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advantage over exo III in that the progressive DNA activity is independent of base
composition allowing for more uniform analysis (483).

The digested DNA serves as a template for linear PCR to build an oligonucleotide
from a predetermined end labeled primer location to the pause points generated by A exo.
The length of these labeled oligonucleotides can be resolved by denaturing
polyacrylamide gel electrophoresis and compared to a DNA sequencing tract with the
same primer to determine the position of the pause point from the predetermined DNA
promoter sequence at single nucleotide resolution.

First, the binding of transcription factors to the MMTYV promoter (-237 to +125)
in the pHCWT plasmid was examined. CHO-K1 cells were transiently transfected by
calcium phosphate precipitation with pHCWT template DNA along with expression
plasmids for GR and Oct-2, as indicated. Prior to harvest (15 minutes) the cells were
treated with 1 uM dex to activate GR. Following cellular lysis, the nuclei were collected
by centrifugation through a sucrose pad. Then, the nuclei were digested simultaneously
with 100 U of Bam HI and 15 U A exo for 15 minutes at 30°C. Finally, the reaction was
stopped by the addition of SDS/EDTA and the DNA purified by proteinase K treatment,
phenol/ chloroform extraction and ethanol precipitation. Complete digestion with a
second restriction enzyme, Hind III, was used as an internal control for loading. The
DNA was amplified by linear PCR with an end-labeled primer complementary to specific
MMTV DNA sequence (+74 to +52, 5' to 3"). The products were resolved on a 6%
sequencing gels and visualized by autoradiography (Figure 21). The products were
compared to T and A sequencing tracts (lanes 1 and 2, respectively) and used to create

the schematic diagram to the right of each panel. A A exo dependent footprint was
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Figure 21. Hormone treated GR induces an Oct-2 dependent footprint on the
MMTY promoter.

CHOKI cells were transiently transfected by calcium phosphate precipitation with
pHCWT (reporter plasmid containing MMTV promoter sequences -237 to +105), GR
and/or Oct-2 expression vectors, 24 hours later the cells were treated with 1uM dex or
not treated. The cells were harvested and the nuclei were isolated by centrifugation
through a sucrose pad. The nuclei were then incubated at 30°C for 15 min in the presence
of Hind III and A exonuclease, as indicated. The reactions were stopped and the DNA
purified and digested with Bam HI. The exonuclease pause sites were revealed by linear
PCR using a *2P end-labeled oligonucleotide corresponding to the complementary DNA
strand of the MMTV DNA sequence at position +74 to +52 from the transcriptional start
site. Samples were resolved on a denaturing 6% sequencing gel and visualized by
autoradiography. The unique pause site in lane 12 represent Oct —2 bound to the
promoter DNA and is highlighted by a solid arrow. A constitutive pause site represents a
protein barrier as a result of NF-I binding and is highlighted with the open arrow. To the
right, a schematic representation of the position relative to the GR, NFI, Oct, and TBP
binding sites of the MMTYV as determined by the T and A sequencing tracks (lanes 1, 2)
using the same primer.
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observed upstream of the NF-I binding site on the MMTYV promoter and was independent
of ectopic expression of GR and Oct-2 (lanes 4, 6, 10). As shown previously by Mymryk
and Archer, 1994 (470), the intensity of binding by NF-I was independent of hormone
treatment (lanes 4, 6, 8, 10, 12). Under these conditions no footprint was observed
adjacent to the octamer factor binding sites in the absence of steroid hormone. However,
upon hormone treatment a strong Oct-2 dependent footprint was observed flanking the
octamer binding sites (lane 12). Unexpectedly, the pause site mapped exactly between
the two octamer motifs at —49 rather than near —60, adjacent upstream of the octamer
binding sites. However, the location of the pause site was consistent with previous
published results (38, 470) that suggested the pause site reflected the binding of TFIID to
DNA. The results showed a steroid induced binding of a factor to the MMTYV promoter
near the octamer motifs that required the ectopic expression of Oct-2 and GR, in vivo.

To determine whether the pause site indeed reflected the binding of Oct-2 and not
the binding of other transcription factors, like TFIID, a footprinting experiment was
performed using a pBluescript template DNA lacking a functional mammalian basal
promoter element or TATA box, and for which no transcription would be expected. A
single consensus octamer motif was inserted next to a consensus HRE into the
pBluescript plasmid DNA, pBSHREOct and used as an in vivo DNA fooprinting
template.

Expression vectors for GR and Oct-2 were transfected as indicated into CHO K1
cells with pBSHREOct. Forty-eight hours following transfection, the cells were treated
with steroid as indicated for 15 minutes, harvested, and the nuclei isolated, and treated

essentially as previously described in Figure 21, except that the nuclei were digested with
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Smal rather than Bam HI to introduce an entry point for A exo. The A exo pause points
were revealed by linear PCR amplification with an end-labeled universal T3 primer and
resolved by running the samples on a 6% sequencing gel.

A A exo, Oct-2, steroid and GR dependent single pause site was detected flanking
the octamer factor binding site following linear PCR (Figure 22, lane 6). Importantly, no
footprint was observed by expression of Oct-2 in the absence of ligand-treated GR (lane
5). This again supported the hypothesis, that hormone-treated GR promoted the binding
of Oct-2 and not other factors, like TFIID, to DNA templates containing binding sites for
both factors in the cell nucleus. In addition, GR facilitated the binding of Oct-2 to DNA
independent of spacing between the binding sites or orientation, because the position and
orientation of the binding sites have been altered in the pBSHREOct construct relative to
HREs in the MMTYV promoter.

To establish whether Oct-2 recruitment to the MMTV promoter was required
because the octamer motif represented a weak binding site, the footprinting was repeated
using a consensus octamer motif derived from the histone H2B promoter. To show that
the recruitment of Oct-2 was dependent on the L501P sensitive GR-Oct-2 protein-protein
interaction described in this work, the footprinting assay was performed on a DNA
template with a single Gal4 DNA-binding site juxtaposed to a high affinity octamer
motif, pBSGalOct. To control for specificity, a template plasmid DNA construct was
cloned containing a single Gal4 DNA binding site adjacent to a single binding site for an
unrelated transcription factor, [AP, pBSGalIAP. With the knowledge that the L501P

mutation in the GR DBD also disrupted DNA binding (445) and to have comparable
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Figure 22. Liganded GR induces an Oct-2 dependent footprint in the absence of
basal or other flanking cis- acting elements.

Nuclei were isolated from transiently transfected CHO-K1 cells with pBluescript
containing a single binding site for both GR (relative to MMTV promoter sequences -187
to —173 from the transcriptional start site) and OCT —1/-2 (relative to the promoter
sequneces -61 to —51 from the transcriptional start site), pPBSHREOct, and expression
vectors for GR and/or Oct-2 and treated with 1uM Dex for 15 min prior to harvest. The
nuclei were digested simultaneously with Sma [ and A exonuclease, as indicated, at 30°C
for 15 minutes. The DNA was purified and subjected to linear PCR amplification with a
2P end-labeled universal T3 primer. The amplified DNA samples were resolved by a
denaturing 6% sequencing gel and visualized by autoradiography. The solid arrow
indicated the pause point that results when hormone treated receptor and Oct-2 were
coexpressed. (right) Location of GR and Oct-2 binding sites were determined by the A
sequencing tract using the same primer (lane 1).
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DNA targeting of the WT and L501P GR peptides, a fusion with a heterologous DNA
binding domain, Gal4 DBD, was used. Following transfection with the appropriate
template and the expression plasmids as indicated, CHO-K 1 cells were harvested and the
nuclei collected. The nuclei were digested with 100U of XAol and 15 U A exo and the
DNA prepared as previously described (Figure 21). Following linear PCR with an end-
labeled universal T7 primer, samples were resolved on a DNA sequencing gel and
visualized by autoradiography (Figure 23).

No pause sites were observed flanking the Gal4 DNA binding sites following
expression of the Gal4 fusion proteins (lanes S, 7, 18, 20). This suggested that DNA
binding of Gal4, like GR, does not impede the progress to A exo digestion. However,
coexpression of both GalGRwr with full-length Oct-2 revealed a pause adjacent to the
octamer motif (lane 13). The Oct-2 dependent footprint was completely sensitive to the
L501P mutation (lane 11). By contrast, no pause site was revealed with template DNA
containing a binding site for an unrelated transcription factor in place of the octamer
motif (lane 26) confirming the dependence on the octamer motif. Together, these results
showed GR promoted the binding of Oct-2 to octamer motifs adjacent to binding sites
that recruited GR. Oct-2 facilitated binding by GR correlated with the protein-protein
interaction because mutation at L501P that prevented this interaction, also abolished Oct-

2 binding to DNA.

6. The GR/Oct-1 protein complex formed in vitro is disrupted by a HRE.

Strong transcriptional activation was observed as a result of the two-hybrid effect

of Oct-1 and Oct-2 being tethered to DNA through a Gal4 DNA-binding site by
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Figure 23. The recruitment by the GR DBD is sufficient to induce an Oct-2
dependent footprint.

CHO-K cells were co-transfected with pBluescript containing a single binding site for
Gal4 and an octamer motif (pBSGalOct) or a binding site for an unrelated transcription
factor, interciternal A particle (IAP), (pBSGallAP) along with GalGRDBD or
GalGRDBDy so1p and Oct-2 expression plasmids. The nuclei were isolated and digested
at 30°C for 15 min with Xhol and A exonuclease, as indicated. The digestions were
revealed by linear PCR extension using a *P end-labeled T7 universal primer. The DNA
samples were resolved on a denaturing 6% sequencing gel. The same primer was used in
an A sequencing reaction and run in lanes 1 and 14, respectively to position the GAL4
and Oct-2 or IAP core binding sites illustrated schematically to the right of each panel.
The Oct-2, GalGRDBD and octamer motif specific footprint (lane 13) was indicated by
the solid arrow.
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GalGRwt. Others have demonstrated that Oct-1 and Oct-2 do not influence transcription
through a HRE in the absence of octamer motifs (16). These results suggested the
likelihood that the binding of GR to DNA might be incompatible with the continued
interaction with Oct-1 and Oct-2.

