


that have undergone recombination, this experiment evaluated the amount of uninduced
recombination that took place in these clones. Cells from the two clones were stained at the
end of this period. The effect of neomycin selection was noticeable, since for both clones, the
number of blue cells is lower after 8 passages in the presence of neomycin than after 8
passages in the absence of neomycin selection (figure 4.8, panel A). Both clones were then
grown for 50 hours in the presence or absence of 1uM estradiol and cells were collected for
Southern and western analysis. The result of the western analysis on the LL5S39AA clone is
shown on panel B of figure 4.8. It demonstrates that there are more than 2000 recombinase
fusion proteins per cell (cf. figure 3.20) and that the level of the FLP-EBDLL539AA
recombinase fusion protein was not affected by the neomycin selection procedure nor by the
presence of 1uM estradiol. The amount of recombinase fusion present in the 534StOP clone
could not be determined as the epitope for Mab-EF3 is deleted in this protein.

The Southern analysis is shown on figure 4.9 panels A and B. The effect of neomycin
selection is clearly visible here as well (compare lanes 1, 2, 5 and 6 to lanes 3, 4, 7 and 8)
indicating that a substantial amount of uninduced recombination took place in 30 days of
culture. Site specific recombination is only marginally induced in the 5345tOP cell line; 51 to
57% and 16 to 23% in 50 hours of estrogen treatment. In the LL539-40AA cell line,
recombination is induced; 2 to 34% and 1 to 33%. This is significantly lower than in the
cases of the wild type, G400V, L507R or R503A/L507R FLP-EBD cell lines, which
typically would yield 70-80% recombination in 50 hours of hormone treatment. I concluded
from these experiments that the transactivation mutations compromise the capacity of
estrogen receptor ligands to activate the FLP-EBD fusion protein. It is unlikely that the
transcription mutations caused a reduction in the affinity of the receptor for estrogen, since
two groups generated or isolated the same (Danielian et al., 1992) or similar mutations
(Wrenn and Katzenellenbogen, 1993), (Tzukerman et al., 1994) in this region of the EBD,
and determined that although the transcriptional activity of these mutants is compromised, it

is not due to a reduction in their affinity for estradiol.

137



Figure 4.9
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A. Southern analysis of 293R10 cells expressing the FLP-
EBD3534st0p (samples 1-4) or FLP-EBDLL-539-40 (samples 5-8)
fusion proteins. The cells were grown for 8 passages in the presence of
hygromycin and the presence (samples 3, 4, 7 and 8) or absence
(samples 1, 2, 5 and 6) of neomycin and then treated for 50 hours with
1uM estradiol (samples 2, 4, 6 and 8) or ethanol vehicle (samples 1, 3,
5 and 7). Because of the restriction strategy used the product of
recombination migrates above the intact pPNEOBGAL restriction
fragment. B. Phosphoimager quantification of the Southern blot
shown on panel A.



The results shown on figure 4.8 and 4.9 indicate that none of the estrogens or anti-
estrogens used here are able to efficiently activate the FLP-EBDTXN- recombinases when
they are expressed from a chromosomal transgene.

In contrast, when plasmids encoding these FLP-EBD fusions were transiently transfected
into a recombination reporter cell line I did observe a ligand response (figure 4.10). This is in
agreement with data (Mahfoudi et al., 1995) which indicated that full length estrogen receptor
encoding the LL->AA mutation could be activated by estradiol, in transient transfection
experiments.

Tzukerman et al. (1994) reported that estrogen receptors bearing mutations in the same
region as those described above, exhibited significant activity in the absence of added
estrogens. This result parallels the results shown on figure 4.9, panel A. This experiment
highlights the poor repressor property of the EBD when this region is mutagenised. Because
the Tzukerman study was based on transient transfections and analysed the transcriptional
activity of the mutants, they did not however, uncover the poor ligand mediated activation
capacity of these mutants seen in the present analysis, where the behaviour of these mutants
was analysed under more physiological conditions in homogenous populations of cells

expressing the proteins from a small number of chromosomal transgenes.

Nuclear localisation signals appear to be responsible for the poor regulation

conferred by the wild type estrogen receptor LBD onto FLP

Ylikomi et al . (1992) reported that the estrogen receptor LBD encodes two constitutive and
one estrogen inducible nuclear localisation proto-signals. These protein motifs were included
into the estrogen receptor moiety that was initially fused onto FLP and span amino acids 250
to 303. Because it is possible that the nuclear localisation signals contribute to the anti-
estrogen effects reported above, I deleted this region from the FLP-EBD fusion protein. To

date the dose response experiments that would answer this question have
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Figure 4.11 Constructs encoding the indicated FLP fusion proteins were transiently
transfected into the E25B2/B2 FLP recombination reporter cell line.
The cells were stained with X-Gal after 50 hours of hormone treament
and the total number of blue cells on a 4 cm? surface area was counted
manually.




not been carried out. The result of a transient transfections of these plasmids into the
E25B2/B2 site specific recombination cell line described in chapter 3 is shown on figure
4.11. As has been mentioned earlier, the wild type EBD including amino acids 252-302 is a
poorly repressed recombinase. When amino acids 252-302 are deleted from this construct
(ANLS), the number of transfected cells that switch on the LacZ gene in the absence of added
estrogens is strongly reduced. Addition of hormone, results in the excision of the pOG45
plasmid from the LacZ open reading frame at the same frequency for the EBDW¢,
EBDW!ANLS and the EBDG400V The FLP-EBDG400VANLS however seems to be half
as active as the FLP-EBDG400V upon exposure to estradiol. These results await
confirmation in stable clones, but seem to indicate that the amino acids involved in the
nucleo-cytoplasmic cycling activity of the full length estrogen receptor do affect the properties
of the FLP-EBD recombinases. It is still an open question as to whether this is due to a less
stringent regulation by the EBD or to a decrease in the affinity of the fused EBDs lacking
nuclear localisation signals for environmental estrogens which are presumed to be present in

the culture medium, even after charcoal stripping of the feetal calf serum.

Effect of various androgen receptor ligands on FLP-ABD fusion proteins

We generated a site specific recombination reporter cell line which constitutively expressed
a FLP-human androgen receptor fusion protein (FLP-ABD). This cell line was subjected to a
dose response experiment with 7 putative androgen receptor ligands, namely Sa-
dihydrotestosterone, testosterone, RU38486, ICI 141.307, ICI 159.069, ICI 169.685 and
mibolerone. The three ICI compounds were provided to us without knowledge of their
structure or whether they are agonists or antagonists of the androgen receptor. Testosterone,
Sa-dihydrotestosterone and mibolerone are agonists of the androgen receptor. Figure 4.12B
shows a phosphoimager quantification of the Southern analysis carried out on samples from

the dose response experiment. The apparent affinities for these compounds were; less than
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Figure 4,12A Southern blots used for the phosphorimager quantifications shown on figure 3.12B.
Probe 1 (figure 3.1) was used. The indicated androgen receptor ligands were added at
the indicated molar concentrations for 4 hours before genomic DNA was collected.



