ER m RN A  in absolute term s it was n o t possible to d em onstra te  a 

varian t band. T h e  pre lim inary  ex p erim en ts  described  in  ch ap te r th ree  using 

the specific exon 5 ER antibody M P40 in  h u m an  tu m o u r sam ples have not 

been able to dem onstrate  expression  o f  th e  exon 5 varian t in tum ours.

T h e  experim en ts in ch ap te r th re e  dem o n stra te  th a t the  exon 5 splice 

varian t ER has been successfully expressed  in several d iffe ren t systems. T h e  

expression  o f varian t sequence p ro te in  has been  confirm ed  by the  raising 

and  purifica tion  o f a polyclonal an tibody th a t specifically recognises the  

un ique  C term inus o f the  exon 5 v a rian t am ino  acid sequence.

Exon 5 varian t activity on oestrogen  responsive re p o r te r  genes.
1 he ability o f the exon 5 varian t to stim ulate oestrogen  responsive 

re p o rte r  genes has been  tested  in tran sien t transfection  experim ents. 
C onstitutive activity has been clearly d em o n stra ted  in chicken em bryo 
fibroblasts, w here A El is recognised as an  im p o rtan t co n trib u to r to overall 
activity (Lees et al. 1989; T o ra  el al. 1989; B erry el at. 1990). In  MCF-7 
breast cancer cells the varian t does not resu lt in  significant constitutive 
activation o f the  ER E-tk-luciferase re p o r te r  b u t th e re  is weak activation o f 
the E R E -TA TA -C A T re p o rte r . T h is find ing  is consistent with the 
observations th a t ER E-T A T A -CA T is m ore  sensitive to AF-1 stim ulation than  
ERE-tk-CA T (T ora  et a i  1989).

Since the exon 5 varian t expressing  breast cancer cells described  in 
ch ap te r 3 also contain wild type ER th e re  is a possibility o f in teraction  
betw een the two recep tors. T h e  var-1 cell line allows us to observe the  

effects o f coexpression o f wild type and  varian t recep to r. Since th e re  is no 
effect on oestradiol induced  transcrip tional activity u n d e r  the in fluence o f 
stim ulatory  ligand, it is unlikely th a t the  va rian t is able to significantly 
com pete with full leng th  recep to r hom odim ers. H ow ever the  varian t does 
contain  the weak DBD d im érisation  dom ain  an d  in te raction  is th e re fo re  a 
possibility. Band shift experim ents w ere p e rfo rm ed  using  extracts from  var-1 
cells, bu t did  not show any evidence o f  he te ro d im eric  com plex fo rm ation  
(data not shown).
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O ne in teresting  observation th a t may indicate a deg ree  o f in teraction  
in vivo is the  observation th a t n n in d u ced  var - 1  cells show m ore activity in the  
p resence o f p u re  an tioestrogen  th an  in  the absence o f  added  ligand (Fig 
3.13). Since the  un in d u ced  var-1 cells do contain som e varian t recep to r one 
possible exp lanation  is th a t p u re  an tioestrogen  dow n regulates wild type ER 
and  relieves a repressive in fluence o f the  un liganded  wild type recep to r 
revealing  a m inor constitutive activity from  varian t recep to r. O n inducing  
excess expression o f varian t, th e re  is sufficient varian t recep to r to overcom e 
the  wild type repressive effect and  constitutive activity is then  u n a ffec ted  by 
wild type ER.

Some o f the  m ajor findings from  these studies are  con trasted  by the 
findings o f Fuqua and  colleagues, f ie r  g ro u p  have transiently  transfected  
MDA-MB-231 ER negative breast cancer cells and  re p o rt a s trong  constitutive 
stim ulation o f ERE-tk-luciferase by the  exon 5 varian t w hen transiently  
expressed  (Fuqua et a i  1995). T h is  is d ifficu lt to reconcile with o u r own 
results. Constitutive agonist activity in the presence o f the  exon 5 varian t in 
these cells suggests th a t th e re  could be significant d ifferences betw een MCF-7 
cells and  MDA-MB 231 cells in the  way they respond  to tru n ca ted  ER. We 
a ttem p ted  to exp lore  the  possibility th a t th e re  w ere d ifferences in AF-1 
sensitivity betw een MCF-7 cells and  MDA-231 cells, bu t we found  this cell 
line technically d ifficu lt to transfect and  w ere unable to genera te  any data  to 
exp lo re  d ifferences betw een these two breast cancer cell lines. O thers have 
used MDA-MB-231 cells in transien t transfections using wild type ER. In  
these studies the stim ulation by hydroxytam oxifen  in the  presence o f  ER is 
m inim al (Jiang and  Jo rd a n  1992; C atherino  and  Jo t dan  1995). Even in an 
MDA-MB 231 derived  stable tran sfec tan t contain ing  wild type recep to r th e re  
is m inim al stim ulation by hydroxytam oxifen  (C atherino  and  Jo rd a n  1995). It 
ap p ears  th e ie fo re  th a t the  transcrip tional activity o f full length  ER in 

response to oestrogen  and  an tioestrogen  is sim ilar in  MDA MB231 cells and 
MCF-7 cells. It is th e re fo re  d ifficult to resolve the  d iffe ren t results obtained  
using  these two d iffe ren t breast cancer cell lines. T h e re  is som e in d irec t and  
incom plete evidence o f possible d ifferences betw een these two cell lines. T h e  
MDA 231 cell line has been used to exam ine the behav iour o f po in t m utan ts 
in the  HBD, both the  valine 400 (HEO) and  tyrosine 351 (H E T O ) ER 
m utan ts show m odest tam oxifen stim ulated  activity (Jiang and  Jo rd a n  1992; 
C atherino  and  Jo rd a n  1995). T h e  m echanism  by which these m utan ts
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becom e m ore responsive to hydroxytam oxifen  is no t unders to o d . It does 
indicate th a t the  MDA 231 cell line is able to m oun t an  an tioestrogen  
induced  agonist response in some circum stances and  could  fo rm  the basis fo r 
the d ifferences re p o rte d  in the  exon 5 varian t activity betweenM CF-7 and  
MDA 231 cells. Parallel experim en ts have not been p e rfo rm ed  in  MCF-7 

cells and  would o f course be com plicated  by the p resence o f wild type 
recep to r