To examine the effect that GR binding to DNA might have on the GR/ Oct-1
complex, the ability of DNAs to disrupt the GR/ Oct-1 complex was tested in a GST pull-
down experiment (Figure 24). *S labeled dexamethasone-treated GR was preincubated
with GST-Oct-1POU immobilized to glutathione Sepharose under standard binding
conditions to allow complex formation. The preformed GR/ Oct-1 complex was then
challenged with various DNAs. Following 4 washes, the bound proteins were resolved
by SDS-PAGE. The results showed the GR/ Oct protein complexes were unaffected by
the addition of 100 ng of highly sheared calf thymus DNA or non-specific DNA
oligonucleotides added to the binding assay (lanes 3 — 5, compare with the binding with
Figure 9). However, addition of a consensus HRE disrupted the GR/ Oct-1 complex
(lane 2). These results indicate that a HRE can disrupt GR/ Oct-1 binding and that the
GR/Oct-1 complex was still competent to specifically recognize a HRE.

The DNA footprinting studies proposed that GR facilitated the binding of Oct-2
implying that GR recruited Oct-1/-2 for cooperative DNA binding. The disadvantage of
the exo footprinting assay was that GR could not be detected bound to DNA using that
technique. Therefore to examine whether GR and Oct-2 bound to the same molecule of
DNA cooperatively, electrophoretic mobility shift assays (EMSAs) were employed.

To do this CHO-KI cells were transiently transfected with plasmid DNAs

overexpressing Oct-2, Gal-GR or GalGRsoip. Post-transfection (24 hours), nuclear
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Figure 24. The GR/Oct complex formation in vitro, may be specifically disrupted
by a HRE oligonucleotide.

%5S-labeled in vitro translated GR was preincubated with 0.5 pg of immobilized,
bacterially expressed Oct-POU domain fused to GST. The preformed complex was
challenged with 100 ng of double stranded oligonucleotides containing binding sites for
GR (HRE, lane 2), intracisternal A particle (IAP, lane 4), Ku autoantigen (C3H, lane 5)
or highly sheared calf thymus DNA (C.T., lane 3). The competition for GR binding to
GST Oct-POU by these oligonucleotides were assessed by resolving the bound proteins
by SDS-PAGE and visualized by fluorography. The binding was compared to 10% of
the input protein in lane 1. The position of the 97 kDa molecular weight marker are
shown to the left.
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extracts were prepared from these cells and control cells. The nuclear extracts were
preincubated alone or in combination, prior to the addition of *?P labeled oligonucleotide
and competitor oligonucleotides. When looking for evidence of cooperative binding it
was important to shift no more than 50% of the labeled probe following incubation with
the protein extract. The Gal-GRs and Oct-2 were overexpressed to levels well above the
level of endogenous Oct-1 in these cells which did not yield a shifted complex in this
experiment (Figure 25, lanes 1, 20, 29). The Gal-GR proteins and Oct-2 formed
complexes with an oligonucleotide containing binding sites for both the Gal4 protein and
octamer factors (lanes 2 to 4, 21, 22, 30, 31). The binding of the Gal-GR proteins were
specific because the protein/DNA complexes were competed by the addition of Gal4
competitor DNA (lanes 7, 10) but not an octamer motif (lanes 6, 9). The Oct-2/DNA
complexes were specific because the Oct-2-dependent shift was competed by an excess
of octamer motif DNA (lane 12) but not an excess of oligonucleotides containing a HRE
or Gal4 binding site (lanes 11, 13, respectively). Coincidentally, the Gal-GRwr, Gal-
GRuue and Oct-2 shift all migrated at the same position following non-denaturing gel
electrophoresis. This likely occurred because the charge-to-size ratio of the Gal-
GR/DNA and Oct-2/DNA complexes were similar. The Gal-GR-dependent protein/DNA
complex (lane 2) was not disrupted by the addition of HRE competitor DNA (lane 5),
suggesting that the GR moiety was not participating in the DNA-binding function of the
hybrid protein.

When Gal-GRwr was preincubated with nuclear extract containing Oct-2 prior to
the addition of labeled oligonucleotide to the incubation, only a single slower mobility

protein/DNA complex was observed (lane 14). In the presence of an excess competitor



-142 -

Figure 25. GR and Oct cooperative binding to DNA may be disrupted by a
competitor HRE.

EMSA using nuclear extracts from untransfected CHO-K1 cells or cells transfected with
plasmids expressing either Oct-2, GalGRDBDwt or GalGRDBD_so;p. Nuclear extracts
prepared from untransfected or transfected cells were preincubated for 4 hours prior to
the addition of a radiolabeled oligonucleotide containing a single binding site for Gal4
coupled with an octamer motif (ATGCAAAT) (GalOct), coupled with a binding site for a
none related protein (GallAP) or coupled with a mutant octamer motif (CGGCAAAT)
(GalOCTn) and competitor DNAs, as indicated. Incubation was extended for a further
20 minutes at room temperature prior to non-denaturing PAGE. Individual combinations
of nuclear extracts and competitor DNAs (100 fold excess) are indicated above the panel.
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HRE-containing oligonucleotide (lane 15) the slower mobility complex was lost,
suggesting a role for the GR DNA-binding function in formation of the complex. This
competition was specific because there was no competition by non-specific competitor
DNA (TAP, lane 16). Even though this complex had a slower rate of mobility, it still only
contained less than 5% of the total labeled oligonucleotide, suggesting that most of the
Gal-GR and Oct-2 were associated in this heterocomplex and that GR and Oct-2 bound
coordinately to DNA. As expected, when GalGR_so1p, a form of GR that could not bind
to Oct-2, was preincubated with Oct-2 and tested for the ability to form a higher shifted
heterocomplex, only the complexes representing GalGRrsoip and Oct-2 individually
bound to the DNA probe were observed (lane 17). The higher heterocomplex in lane 14
included Oct-2, because the heterocomplex was not observed when the octamer motif in
the probe was replaced with a binding site for an unrelated transcription factor, [AP (lane
24).

Further, under the same conditions a higher heterocomplex was observed using a
GalOctyy probe (lane 33), although this protein/DNA complex appeared to be less stable
than that formed with the probe containing the WT octamer motif because the lower
complex representing individually bound GALGR and Oct-2 to DNA was also observed.
The formation of the GalGR and Oct-2 heterocomplex bound to DNA was specifically
sensitive to the addition of an excess of unlabeled oligonucleotide containing a HRE or
an octamer motif (lanes 15, 34 and 35). By contrast, addition of a non-specific
oligonucleotide had no detectable effect on the formation of the higher heterocomplex.

(lanes 16, 36). Together these results suggest that specific interaction by either GR or
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Oct-2 with DNA containing individual binding sites was incompatible with protein-

protein interaction.

7. Oct-2 can bind to the DBDs of GR, PR and AR, but not other NR in the cell
nucleus.

The protein-protein interaction between GR and Oct-1/-2 mapped to the DNA
binding domain of GR, the most highly conserved region among members of the NR
superfamily (162). In previous studies using GST pull down assays (45, 471), several
NRs were in vitro translated and tested for binding to GST Oct-1POU. The NRs included
four steroid receptors (GR, ERa, AR and PR), RAR and RXR isoforms (RARc and
RXRa), a thyroid hormone receptor (TR a2) and a Drosophila orphan receptor (Ftz-
Fla). The results showed that all the NRs bound to the POU domain of Oct-1 in this
assay. All the steroid receptors tested required ligand to make them competent to bind to
the immobilized POU domain while the non-steroidal receptors bound constitutively. A
closer examination of RAR« binding to the POU domain using C-terminally a deleted
RAR, revealed that truncation into the C-terminus of the RAR DBD abolished binding to
the POU domain (45, 471). This was exactly consistent with the C-terminal boundary
determined using GR truncations. Thus, at least several NRs bound specifically to the
POU domain of Oct-1 in vitro. Most likely, the motif important for protein binding was
located in a similar location in these NRs.

To determine whether this in vitro binding result reflected the ability of NRs to
associate through their DBDs with Oct-2 in vivo, the binding was assessed using a
mammalian one-hybrid assay (Figure 26). In this assay, CHO cells were transfected with

the pGsE1BCAT reporter in addition to an expression plasmid for Oct-2 and one of a
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Figure 26. Mammalian one-hybrid analysis of the interaction of nuclear receptor
DBDs with Oct-2.

Mammalian expression vectors expressing several nuclear receptor DBDs (rat GR aa
407-556, lane 1; rat GRisorp, same peptide but with a point mutation at L501P, lane 2;
human PR, aa 535-688, lane 3; rat AR aa 515-671, lane 4; rat MR aa 577-709, lane 5;
human ERcaa 164-299, lane 6; mouse RXRo aa 118-236, lane 7; mouse RAR«a aa
60-160, lane 8; Drosophila Ftz-fla aa 478-610, lane 9) fused to the yeast Gal4 DBD (aa
1-147) or none (lane 10) were co-transfected in CHO-K1 cells with an expression vector
for Oct-2 and a CAT reporter gene driven by 5 Gal4 response elements upstream of a
minimal promoter. Following transfection (24 hours), the cells were harvested, cellular
extracts were prepared and assayed for CAT activity. The results were displayed as fold
induction of relative CAT activity by co-expression of Oct-2 and each Gal4-nuclear
receptor fusion protein individually over the activity of expressing Oct-2 alone with the
reporter. Each transfection was corrected for transfection efficiency, with each value
representing the mean and the S.E.M. of at least 3 independent transfections in duplicate.
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variety of Gal-NR fusion proteins including rat GR, human PR, rat AR, rat MR, human
ER a, mouse RXR a, mouse RAR a and Drosophila Ftz-Fla.. CAT enzyme activity was
expressed as a function of the fold activation over the activity obtained by expressing the
Gal4 DBD alone. Expression of Oct-2 alone had no effect on the transcription of the
GsE1BCAT reporter gene (lane 10). However, coexpression of Gal-GR, Gal-PR and
Gal-AR with Oct-2 induced CAT activity 3-6 fold (lanes 1, 3 and 4, respectively). The
activity was abolished by coexpression of GR with point mutation at L501P (lane 2). By
contrast to the GST-pull-down assay (45, 471), Gal fusion proteins containing the same
regions of MR, ERa, RXRa, RARa and Ftz-Fla, co-expressed with Oct-2 were unable
to stimulate CAT gene transcription (lanes 5-9).