InM for mibolerone, 4nM for 5a-dihydrotestosterone, 8nM for testosterone and 50nM for
ICI 169.685. RU38486 caused a half maximal response at 10nM, but this induction did not
lead to recombination in more than 2% of the cell population (figure 4.12 A). ICI 141.307
has a low apparent affinity for the FLP-ABD fusion protein, as a recombination signal is only
visible at 3uM. ICI 159.069 did not induce any recombination at all. The levels of
recombination induced by the three known androgen receptor agonists differ, indicating that
recombination levels achieved by the FLP-ABD fusion protein may be influenced by ligand
specific dissociation/association constants and protein stability in a similar fashion as has
been described for the full length androgen receptor (Zhou et al., 1995). It is also possible
that the FLP moiety of the fusion protein is affected differentially by Sa testosterone,

testosterone and mibolerone, resulting in the range of recombination frequencies observed.

Effect of three glucocorticoid receptor ligands on FLP-GBD fusion proteins

We carried out similar experiments to those described above for the estrogen and androgen
receptors with a FLP-human glucocorticoid receptor fusion (FLP-GBD). The results
obtained here are shown on figure 4.13. Two glucocorticoid responsive 293 recombination
reporter cell lines were isolated. Recombination did not occur at the same frequency in these
2 cell lines. Time course experiments with dexamethasone, a well known synthetic
glucocorticoid and with RU38486, an antagonist of the glucocorticoid receptor transcription
activation function (Reik et al., 1991), (Baulieu, 1989), showed a similar profile in both cell
lines (figure 4.13 middle and lower panel). At saturating concentrations, dexamethasone
induced recombination events almost twice as frequently as RU38486. The apparent affinities
of the FLP-GBD protein was 3nM and 100nM for RU38486 and dexamethasone respectively
(figure 3.13 A). A third compound tested, RU43044, did not induce recombination at all

(figure 4.14 C) This is interesting because this compound is a known anti-glucocorticoid,
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which is thought to antagonise glucocorticoid function by disabling its DNA binding capacity
(Gronemeyer et al., 1992). Whether this compound binds to the FLP-GBD protein and
whether it inhibits the DNA binding activity of FLP is an open question. These questions
could be answered, at least partially by treating the FLP-GBD recombination reporter cell
lines with both dexamethasone and RU43044. This experiment has not been carried out to

date.

DISCUSSION

We studied the effect of 7 different estrogen receptor ligands, 3 glucocorticoid receptor
ligands and 7 putative androgen receptor ligands in cell lines expressing cognate FLP-LBD
fusion protein. All the estrogen receptor ligands analysed caused recombination to occur. Of
the 3 glucocorticoid receptor ligands analysed; two, dexamethasone and RU38486 caused
recombination to occur, while RU43044 did not. Of the 7 putative androgen receptor ligands,
one, ICI 159.069, did not induce recombination while the six other did.

The activation of the FLP-EBD fusion protein by ICI 164.384, a so called pure estrogen
antagonist, implies that functions encoded by the steroid receptor LBDs apart from HSP90
binding and release therefrom upon ligand binding, are disposable in order to report the
presence of ligands. The inability of RU43044 to activate the FLP-GBD recombinase might
indicate that some steroid antagonists are also able to antagonise FLP-LBD mediated
recombination. However, antagonism by RU43044 has not yet been documented in the case
of the dexamethasone activated FLP-GBD, leaving this issue open.

Southern analysis of the recombination products obtained in dose response experiments
yielded apparent binding affinities which correlated well with the available ligand binding
affinities of the synthetic ligands for the receptors. These experiments also indicated whether

or not saturating levels of the ligands could be reached with any one compound, establishing
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Figure 4.14 The 293P1GHI cell line expressing the FLP-GBD recombinase fusion protein
was exposed increasing concentrations of the indicated ligands for 4 hours upon which genomic
DNA was collected. The filter was probed with probe 1 (figure 3.1). The upper and lower bands
represent the unrecombined and recombined pNEOBGAL locus respectively.



that the different recombination frequencies induced by the different ligands were not due to
the use of sub-saturating concentrations of ligands.

The magnitude of the recombination response, as determined by Southern analysis, was
ligand specific. In the case of the estrogen receptor LBD fusions, only estrogen antagonists
(ICI 164.384, ICI 182.780 and raloxifene) caused an increase in the recombination
response, while agonists (hexestrol and diethylstilbestrol) and one partial antagonist
(hydroxytamoxifen) induced as much recombination as 17B-estradiol. In contrast to this,
saturating amounts of RU38486, a known antagonist of the glucocorticoid receptor function
(Groyer et al., 1987) induced lower levels of recombination than saturating amounts of
dexamethasone, a well known synthetic glucocorticoid agonist (Gronemeyer et al., 1992). In
the case of the androgen receptor ligands, a range of responses was seen, with each ligand
resulting in a specific level of recombination.

The phenomena underlying these differences can be manifold. They may be due to
pharmacokinetic parameters such as alterations in the half life of the ligand bound fusion
proteins or the off rate of the ligand which may cause the LBD in question to re-associate
with the HSP90 repressor complex, resulting in a lower apparent activity of the recombinase
fusion. Another explanation for the differences in activity would be that the ligand binding
domains adopt different conformations when bound to the different ligands, resulting in a
change in the intrinsic recombinase activity of the recombinase fusion proteins. Ligand
specific LBD conformations may for example, result in the creation or ablation of superficial
structures on the ligand binding domain leading to the appearance or disappearance of protein
binding sites. Indeed, since some of the compounds studied here are known steroid hormone
antagonists, it is probable that they mediate their effects by disrupting protein-protein contacts
important for the function of the receptors (figure 4.1)

Ligand treatment did not affect the levels of FLP-EBDW! protein in the cells. This is in
contradiction with the reported effect of ICI 164.384 on estrogen receptor levels in the mouse