Effects o f exon 5 varian t on breast cancer cell p ro lifera tion
O u r findings a re  th a t expression o f the  exon 5 varian t in MCF-7 cells 

does no t resu lt in any detectable a ltera tion  in p ro lifera tion  in the  absence o f 
ligand. T h e re  is no a lteration  in response to an tioestrogens o r o f  the  ability 
o f an tioestrogens to antagonise the  grow th stim ulation o f  oestradiol. T hese  
observations a re  challenged by the  findings o f Suzanne Fuqua's g ro u p  who 
have conducted  sim ilar bu t less de tailed  studies o f the pro liferative  effects o f 
expressing  the exon 5 varian t in MCF-7 cells. T hey  have established stable 
cell lines expressing  exon 5 varian t u n d e r  the control o f  a constitutive 
p ro m o te r (CMV prom oter) and the  inducible m etalo th ion ien  p ro m o ter. In 
the ir experim en ts using  the  inducible p ro m o te r they show th a t the  grow th o f 
MCF-7 cells expressing  the varian t is no t suppressed  by hydroxytam oxifen  
bu t is suppressed  by IC l 164,384 (Fuqua et al. 1995). In  these experim en ts, 
the control cells show a m inim al pro liferative  response to oestradiol, this 
contrasts with the m arked  effect seen in o u r experim ents.
H ydroxytam oxifen and  IC l 164,384 inhib it grow th o f the  control cells.
W hile the  m ost likely exp lanation  fo r the d ifferences in observations betw een 
laboratories is incom plete rem oval o f oestrogens from  grow th m edium , it 
could also reflect grow th stim ulation by cadm ium  (G arcia-M orales et al.
1994), o r be a reflection  o f 'clonal d rift' betw een the  paren ta l MCF-7 cells 
used in o u r respective laboratories. C om paring  grow th response o f  control 
and exon 5 expressing  cells, in the  Fuqua experim en ts, th e re  does not 
a p p ea r to be a d ifference  in  p ro lifera tion  o f u n stim u la ted  cells. G iven the 
poor grow th response to oestradiol this is no t suprising  bu t m akes assessm ent 
o f a possible constitutive effect on  grow th as a resu lt o f  exon 5 varian t 
expression im possible to assess. T h e  cells w ere all induced  with cadm ium . 
T hey  do no t show any data  com paring  grow th o f induced  and  u n in d u ced  
cells th e re fo re  thev have no t dem onstra ted  th a t the  hvdroxvtam oxifen
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resistance seen is m ediated  th ro u g h  the exon 5 varian t recep to r. It is 
possible th a t the  hydroxytam oxifen  resistance is a reflection  o f som e o th e r 
process. T hey  have only dem o n stra ted  varian t m RN A  p roduction  an d  not 
exam ined p ro te in  expression  an d  have no t exam ined the  expression tim e 
course to assess the  d u ra tio n  o f increased  varian t expression.
An im p o rtan t observation w hich is in ag reem en t with o u r  da ta  is th a t the  
cells rem ain  sensitive to p u re  an tioestrogen . T h is  im plies th a t if  the exon 5 
varian t is in fluencing  grow th th en  this is likely to be d ep en d e n t on an 

in teraction  with wild type recep to r to p ro d u ce  grow th stim ulation, and  tha t 
this in teraction  while u n a ffec ted  by the  presence o f hydroxytam oxifen , is 
inh ib ited  by p u re  an tioestrogen .

In th e ir  experim en ts using  the constitutive CMV p ro m o te r sim ilar 
results a re  rep o rted , with tam oxifen  resistance d em onstra ted  in the  exon 5 
expressing  cells (F uqua and  W olf 1995). T h e  fact th a t two exon 5 
expressing  stable cell lines show an tioestrogen  resistance is in favour o f  this 
being a varian t recep to r m ed ia ted  effect, bu t this is no t conclusive an d  not 
su p p o rted  by o u r data. We have exam ined  the effect o f an tioestrogens on 
the grow th o f th ree  separa te  clones in induced  and  u n in d u ced  conditions 
covering a wide range o f wild type to varian t recep to r ratios and  have 
confirm ed  m ain tained  expression  o f varian t recep to r over a p ro longed  
period .

D espite criticism  o f th e  less rigo rous exam ination  o f the  p ro liferative 
effects o f the varian t recep to r by Fuqua com pared  with o u r studies th e re  do 
ap p ea r to be d ifferences in o u r  results and  it is d ifficu lt to explain  these 
adequately . It is conceivable th a t th e re  are  add itional d ifferences e ith e r in 
the exon 5 varian t stable transfectan ts th a t show hydroxytam oxifen  resistance 
th a t a re  responsible fo r the  resistance seen, o r th a t facilitate resistance 
th ro u g h  the  varian t recep to r. T hese  changes may be p re sen t (but no t 
ap p aren t) in the stocks o f MCF-7 cells used to generate  the varian t 
expressing  lines in F u q u a’s laboratory

Effect o f exon 5 varian t on endogenous gene expression
T h e  effect o f exon 5 varian t expression on  ER and  PR has been 

exam ined by Suzanne Euqua's g ro u p . T hey  have d em o n stra ted  increased PR 
expression  in exon 5 expressing  MCE-7 cells (Fuqua an d  W olf 1995). As 
with the  cell p ro lifera tion  data, they do no t p re sen t any data  com paring
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in d u ced  and  u n in d u ced  cells to confirm  th a t this d ifference  is d riven  by 
varian t expression. It w ould also be o f considerable in te rest to see if the  
increased  PR expression  re p o rte d  was in fluenced  by antioestrogens. O u r 
data  using  induced  and  un in d u ced  cells does no t su p p o rt the role o f exon 5 
in inducing  PR an d  is fu r th e r  u n d e rsco red  by the absence o f any varian t 
effect on pS2 expression.