Most of the Gal fusion proteins tested were expressed to similar levels in CHO-
K1 cells, as determined by western blot analysis with a GalDBD antibody (Santa-Cruz,
CA) (Figure 27a). Cells were transfected with equal quantities of plasmids expressing
Gal-GR, Gal-PRa, Gal-AR, Gal-MR and Gal-ER. The cells were harvested 48 hours
post-transfection and analyzed by western blotting with a Gal4DBD-specific antibody.
Each of the NRs varied slightly in levels of protein expression but levels of protein
expression did not correlate directly with the levels of transcription in Figure 26. For
example, the slightly lower level of transcription by Gal-AR was not due to a reduced
level of protein expression (compare Figure 26, lanes 4 and 1 with Figure 27a, lanes 3
and I, respectively).

To test the Gal-NR/Oct binding more directly, an [P binding assay was employed.
The Gal-NR proteins were overexpressed in CHO-K1 cells and immunoprecipitated with

a Gal4 antibody from nuclear extracts and the immunoprecipitates tested for binding to in
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Figure 27. Gal-GR, Gal-PR, and Gal-AR can interact with Oct-2, in vitro.

a. A western blot analysis with a Gal4 antibody of nuclear extracts prepared from CHO-
K1 cells transiently transfected with mammalian expression vectors for the Gal4 (aa 1-
147)-nuclear receptor fusion proteins (rat GR aa 407-556, lane |; human PRA, aa
535-688 lane 2; rat AR, aa 515-671, lane 3; rat MR aa 577-709, lane 4; human ERaq, aa
164299, lane 5) shown above or mock transfected cells (lane 6). The bands were
visualized using a secondary antibody linked to HRP and visualized using ECL. Note
that each protein was expressed to similar levels. b. Binding of **S-labeled, in vitro
translated Oct-2 protein was tested for binding to GalDBD fusion protein
immunoprecipitates from nuclear extracts prepared from CHO-KI cells transiently
transfected with plasmids expressing GalGR, GalPR,, GalAR, GaIMR and GalERo.
Following incubation in binding buffer for 90 minutes at 4°C, the bound proteins were
washed 3 times with binding buffer. The bound proteins were eluted in SDS-sample
buffer, resolved by SDS-PAGE and visualized by fluorography (lanes 8-13). 10% of the
Oct-2 input protein is shown in lane 7. The positions of the molecular weight markers
are shown to the left of each panel (kDa). Note that the level of binding of Oct-2 in lanes
8-13 did not reflect the protein loading of the Gal4-nuclear receptors in lanes 1-6.
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vitro translated **S-labeled Oct-2. This assay was performed with comparable amounts
of Gal-NR fusion protein, as shown in the western blot analysis (Figure 27, a). The
immunoprecipitates were incubated with *°S-labeled Oct-2 for 90 minutes at 4°C in
binding buffer. The samples were washed three times with binding buffer, eluted in
SDS-sample buffer and resolved by SDS-PAGE. In vitro translated Oct-2 bound strongly
to Gal-GR, Gal-PR4 and Gal-AR (Figure 27, b, lanes 8-10). By contrast, Gal-MR or Gal-
ERa fusion proteins (lanes 11-12) bound to levels barely above background (lane 13).
Together, these results demonstrated that GR, PR and AR but not MR or other NRs tested

bound to Oct-2, in vivo.

8. GR, PR and AR promote Oct-2 recruitment to DNA.

GR, PR, AR and MR can recognize the same response elements with similar
affinity. The observation that GR, PR, AR but not MR bound to octamer factors in vivo
suggested the intriguing possibility that these differential interactions could markedly
affect hormone responsiveness on the MMTV LTR. First, it would be important to
determine if MR had the ability to promote the recruitment of Oct-2 to DNA.

Previously, it was shown that Gal-GR facilitated the binding of Oct-2 to template
DNA containing a single binding site for Gal4 and an octamer motif (see Figure 23). To
determine whether the interaction of Oct-2 with AR and PR could similarly promote the
occupancy of octamer motifs adjacent to binding sites that recruit NR peptides, A exo
footprinting assays were performed on the same transiently transfected plasmid DNAs as
described in Figure 23.

Nuclei prepared from CHO cells transfected with the Gal4-NR fusion proteins,

Oct-2 and pBSGalOct, were digested with XAhol and A exo. The DNA was isolated and
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analyzed by linear PCR and denaturing gel electrophoresis. As before, co-expression of
Gal-GRwt and Oct-2 induced an Oct-2 dependent footprint (Figure 28, lane 10). As
expected the C500Y GR mutation, that results in a form of GR that does not bind to the
Oct-1 POU domain (45), did not induce an Oct-2 dependent pause site (lane 12). Like
Gal-GR, the pause site was also promoted by presence of Gal-PR and Gal-AR (lanes 14,
16). However, neither Gal-MR, Gal-ERa nor Gal-RXR were able to promote an Oct-2
dependent footprint (lanes 18, 20, 22), consistent with previous observations that showed
each lacked functional interaction with Oct-2 in the one-hybrid assay. The promotion of
Oct-2 binding by Gal-GR and Gal-AR was dependent upon the presence of an octamer
motif (lanes 23-28). These results showed that coexpression of Gal-PR or Gal-AR like
Gal-GR with Oct-2 produced an Oct-2 dependent A exo footprint, consistent with their
ability to interact functionally with Oct-2 in vivo.

Next, I examined the ability of full-length receptors to recruit full-length Oct-2 to the
MMTV promoter. Following transient transfection of pMMTVCAT with expression
vectors for rat GR, rabbit PR, rat AR and rat MR with Oct-2, cells were treated for 15
minutes with 1 uM of the appropriate hormone (dex, R5020, DHT, ald, respectively)
prior to harvest, as indicated (Figure 29). The nuclei were isolated and the samples
treated exactly as described in Figure 21.

Under these experimental conditions, a pause site at position —49 from the MMTV
transcriptional start site, reflected the binding of Oct-2. In the absence of hormone, no
pause site was observed near position —49, however, a constitutive pause site near 75,

reflecting the binding of NF-I, was observed at similar levels for all steroid receptors
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Figure 28. GR, PR and AR DBD:s fused to the Gald DBD induce an Oct-2
dependent footprint on transiently introduced plasmid.

Nuclei from CHO-K!1 celis cotransfected with pGalOct (lanes 2-22) or pGalIAP (lanes
23-28) in addition to plasmids expressing Gal4-nuclear receptor DBD fusion proteins and
Oct-2 were digested with Xho I in the presence (+) or absence (-) of A exonuclease. The
DNA was purified and amplified using linear PCR with a **P end-labeled universal T7
primer. The DNA samples were resolved using a 6% sequencing polyacrylamide gel and
visualized by autoradiography. The Oct-2 and Gal-nuclear receptor induced pause in
exonuclease digestion is indicated by the arrow. Using an A sequencing track (lane 1)
with the same primer, a schematic representation of the position of the core Gal4 DNA
binding site and the octamer motif were illustrated on the right.
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Figure 29. Binding of Oct-2 to the MMTYV promoter in transiently transfected cells
is induced by GR, AR and PR but not MR.

CHO-K1 cells cotransfected with MMTYV reporter plasmid pMMTVCAT (-237 to +125)
and expression plasmids for full length GR, PR, AR, MR and Oct-2 were treated with
dex, R5020, DHT, or ald, as indicated, for 15 minutes followed by isolation of the cell
nuclei. The nuclei were digested with Hind III in the presence (+) or absence (-) of A
exonuclease at 30°C for 15 minutes. The samples were amplified using linear PCR with
a complementary *’P-end-labeled MMTV (+74 to+52) primer, resolved on a sequencing
polyacrylamide gel and visualized by autoradiography. A constitutive pause site for
exonuclease digestion flanking the NF-I binding site was indicated to the right with an
open arrow and the hormone inducible pause site flanking the octamer motif was
indicated by the solid arrow. Using the A sequencing track (lanel4) with the same
primer, the positions of the core transcription factor binding sites were determined and
schematized on the right.
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tested independent of ligand (lane 3, 6, 9, 12). Following treatment with hormone, the
cells expressing GR, PR and AR revealed an additional pause site at —49, indicative of
Oct-2 binding to DNA induced by hormone induction by GR, PR and AR (lane 4, 7, 10).
By contrast, the treatment of hormone on cells expressing MR did not produce an Oct-2
dependent footprint to the promoter DNA (lane 13). These results showed the inability of
MR to bind to Oct-2 correlated with the lack of MR to induce a detectable Oct-2
footprint. The major implication of these results is that steroid activation of the MR

should be independent of the octamer motifs on the MMTV LTR.

9. MR mediated transcription is octamer factor independent.

The role of the octamer motifs in GR-, PR-, AR- and MR- mediated hormone
induction of the MMTV promoter proximal regulatory region was examined by
comparing reporter gene transcription by MMTYV in the presence or absence of octamer
motifs. To do this CHO-K1 cells were transfected with plasmids expressing GR, PR, AR
or MR and a plasmid containing a MMTYV reporter gene, pMMTVCAT, or one lacking
functional octamer motifs, pMMTVOctnCAT. Twenty fours following transfection the
cells were treated with the appropriate hormone as indicated for 4 hours prior to harvest.
Cellular extracts were prepared and assessed for CAT activity (Figure 30).

In the absence of co-transfected steroid receptor expression plasmids, mutation of
the octamer motifs decreased hormone-independent MMTYV transcription by less than 2
fold compared to the wild-type reporter (lane 1, compare the solid bar with the striped
bar). The low level of transcription in the absence of coexpressed receptor and hormone
represents the basal level of transcription by the endogenous octamer factor and NF-I

(17). In the presence of the octamer motifs, GR and PR increased transcription at least 30
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Figure 30. Hormone induced MMTYV transcription mediated by GR and PR is
dependent on octamer motifs while MR and AR mediated transcription is octamer
motif independent.

The MMTYV WT reporter (solid bars) or the reporter with mutant octamer motifs (hatched
bars) (schematized above the graphic) were co-transfected with plasmids expressing GR
(lane 2), MR (lane3), PR (lane 4), AR (lane 5) or no expression plasmid (lane 1) into
CHO-K1 cells. The cells, 16-24 hours later were induced with the appropriate hormone
(dex, ald, R5020, DHT, no hormone, respectively) as indicated for 24 hours before
harvest. The transcriptional effects were recorded by CAT assay and expressed as
relative CAT units corrected for transfection efficiency. Transfection efficiency was
determined by liquid B-gal assay by cotransfection with B-gal expression plasmid. The
values in the graph represented the average and the standard error of the mean (S.E.M.)
of three independent experiments performed in duplicate.
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fold (lanes 2 and 4, black bar). Strikingly, mutation of the MMTYV octamer motifs almost
completely eliminated the transcriptional response by GR and PR (lanes 2 and 4, hatched
bar). This is consistent with the proposal that GR and PR mediated transcription was
almost entirely dependent upon adjacent octamer motifs.