uterus (Gibson et al., 1991) or in cell cultures (Dauvois et al., 1992), (Dauvois et al., 1993).
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This may indicate that the determinants for the degradation event are not included in the
present recombinase fusions or that the FLP-EBD fusions adopt a conformation that allows
them to escape the ICI 164.384 induced degradation pathway. In some fusion protein
contexts, ICI 164.384 has been reported to abolish estrogen induction of the fused protein's
activity. In all these cases, the fused protein moiety was a transcription factor that bound
DNA as a dimer (Drewes et al., 1994). This may indicate that ICI 164.384 also abolished
dimerisation in these contexts. Indeed, when the fused transcription factor bound DNA as a
monomer, ICI 164.384 was found to be an activator (Drewes et al., 1994). In the case of the
c-Fos-EBD fusion, OHT did turn on transformation activity (Eilers ef al., 1989), experiments
with ICI 164.384 were not reported in this study. A v-rel-EBD fusion protein was found to
translocate to the nucleus upon treatment with estradiol, hydroxytamoxifen and ICI 164.384.
The transforming potential, however, was only activated by estradiol or hydroxytamoxifen.
When the DNA binding activity of v-rel-EBD was tested, it was found that only estradiol or
hydroxytamoxifen treated cells contained v-rel DNA binding activity while ICI 164.384
treated cells did not (Boehmelt et al., 1992). Gal4-EBD fusions act as transcription factors.
Transcription activation by the Gal4-EBD transcription factor is only induced by agonists of
the estrogen receptor, namely estradiol and is inhibited by both hydroxytamoxifen and ICI
164.384 (Webster et al., 1988). Together these observations suggest that in certain contexts,
as observed for the FLP-EBD fusion protein, hydroxytamoxifen and ICI 164.384 can act as
inducers of an estrogen receptor LBD controlled factor, but that neither anti-estrogens can do
so if the fused factor depends on the transcription activation function of the EBD.
Furthermore, for ICI 164.384 to act as an agonist, the dimerisation function of the EBD must
not be required either.

In an effort to correlate the levels of recombination induced by the different estrogen
receptor ligands with the disruption of known molecular events that take place during the
activation of the estrogen receptor, FLP-EBDs encoding mutations previously reported to

abolish ligand induced homodimerisation (White et al., 1991), (Fawell et al., 1990a), (Lees
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et al., 1990) or ligand dependent transcriptional activation by the EBD (Danielian et al.,
1992) were constructed. I introduced these mutated FLP-EBD expression constructs into the
genome of site specific recombination reporter cell lines. Those new cell lines were then
subjected to dose response experiments. It was found that mutations reported to abolish
estrogen receptor homodimerisation did not abolish the raloxifene induced increase in FLP-
EBD recombinase activity relative to the estradiol induced recombinase activity. However,
these mutations did abolish the difference in recombinase activities observed in the context of
the wild type EBD between ICI 182.780 and the estrogen receptor agonists estradiol,
diethylstilbestrol and hexestrol. This provides correlative evidence that ICI 182.780 does
indeed affect estrogen receptor dimerisation as has been reported by others (Dauvois et al.,
1992), (Fawell et al., 1990b).

In parallel experiments, it was found that mutation of residues reported to be important for
the transcription activation function of the mouse EBD, greatly diminished the recombination
response to all the ligands tested. This was not due to a change in protein stability since the
steady state level of the FLP-EBDLL->AA were at least the same and probably increased
over other FLPEBD protein expression levels (compare figures 4.5 and 4.8B). Moreover,
estrogen treatment of these cells did not result in any significant alterations in FLP-EBDLL-
>AA Jevels, eliminating ligand induced protein instability as an explanation for the low
induction levels observed with these recombinase fusion proteins.

One explicit aim of the above study was to generate heterologous EBDs which would no
longer encode the EBD functions that are theoretically disposable in the context of the FLP-
EBD fusion protein, namely dimerisation and transcription activation. The rationale being that
by abolishing these functions, we could circumvent endogenous regulation that impinges on
the EBD. As can be seen from figures 4.6 and 4.8B, introduced point mutations that affect
dimerisation result in FLP-EBD proteins whose affinities for all ligands tested are ten fold
lower than those of the EBDG400V domain (maximal induction reached at 300nM versus

30nM), and mutations that abolish the transcription activation function of the EBD produce
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LBDs that do not fully repress the fused FLP activity and appear unable to efficiently activate
the recombinase activity. Because the transcription activation mutants, 534St0P and 1.L.539-
540AA, were leaky, and since this may be due to their high affinity for ligands as is
presumed in the case for the FLP-EBDW! (Tora et al., 1989a) (cf. figure 3.3C) I combined
these mutations with the G400V mutation. These plasmids produced functional, estradiol
responsive recombinase fusions in transient transfection experiments (data not shown). In
contrast, when these constructs were stably introduced in a recombination reporter cell line all
the resulting clonal cell lines were totally unresponsive to estrogen (data not shown). No
dose response experiments were carried out in the transient transfection assays, it is therefore
not known whether this combination of mutations at positions 400 (G->V) and 5345t0P or
LL539-40AA had lowered the affinity of the EBDs for estradiol. Since a response could be
seen using the wild type residue at position 400 in a transient assay with an estradiol dose
that did not induce recombination in a stable context I conclude that in a transient transfection
context, the bad induction property of the transcription activation mutants is not easily
uncovered.

I therefore speculate that the protein domain delineated by Danielian et al (Danielian et al.,
1992) as being essential for the transcription activation function of the EBD is not only
required for the transcription activation function of the EBD but also plays a role either in the
maintenance of an activated state after hormone binding or in the actual release of the estrogen
receptor from a repressor complex. At the molecular level, these mutations may simply affect
the off rate of the ligands. This could result in a reduction in the concentration of activated
fusion proteins upon ligand administration, hence leading to the poor recombination levels
observed (figure 4.8B). An intracellular localisation study has been carried out on the LL-
>AA mutant estrogen receptor, demonstrating that it is localised to the nucleus after estrogen
binding (Mahfoudi et al., 1995). Thus, aberrant intracellular localisation of the FLP-

EBDLI539-40AA js not a likely cause for the low recombination levels observed.
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To gain further insight into the effect of anti-hormones on the FLP-LBD fusion system, I
subjected cell lines bearing the FLP recombination reporter substrate, pNEOBGAL and
expressing either a FLP-ABD or FLP-GBD fusion protein to synthetic androgen and
glucocorticoid ligands. The results of these experiments were unexpected in the light of the
estrogen receptor study, where saturating concentrations of agonists always induced similar
levels of recombination and saturating concentrations of antagonists either induced the same
or higher levels of recombination. In the case of the FLP-GBD fusion protein it was found
that the synthetic agonist (dexamethasone) induced higher levels of recombination than the
antagonist tested (RU38486). In the case of the FLP-ABD, a whole range of recombination
levels occurred upon treatment with different agonists.

These two studies, using the FLP-GBD and the FLP-ABD fusion proteins indicated that
ligand induced recombination frequencies are likely to reflect the secondary, tertiary and
quaternary structures adopted by the LBDs upon ligand binding. The consequence of these
structurally distinct ligand induced conformations may be to alter the capacity of the fusion
proteins to interact productively during the recombination reaction. Alternatively, the different
ligand bound FLP-LBDs may be recruited to varying extents into cellular protein complexes,

leading to variations in the concentration of active FLP-LBD fusion proteins.
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Chapter 5 : RESULTS AND DISCUSSION

Mutations that alter the ligand specificity of the estrogen

receptor ligand binding domain
SUMMARY

The ligand binding properties of FLP-EBD fusions containing amino acid substitutions of
the glycines at positions 400 and 521 of the human estrogen receptor were analysed. Two
estrogen binding domains that no longer responded to estradiol but still responded to
synthetic estrogen receptor ligands were generated. Different combinations of glycines,
valines and arginines at positions 400 and 521 were shown to display a spectrum of ligand
specificities, from sole estrogen binding loss to loss of binding by all ligands. One

combination caused substantial de-repression of the fused FLP recombinase activity.