T h e  reasons fo r  the  d iffe ren t results obtained  fro m  two g roups is not 
clear b u t may be sim ilar to the reasons fo r  d ifferences seen in p ro liferative  
response, arising as a resu lt o f d ifferences betw een the pa ren ta l MCF-7 cell 
lines used  by each laboratory , such th a t the varian t is able to p rom ote  gene 
expression  and  grow th in  one subline bu t not an o th er. O ne possibility being 
for instance, a d ifference  in expression o f cofactors involved in ER responses.

T h e  basic m odel o f tam oxifen  action described  in  the  in tro d u c tio n  in 
which AF-1 is stim ulated  by tam oxifen  suggests th a t AF-1 does no t con tribu te  
strongly to grow th stim ulation in norm al MCF-7 cells since hydroxytam oxifen  
does no t stim ulate cell grow th and  is a po ten t an tagonist o f  F2 stim ulated  
grow th. T h e re fo re  it can be a rg u ed  th a t grow th stim ulation would no t be 
expected  in the presence o f constitutive AF-1 stim ulation. T h e  fa ilu re  o f the 
exon 5 varian t to reverse the grow th inhibition  seen in the  presence o f the 
p u re  an tioestrogen  is seen by both g roups and  suggests tha t in d ep en d en t 
AF-1 m ediated  activity o f the  varian t is no t sufficient to affect p ro liferation  
in MCF-7 cells.

V arian t FR and grow th factor responses
T h e  N -term inus o f  the  FR is im p o rtan t in m ediating  the stim ulation 

o f FR  by grow th factors. T h e  varian t may th e re fo re  have a ro le in 
m ediating  grow th fac to r responses. A ttem pts to exam ine this with tran sien t 
transfections w ere no t successful since we fo u n d  th a t FG F o r PKA activation 
p ro d u ced  very large changes in all tested  in te rna l contro l plasm ids an d  on 
re p o rte r  constructs, even those lacking an FR F. It was th e re fo re  no t possible 
to in te rp re t any small changes associated with varian t expression  acting 
th ro u g h  an FR F re p o rte r . We d id  no t see any strik ing effects bu t this a rea  
o f research  should  be reg a rd ed  as incom plete.
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Expression  o f varian t ER in  o th e r tissues
T h e  first descrip tion  o f the exon 5 splice varian t from  breast cancers 

also describes isolation from  norm al u te rin e  tissue. It is possible th a t if  a 
physiological role exists fo r this varian t it may be in non breast tissue bu t 
th e re  is no convincing evidence fo r this. T h e re  do no t a p p ea r to be any 
m ajor d ifferences in the  occurrence  o f splice varian t m RN A  species in 
norm al and  m alignant u te rin e  tissue (H u et al. 1996). T h e re  is how ever a 
com m only detected  varian t involving a partia l deletion  o f exon 8  ind icating  a 
possible cryptic splicing sequence w ithin exon 8 . T h e re  is no additional da ta  
to suggest a ro le  fo r splice variant RNA in u te rin e  m alignancy.

Exon 5 varian t m RN A  has been isolated from  hepatocellu lar 
carcinom as and  su rro u n d in g  non neoplastic cirrho tic  liver tissue (Villa et al.
1995). T h e re  was a sex d ifference  with varian t recep to r m ore o ften  
expressed  in m ale specim ens and  the v a rian t is not fo u n d  in the  fem ale non 
neoplastic liver tissue. T h e  significance o f  this observation is unc lear but o f 
in te rest since tam oxifen can be used to tre a t hepatocellu lar carcinom a. T h e  
sex d ifferences suggest th a t th e re  is an  e lem en t o f control over splice varian t 
p roduction  in norm al tissue. N one o f  the  published data  on exon 5 varian t 
expression in breast cancers appears  to include m ale breast cancer tissue.

Splice varian t ER is com m only fo u n d  in m eningiom a. T hese  tum ours 
frequen tly  express PR b u t a re  usually ER negative Initially exon 4 and  exon 
7 dele ted  splice variants w ere re p o rte d  (K oehorst et al. 1993) bu t exon 5 
deleted  varian t has now also been described  (B lankenstein et al. 1995). T h e  
significance o f varian t recep to r expression  in m eningiom a rem ains uncerta in . 
Exon 4 deletions have been isolated fro m  o th e r b rain  sources (Skipper el al. 
1993). Rat p itu itary  tissue contains u n iq u e  RNA isoform s lacking exons 1-4 
and  is induced  by oestrogen , bu t is only expressed  in fem ale rats, again 
dem o n stra tin g  th a t regu la tion  o f varian t expression  occurs in non m alignant 
tissue. T h e  function  o f this isoform  has no t been exp lo red  (E riend et al. 
I995X /

Evidence fo r exon 5 varian t expression  in  an tioestrogen  resistance.
Several o th e r g roups have investigated the  possible role o f  varian t ER 

in an tioestrogen  resistance. Exon 5 v a rian t recep to r m RNA has been 
detected  in all ER positive cell lines exam ined  and  at least two ER negative 
lines (Castles et al. 1995). T h e  am o u n t o f  exon 5 varian t varies greatly  and
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even varies am ongst d iffe ren t stocks o f  th e  sam e cell line (Klotz et al. 1995). 
U sing sem iquantitative PGR, the  exon 5 varian t to wild type ra tio  has been 
shown to be h ig h er in m alignant breast tissue com pared  to norm al breast 
(Leygue et al. 1996). H ow ever w hen p rim ary  tum ours a re  com pared  to 
tam oxifen  resistant tu m o u r m aterial no significant d ifferences in wild type to 
exon 5 varian t m RN A  is seen unless subgroups are  analysed (D affada et al. 
1995). In  this study h ig h e r exon 5 to wild type ratio  is seen in  ER negative 
tu m o u rs  expressing  e ith e r PR o r pS2. In  resistan t tum ours th a t w ere ER, 
pS2 and  PR positive a h ig h e r ratio  o f varian t to wild type was seen com pared  
to the  p rim ary  tum ours. Since ratios w ere analysed the  absolute exon 5 
levels a re  no t known. It is probable th e re fo re  th a t in the ER negative 
tu m o u rs  the  absolute am o u n t o f exon 5 varian t m RN A  rem ains small the  
high ratio  being a p ro d u c t o f low levels o f wild type ER m RN A . T h e  
find ing  o f a d ifference  betw een resistan t and  p rim ary  tum ours in the  ER, 
pS2, PR positive subg roup  is potentially  im p o rtan t. T his d ifference  appears  
to be caused by a small n u m b er o f  resistan t tum ours with m arked  increases 
in wild type to varian t ratios, p ro m p tin g  speculation th a t th e re  may be a 
causal rela tionsh ip  in a m inority  o f tam oxifen  resistan t cancers. How ever, 
th e re  is no su p p o rt fo r this from  analysis o f in x’itro g enera ted  tam oxifen 
resistan t cell lines. In an tioestrogen  resistan t cell lines the m ajor splice 
varian t species (including exon 5 deletion) w ere analysed by RNase pro tection  
and have been com pared  to paren ta l lines. No significant increasses in  any 
o f the  splice variants has been detected  from  analysis o f 1 0  separa te  resistant 
cell lines (M adsen el al. 1997). In  one case the  am o u n t o f exon 5 varian t 
m essage was paradoxically  red u ced  in the  tam oxifen resistant clone (M adsen 
et al. 1995).