MR mediated transcription was almost entirely independent of the presence of
octamer motifs in the MMTV promoter proximal region (lane 3). However, despite
being unable to recruit octamer factors to the promoter, MR induced transcription of the
reporter was almost as strong as the level obtained with GR. Unexpectedly,
transcriptional responsiveness by AR, which bound to and recruited Oct-1/-2 to the
promoter was also completely independent of adjacent octamer motifs (lane 5).

The differences in steroid transcriptional responsiveness on the MMTV promoter
could have been due to inherent properties of the steroid receptor and the unique property
of the MMTV HREs. To show the difference in transcriptional control was specific to
the MMTYV HREs, transcriptional activation by PR, GR, AR and MR was assessed using
a gene reporter system driven by two copies of a HRE directly upstream of the HSV-TK
minimal promoter, pHRE-TKCAT. To do this, plasmids expressing PR, GR, AR and
MR were cotransfected with either pHRE-TKCAT or pERE-TKCAT, a control reporter
containing EREs in place of the HREs. 24 hours following transfection the cells were
treated with the appropriate hormone for 4 hours prior to harvest. The cell extracts were
prepared and tested for CAT activity.

The results showed that each steroid receptor activated transcription
approximately to the same level above the control reporter (Figure 31). This indicated

that the difference in the induction of transcription by the steroid receptors from the
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Figure 31. GR, MR, PR and AR activate transcription similarly from a consensus
HRE.

The TK-CAT reporter plasmid with 2 copies of consensus HRE (solid bars) or 2 copies
of a consensus ERE (hatched bars) were transiently transfected with expression plasmids
for GR, MR, PR or AR into CHO cells. Cells were treated with 1 uM of the appropriate
hormone (dex, ald, R5020 or DHT, respectively) 24 hours prior to harvest. The
transcription was measured using a standard CAT assay and expressed as relative CAT
units corrected for transfection efficiency. Transfection efficiency was determined by
liquid B-gal assay by cotransfection with -gal expression plasmid. The values in the
graph represented the average and the standard error of the mean (S.E.M.) of three
independent experiments performed in duplicate.
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MMTYV promoter was an inherent property of the HREs and the HREs paired with
octamer motifs in the promoter context coupled with a difference in the activation

potential of individual steroid receptors.

10. Sequences flanking the GR DBD are important for directing octamer factor

dependent transcription.

The three dimensional structural information derived from NMR and X-ray
crystallography data places residues C500Y and L50IP in the core of the three
dimensional structure of the GR (refer to Figure 2) (168, 169). Based on these
observations it would seem unlikely that these residues (C500 and L501) would be
contacting octamer factors directly. Rather the mutations would be expected to alter the
overall conformation of the receptor in a way that abolished binding.

The C500Y and L501P mutated receptor DBDs were originally obtained from a
screen for GR DNA binding mutants (445) and effectively when these residues are
mutated, the GR is unable to bind to its DNA response element with high sequence-
specific activity. These point mutations created a receptor that has at least two functions
that have been disrupted: (1) Octamer factor -1/-2 binding and (2) DNA binding. In the
recruitment model proposed these two events (Octamer factor binding and DNA binding)
most likely happen sequentially for cooperative DNA-binding and transcriptional synergy
to occur. Therefore to study further the contribution of the protein-protein interaction to
gene transcription, it would be necessary to produce a GR that functions like the wild-
type receptor with DNA-binding and transcriptional activity from simple HREs

equivalent to the wild-type receptor but with a specific inability to bind to Octs.
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Co-IP and mammalian two-hybrid assays used for identifying protein-protein
interactions in the cell, suggested that the minimal domain required to make a productive
association with octamer factors was aa 407-556. Amino acid alignment identifies a
single amino acid substitution at position R498 that is present in GR, PR and AR but not
MR (Figure 32) or other NRs that did not interact with the POU domain in vive. This
observation and evidence provided by at least one other group suggests that mutation of
this residue in the context of the full-length receptor reduced transcriptional activity to
about 25% of the full-length WT receptor on the MMTYV promoter (484), consistent with
the transcriptional potency mediated by hormone-treated GR on the MMTV promoter
with mutated octamer motifs in Cos7 cells (Figure 33, lane 1). Testing the R498G and
R498Q mutations for octamer motif sensitivity under my conditions revealed that neither
of these point mutations reduced transcription significantly from the wild-type activity
(lanes 2, 3). In addition, transcription was sensitive to the loss of the octamer motifs
suggesting that the R498G and R498Q mutations might still recruit octamer factors to
DNA and cause an increase in Oct dependent gene transcription. Transcription of
hormone treated MR was compared in this transcription assay with a less than two fold
effect on mutating the octamer motifs probably due to the high basal level of transcription
mediated by endogenous NF-I activity (17) in Cos7 cells (lane 4).

Lastly, to determine if the octamer dependent transcriptional synergy was directed
by the DBD alone of GR, human GR/MR chimeric receptors were obtained from Dr. R.
Evans, The Salk Institute, La Jolla, CA. The DNA-binding domains of either GR or MR
were substituted in the context of either full-length MR or GR, respectively, to produce

mammalian expression plasmids expressing proteins encoding MGM and GMG. These
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Figure 32. Alignment of the primary amino acid sequences of GR, PR, AR and MR
of sequences from second zinc finger of the DBD to the C-terminus of the hinge
region.

Sequences from rat (rat) GR, AR MR and human (hum) PR, were aligned using the pile-
up program (GCG software package). [llustrated are steroid receptor sequences
corresponding to aa 476-556 of rat GR. Identical amino acids were substituted with a
period. Gaps in the sequence alignment were indicated by an underscore. Above the
sequence alignment are numbers representing the amino acid position corresponding to
rat GR with the position of a-helix-2 highlighted by the solid bar. The amino acid
position within the open rectangle highlighted a candidate residue common in GR, PR
and AR but different in the MR primary aa sequence.
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Figure 33. GRgryss; and GRgyssq are unable to alleviate the dependence on the
octamer motifs for transcription.

Cos7 cells were transfected with plasmids expressing GR, GRga9sG, GRrassq or MR with
a wild-type MMTV reporter or the same reporter with mutated octamer motifs.
Schematic diagrams of the reporter plasmids are shown above the graphic. Following
transfection, the cells were treated with hormone (1 uM dex for GR and 1uM ald for
MR), harvested 24 hours later and assayed for CAT activity. CAT activity was displayed
as relative CAT units corrected for transfection efficiency. Transfection efficiency was
determined by liquid B-gal assay by cotransfection with B-gal expression plasmid. The
results represent the mean of at least 2 independent transfections in duplicate with S.E.M.
The solid bars représent the wild-type reporter and the hatched bars the same reporter
with mutant octamer motifs.
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plasmids along with their WT human counterparts were co-transfected into Cos7 cells
and tested for octamer dependent transcriptional synergy by the MMTV promoter (Figure
34). The results showed that the transcriptional synergy was independent of determinants
in the GR DBD because when the DBD was inserted into @e corresponding position of
MR, MGM, transcriptional synergy was not significantly altered (compare lanes 2 and 4).
Similarly when the MR DBD was substituted into the GR, GMG, octamer motif
dependent transcriptional synergy was only slightly reduced when compared to GR (lanes
1 and 3). Therefore, this suggests that some determinants for octamer factor binding and
transcriptional synergy must be located outside the minimal DNA binding domain (aa

440-508).
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Figure 34. Determinants within the GR DBD are not sufficient for directing
octamer motif dependent transcription.

(Top) Schematic of the human GR and MR or GR/MR chimeric receptors used in the
transcription assay described below. The white vertical bars represent point mutations
created (substitutions indicated below the bar diagram) following insertion of the Notl
and Xhol sites. The chimeric receptors have the DNA binding domains substituted at the
amino acid residue positions as indicated above the bar diagrams. The numbers in
brackets correspond to the amino acid position using the rat GR numbering scheme and
all other numbers represent the amino acid position according to the human GR and MR
numbering scheme. (Bottom) Cos7 cells were transiently transfected with expression
plasmid encoding GR, MR, GMG or MGM along with the WT or octamer motif mutant
MMTYV promoter as previously described. The WT MMTV reporter was represented by
the solid bars and the mutated octamer motifs by the hatched bars. 24 hours prior to
harvest, the cells were treated with 1 uM dex (for GR and GMG) or | uM ald (for MR
and MGM). The levels of transcription were expressed as relative CAT units corrected
for transfection efficiency. Transfection efficiency was determined by liquid B-gal assay
by cotransfection with f-gal expression plasmid. The results represented the mean of at
least 3 independent transfections performed in duplicate with the S.E.M.
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IV. DISCUSSION

I have characterized the ability of GR to bind directly to Oct-1/-2 and investigated
the consequences of this protein-protein interaction for steroid mediated transcriptional
activation by Oct-1/-2. [ have described a DNA-independent protein-protein interaction
between GR and Oct-1/-2 that is sensitive to a point mutation at either C500Y or L501P
of rat GR, in vitro and in vivo. Many examples of protein-protein interactions have been
described between DBD/hinge region of NRs and the POU domain of POU factors (12,
15, 45, 409). My results indicate that for Oct-2 protein-protein interactions with NRs, in
vivo, were limited to GR, PR and AR. For the first time it was shown that the binding of
the steroid receptor DBD/hinge to Oct-2 dramatically potentiated the ability of the
octamer factor to occupy octamer motifs adjacent to HREs in vivo. For GR and PR,
MMTV-mediated transcription was dependent on the octamer motifs for steroid induced
transcription. In contrast, MR did not bind to octamer factors or recruit them to DNA in
vivo. As a result, MR-mediated transcription of the MMTYV promoter was independent of
octamer motifs for steroid induced MMTV transcription. This suggests that steroid
receptor protein-protein interactions with other sequence-specific transcription factors
result in differential steroid gene regulation. The interaction between GR and Oct-1/-2
appeared to be incompatible with binding to a HRE. This led me to propose that
transcriptional cooperativity between GR/PR and Oct-1/-2 is restricted to MMTV and
other putative promoters containing DNA binding sites for both factors. The GR/Oct-1/-
2 interaction mapped to the homeodomain of Oct-1/-2 and GR was shown to interact
directly to multiple other types of homeodomains in vitro and to at least two

homeodomain containing proteins including d1x-2 and hoxD4 in vivo.