INTRODUCTION

Glycine 400 of the EBD is probably located in the single B-sheet of the otherwise o-helical
ligand binding domain (Bourguet et al., 1995). This B-sheet is thought to be part of the
ligand binding pocket of the steroid receptors (Bourguet et al., 1995). The original cDNA
clone for estrogen receptor encoded a valine at this position (Green et al., 1986). This was
later shown to be a cloning artefact (Tora et al., 1989a). The wild type and G400V receptors
have a similar affinity for estradiol at 4°C but the G400V was reported to be temperature
sensitive for ligand binding (Tora et al., 1989a). Upon fusion of these two estrogen receptor
ligand binding domains (amino acids 252-595) to FLP, I observed that the wild type EBD
was not capable of fully repressing FLP activity while the G400V was.  The difference in

ligand 'independent’ activity between the two EBDs has been reported (Tora et al., 1989a)
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and has been attributed to the greater affinity of the wild type receptor for residual estrogens
thought to be present in the growth media of mammalian cell cultures (Berthois et al., 1986),
(Hammond et al., 1979), (White et al., 1994). The major source of steroids in mammalian
cell culture media is feetal calf serum. For all the experiments described in this work, charcoal
stripped serum was used (see chapter 2), this procedure removes steroids and other lipophilic
molecules from the serum. This stripping procedure may be incomplete leaving residual
amounts of estradiol in the culture medium. Charcoal stripping removes or inactivates
compounds which are necessary for the proper growth or differentiation of many cell types in
culture. Therefore, the present FLP-EBD fusions were inadequate as ligand controlled
genetic tools in many cell types. In whole animals, this problem would be even more acute
since endogenously produced estrogens would activate the FLP-EBD fusion protein at
undesired times.

Danielian et al (Danielian et al., 1993) identified residues in the EBD that confer differential
sensitivity to estrogen and hydroxytamoxifen. These residues are located in a stretch of
amino acids extending from amino acid 514 to amino acid 531 previously identified as being
important for ligand binding (Fawell et al., 1990a). One mutation (G521R) attracted attention
because it abolished estradiol induced transcription by the full length receptor. This mutation
was combined with a glycine or valine at position 400. Furthermore, glycine 521 was also
replaced by a valine, with the hope that this mutation would also change the ligand specificity
of the EBD. Two combinations, 400G/521R and 400V/521V resulted in a complete loss of
the estradiol induced recombination response. The 400G/521R EBD mutant only responded
to antagonists and did not respond to any estrogen receptor agonists. In contrast, the
400V/521V EBD still responds to the agonists hexestrol and diethylstilbestrol but not to

estradiol.
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Eigure 5.1 Plasmids encoding FLP-EBD fusions containing mutations at

positions 400 and 521 of the human estrogen binding domain were
transiently transfected into the E25B2/B2 cell line. The cells were
then exposed to 1uM of ligand or ethanol vehicle for SO hours. The
cells were then stained with X-Gal and the number of blue staining
cells was counted manually on a surface of 4cm2.
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RESULTS

Point mutations were introduced at positions 400 and 521 of the human EBD as described
in chapter 2. A glycine or a valine at position 400 were combined with a glycine, a valine or
an arginine at position 521. The new FLP-EBD encoding plasmids were used in transient
expression experiments in the CV-1 derived recombination reporter cell line E25B/B2 (cf.
chapter 3). Figure 5.1 shows the result of one such experiment. The 6 plasmids; 400G/521G
(wild type), 400G/521V, 400G/521R, 400V/521G, 400V/521V and 400V/521R, were
transfected in parallel into the E25B/B2 recombination reporter cell line and exposed to 1uM
of either estradiol, hexestrol, raloxifene, ICI 182.780 or hydroxytamoxifen for 50 hours after
which the cells were stained with X-gal and the number of blue cells on a 4cm? coverslip
were counted manuaily.

Combination of a glycine at position 400 with either a glycine or a valine at position 521
resulted in substantial basal recombinase activity. The estradiol induced levels of
recombination by the 400G/521V FLP-EBD were lower than in those mediated by the
400G/521G FLP-EBD, possibly indicating that estradiol binding was reduced by the
substitution of a valine for the glycine at position 521. Substitution of the glycine at position
521 for an arginine, in combination with a glycine at position 400 resulted in a dramatic loss
of activity upon estradiol and hexestrol treatment. Substitution of glycine 400 for a valine
while retaining the glycine at position 521, resulted in activation by all 5 ligands whilst
almost no recombination occurred in the absence of added ligand. The combination of a
valine at both positions resulted in a recombinase fusion which was activated by all ligands
but estradiol. When an arginine is present at position 521 in combination with a valine at
position 400, none of the ligands induced recombination. Thus, two of the 6 combinations
abolished estradiol binding. The 400G/521R combination abolished both estradiol and
hexestrol responses. The 400V/521V only abolished estradiol binding.
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Constructs encoding these two mutants were introduced into the 293R10 recombination
reporter cell line and the resulting clones were subjected to a dose response experiment. The
same experiment carried out on a 400V/400G clone is shown for comparison. The results
shown on figure 5.2 confirm the results obtained by transient transfection experiments. The
400G/521R mutant is only activated by anti-estrogens, while the 400V/521V mutant is also
activated by hexesterol but not by estradiol. The affinity of these mutants for the compounds
that activate them are 100nM or above for the 400G/521R mutant and 30nM for hexesterol
and 100nM or more for the other ligands in the case of the 400V/521V mutant. Saturating
levels of ligand were reached with hexesterol and hydroxytamoxifen in the case of the
400V/521V-, and probably with raloxifene in the case of the 400G/521R FLP-EBDs. The
400G521R EBD does not respond to diethylstilbestrol either, indicating that this ligand
binding domain is unable to respond to any of the estrogen agonists it was confronted with.
The 400V/521V does respond to diethylstilbestrol (data not shown) indicating that this
mutant can respond to all the ligands tested but estradiol.

The 400V/521V cell line reached a maximal level of recombination of 25% in 4 hours. The
400G/521R cell line reached 35%. To test whether these differences were clone specific, two
more 400V/521V clones were treated with 1uM hexesterol for 4 hours; in one clone 19% and
in the other one 28% of the cells excised the 1.3kb FRT flanked DNA segment in this time
span. Therefore there are clone specific differences in the level of recombination achieved
after 4 hours of ligand exposure. This does not excluded, however, the possibility that

different FLP-EBD™MU! fysion proteins do have a different intrinsic recombinase activity.