T h e  detection  o f m RN A  does n o t im ply expression o f p ro te in  and  all 
work on varian t expression involves PGR am plification and  th e re  rem ains 
some d o u b t over the  reliability o f this techn ique fo r quantita tive  analysis. 
E xperim ents by two g roups using the  M P40 antibody on p a ra ffin  em bedded  
tu m o u r sam ples have not d em o n stra ted  the expression  o f varian t recep to r in 
breast cancer sections, which raises serious doubts over the  im portance  o f 
this varian t.
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Splice variants o f the  glucocorticoid recep to r
A splice varian t o f the  glucocorticoid recep to r in which th e re  is fa ilu re  

to rem ove in tro n  sequences betw een exon 7 an d  8  has been  described in 
m ultip le  m yelom a and  is associated with glucocorticoid insensitivity (Moalli et 
al. 1993; K rett et al. 1995). In  b reast cancers th e re  does no t a p p ea r to be 
any evidence fo r splice varian t GR d em o nstra ting  th a t th e  generation  o f 
splice varian t nuclear recep to rs in tu m o u rs  is a specific process ra th e r  than  a 
non  specific re laxation  in the  general contro l o f RNA splicing (P feffer et al. 
1995). T h is sugests th a t splice varian t generation  may have a physiological 
role b u t it rem ains unc lear w hat th a t ro le  m ight be.

Sum m ary o f splice varian t ER in b reast cancer
Splice varian t ER m RN A  is fo u n d  readily in  both  norm al and  

m alignant breast tissues. T h e  evidence fo r expression o f  the splice variants 
at the p ro te in  level is weak. T h e re  is considerable quantita tive  variation in 
the am o u n t o f varian t m RNA p ro d u ced  in d iffe ren t tum ours. T h e  
functional significance o f splice varian t ER in breast cancers is d ifficu lt to 
assess. T h e  exon 5 deleted  varian t has been the  subject o f extensive 
evaluation since it has the potential to act as a constitutive activator. T h e re  is 
conflicting data  from  experim en tal m odels o f the effect o f the  exon 5 varian t 
recep to r. T h e  degree  o f  transcrip tional activation o f re p o r te r  genes in breast 
cancer cells ap p ears  to d ep en d  on  the cell line used an d  even w ithin the 
same cell line th e re  is d ispu te  over the  effect o f the  varian t on endogenous 
gene expression and  on pro liferative responses, particu larly  on the response 
to hydroxytam oxifen . It is clear how ever th a t in cell cu ltu re  models 
overexpression  o f the  exon 5 varian t is unab le  to overcom e the  grow th 
inhib itory  effects o f p u re  oestrogen  antagonists. W hile the exon 5 varian t 
has been shown to have a variable deg ree  o f constitutive activity in breast 
cancer cells th e re  is very little evidence to su p p o rt the hypothesis th a t splice 
varian t ER expression is a cause o f an tioestrogen  resistance in h u m an  breast 
cancers.

Mutant oestrogen receptors as a m echanism  o f  antioestrogen resistance in  
breast cancer

In  the in troduction  I have discussed the p ro p e rtie s  o f a n u m b er o f 
m u tan t ERs genera ted  th ro u g h  site d irec ted  m utagenesis. T hese  m utations
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can have p ro fo u n d  effects on the p ro p e rtie s  o f these recep tors and  have 
been highly influen tia l in shap ing  o u r  u n d e rs tan d in g  o f ER function . T h e  
experim en ts described in ch ap te r fo u r  have exp lo red  a possible role fo r 
functionally  significant m utations o f the  ho rm o n e  b inding  dom ain in 
m ediating  an tioestrogen  resistance in b reast cancer. W e have analysed the 
transcrip tional activity o f m utan ts w ith know n alterations in th e ir  ability to 
respond  to oestrogen  r ecep to r ligands an d  exam ined h u m an  breast cancer 
sam ples fo r sim ilar m utations w ithin a lim ited reg ion  o f th e  ligand binding  
dom ain . We have d em o n stra ted  th a t in tro d u cin g  m u tan t ER in to  breast 
cancer cells can resu lt in a change in response  to both  tripheny le thy lene  
an tioestrogens and  p u re  an tioestrogens. Analysis o f this reg ion  did no t 
reveal any naturally  o ccu rring  m utations in breast cancers.

T h e  transien t transfection  o f the AF2 defective m u tan t oestrogen  
recep to rs into MCF-7 cells has dem onstra ted  weak agonist responses to 
an tioestrogens. T his response is d e p en d e n t on the am o u n t o f expression  
vector DNA used  giving a dose response re la tionship . We d id  not see any 
suppression  o f activity with oestradiol, which w ould be expected , on 
transfection  o f excess AF2 defective recep to r. A d o m inan t negative effect 
has been re p o rted  fo r sim ilar but not ftdly analogous hER m utations in this 
reg ion  in both C H O  and  MCF-7 cells (Ince el al. 1993; Ince et al. 1995). 
fiow ever d iffe ren t m utations show a variable deg ree  o f  d o m inan t negative 
activity and  in terestingly  the  d o m inan t negative effect o f the hER AF2 
m utan ts is d ep en d en t on the  presence o f  A F l since d o m inan t negative 
activity is lost w hen the  A/B region is deleted . T h e  absence o f  a d o m inan t 
negative effect in o u r experim ents is suprising  and  while th e re  is no entirely  
satisfactory explanation . It may be because the  wild type and  m u tan t 
r eceptors do not he terod im erise  with wild type hER  efficiently in vivo (the 
m utan ts used  wer e M OR m utants). I f  they do fo rm  heterod im ers, the 
pe rh ap s they do not d is ru p t the E2 stim ulated  transcrip tional activity o f the 
wild type com ponen t o f the h e te ro d im er in an analogous situation to the  
hER  AE2 m utan ts w hen A F l is de le ted  as described above.