-163-

1. GR interaction with the POU homeodomain of Oct-1 is direct and sensitive to
GR point mutations at CS00Y and LS01P, in vive.

The protein-protein interaction between GR and Oct-1/-2 was demonstrated in
this work using several types of protein binding studies in vitro and in vivo. The in vitro
methods included GST pull down assays using GST-fused recombinant GR and Oct-1/-2
peptides with in vitro translated proteins (Figure 9). The direct binding studies utilized
recombinant purified GR and Oct-2 peptides (Figure 15). The protein-protein interaction
of full-length GR protein with full-length Oct-1 and Oct-2 proteins was revealed by an [P
binding assay (Figure 11). In vivo, the interaction was demonstrated with the GR
DBD/hinge (407-556) and either full length Oct-2 or the POU domain of Oct-1 in a
mammalian one- or two- hybrid assay, respectively (Figures 19 and 18, respectively). In
each assay system the specificity of the interaction was demonstrated by comparing the
binding to rat GR with point mutations at either C500Y or L501P, which abolish octamer
factor binding, or other non-specific proteins like firefly luciferase, GST, or CREB.

Mapping of the protein interaction domain of GR with the POU domain of Oct-1
showed that the minimal region required for interaction in vitro was aa 407-523 of rat
GR, including the DBD and at least part of the hinge region of the receptor (45). The
characterization of the mapping studies of the POU domain of Oct-1 with GR were
detailed in my master’s thesis (45). GR-Oct-1 binding occurred in a way that was
independent of zinc coordination because neither point mutations of the zinc coordinating
cysteine residues nor removal of zinc from the DNA binding domain of GR interfered
with binding to Oct-1 in vitro. The first indication of the importance of residue C500 of

rat GR for Oct-1 binding came from the observation that modification of free cysteine
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residues in the GR DBD/hinge with MMTS (methyl methane-thiolsulfonate) abolished
binding to Oct-1 (45). The GR DBD contains in total 10 cysteine residues, 8 of which
are involved in zinc coordination, one located in the first zinc finger while the second is
found in helix 2 of the DBD at amino acid 500. Further analysis of other GR DNA
binding point mutations revealed that two residues located next to one another C500Y
and L501P abolished Oct-1 binding.

Full length GR interacted with Oct-1 and Oct-2 in an L501P sensitive fashion. A
co-IP binding assay was used to evaluate the binding of in vitro translated Oct-1 and Oct-
2 to full length GR in an L501P sensitive fashion in an assay that closely resembled
physiological conditions (Figure 11). The results showed the binding of
immunoprecipitated full-length myc-tagged GR to full-length Oct-1 and Oct-2 and the
binding was abolished using myc GRyso1p immunoprecipitates.

A mammalian one- and two-hybrid assay was employed to show that the
interaction between GR with Oct-2 and the POU domain of Oct-1 occurred in the cell
nucleus (Figures 19 and 18). The results demonstrated the GR DBD (aa 407-556) fused
to the GalDBD (Gal-GR) acted as bait to bring the Oct-1 POU (aa 265-444) fused to an
acidic activation domain (VP16 Oct-1POU) near the promoter in a manner that increased
gene transcription. GR-mediated transcription was increased by 30 fold when
coexpressed with VP16 Oct-1POU above the level of the Gal DBD alone or a Gal DBD
fusion protein with a GR point mutation at L501P. Again this demonstrated the
interaction was completely sensitive to point mutation at GR L501P. Further, the
interaction of GalGR in an L501P-sensitive fashion was shown to interact with full-

length Oct-2 in a mammalian one-hybrid assay (Figure 19). Together, these assays
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represented the first convincing identification of the interaction of GR with the POU
domain of Oct-1 and full-length Oct-2 in the cell nucleus. In addition, GR mutations
C500Y and L501P are the first point mutations shown to disrupt any NR interactions with
POU proteins.

C500Y and LSO1P were originally identified in a saturation mutation screen to
find GR mutations that abolish GR activation in a HRE dependent fashion in yeast (444).
Next, the DNA-binding activity of each mutant was characterized in EMSAs (444). The
results presented here and elsewhere (45, 471) suggested a Oct-1/-2-binding surface in
the GR DBD plus hinge that is distinct from, but overlaps with, the DNA-binding
interface. The overlap appears to be limited, because several point mutations that
interfered with GR DNA-binding (C460Y, C492R, C495Y) by disrupting the overall
finger structures, and others that disrupted DNA-dependent dimerization (R479K, R489K
and N4918), had no effect on Oct-1 POU binding in vitro (45, 471).

Although the mutations C500Y and L501P interfered with POU-domain binding,
crystallographic analysis of the GR DBD (169) places these aa on the surface of the
DNA-phosphate contact helix and oriented inwards, towards the core of the DBD (Figure
2b). Therefore it would be unlikely that either amino acid would contact the POU
domain directly. Providing functional support for this statement, substitution of C500 to
an alanine or serine residue each of which had no effect on GR-mediated gene
transcription on the MMTV promoter (485). Mutations C500Y and LSO1P appear to
function similarly, forcing a change in secondary (a-helix-2) and possibly the tertiary
structure of the GR DBD, that alters the configuration of the POU binding surface in a

way that results in loss of binding. Typically, proline residues inserted into o-helical
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structures act by breaking the structures suggesting the integrity of the helix was an
important component for the protein-protein interaction. Cysteine residues are
considered non-polar and are relatively hydrophobic; in contrast tyrosine residues are
bulky polar groups. Therefore, it would be expected that replacing the cysteine residue at
position 500 with a tyrosine would distort helix 2 away from the DBD core. In most
experiments the L501P GR mutation was used because it was considered a more targeted
mutation structurally, however on occasion C500Y was used interchangeably in some
experiments.

Ideally, to study the function of GR with octamer factors, it would be important to
identify a GR that abolished interaction with octamer factors but had no effect on GR
DNA-binding function or other functions. Attempts have been made to identify point
mutations in GR that disrupt binding to the POU domain of Oct-1 while maintaining
HRE-dependent gene transcription using a yeast two-hybrid system (Walther, R.,
Lemieux, M.E. and Haché, R.J.G. personal communication). However, these efforts have
been unsuccessful because co-expression of Gal4dDBD-GRDBD and GalAD-Oct-1POU
(AD=activation domain) appears to be toxic to the yeast strain.

The protein-protein interaction domain of Oct-1 and Oct-2 with the GR DBD
mapped to the homeodomain of Oct-1 and Oct-2. The homeodomain of Oct-1 was
mapped using a GST pull down assay with GST-GR DBD/hinge (aa 407-568) and in
vitro translated C-terminally deleted Oct-1 (Figure 12). The results showed strong
binding in the presence of full-length Oct-1 (aa 1-743) and binding to C-terminally
deleted Oct-1 up to the C-terminus of the homeodomain. Truncation into the

homeodomain abolished detectable binding altogether. [P binding assays with full-length
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Oct-2 bearing internal deletions demonstrated that the homeodomain of Oct-2 was
required for the interaction (Figure 13). Further, direct binding studies demonstrated that
recombinant purified GR DBD (407-550) peptide bound equally to recombinant purified
Oct-2 POU domain and the Oct-2 homeodomain alone (Figure 15).

My results suggested that both Oct-1 and Oct-2 interact with GR in identical
ways. Indeed, in all instances where both Oct-1 and Oct-2 were tested they were found to
be indistinguishable. In the latter half of this work, [ employed Oct-2 for two reasons.
First, Oct-2 protein expression is limited to B cells and cells of the central nervous system
(333, 362) and therefore in assays performed in ovarian cells (CHO-K 1) exogenous Oct-2
could be differentiated from endogenous octamer protein. Second, it has been established
that Oct-2 is generally a stronger activator because its activity can be influenced over
longer distances whereas Oct-1 activity is functional only when octamer motifs are near

the promoter (382, 386, 387).

2. The GR/Oct-1 is distinct from other protein-protein interactions described with

GR

Many protein-protein interactions with the GR have been described to date
including GR interaction with sequence specific transcription factors like StatS, AP-I,
NF-kB and Nur77. In most cases, these interactions were also mediated by the DBD of
the heterologous partner as well. As a result, GR complexed with the heterologous
factors modulate gene transcription of both GR and its partner. For example, GR binding
with AP-1 (c-jun homodimers) represses gene transcription of each factor from simple
response elements but activated gene transcription from paired elements (300).

Similarly, GR binding to NF-xB, and Nur77 repressed transcription mediated by both
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factors individually. In addition, in vitro the protein-protein interaction results in reduced
levels of DNA-binding of each factor (282, 300). Stat-5 activated gene transcription with
GR from paired elements, while the protein-protein interaction between GR and Stat-5
blocked GR DNA-binding (302).

The consequence of the protein-protein interaction between GR and Oct-1/-2
appears to be distinct from other protein-protein interactions described for GR in that
association with Oct-1/-2 did not appear to influence GR DNA-binding activity.
Following the observations that preformed GR/Oct-1 complexes were specifically
disrupted by a HRE and that GR could recruit Octs to HRE-containing promoters
suggested that in the protein-protein configuration GR can still recognize a HRE.
Furthermore it appears that GR/Oct-1 binding was exclusive to interaction with a HRE.
To date, no functional observations of POU factors influencing GR mediated
transcription or DNA binding have been reported. Indeed most results suggested that
Oct-1 has no effect on GR DNA-binding or other functional consequences for GR-
mediated transcription from a HRE in the absence of a juxtaposed octamer motif (16, 21).