DISCUSSION

The effect of mutagenising two glycines one being located in the 3-sheet that is thought to
constitute part of the ligand binding pocket (Bourguet et al., 1995) the other being located in

a stretch of amino acids known to be important for ligand binding (Danielian et al., 1993),
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(Fawell et al., 1990a), (Pakdel and Katzenellenbogen, 1992), was analysed combinatorially.
Six constructs, encoding an EBD with a glycine or a valine at position 400 combined with a
glycine, a valine or an arginine at position 521 fused to FLP were tested by transient
transfection in combination with 5 known estrogen receptor ligands. Two of these did not
respond to estradiol. Constructs driving the expression of these two mutants were introduced
into the genome of a FLP recombination reporter cell line. These clones were subjected to
increasing doses of 5 estrogen receptor ligands. One of these fusion proteins, 400G/521R,
only responded to estrogen receptor antagonists. The other one 400V/521V retained the
capacity to respond to both synthetic estrogen receptor agonist hexestrol and
diethylstilbestrol, and responded to the 3 anti-estrogens tested. Both EBDs are therefore
suitable for usage in estrogen rich environments.

The FLP-EBD#00G/521V a5 as leaky as the FLP-EBDW! fusion protein in that
recombination occurred even in the absence of added estrogens. The 400G/521V EBD did
not seem to respond efficiently to estradiol. This observation, taken together with the
observation that the 400V/521V does not respond to estradiol at all may mean that a valine at
position 521 impairs estradiol binding. The leaky phenotype of the 400G/521V EBD taken
together with its diminished capacity to respond to estradiol either means that the estrogen
that activates the wild type EBD in cell culture is not estradiol, but some other estrogenic
compound (Berthois et al., 1986), (Hammond et al., 1979), (White et al., 1994) or that the
weak regulative properties of the wild type EBD are caused by a natural function that can be
abolished by mutations at positions 503, 507 (cf. fig 4.6), an arginine at position 521, or the
combination of a valine at both position 400 and 521. The intricacy of the latter reasoning
argues for the former one's validity.

Interestingly, the level of recombination induced by raloxifene in the cell line that expresses
FLP-EBD#00V52IR plateaus below the level of recombination induced by both ICI 182.780
and hydroxytamoxifen (figure 5.2). Therefore a mutation that abolishes and actually reverses

the increase in recombination induced by raloxifene relative to that induced by other estrogen
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ligands has been isolated. This mutation does not convert hydroxytamoxifen to an agonist in
the context of the full length estrogen receptor (Danielian et al., 1993). It would be interesting
to find out whether this is also the case for raloxifene. If this were to be the case, then it
could be argued that the raloxifene effect observed in the previous chapter and the bone
specific agonistic effects of raloxifene (and tamoxifen) are caused by alteration of the
secondary or tertiary structures encoded by amino acids 414 to 531. Alternative explanations
for the decrease in recombinase activity of the 400G/521R EBD upon exposure to raloxifene
such as altered protein stability or an alteration in the off rate of the ligand, cannot be

excluded until experiments addressing this issue are performed.
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Chapter 6 : RESULTS AND DISCUSSION

Using FLP to evaluate other nuclear receptor superfamily LBDs
SUMMARY

The ligand binding domains of the human retinoid X receptor oo (WNRXRa), its drosophila
homologue ultraspiracle (USP), the human retinoic acid receptor o (RARa), the human
vitamin D3 receptor (VDR), the human thyroid hormone receptor B (TRP), the drosophila
ecdysterone receptor (EcR), the rat RZR receptor, the human RZRa receptor, the mouse
SF-1 orphan receptor, the mouse Tlx orphan receptor or the mouse ERR2 orphan receptor
were cloned by PCR behind the FLP open reading frame.

The FLP-hVDR and the FLP-hTRf fusions repressed the activity of FLP and this
repression could be relieved by addition of 1,25vitD3 and T3 respectively. The FLP-EcR
fusions displayed almost no recombinase activity in the presence or absence of muristerone,
an ecdysterone receptor agonist that has the capacity to enter into mammalian cells
(Christopherson et al., 1992), (Thomas et al., 1993). The FLP-RXRa, FLP-USP and FLP-
RARa as well as RZRa and RZR were active under all the conditions tested, as were the
orphan receptor-FLP fusions FLP-ERR?2, FLP-TIx and FLP-SF-1.

Previously only the steroid receptor sub-class of the nuclear receptor superfamily were
known to be sequestered away from chromatin in the absence of their ligand. These results
potentially extend the list of such nuclear receptors to two members of the heterodimerising
sub-class of nuclear receptors and suggest that thyroid hormone and vitamin D3 may act at
the nuclear level not only by inducing the transcription activation potential of their cognate
nuclear receptors but also by enabling them to compete for RXR, the co-factor of many

nuclear receptors.
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The results presented here indicate that the repressor function of the steroid receptor LBDs
may not be a feature unique to this sub-family of the nuclear receptor superfamily but that it

may, in fact, be present in other nuclear receptors.

INTRODUCTION

As described in chapter 1, the nuclear receptor superfamily can be divided operationally into
three classes, the receptors that bind steroids and homodimerise, the nuclear receptors that are
activated by intracellular ligands and bind to their response elements as heterodimers with the
RXR receptor and finally the orphan receptors, some of which bind to DNA as monomers
and some of which heterodimerise with RXR. A further distinctive property of the steroid
receptor sub-family is the recruitment of newly translated receptors into an HSP90 containing
complex from which they are released upon binding ligand. A number of representatives of
each class were chosen and their LBDs were fused onto the carboxyl terminus of the FLP site
specific recombinase.

Previously, by fusing LBDs from the estrogen, progesterone and glucocorticoid receptors
onto various transcription factors, it was functionally shown that these LBDs interact with the
HSP90 complex (Mattioni et al., 1994). In experiments described in chapters 3 and 4 1
showed that the androgen receptor LBD confers androgen receptor ligand dependency on
FLP. The members of the heterodimerising class that were chosen were RXR as well as its
drosophila homologue USP, RAR«, TR, VDR and EcR. For the orphan class, the putative
receptors for melatonin, RZRs were chosen as well as SF-1, Tlx and ERR2.

Some of the orphan members of the nuclear receptor superfamily appear to play key roles in
the determination and maintenance of organ/cell identity by affecting the expression of organ
and cell type specific genes. Below I describe the tissue distribution and proposed

physiological function of the nuclear receptors whose LBDs were fused to FLP.
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SF-1 is involved in adrenal and gonadal development (Luo et al., 1994). It has been shown
to be expressed in sexually dimorphic patterns which coincide with Mullerian inhibiting
substance expression patterns and Mullerian duct regression. SF-1 has been shown to bind
the regulatory region of the Mullerian inhibiting substance gene (Shen et al., 1994). SF-1
also regulates the expression of P450 steroid hydroxylases, enzymes that play a key role in
steroidogenesis, a process that occurs in all the tissues where SF-1 is expressed (Ikeda et al.,
1993). A cyclic AMP response element in the human aromatase P450 has been shown to be
an SF-1 binding site in human ovary cells (Michael et al., 1995), arguing that SF-1 may be
the target of a protein kinase A transduction cascade.