Yeast as a m odel o f ER function  in eukaryotic  cells
Yeast has been used extensively to study the  function  o f  m am m alian 

pro teins and  in m any instances yeast hom ologs o f m am m alian  pro te ins exist. 
S teroid h o rm o n e  recep tors have been fo u n d  to re ta in  m any functions w hen
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expressed  in yeast ceils. T h e  ER binds DNA and  h o rm one  with sim ilar 
affinity  w hen expressed  in yeast o r m am m alian  cells and  is able to activate 
transcrip tion  in a ligand d e p en d e n t m an n er w hen expressed  in  yeast 
(M etzger et al. 1988). T h e  yeast m odel is th e re fo re  potentially  a useful 
system to use to study the effects o f m utations o f the ER. U sing a co lour 
change phenotypic  screen it is possible to use yeast as a screening system to 
identify  m u tan t ER with specific phenotyp ic  characteristics.

T h e  experim en ts described in c h ap te r 5 w ere aim ed at using  yeast to 
identify  m u tan t oestrogen  recep to rs w ith abnorm al response to ligand, 
specifically to identify  m utan ts th a t w ere unable  to bind hydroxytam oxifen . 
Such m utations would be potential candidates fo r an tioestrogen  resistance 

and  could potentially  be iden tified  in b reast cancers. A lthough  technical 
fa ilu re  resu lted  in  the recovery o f only a lim ited nu m b er o f m utations the 
techn ique has been dem onstra ted  to have the  capacity to identify  functionally 
abnorm al ER m utations. We may possibly have had  m ore success by 
selecting a m uch b ro ad er range  o f phenotyp ic  abnorm alities such as 
constitutive activity which while seen an d  collected d u rin g  o u r screening  
assays, was no t o u r p rim e focus and  these clones d id not survive long te rm  
storage.

The specific m uta tion  iden tified  with abnorm al p ro p ertie s  K-362E/A- 
382V shows oestradiol sensitivity b u t no stim ulation by hydroxytam oxifen  in 
yeast. In chicken em bryo fibroblasts th e re  is a response to oestradiol and  
hydroxytam oxifen  bu t only at h ig h er concentrations. H ow ever the ligand 
b ind ing  at 25^C is sim ilar to wild type. T h is da ta  is d ifficu lt to in te rp re t but 
may be partly  exp lained  bu t postu lating  a tem p e ra tu re  sensitive effect on 
ligand b inding  such th a t oestradiol is b o und  less well a t h ig h e r te m p e ra tu re  
analogous to the m utation  at G400 (T o ra  et al. 1989). T h is how ever does not 
explain  the  insensitivity to hydroxytam oxifen  in yeast. T h e  ability o f 
tam oxifen  to p en e tra te  the  cell wall may be lim ited as is the  case fo r p u re  
an tioestrogens (Zysk et al. 1995). T h is  probably  explains the d ifference  in 
righ t sh ift o f the  dose response curves in  yeast betw een oestradiol and  
hydroxytam oxifen , b u t does not explain  the  total absence o f activity o f the  K- 

362E/A-382V m u tan t in response to u p  to 10 m icrom olar hydroxytam oxifen . 
T h e  com petition  assay does no t show any evidence o f d ifferen tia l binding 
betw een hydroxytam oxifen  and  oestrad io l an d  th e re fo re  we m ust conclude 
th a t th e re  are  d ifferences in the ability o f yeast to respond  to this m u tan t
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com pared  with CEF cells an d  th a t these d ifferences a re  not seen in the  wild 
type recep to r. For this reason we concluded th a t phenotypic p reservation  
betw een yeast and  anim al cells was unreliab le  w hen screening fo r 
com paratively subtle effects and  did no t p u rsu e  this screening system 
fu r th e r . Yeast has been used by o th e r g roups to characterise  m u tan t FR and 
in m ost cases the  pheno type has been  conserved w hen reanalysed in 
m am m alian cells (P ierra t et al. 1992; W renn  et a i  1993). H ow ever th e re  are  
d ifferences rep o rted . N otably the  i2  reg ion  betw een 302 and  339 which 
w hen exposed by deletion m utan ts results in pow erful ligand in d ep en d en t 
activity in yeast bu t no t m am m alian  cells (P ierra t et at. 1994). A fu r th e r  
poin t o f  in te rest is th a t a m uta tion  at 383 (W-383R) ad jacent to the m utation  
iden tified  by ourselves was iden tified  by m utational screening in yeast. T his 
m uta tion  is com pletely unresponsive to oestradiol an d  hydroxytam oxifen  in 
both yeast and Chinese ham ster ovary cells. T h is m u tan t binds oestradiol but 
with a ro u n d  10 fold low er affin ity  than  wild type. Clearly m utations in this 
viscinity do have im p o rtan t consequences fo r FR  function. T h is region 
form s p a rt o f helix 6  im p o rtan t in fo rm ing  the ligand-binding  pocket 
(Brzozwski el al. 1997) a lthough  n e ith e r W-383 n o r K-382 m ake contacts with 
ligand directly.

AF2 defective m utations a re  active in yeast
T h e  experim en ts shown in fig 5.9 clearly show tha t the  AF2 m utan t 

M -547A/L-548A is stim ulated  in yeast by both oestradiol and 
hydroxytam oxifen . T h e  stim ulation by oestradiol is o f in te rest since it 
im plies th a t the oestradiol induced  activation is not d ep en d en t on the  same 
in teractions in yeast as in m am m alian  cells. H ow ever recen t da ta  from  o u r 
own laboratory  using  d iffe ren t re p o rte rs  suggests th a t this find ing  m ay not 
be generally  applicable (H eery personal com m unication).