The mutations C500Y and L501P have not been reported to disrupt the binding of
GR to other factors. However, no direct comparison has been made. A more detailed
analysis of GR-Oct-1/-2 binding requirements will need to clarify the distinction between
this interaction and other protein-binding events mediated by the GR DBD. None of the
mutations that have been shown to disrupt GR interaction with Stat5, AP-1 or NFkB have
been tested directly for interaction with Oct-1/-2. It is likely that the interaction of GR
with Oct-1 is distinct from the interaction described with AP-1 because GR with a double

point mutation Y498L/R479G abolished GR mediated AP-1 transrepression while having
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no effect on MMTV-mediated transcription (484). Furthermore, GR DBD truncated to
amino acid 509 could inhibit AP-1 DNA-binding activity (285) whereas the same GR
DBD peptide could not bind to the POU domain of Oct-1 (471).

Most GR interactions with non-sequence-specific transcription factors, including
chromatin remodelling factors, co-activators and hsps are mediated by protein-protein
interactions outside the DBD/hinge. For example, chromatin remodelling factors, like the
SWI/SNF complex, can interact with the N-terminal TAF1 region of the receptor (486).
The co-activators with HAT activity like SRC-1 (93), GRIP-1 (96), and CBP (94, 107)
mediate interaction with the C-terminal TAF2 region of GR, while hsp 90 proteins

mediate interaction with GR through its C-terminual LBD (179).

3. The functional consequence of the GR/Oct-1/-2 interaction is distinct from other

protein-protein interactions described for Oct-1/-2

Protein-protein interactions with the POU domain of octamer factors can stabilize
the binding of Oct-1/-2 to DNA through a mechanism that involves the direct
participation of an auxiliary factor. In one example, the interaction of Oct-1 with VP16
and HCF stabilizes DNA binding to a TAATGARAT motif (R=purine) and involves the
direct contact of VP16 with DNA. Interaction of Oct-1 or Oct-2 with OCA-B stabilizes
binding to octamer motifs with an adenine residue at position 5 (ATGCAAAT) and
involves the direct contact of OCA-B to DNA (379, 381). Therefore it seems that while
the presence of the POU specific domain increases the specificity and affinity of DNA
sequence recognition by POU homeodomain proteins, auxiliary factors through
additional protein-protein interactions may be required to direct and increase binding of

these factors to octamer motifs in the cell.
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A substantial structural transition occurs upon Oct-1 binding to DNA (487).
Protease digestion profiles have revealed significant differences before and after DNA
binding. Calorimetric assays, which studied the binding of Oct-1 to DNA, showed a
negative potential value for DNA binding suggesting energy was required for DNA
binding. Therefore it is conceivable that the protein-protein interactions may act to
produce a structural transition in the octamer factor that facilitates DNA binding.

Many non-receptor protein-protein interactions with Oct-1 and/or Oct-2 have
been identified that are mediated with the POU domain. These include interactions with
HMG-2, OCA-B, SNAP, and VP16. In some cases interactions were specific to Oct-1
(i.e. VP16) (360) while in others interactions occurred with both Oct-1 and Oct-2 (i.e.
OCA-B and HMG-2) (375, 405). Some protein-protein interactions were DNA-
independent like that of HMG-2, while others were dependent on DNA for interaction
like that observed with OCA-B.

The interaction of octamer factors with HMG-2 is most similar to that described
for GR-Oct-1. HMG-2 is a non-histone chromatin associated protein with non-specific
DNA binding activity (488). HMG-2 interacts with the homeodomain of Oct-2 and the
interaction could also be extended to Oct-1, Oct-4 and Oct-6 proteins in a DNA
independent manner in vitro and in vivo (405, 489). HMG-2 acted by increasing the
sequence-specific DNA binding activity of Oct-2 (405). In contrast to the interaction
with GR-Oct-1/-2, which appeared to facilitate the DNA binding of octamer factors
through cooperative DNA binding, the HMG-2-Oct-2 interaction appears to increase the

DNA binding activity of Oct-2 without the direct binding of HMG-2 to DNA.
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The interaction of SNAPc with the POU of Oct-1 results in cooperative DNA
binding (390, 392). In contrast to GR-Oct-1 binding, which was mediated by the
homeodomain of Oct-1, the interaction with SNAPc was mediated by the POU specific-
domain. Point mutation E7S in the POUsp domain abolished interaction with SNAPc. It
has been proposed that the protein-protein interaction acted by relieving the inhibitory
effects imposed by the C-terminus of SNAPc on its DNA binding activity. Together both
factors bound cooperatively to DNA, which in part contributed to increased gene
transcription.

The interaction of Oct-1 with VP16 is distinct from that observed with GR. GR
interacted with both Oct-1 and Oct-2, in contrast VP16 interaction was limited to Oct-1.
Glutamine at position 22 of the homeodomain of Oct-1 dictated the specificity of binding
to VP16, whereas for Oct-2 this amino acid is an alanine and precluded interaction with
VP16 (360). These same mutations, E22A in Oct-1 POU and A22E in Oct-2 POU, were
tested for binding to GR and were shown not to influence GR-Oct-1 binding (45).
Furthermore, VP16 interaction with Oct-1 changes the DNA binding specificity of Oct-1
to produce a complex with HCF that recognizes a TAATGARAT (R= purine) motif to
positively activate transcription (128).

The interaction of OCA-B with Oct-1 and/or Oct-2 is distinct from the interaction
with GR. The OCA-B interaction is specific for Oct-1 and Oct-2 because it forms a
ternary complex with DNA and either Oct-1 or Oct-2 but not other POU factors like Oct-
4, Oct-6 or Pit-1 (381). Biochemical (381) and x-ray crystallography analysis (379)
showed that OCA-B contacts both the POUsp and the homeodomain of octamer factors

in addition to the octamer motif DNA, directly.



-172-

4. Oct-1/-2 recruitment to DNA.

In vivo, octamer motif occupancy correlates with co-occupancy of GR/PR and
NF-I-binding to the MMTV promoter on chromatin (43). In vitro, footprinting studies
with purified factors demonstrated that GR reduced the amount of Oct-1 required to
saturate the MMTV octamer motifs (17). My results indicate GR has a similar ability to
promote the binding of Oct-2 to the MMTV octamer motifs on plasmid DNA in vivo
(Figure 21). They also indicate that the recruitment of Oct-2 to the MMTV LTR was
dependent upon the L501P-sensitive protein-protein interaction between GR and Oct-1.

Although the MMTV promoter proximal region of the LTR contains four HREs,
one NF-I binding site and two octamer motifs upstream of a core promoter element, exo
fooprinting revealed that the minimal DNA requirements for Oct-2 recruitment to DNA
was a single HRE adjacent to an octamer motif (Figure 22). Co-expression of liganded
GR with Oct-2 resulted in a A exo pause site flanking a consensus octamer motif on
plasmid DNA also containing a consensus HRE but lacking other mammalian promoter
elements. Therefore, additional sequence-specific or general transcription factors were
not required for GR-facilitated DNA binding of Oct-2. In addition this also suggests that
the recruitment of Oct-2 was independent of on-going transcription. Furthermore, these
results suggested the precise composition of the HRE or the octamer motif was not
essential for GR dependent recruitment of Oct-2.

When tethered to DNA through the GaldDBD, the GR DBD offered the same
potentiation of Oct-2 binding to plasmid DNA in vivo (Figure 23). Binding to the

octamer motif was sensitive to GRyso1p, Suggesting a protein-protein interaction between
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GR and Oct-1/-2 was required for GR-mediated recruitment of Oct-2 to plasmid DNA in
vivo.

The implication of these results is that the steroid-dependent occupancy of the
octamer motifs in vivo on chromatin is going to depend at least in part on the association
of GR with Oct-1/-2. The mechanism of MMTV occupancy of Oct-1 is in striking
contrast to the apparent mechanism utilized by GR for recruitment of NF-I to MMTV
which seems to be almost entirely dependent on chromatin and chromatin remodelling
(36, 39, 43). Further, no direct interaction between NF-I and GR has been recorded.

Oct-1/-2 recruitment to DNA by hormone-treated GR is independent of spacing
and orientation of the DNA-binding sites for each factor. The promoter proximal region
of the MMTV LTR contains HREs and octamer motifs separated by 21 nucleotides
encompassing the NF-I binding site. Together, synthetic consensus HRE and consensus
octamer motif were inserted into a plasmid spaced by 29 nucleotides and oriented with
the 3’ end of the octamer motif nearest the HRE, the opposite orientation to what is
observed on the MMTYV promoter. The Gal4DBD was separated by 7 nucleotides from
the consensus octamer motif. In all the examples above, octamer factor recruitment by
GR demonstrated the versatility of GRs ability to promote octamer motif occupancy on
plasmid DNA in vivo. The implication for this versatility is that a similar mechanism
may occur on other naturally occurring promoters containing juxtaposed binding sites for
both factors. It would be interesting to test the limits of the ability of GR to recruit
octamer factors to DNA and determine the maximum separation between the binding

sites that supports recruitment.
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The Oct-2 and GR-dependent footprint was located at 49 on the MMTV
promoter, mapping exactly between the two octamer motifs. The location of the exo
pause site was consistent with previous reports demonstrating a hormone-dependent
pause site on the MMTV promoter (38). In these reports, the pause site was ascribed to
TFIID, a component of the general transcription machinery. The footprinting
experiments presented here suggest the pause site most likely reflects the binding of Oct-
2 to promoter DNA, exemplified by the strict dependence on Oct-2 in the footprinting
experiments using promoter-less DNA templates (Figure 22, 23).

The results presented here agree with most if not all in vitro and in vivo data on
GR and Oct-1 DNA-binding function. In one previous report, exo footprinting on the
MMTYV promoter for detection of transcription factor DNA-binding following steroid
treatment did not reveal a pause at -49 (490). However, in these footprinting experiments
the processive enzyme used was exo III, not A exo. In a more recent report, Oct-1/-2
binding was demonstrated with a pause site at nucleotide position —49 that could only be
detected by the more sensitive A exo, not exo III (470).

A exo is more sensitive than exo III in the detection of protein/DNA boundaries
because the nuclease-treated DNA template can be used directly for linear PCR (470). A
exo digests the single stranded DNA in a 5’ to 3’ direction so that template DNA can be
amplified directly with an end labeled DNA primer. In contrast, exo III digests the DNA
in a 3’ to 5 manner and therefore requires an additional step prior to linear PCR. An SI
nuclease digestion reaction is required to remove the extended single-stranded DNA on
the opposite strand. Then the strand opposite to that digested with exo III is amplified in

the linear PCR step. Further, it has been shown that A exo digests the DNA in a sequence
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independent fashion while the digestion pattern by exo III may be influenced by DNA
sequence (483).