ERR?2 is expressed in the kidney, testis, hypothalamus, pituitary, cerebellum and prostate.
Its closest homologue, ERR1, is expressed in all tissues analysed and most highly in the
cerebellum and pituitary (Giguere et al., 1988). No biological role has been proposed for the
estrogen related receptors, although their expression patterns suggest that like SF-1 they are
involved in endocrine homeostasis.

In drosophila, tailless gene function is required early during embryogenesis for the proper
formation of anterior and posterior structures, e.g. brain and cephalopharyngeal skeleton and
the eighth abdominal segment and the posterior hindgut (Pignoni et al., 1990). The
mammalian homologue of tailless is expressed exclusively in the embryonic neuroepithelium
(Monaghan et al., 1995). The developmental defects due to ectopic expression of tailless
function in drosophila (loss of segmentation) can be mimicked by ectopic expression of its
vertebrate homologue (Yu et al., 1994), providing evidence that some of the properties of
these proteins are conserved between arthropods and mammalians. Drosophila tailless is
thought to act downstream of a membrane bound tyrosine kinase, torso, because the
phenotype of fly embryos expressing gain-of-function alleles of torso can be suppressed by
loss of tailless activity (Pignoni et al., 1990).

RZRa is expressed in many tissues but RZR is expressed most prominently in the neural

retina, pineal gland, thalamus, hypothalamus and adrenal gland. This distribution resembles
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the distribution of melatonin binding sites, the pineal gland hormone which modulates
seasonal reproductive function and circadian rhythms in vertebrates. RZRP was reported to
bind melatonin (Becker et al., 1994). A cell surface receptor for melatonin has been cloned
and it binds melatonin with much higher affinity than RZR, 2.4x10-10M versus 7x10-8M
(Reppert et al., 1994), (Becker et al., 1994), leaving open the question that RZRp is a
melatonin receptor. It may, however, relay or modulate the melatonin signal via an
intracellular transduction pathway.

Retinoic acid has many developmental and physiological roles. One of the most interesting
of these is its ability to induce the differentiation of teratocarcinoma and embryonic stem
cells. This process is accompanied by the turning on of the homeobox clusters, a set of 4
groups of physically linked genes whose temporal and spatial pattern of expression is
paralleled by their order within the clusters along the chromosomes, a phenomenon termed
colinearity. RAR is the retinoic acid receptor.

RXR is the common co-factor for many of the members of the nuclear receptor
superfamily. It is a receptor for the retinoic acid 9-cis but not all trans isoform (Levin et al.,
1992). RARs on the other hand bind both isoforms (Tate and Grippo, 1995). Very recently it
was also shown to bind and become activated by a metabolite of methoprene acid, an
analogue of the insect juvenile hormone III for which no receptor has been isolated to date
(Harmon et al., 1995).

The ecdysone receptor is the primary target of the ecdysterone pulses that precede moulting
and metamorphosis in all invertebrates. It has been a historical paradigm of steroid hormone
action because ecdysterones are hydroxylated steroid ring compounds as are all the steroid
hormones. USP is the fly homologue of RXR and is the heterodimerising partner for the
ecdysterone receptor (Yao et al., 1992), (Thomas et al., 1993).

Thyroid hormones elicit a bewildering array of actions in vertebrates, they appear to
potentiate the effects of many hormones, and are often considered as permissive hormones.

Thyroid hormones promote linear growth, skeletal maturation and in amphibians they
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stimulate moulting and metamorphosis as well as playing a role in appendage regeneration.
Thyroid receptor defects have been described in humans and usually cause generalised
thyroid hormone resistance syndromes, resulting in short stature, cognitive deficits,
hyperactivity, deafness, etc. In general, patients with impaired thyroid receptor function have
elevated serum levels of thyroid stimulating hormone, the pituitary peptide hormone that
stimulates the thyroid gland's production of thyroid hormones. The thyroid receptor acts as a
heterodimer with RXR (Bugge et al., 1992) although homodimer DNA binding by the
thyroid receptor has been reported (Forman et al., 1992)

Vitamin D is a derivative of cholesterol, like the steroid hormones. Its biogenesis involves a
rupture of the steroid ring by ultraviolet light in the skin, a hydroxylation step in the liver and
another hydroxylation step in the kidney. The two main targets of vitamin D3 are the
gastrointestinal tract and the bone, in which it promotes calcium (and phosphate) absorption
or fixation respectively. Recently, vitamin D3 has been shown to regulate growth and
differentiation in the epidermis and in breast tissue, as well as having direct effects on the
immune system (Bikle, 1995). The search for vitamin D3 analogues that do not have
hypercalcemic effects but still do have anti-proliferative effects is a major pharmaceutical
enterprise. The vitamin D3 receptor acts as a transcription factor by binding to genomic
response elements as a heterodimer with RXR (Yu et al., 1991).

The FLP-LBD assay reports the conditional repressor function of the LBDs of steroid
receptors. The experiments described below were carried out to find out whether other
members of the nuclear receptor superfamily encoded LBDs with a similar repressor
function. If this were to be the case for an orphan receptor LBD, it would permit a screen to

identify its ligand.
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RESULTS

The above mentioned LBDs were fused to the carboxyl terminus of FLP by PCR cloning,
using the primers described in chapter 2. Most of the FLP-LBD fusion proteins generated by
PCR, were sub-cloned twice, from different PCR reactions, so as to minimise the possibility
of analysing PCR mutation artefacts.

In the case of the heterodimerising receptor FLP-LBD fusions (RXRa, RARa, TR,
VDR), the cognate ligand for the receptor was added to stripped serum containing culture
medium.

Since no ligands are known for the orphan receptors and since most known nuclear receptor
bind small lipophilic molecules that can be removed from feetal calf serum, cells transiently
expressing the fusion proteins were treated either with medium containing 10% unadulterated
feetal calf serum or with medium containing 10% charcoal stripped serum. The rationale
being that if these fusion proteins' ligands were removed by stripping feetal calf serum, and if
the LBDs examined encode a conditional repressor function we would detect a difference in
recombinase activity between these two experimental protocols. This strategy obviously
relies on the postulate that feetal calf serum contains the putative ligands recognised by these
LBDs, and that they can be extracted by charcoal treatment.

These experiment was carried out in the CV1 derived reporter cell line E25B2/B2 and the
results are shown on figures 6.1, 6.2, 6.3 and 6.4.