A re FR  m utations p resen t in  breast cancers?
1 have described m uch o f the  work searching  fo r m utations o f  the FR 

in breast cancers and  breast cancer cell lines. W ith the exep tion  o f a few 
notable exam ples the overw helm ing m ajority o f breast cancers a p p ea r to 
contain  wild type recep to r. T h is im pression has been confirm ed  with the 
recen t publication o f a fu r th e r  detailed  screening o f 96 tu m o u rs  from  a 
m ix tu re  o f sources (both p rim ary  and  m etastatic tum ours). T h is  study
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describes a new po lym orphism  in the N term inus o f the ER, b u t no somatic 
m utations o f the  ER w ere detec ted  (A nderson  et al 1997). G iven the 
laboratory-based evidence o f  the functional consequences o f ER m uta tion  this 
is a su rp ris in g  result. T h e  studies includ ing  the  recen t study described  above 
have all relied  on  ind irec t techn iques to detect m utations, using  e ith e r, single 
s trand  chain polym orphism  (SSCP,) o r constant d é n a tu ran t gel 
e lectrophoresis (CDGE). U sing these techniques, only aberran tly  m ig rating  
bands a re  selected fo r m ore  detailed  analysis by d irec t sequencing. N either 
o f  these techniques is fully reliable an d  th e re  is th e re fo re  a possibility tha t 
com m only o ccu rring  specific m uta tions a re  no t detected  with these 
techniques. T h e  a lternative  to using  these techniques is to e ith e r laboriously 
sequence genom ic DNA o r R T  PGR products  from  breast tum ours, across 
the en tire  coding region. O r lim it the exam ination  to specific areas w here 
th e re  is a high probability  o f  functionally  significant m utations. T h e  
m ajority o f  studies have co n cen tra ted  on p rim ary  tu m o u r m aterial since this 
is m ore generally  available th an  m etastatic tu m o u r tissue. T h e re  is th e re fo re  
a d an g er th a t we are not analysing the  a p p ro p ria te  m aterial. fJow ever since 
the p rim ary  tum ours can becom e resistant and  give rise to resistant 
m etastasis they could h a rb o u r a subpopu lation  o f cells with m u tan t ER.
T hese  subpopulations would also be missed by SSCP and CDGE. It was fo r 
these reasons th a t we decided  to use an  a lternative technique to concen tra te  
on an a rea  o f the  ER w here it was know n th a t m utations could give rise to 
functionally  d iffe ren t recep to rs  and  could respond  to an tioestrogens. T h e  
technique described in  ch ap te r 4 has the  potential to detect this 
subpopu lation  which could  only o therw ise be iden tified  by a d irec t 
sequencing p rog ram m e on a very large scale. Despite o u r  best endeavours 
screening both trea tm en t naïve an d  established tam oxifen  resistan t tu m o u r 
sam ples we fo u n d  no evidence o f m utations in critical residues in  H 12 o f the 
ER.

W hy are  ER m utations uncom m on in b reast cancer?
T h e  search fo r m utations w ithin the  ER in  breast tu m o u rs  p e rfo rm ed  

by several g roups has p ro d u ced  very few m utations and  those th a t have been 
iden tified  have not been characterised  fo r th e ir  functional significance. T h e  
possible explanations fo r  this a re  o f necessity speculative. Since th e  ER is a 
positive reg u la to r o f cell grow th and  th a t in the  u n tre a ted  state th e re  is
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always an oestrogenic signal p re sen t albeit a weak signal in postm enopausal 
w om en. T h e re  may no t be suffic ien t grow th advantage to a dom inan t 
positive m utation  o f the  ER such as m uta tion  o f tyrosine 537 to encourage  
clonal expansion. O th e r m utations p ro d u c in g  m ore  significant grow th 
advantage would be m ore  likely to p red o m in a te  and  the  acquisition o f 
m utations lead ing  to oestrogen  in dependence  w ould resu lt in progressively 
less advantage to ER m utations. W hen exposed to an tioestrogens the 
situation is d iffe ren t in th a t th e re  is then  no ER m ed ia ted  m itogenic signal 
and  this env ironm en t may favour the  p ro d u c tio n  o f d o m in an t positive o r 
an tioestrogen  stim ulated  ER m utations. H ow ever this is no t seen to any 
significant degree. In p rosta te  cancer a n u m b er o f an d ro g en  recep to r 
m utations have been isolated from  h o rm one  insensitive tum ours and  
m utation  o f the  AR ap p ears  to be a m ore frequen t event. T h e  prosta te  
cancer cell line LNCaP contains a m u tan t AR contain ing  a po in t m uta tion  
resu lting  in th reo n in e  substitu ting  A lanine at position 8 6 8  (V eldscholte et. a i  
1990). T h is m utation  results in a lte red  steroid b inding  specificity such th a t it 
can respond  to progestins an d  is also stim ulated  by som e but no t all 
an tiand rogens (V eldscholte et al. 1992). Precisely the sam e m utation  has 
been iden tified  in o th e r  m etastatic p rosta te  tum ours. 6  o u t o f 24 tum ours 
carried  this m uta tion  in one study (G addipati el al. 1994), and it has been 
iden tified  by several o th e r g ro u p s (Suzuki et al. 1993; T ap lin  et al. 1995). 
F u rth e rm o re  o th e r m utations involving residues 8 6 8  and  865, have been 
iden tified  (T aplin  et al. 1995). Both o f these m utations also dem onstra te  
increased sensitivity to o th e r steroid  horm ones. In  add ition  to this 'ho t spot' 
n u m erous m utations have been identified  w ithin the HBD o f the  AR such as 
a valine to m eth ion ine m uta tion  at residue 706, which is stim ulated by 
ad renal androgens (Culig et al. 1993). Most o f the AR m utations iden tified  
have not been subjected to functional analysis, b u t it is clear th a t AR 
m utations are  a relatively freq u e n t event in  p rosta te  cancer occuring  in 
pe rh ap s 40% o f m etastasis (Tilley el al. 1996). A lthough  they have been 
fo u n d  in all stages o f p rosta te  cancer they a re  m ore freq u e n t in advanced 
disease (T ap lin  el al. 1995). T h e  prognosis in tu m o u rs  contain ing  AR 
m utations is po o r and  is associated with a po o r response to h o rm o n e  therapy  
(Tilley el al. 1996). In  add ition  am plification o f  the  AR gene locus is a 
relatively com m on event o ccu rrin g  a fte r relapse from  an d ro g en  deprivation  
th e rap y  (V isakorpi el al. 1995).
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A clear d ifference  exists betw een the  a p p a ren t frequency  o f AR 
m utations and  gene am plification in  p rosta te  cancer and  ER m utations / 
am plification  in breast cancer. Most m utational analysis o f b reast cancers has 
been from  prim ary  tu m o u r m aterial. M uch o f the  p rosta te  w ork has been 
p e rfo rm ed  on  m etastatic m aterial isolated from  bone m arrow  and  this may 
account for p a rt o f the  d ifference. W e may need  to exam ine breast cancer 
specim ens from  m ore inaccessible sites to establish the con tribu tion  o f m u tan t 
ER to an tioestrogen  resistance in life th rea ten in g  m etastatic sites.