The major disadvantages of the exo footprinting assay are that they cannot detect
the binding of more than one protein to the same template DNA. Once the exo
progression ceases, other proteins bound 3’ to the pause site would not be revealed.
Further, some DNA-binding proteins bind to DNA in a way that does not present a
barrier for exo digestion. Specifically GR and yeast Gal4 bind to DNA in a way which is
not detected by exo digestion and therefore DNA-binding cannot be revealed using the
exo footprinting assay (Figures 21 and 23).

To show cooperative DNA-binding of proteins to DNA in vivo, sequential
chromatin [P assays could be used. In this assay, proteins would be reversibly cross-
linked to DNA and the DNA template immunoprecipitated sequentially with antibodies
to specific DNA-binding proteins. Subsequently, PCR would reveal only DNA template

doubly immunoprecipitated.

S. Facilitated octamer factor DNA-binding by GR potentiates transcription from

an octamer motif.,

Octamer-motif-dependent transcription by Oct-2 and VP160CT-1POU was
potentiated by a GR peptide and was dependent on the protein-protein interaction
between GR and Oct-1/-2 (Figure 20). The GR peptide fused to the Gal DBD was able to
activate reporter gene transcription only when coexpressed with either the POU domain
of Oct-1 fused to the VP-16 activation domain or the full-length Oct-2. The reporter gene
consisted of five Gal4 DNA binding sites juxtaposed to four octamer motifs. The level of

gene activation was increased almost two orders of magnitude and directly correlated
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with an increase in activation potential by octamer factors because the majority of the
activation was dependent on the octamer motifs and co-expression of VP16-Oct-1 POU
or Oct-2. Furthermore, most of the transcriptional activation was attributed to the
GR/Oct-1/-2 protein-protein interaction because the GR-mediated activation of gene
transcription was completely sensitive to GR L50IP. In the absence of octamer motifs
and Oct-1 POU or Oct-2, Gal-GR was transcriptionally inert.

These results suggested that octamer factor-mediated transcription alone from
octamer motifs was poor. Most likely, the transcription was poor because in vive octamer
factors bound to promoter DNA poorly in the absence of recruitment by GR. From the
Gs4XOCTWT reporter gene, in the absence of co-expressed GAL-GR peptide, Oct-2 and
VP160ct-1POU-mediated transcription increased from 2 units to 4 and 37 units,
respectively. The variation in gene transcription from Oct-2 and VP160ct-1-POU are
most likely attributable to the differences in activation domains. The activation domains
of Oct-2 are relatively uncharacterized while the VP16 activation domain has been shown
to be able to interact with multiple subunits of the general transcription machinery (69-
71). Following coexpression of GAL GR, Oct-2 mediated transcription was increased at
least 35 fold while the transcription by VP160ct-POU was increased approximately 10
fold. Therefore it appears that GR potentiated the transcription by Oct-2 and the VP16

Oct-1 POU fusion protein primarily by recruiting the POU-containing factors to DNA.

6. The consequence of GR/Oct-1 binding for selective gene transcription.

On viral and synthetic promoters containing paired HREs and octamer motifs,
gene transcription is activated synergistically in response to glucocorticoids that is

dependent on the binding sites for both factors (16, 17). No reports have been observed
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in which octamer factors influence the activity of promoters containing HREs in the
absence of octamer motifs. By contrast, on the prolactin, GnRH and histone H2B
promoters which contain octamer motifs but lack a HRE, glucocorticoids repress gene
transcription, presumably by active repression by GR tethering to DNA through octamer
factors (21, 26, 491).

One striking feature of the preformed GR/Oct-1 complex is that it was disrupted
by a HRE in a GST pull-down experiment (Figure 24). Therefore, the binding of GR to
Oct-1 appeared to be exclusive of GR binding to a HRE. The capacity of GR for
sequence-specific DNA recognition did not appear to be affected when complexed to
Oct-1 because these complexes were competed by a HRE and not other DNA, like highly
sheared calf thymus DNA or DNA containing binding sites for other transcription factors.
Preformed GR fusion protein and Oct-2 complexes bound cooperatively to
oligonucleotides harboring paired DNA response elements in EMSAs (Figure 25). In
these assays, simultaneous challenge with competitor oligonucleotides containing a single
HRE resulted in loss of cooperative DNA binding.

The implications of these results are that the GR/Oct-1/-2 complex can
cooperatively bind to DNA and activate gene transcription synergistically from promoters
containing paired response elements while having limited or no effect on promoters
containing HREs but lacking an octamer motif. The observation that in the absence of
hormone no octamer factor was observed bound to DNA suggested that in the absence of
GR, octamer factors were unable to bind to octamer motifs with high affinity in vivo.
The ability of GR, in an L501P-sensitive fashion, to promote octamer factor binding to

DNA through protein-protein interactions was supported by in vivo footprinting
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experiments on transiently transfected plasmids (Figure 23). Furthermore, EMSAs
showed that both factors bound cooperatively to DNA in a way that depended on the
protein-protein interaction (Figure 25).

The protein-protein interaction between GR and Oct-1 induces cooperative DNA
binding of Oct-1 on the same DNA molecule in vitro. The cooperative DNA binding of a
Gal-GR and Oct-2 in vitro using an EMSA showed that GR can induce complex
formation with slower mobility containing GR and Oct-2. The complex was dependent
on the protein-protein interaction because no slower shifted complex was observed
following incubation of GRysoip With Oct-2. Both factors were determined to be part of
the slower migrating complex because an excess of unlabeled HRE DNA or octamer
motif DNA disrupted the complex, but not other competitor DNAs.

Cooperative DNA-binding of GR and Oct-1/-2 was abolished by the presence of a
HRE or Oct binding site (Figure 25). The use of oligonucleotides to disrupt cooperative
DNA-binding of transcription factors has not been reported elsewhere. [ propose that this
would provide a tighter level of control of gene expression through HREs by reducing the
potential of octamer factors to influence GR responsive genes lacking octamer motifs.
Further, this suggests that it is unlikely that Oct-1 and Oct-2 can act as co-activators for
GR through consensus HREs, despite their ability to interact in solution.

Although GR appears to function similarly with octamer factors through a
consensus octamer motif (5-ATGTAAAT) and the MMTV distal octamer motif (5'-
ATGCAAAT), it would be interesting to determine the precise base composition of the
octamer motif required for cooperative DNA-binding, especially following previous

reports showing that the degenerate octamer motif, S'-CGGCAAAT, disrupted octamer
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factor DNA-binding activity in the context of a single response element (492). However,
when the same response element was paired with a binding site for the Gal-GR fusion
protein, cooperative DNA binding of both factors ensued in an L501P-sensitive manner
(Figure 25). This suggests that GR was able to recruit octamer factors even to extremely
degenerate octamer motifs in vitro. However, the level of cooperative binding was lower
than that observed with a paired consensus octamer motif. As the POUsp domain
recognizes the 5' half of the octamer motif, these results suggest that the DNA-binding
function of POUsp domain may play a subordinate role in the cooperative DNA-binding
between GR and Oct-1/-2.

Two potential mechanisms are proposed to explain ways in which the GR/Oct-1/-
2 complex in solution could result in cooperative binding of Oct-1/-2 to DNA and are
illustrated in Figure 35a. In the first model, association of GR and Oct-1/-2 through their
respective DBDs occurs in solution (step i) in a manner that allows GR to specifically
recognize a HRE initiating DNA binding (step ii). The binding of GR to a HRE is
exclusive to interactions with Oct-1/-2. Upon GR DNA binding the octamer factor is
released (step iii). If the octamer factor is liberated in transcriptional regulatory regions
with octamer motifs in the proximity, Oct-1 and Oct-2 DNA binding is facilitated by an
increase in their local concentrations. In the absence of an octamer motif the octamer
factor is not retained by DNA binding and is simply released. The advantage of this
mechanism is that it is not dependent of the precise juxtaposition or the orientation of the
DNA binding sites relative to one another.

In the second model, it is proposed that GR and Oct-1/-2 bind simultaneously to

DNA (Figure 35b). The GR-Oct-1/-2 complex would somehow alter the overall
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Figure 35. Models for cooperative DNA binding by GR/Oct-1/2 complexes.

a. Upon treatment with steroid, liganded GR localizes to the cell nucleus where it can
form a protein-protein complex with Oct-1 or Oct-2 (Oct-1/-2) through the respective
DNA binding domains of each transcription factor. (step i). Mutations L501P or C500Y
in the GR disrupt the protein binding. The GR/Oct complex can still recognize with
specificity the GRE (step ii). As, a result the protein-protein complex is destabilized and
GR releases Oct —1/-2 (step iii). In the presence of an adjacent octamer motif, binding of
Oct-1/-2 to the octamer motif is promoted. However, in the absence of a nearby octamer
motif Oct-1/-2 is released. b. The second mechanism is similar to that proposed in A.,
except the GR/Oct-1/-2 complex binds coordinately to regulatory regions containing
GREs and Octamer motifs linked in cis. Whether a continued interaction is maintained
when both GR and Oct-1/-2 are bound is not known.
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structures of their respective DBDs in a way that would enhance the DNA-binding
function of each factor. This model is favored by the observation that the Gal-GR fusion
proteins also promoted Oct-2 DNA binding in vivo when an octamer motif is juxtaposed
to a GAL4 binding site. The second model does not exclude the possibility of continued
interactions following DNA binding. It would be expected that if continued interactions
were maintained following cooperative binding that the precise juxtaposition of the
paired elements would influence this.

Studying the influence of GR on Oct-1/-2 DNA binding kinetics may provide
additional insight into the mechanisms for cooperative DNA binding. For example, if
GR contributed to the stability of DNA binding through a continued protein-protein
interaction between GR and Oct-1, this would be expected to decrease the rate of
dissociation of Oct-1/-2 from octamer motifs. By contrast, if the GR/Oct-1/-2 complex
resulted in an altered conformation of Oct-1 in a way that increased its recognition of the
octamer motif, one might expect to increase the on-rate for Oct-2 to DNA. In the
recruitment release model, increasing the local concentration of octamer factors near the
promoter harboring octamer motifs, one might expect to increase both the on and off
rates of Oct-1/-2 binding to an octamer motif.