Of the heterodimerising LBDs, the FLP-RXRa, FLP-USP and FLP-RARa fusions were
not regulated recombinases, displaying as much activity in the presence or absence of 9-cis
retinoic acid or all trans-retinoic acid in the former two cases or in the latter case respectively
(figure 6.1). The LBDs of the EcR, the TR} and the VDR turned out to repress FLP function
(figures 6.1 and 6.2). Addition of 1,25vitD3 or thyroid hormone activated the cognate
recombinase fusions, as can be seen on figure 6.1. The first FLP-VDR subclone does not

encode a repressed recombinase, sequence analysis revealed that it contained a frame shift
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Plasmids driving the expression of FLP fused to the LBD of the indicated
heterodimerising nuclear receptor were transfected into the E25B2/B2
recombination reporter cell line and incubated for 50 hours in medium
containing 10% fcetal calf serum stripped with charcoal and either ethanol or
DMSO vehicle or 1mM 1,250HvitD3 (VDR), 100nM thyroid hormone
(TRPB), 100nM 9-cis retinoic acid (RXRa and USP) or 100nM all trans
retinoic acid (RARa). Two independent subclones were transfected for VDR
and TR, only one clone for RXRa and USP since these LBDs were
subcloned without using the PCR technique and only one clone of RARa
since only on PCR subclone of this LBD was recovered. * indicates that this
subclone encoded a stop codon resulting in premature translation termination.
After staining for X-Gal, the number of blue cells was determined in §
randomly chosen ocular field. The total number of blue cells was extrapolated
to obtain the total number of blue cells on a 4cm? surface area. Error bars
represent the standard error from the five measurments
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Figure 6.2 Plasmids driving the expression of FLP fused to ECR LBD were

transfected into the E25B2/B2 recombination reporter cell line and
incubated for S0 hours in medium containing 10% fcetal calf serum
stripped with charcoal and ethanol vehicle (-) or 1uM muristerone (+).
Blue cell numbers were counted manually on a surface of 4cm?
containing approximately 30,000 cells. Note the very low number of blue
cells.
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Figure 6.3 Plasmids driving the expression of FLP fused to the LBD of the

indicated orphan receptor were transfected into the E25B2/B2
recombination reporter cell line and incubated for 50 hours in
medium containing 10% fcetal calf serum (FCS) or 10% fcetal
calf serum stripped with charcoal (STR). Blue cell numbers were
determined as described in the legend to figure 6.1
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Fi 4 Plasmids driving the expression of FLP fused to the indicated LBD were

transfected into the E25B2/B2 recombination reporter cell line and incubated
for 50 hours in medium containing 10% fcetal calf serum (FCS) or 10% fcetal
calf serum stripped with charcoal (STR) or 10% fcetal calf serum stripped
with charcoal containing 1¢M melatonin or 1uM CGP52608. Blue cell
numbers were determined as described in the legend to figure 6.1




resulting in premature translational termination of this fusion protein. It was included as a
positive control in the experiment shown on figure 6.1 as it represents an unregulated
recombinase. Addition of muristerone had a very marginal but reproducible effect with all the
tested FLP-EcR fusions (figure 6.2). Two FLP-EcR fusion were generated, one coded for
the full length EcCR LBD and the other one for a shorter ECR LBD in which the carboxyl
terminal 200 amino acids were deleted (EcRshort), this did not affect the repressor property
of the EcR LBD but also did not result in significantly better ligand activation.

The LBDs of SF-1 and ERR2 as well as those of the RZR sub-family, were unable to
confer regulation onto FLP (figure 6.3). Stripping the serum reproducibly resulted in a
higher recombinase activity (figures 6.3 and 6.4), this may be due to a difference in
lipofection efficiency under these two culturing conditions or to some other unknown
experimental parameter. The putative ligand for the RZR receptors, melatonin, did not affect
recombination. CGP 52608 is a putative RZR ligand isolated and kindly provided to us by
Ciba-Geigy, Basel Switzerland. It did not affect the FLP-RZR fusion's activity either (figure
6.4). One of the Tlx fusions behaved like the other orphan receptor LBDs in that it did not
repress FLP activity substantially. The other subclone however encoded a recombinase
fusion which was inactive whether the cells were treated with serum that had been stripped
with charcoal or not. Complete sequencing of both clones or shuttling the Tlx LBD into

another vector may provide an explanation for this observation.

DISCUSSION

The ligand binding domains of the general heterodimerising partner of the nuclear receptor
superfamily, namely the retinoid X receptor o (RXRao) and that of its drosophila homologue
ultraspiracle (USP) were fused to FLP. These two fusion proteins were constitutive
recombinases and the presence of the ligand for RXR, 9-cis retinoic acid, did not affect the

activity of either of them. This is not a surprising result since one would expect that RXR and
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USP have to be available for their partners even in the absence of their own ligand(s) and
therefore should not be sequestered in a repressor complex.

The ligand binding domain of RARa also failed to repress FLP activity. This is in
agreement with experimental results obtained by fusing the VP16 transcription activation
domain to RARGQ, the resulting chimeric receptor induced transcription of its target promoters
in teratocarcinoma cells even in the absence of ligand (Underhill et al., 1994) demonstrating
that, contrary to the steroid receptors, RAR does not encode a repressor function.

The LBDs of the TR and VDR do encode a conditional repressor function, although the
FLP-TRJ fusion protein does exhibit substantial basal activity, a phenomenon that is
quantitatively analogous to that observed with the wild type estrogen receptor LBD (see
chapters 3 and 4). This might be due to inefficient removal of thyroid hormone from feetal
calf serum by the charcoal stripping procedure. Other explanations such as a weak repressor
function cannot be excluded. The conditional repressor function of the TR} LBD is
somewhat in contradiction with the observations that the TR is not recruited in an HSP90
complex after its translation in rabbit reticulocyte extracts (Dalman et al., 1990). This
experimental discrepancy can be rationalised in a number of ways. For example, it could be
that isolation of the TR LBD from it natural context results in an alteration of its HSP90
binding properties. It may also be the case that the cell culture media used in the above
studies and rabbit reticulocyte lysate contain sufficient amounts of thyroid hormone to
dissociate the receptor from the HSP90 complex. Finally it is possible that the hormone
effects observed in this study are not mediated by the same repressor function as that of the
steroid receptors. It has been demonstrated that the ligand free thyroid receptor is able to
repress transcription gene linked to a thyroid hormone response element (Damm et al.,
1989). Lately, the silencing activity of the thyroid receptor o and 3 have been demonstrated
in vitro. The thyroid receptors appear to inhibit transcription at an early step during
transcription pre-initiation complex assembly and thyroid hormone relieves this inhibition

(Fondell et al., 1993), (Tong et al., 1995). The above transcription repressor function has
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been mapped to the LBD of the thyroid receptors (Baniahmad et al., 1992). It is therefore
possible that the repression imposed by the TR LBD onto FLP is caused by recruitment of
the fusion protein into 'frozen' transcription complexes rather than by recruitment of the
fusion proteins in the HSP90 complex described in chapter 1. This last contention could be
examined by assaying the activity of a FLP-TR in yeast strains expressing the YDJ1 allele
that encodes the G531D mutation, since this mutation leads to the de-repression of the
glucocorticoid and estrogen receptors (Kimura ef al., 1995). A similar experimental approach
would confirm that the regulative property of the VDR LBD is mediated by the same cellular
protein complex as the one that acts on the steroid receptors.