T h e re  may be physicochem ical reasons why the  ER is less susceptible 
to m uta tion  com pared  to the  AR re la ted  to its position w ithin the  
chrom osom e, it may be fo lded o r relatively p ro tec ted  by the local 
organisation  o f  chrom atin .

W hile d iffe ren t tu m o u r types a re  know n to display d iffe ren t pa tte rn s 
o f oncogene expression fo r instance K-ras is frequen tly  m u ta ted  in colorectal 
carcinom a but ti- ra s  is rarely  involved w hereas fi-ras  is com m only m u ta ted  
in b lad d er cancer (Bos 1988). T hese  p a tte rn s  are  o ften  a reflection o f the 
pathw ays im p o rtan t in the  developm ent o r m ain tenance o f the  tissue o f 
origin. It is th e re fo re  d ifficu lt to consider categorising the  ER as a pathw ay 
tha t is not m u ta ted  in breast cancer because i t’s functional significance is 
u n im p o rtan t. F u r th e r investigation is clearly needed  before  we can 
u n d e rs tan d  why ER m utations are  uncom m on in breast cancer.

O th e r signaling pathw ays and  tam oxifen resistance
T h e re  is the possibility th a t an tioestrogen  resistance could  be m ediated  

by grow th fac to r m ediated  influence on ER function . I have described the 
effect o f PKA and  EOF stim ulation on the  enhan cem en t o f agonist effects o f 
hydroxytam oxifen  and  ligand in d ep en d en t activation. Clearly th e re  is a 
potential ro u te  tow ards tam oxifen  stim ulated  cell grow th th ro u g h  grow th 
facto r in fluence  on ER function . W hile alterations in grow th factor 
recep tors o r alterations in grow th fac to r signalling pathw ays a re  associated 
with p o o r prognosis th e re  is as yet no clear evidence th a t these alterations 
a re  involved in m ediating  tam oxifen  resistance th ro u g h  an ER m ediated  
effect. T h is  is a rea  requ ires  fu r th e r  study

T h e  in fluence o f ER on A PI activity is a fu r th e r  a rea  in  which 
m an ipu la tion  o f the signalling env iro n m en t could resu lt in ER p ro d u c in g  a 
d iffe ren t m itogenic signal in response to an tioestrogen . T h e  im portance  o f
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ER involvem ent in m odu la ting  A PI activity rem ains u n certa in  bu t this is an 
additional area  w here fu r th e r  research  is req u ired  to m ore  clearly define  the 
physiological role o f ER in m odulation  o f  A PI effects and  to study possible 
alterations in disease states.

Co factor expression
T h e  recen t p ro lifera tion  in the  n u m b er o f  iden tified  coactivators and  

rep resso rs o f nuclear h o rm o n e  recep to rs  is a highly significant step forw ard  
in o u r u n d e rs tan d in g  o f  how these recep to rs function  and  is a fu r th e r  
avenue tha t requ ires exp lo ra tion  in respect o f an tioestrogen  resistance. T h e  
finding  o f increased expression  o f A lB l in breast and  ovarian tu m o u r tissue 
(Anzik et al 1997), may be an indication o f the  role these factors may play in 
the overall pathogenesis o f cancers in h o rm o n e  responsive tissue. It is clearly 
an a rea  th a t is in need  o f exam ination  with respect to ho rm o n e  antagonist 
sensitivity and  resistance.

C oncluding rem arks
D espite m ajor research  effo rts, the  m olecular m echanism s 

u n d e rp in n in g  the acquisition o f an tioestrogen  resistance in breast cancer 
rem ain  unexp lained . It seems unlikely th a t th e re  is a significant con tribu tion  
th ro u g h  e ith e r oestrogen  recep to r m utations o r th ro u g h  the generation  o f 
splice variant ER. We should  th e re fo re  concen trate  on the  areas ou tlined  
above to define  the im portance  o f o th e r m olecules th a t m ediate  the com plex 
netw ork o f pathw ays th a t a re  im plicated  in oestrogen  and  antioestrogen  
action. An u n d e rs tan d in g  o f these m echanism s will it is hoped  provoke the 
developm ent o f new th e rap eu tic  strategies to control breast cancer.

A lthough  o u r u n d e rs tan d in g  o f an tioestrogen  resistance has been slow, 
the recen t th e rap eu tic  advances in the  horm onal trea tm en t o f breast cancer 
have been encourag ing . T h e  w idespread  availability o f specific arom atase 
inhib itors p rov id ing  an im p o rtan t op tion  in second line h o rm one  therapy  
and  the  encou rag ing  phase II results o f  the p u re  an tioestrogen  com pound  
ICI 182,780 (faslodex), lead ing  to an tic ipation  o f fu r th e r  options in  the  n ear 
fu tu re . T h ese  two exam ples dem onstra te  how scientific u n d e rs tan d in g  o f 
biological processes resu lt in the developm ent o f advances th a t are  o f d irect 
benefit to patien ts and  provide justifica tion  fo r fu r th e r  endeavour.
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A bbreviations

AF1/AF2 activation function  1 /activation function  2

A T P adenosine 5' tr ip h o sp h a te
AR an d ro g en  recep to r
BES N, N -bis[2-hydroxyethyl]-2-am inoethanesulphonic
bp base pa ir
BSA bovine serum  album in
C A T chloram phenico l acetyl transferase
cDNA com plem entary  DNA
CEF chicken em bryo fibroblast
CDGE constant d é n a tu ran t gel e lectrophoresis
C -terrninal carboxyl term inal
CTD carboxyl term inal dom ain
CTP cytidine 5 '-triphosphate
CMV cy tom egalo vi ru  s
dA T P 2 '-deoxyadenosine-5 '-triphosphate
dC T P 2'-deoxycytid ine-5 '-triphosphate
d C T P 2’-deoxyguanosine-5 '-triphosphate
d T T P 2 '-deoxythym idine-5 '-triphosphate
DCC d ex tran  coated charcoal
DEAE diethylam inoethylam ine
DMBA dim ethylbenzan thrycine
DMEM Dulbecco's m odified  Eagle's m edium
DMSO dim ethyl su lphoxide
DNA deoxyribonucleic acid
DNase deoxyribonuclease
DR+X direc t re p e a t with X nucleo tide  spacing
D T T dith io th reito l
ED TA ethylened iam inetetracetic  acid
ER oestrogen  recep to r
ER+X everted  rep ea t with X nucleo tide spacing

acid
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ERE oestrogen  response elem ent
ECS foetal calf serum
ERE SE-1 response e lem ent
GR glucocorticoid recep to r
GRE glucocorticoid response e lem ent
GST glutath ione-S-transferase
G TP guanosine 5 '-triphosphate
HEPES N -2-hydroxyethylp iperazine  N ’-

2 -e thansu lphon ic  acid
hsp heat shock p ro te in
HRE h orm one response elem ent
ICI 164,384 N -n-buty l-11 -(3,17 (3-dihydroxyoestra-1,3,5(10)-i
N -m ethy lundecanam ide
ICI 182,780 7a-[9-(4 ,4 ,5 ,5 ,5-pentaflouropenty lsu lphinyl)

nonyijoestra 1,3,5,( 10)-triene-3 ,17p-diol
IR+X inverted  rep ea t with X nucleotide spacing
Kb kilobase
kl) kilodalton
Kd dissociation constant
lacZ P-galactosidase gene
M M TV m ouse m am m ary tu m o r virus
MR m ineralocorticoid  recep to r
m RNA m essenger RNA
NBRE NGEI-B response e lem ent
NGEI-B nerve grow th factor inducible protein-B
NMR nuclear m agnetic resonance
NP40 non ide t p40
N -term inal am ino term inal
ODx optical density at w avelength o f x nm
PAGE polyacrylam ide gel e lectrophoresis
PBSA p hosphate  b u ffered  saline A
PGR polym erase chain reaction
PMSE phenylm ethylsu lphonyl fluo ride
PPAR peroxisom e p ro life ra to r activated recep to r
PR progesterone  recep to r
RAR retinoic acid recep to r
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RARE
RNA
RNase
RXR
S
SDS
SSCP

SV40
T 3
T A P
TB P
TEM ED
T K
T R
1 RE
T R E pal
T ris
1 ri ton X-lOO 
Fween - 2 0  

IJAS 
U T P  
UV
VDR vitam in

retinoic acid response elem ent
ribonucleic acid
ribonuclease
re tino id  X recep to r
Svedberg units
sodium  dodecyl su lphate
single s tran d  chain polym orphism
sim ian virus 40
3 ,5 ,  3 '-triiodo-L -thyronine
TB P associated factor
T A T A  binding p ro te in

-te tram ethy le thy lened iam ine  
thym idine kinase 
thy ro id  h o rm o n e  recep to r 
thyro id  ho rm one response elem ent 
palindrom ic thyro id  ho rm one  response elem ent 
tris(hydroxym ethyl)am inoethane 
octyl phenoxy polyethoxyethanol 
polyoxyethylenesorbitan  m ono luara te  
up stream  activating sequence 
u rid in e  5 '-triphosphate  
u ltra  violet 

D recep to r
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CONSTRUCTION OF EXON 5 DELETION EXPRESSION VECTOR

T h is  oligo p a ir  c o n s is ts  o f ex o n  4  a n d  e x o n  6  s e q u e n c e  
c o rre sp o n d in g  to  a  P re c is e  de ie tion  of Exon 5  s e q u e n c e  resu iting  in 
re a d in g  fram e  shift a n d  cod ing  fo r 5  u n iq u e  am in o  a c id  re s id u e s  
a fte r g lyc ine  3 6 6  follow ed by  a  term ina tion  co d o n . O nly th e  
portion  o f e x o n  6  a s  fa r a s  th e  p re m a tu re  s to p  co d o n  is  included. 
T h is  is  fo llow ed im m ed ia te ly  b y  a  s a c  I s ite .

S p lice  junc tion

Exon 4  
s e q u e n c e I Exon 6  

S e q u e n c e
AGCTTCGATGATGGGCTTACTGACCAACCTGGCAGACAGGGAGCTGGTTCACATGATCAACTGGGCGAAGAGGGTGCCAGGAACCAGGGAAAATGTGTAGAGCT 

AGCTACTACCCGAATGACTGGTTGGACCGTCTGTCCCTCGACCAAGTGTACTAGTTGACCCGCTTCTCCCACGGTCCTTGGTCCCTTTTACACATC /  
^  V a l P r o G l y  ThzArg01uA#pV#lT#%m

\

S y n th e tic  o ligonucleo tide  p a ir in se rted  into Hind III S a c  i d ig e s t  o f H EG O  
R esu lting  in 1.1 Kb in sert coding  for tru n c a te d  hE R  pro  tien  th a t w ould  a r is e  
from tran sla tio n  o f th e  naturally  occu ring  e x o n  5  d e le te d  m RN A

\

\
\

S a c  1

Eco R1Hindlll (nuc  1017)
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EXON 5 VARIANT SEQUENCE TRANSFERED TO pMEP4
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