The discovery that the TR} and VDR repress FLP activity conditionally, suggests that
ligand binding may not only control the transcription function of these receptors but also their
capacity to compete for RXR. This may be an important mode of action for these hormones
as their presence may not only activate their cognate receptors but may also reduce in the
availability of RXR to other signalling pathways.

The EcR LBD fusion proteins present an interesting puzzle since they result in the
inactivation of the fused recombinase moiety whether or not a cognate ligand was added to
the culture medium. A very small but reproducible, ligand induced, activation could be
detected (4 out of four experiments using 4 independent PCR clones)(figure 6.2). It may be
that EcR requires an additional activity that is not present in CV1 or 293 cells (data not
shown) to productively bind to its ligand. At the present time, I cannot exclude that the lack
of recombinase activity seen here is due to a lack of expression of the fusion protein. Western
blot analysis is required to address this point. Christopherson et al. (1992) reported that
transiently expressed VP16-LexA-EcR LBD or a glucocorticoid-EcR fusion protein encoding
the amino terminal and DNA binding domains of the glucocorticoid receptor and the complete
LBD of the EcR were inducing transcription approximately 100 fold from appropriate
reporter plasmids in 293 cells. The levels of hormone independent transcription level was

approximately 5 fold above that seen by co-transfecting the receptor plasmid with an 'empty’
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expression plasmid. Thus hormone addition resulted in a 20 fold activation. This may have
been due to transcription activation by the ligand activated EcR LBD rather than to a release
from a repressor complex. The capacity of the ECR LBD to mediate conditional repression is
therefore still an open issue.

None of the orphan receptor LBDs tested seemed capable of repressing FLP recombinase in
this experimental context. It is therefore likely that these receptors do not encode a conditional
repressor function. This statement must be qualified since it is possible that the cell culture
media used contain their cognate ligands and that the charcoal stripping procedure does not
remove them.

The RZRp has been reported to bind melatonin. No effect was detected with this hormone
nor with CGP 52608, another compound thought to bind RZRB, howeyver, it was not proven
that these compounds penetrated the cells in the assays.

In conclusion, this experimental strategy shows great promise for the isolation of natural or
synthetic compounds and protein factors that activate nuclear receptors LBDs if those LBDs
have the capacity to inactivate the FLP recombinase. Cell lines expressing FLP-LBD fusions
could be screened either with many compounds or a cDNA library. Such screens would have
the advantage over other screens that the effect of recombinase activation results in a

genotypic alteration, enabling amplification of low levels of signal by clonal expansion.
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Summary

Site specific recombination and the enzymes that mediate this reaction represent a major
biological resource for genetic engineers in that they should allow precise and predictable
modifications to be introduced into any living genome. Attention has been focused on site
specific conservative DNA recombinases that encode all the necessary functions for the
recombination reaction within one polypeptide. Examples of these enzymes include the phage
P1 and yeast 2 p circle encoded recombinases, CRE and FLP.

The work presented in this thesis describes how the site specific recombination activity of
FLP recombinase from the S.cerevisiae 2 circle can be controlled in mammalian cells with
steroid ligands by virtue of fusion to steroid receptors ligand binding domains. Changes in
genotype were induced that resulted in rapid changes in cell phenotype, such as the
appearance of 3-galactosidase activity or the disappearance of a drug resistance marker, using
a ligand regulated FLP recombinase.

Plasmids or DNA segments borne on plasmids were integrated into pre-existing
recombination targets in mammalian chromosomes at frequencies equivalent to those of
random integration using cells expressing the estrogen modulated FLP recombinase.

To broaden the range of experimental systems amenable to ligand activated FLP
recombination, mutations were introduced into the estrogen receptor ligand binding domain
that abolish estradiol binding but still allow activation by synthetic estrogen ligands. Thus,
the FLP-EBD fusion proteins may be used in estrogen rich environments such as the mouse.

Steroid receptors have been the focus of much research in the last few decades. This
sustained attention is due to the medical importance of steroid receptors which are the targets
of some of the most powerful hormones and drugs (glucocorticoids as immunosuppressants,
estrogens, progestins, anti-estrogens and anti-progestins as contraceptives, anti-cancer or
abortion drugs, androgens as anabolic drugs). Thanks to this pharmaceutical impetus, much

is known about the role of steroids and their receptors.
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FLP-steroid receptor ligand binding domain fusion proteins represent a new means to study
steroid receptor activation. The main novelty of this system is that it quantitatively reports the
transient event of ligand binding as changes in chromosome DNA. This assay differs from
previously available steroid receptor assays in that all the previous assays relied on
measurements of the transcriptional activity while the DNA recombination assay does not.
Synthetic compounds that inhibit the transcription activation function of the steroid receptors
‘can be analysed directly with the FLP-LBD system. By combining dose response
experiments with site directed mutagenesis of the estrogen receptor ligand binding domain,
insight was sought into the molecular mode of action of the estrogen receptor and the
mechanisms by which anti-estrogens inhibit its transcriptional activity.

Steroid receptors form a sub-family within the nuclear receptor superfamily of transcription
factors. When this work was started, only three steroid receptors (the estrogen,
glucocorticoid and progesterone receptors) were known to encode a conditional repressor
function that could control the activity of fused on proteins (Mattioni et al., 1994). I showed
that this property is also shared by the androgen and vitamin D3 receptors.

Fusion of the thyroid ligand binding domain onto FLP resulted in ligand dependent site
specific recombination activity. It is still an open issue as to whether, in the FLP-fusion
context, the thyroid and vitamin D3 receptor receptor ligand binding domains operate in the
same fashion as the steroid receptor ligand binding domains.

Other nuclear receptor superfamily members were put through the assay. The drosophila
ecdysterone receptor LBD inhibited FLP activity under all conditions tested. In contrast, the
ligand binding domains of the retinoic acid receptor o, retinoic X receptor o, of the
ultraspiracle gene product, and of the mammalian orphan receptors Tlx, ERR2, RZRa,
RZRf and SF-1 did not repress FLP.

Although this screen was not exhaustive and was conducted in a single mammalian cell
type, it indicates that conditional sequestration is not a general feature of the nuclear receptor

superfamily but rather that is limited to a subset of its members. To date, all the receptors that
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display the repressor function are activated by natural ligands that are derived from
cholesterol.

The applications of the FLP-ligand binding domain fusion proteins include the temporal
control of recombinase activity in living cells by ligand exposure, the discovery of new
ligands for ligand binding domains (that encode a repressor function) and the functional
dissection of the intra- and inter protein contacts made by nuclear receptor ligand binding

domains upon binding to their ligands.
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