In this study, [ have not addressed directly the ability of GR to repress gene
transcription from octamer motifs derived from the Histone H2B, prolactin or GnRH
promoters. In an EMSA, the cooperative DNA binding of GR/Oct-2 was challenged with
an octamer motif and as a result cooperative DNA binding was lost (Figure 25, Lane 35).
This suggested that the continued interaction of GR DBD with Oct-2 is incompatible with

Oct-2 DNA binding. This together with other published observations, that showed full-
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length GR but not the GR DBD/hinge was able to block DNA binding of Oct-1 to an
octamer motif, suggest determinants outside the GR DBD/hinge are important for
blocking DNA binding (21). [ propose that the interaction of GR with Oct-1 through
tethering elements (prolactin and GnRH octamer motifs) would most likely occur through
alternative protein-protein interactions stabilized in the presence of DNA that occurs

through determinants outside the GR DBD/hinge.

7. Only GR, PR and AR through their DBD/hinge regions interact with Oct-2, in
vivo.

Several lines of investigation suggest that NRs may interact broadly with POU
factors (7-26, 45). NRs share a highly conserved structure and sequence within their
DBD region (162). In vitro binding studies using GST pull-down experiments have
suggested that several NRs had the potential for binding to the POU domain of Oct-1
(45). Previously, I demonstrated that several NRs bound to the POU domain of Oct-1 in
vitro. Further RARo’ bound to the Oct-1 POU domain within a region that required the
DBD of RAR and mapped to approximately the same position as that described for GR.

More recently, others have shown that some NRs through their DBD/hinge region
interacted with POU factors. Kakizawa et al. (1999) (409), demonstrated RXR interacted
with the homeodomain alone of Oct-1 and required the DNA binding domain of RXR in
addition to at least part of the hinge region. Further, ERa has been shown to interact
directly with two POU factors, Brn 3a and Bm 3b (15). Again the protein-protein
interaction mapped to the DNA binding domain of ERa. Characterization of the protein-
protein interaction of GR with Oct-1/-2, RXR with Oct-1, ERa with Bm 3a/3b and ERa

with Pit-1 (12), suggests these NRs interacted with POU factors through common motifs,
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in vitro. However, the functional results from these interactions vary depending on the
promoter context with both positive (12, 15-17) and negative (15) transcriptional
outcomes described. [t is quite clear in the event that both factors bind to the same
promoter, that gene transcription can be activated synergistically.

In vivo, not all NRs bound via their DBD/ hinge regions to Oct-2 in mammalian
one-hybrid and co-IP assays (Figures 26 and 27). In these assays, the DBD/hinge of
various NRs: human PR, (aa 535-688), rat AR (aa 515-671), rat MR (aa 577-671),
human ERa (aa 164-294), mouse RXRo (aal18-236), mouse RARx (aa 60-160) and
Drosophila Ftz-Fla. (aa 478-610) were fused to the Gal4 DNA binding domain and
tested for activation while being co-expressed with Oct-2 protein in CHO-K1 cells. Of
these NRs, only GR, PR and AR were shown to activate transcription in the presence of
Oct-2. Analysis using a co-IP assay showed directly that the Gal DBD/hinge steroid
receptor fusion proteins bound to Oct-2. These results showed in vivo GR, PR and AR
but not MR or ERa can bind to Oct-2, in vivo.

The binding of Oct-2 correlated precisely with the promotion of the binding of
Oct-2 to DNA templates with paired elements (Figures 28 and 29). In vivo footprinting
assays showed the DBD/hinge region of GR, PR and AR recruited Oct-2 to paired
synthetic response elements and the full length receptors recruited Oct-2 to the MMTV
promoter in a hormone dependent manner. These results are consistent with in vitro
footprinting studies published elsewhere, showing GR and PR decreased the
concentration of Oct-1 required to saturate the octamer motifs (17). MR lacked the
ability to interact with Oct-2 and promote the occupancy of the octamer motifs adjacent

to the HREs on both synthetic paired response elements and the MMTYV promoter.
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8. The MMTV HREs determines steroid receptor specific responses and

dependence on octamer motifs for communicating transcriptional effects

GR, PR, AR and MR are closely related in amino acid sequence and in
transcriptional activation function from consensus HREs (5). They can bind as
homodimers to the same primary sequence of the AGAACA arranged in an inverted
repeat separated by three non-discrete base pairs with each receptor monomer
recognizing one half of the site. Indeed from a reporter gene whose expression was
regulated by two copies of a HRE, GR, PR, AR and MR activated transcription to equal
levels (Figure 31). However in vivo, many HREs are divergent from consensus HREs
and AR, GR, PR and MR elicit very different physiological responses to their cognate
ligands by activation of unique sets of genes (263-268). These differential effects can be
achieved through specific responses unique to individual steroid receptors.

The results presented here and elsewhere (269) showed that the target DNA HRE
can dictate receptor specific responses. The MMTV promoter can be activated to similar
levels of gene transcription by AR, GR, PR and MR, therefore it was assumed that the
MMTYV HRE:s failed to discriminate between steroid receptors. The results presented
here show individual steroid receptors employ differential modes for activating
transcription on the MMTV promoter (Figures 30 and 31). Gene transcription directed
by the MMTV HREs showed, in the absence of the octamer motifs, that GR- and PR-
mediated gene transcription was severely impaired. Moreover, transcriptional activation
was reduced to near basal levels. These results were exactly consistent with results in
Hela cells (17). For GR and PR, the presence of functional octamer motifs on the

promoter resulted in a striking increase in gene transcription to levels equal to or
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exceeding those observed by MR and AR (Figure 30). In the absence of the octamer
motifs, AR and MR mediated transcriptional activation was strong and almost completely
refractory to the presence of the octamer motifs on the promoter. Therefore it appeared
that the MMTV HREs did indeed determine steroid receptor specific transcriptional
responses. For the first time, I showed that GR, PR, MR and AR have differential modes
for inducing gene transcription from the MMTV LTR on transiently introduced reporter
plasmids.

GR and PR mediated transcription was almost entirely dependent on the MMTV
octamer motifs. These results suggested that octamer factors were instrumental for
glucocorticoid- and progesterone- mediated gene transcription. [ demonstrated for
PR/GR that the dependence on octamer motif-mediated transcription on the MMTV LTR
correlated directly with binding to the POU domains of Oct-1/-2 and with octamer factor
recruitment to promoter DNA. [ present a model in which GR/PR mediated transcription
by the MMTV HREs in the absence of octamer factors was completely ineffective for
activating gene transcription (Figure 36a). However, in the presence of octamer motifs
gene transcription is activated at least in part due to the recruitment of octamer factors to
DNA (Figure 36c). The level of transcription due to the direct recruitment and
transcriptional synergy remains to be determined.

In contrast for MR and AR, MMTV mediated transcription was completely
independent of the octamer motifs (Figures 36b and d). For MR it is clear how
mineralocorticoid-mediated transcription is independent of the octamer motifs because no
octamer factors were recruited by MR to the promoter. Surprisingly, MR appeared to

have a compensatory mechanism within the MMTV HRE that produced a similar total
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Figure 36. Differential modes of transcriptional activation employed by GR/PR and
MR from the MMTYV promoter.

A summary through schematic illustration of the results obtained from studying the
induction of gene transcription mediated by GR, PR and MR on the MMTV promoter.
The promoter DNA is represented by a solid thin line with a bent arrow and the HREs
highlighted by the solid rectangle. The steroid receptors are represented as striped ovals.
The octamer factors are represented as empty octagons and the octamer motifs as the
solid horizontally stretch octagons. The lightening bolt denotes the active transcription
factors. a. In the absence of octamer motifs, GR and PR are bound to DNA and in a
conformation that does not permit the induction of gene transcription (Off). b. In the
absence of octamer motifs, MR is bound to DNA in a transcriptionally active
conformation resulting in the induction of gene transcription (ON). c. On the MMTV
promoter in the presence of octamer motifs GR and PR can recruit octamer factors to the
promoter DNA and function cooperatively to induce gene transcription (ON). Currently
the level of transcription due to transcriptional synergy between individual activation
domains of the steroid receptor and the octamer factors remain to be determined
(indicated by the ?). d. In the presence of functional octamer motifs, MR is illustrated
transcriptional active with no octamer transcription factors bound to DNA because MR
could not recruit octamer factors to the promoter DNA.
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level of transcriptional responsiveness compared to GR, at least in CHO-K1 cells on a
transiently introduced DNA reporter gene. Although AR interacted with Oct-2 in co-IP
binding assays and one hybrid experiments and promoted octamer motif occupancy, AR
mediated transcription was completely independent of the octamer motifs on the MMTV
promoter. Therefore, at least for AR one other level of control exists.

The interaction of Oct-1 with AR appeared to be different than that described for
GR. For GR the interaction with Oct-1/-2 appeared to be independent of DNA in the
peptide contexts of both the DBD/hinge and the full-length receptor (45). More recently,
the interaction of the AR DBD/hinge with Oct-1 has been shown to be independent of
DNA (493). However in the context of the full-length AR the interaction with Oct-1 was
DNA-dependent because binding, in the absence of DNA resulted in the loss of AR/Oct-1
binding. The protein-protein interaction could be enhanced by the presence of a specific
enhancer DNA from the sex-limited protein promoter containing binding sites for both
AR and Oct-1. The increased interaction was attributed to steroid receptor DNA binding
signals communicated by the N-terminus of AR. However the interaction of full length
AR with another POU factor, Bm, was completely DNA independent, an interaction
more reminiscent of that described for GR and Oct-1/-2 (45, 493).

It remained possible that AR interacted differentially with Oct-1 and Oct-2.
Although it remains to be tested directly, it is possible that AR functions like GR and PR
to recruit Oct-2 to the promoter and activate transcription but functions more like MR
with Oct-1. The co-IP, one hybrid assay and in vitro footprinting experiments (Figures
26, 27, 28, 29) showed AR interactions with Oct-2, whereas the octamer motif sensitivity

transcriptional assay used endogenous octamer factors including Oct-1 from CHO-K1
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cells (Figure 30). More complete assays comparing the interaction of AR with Oct-1 and
Oct-2 will be required to confirm this hypothesis.

Although the interaction between NRs and the POU domain of octamer factors
required the NR DBD and the extreme N-terminus of the hinge for interaction in vitro
(45), the precise determinants for the protein-protein interaction, in vivo, have not been
finely mapped. It is clear that determinants outside the immediate GR DBD were
required for interpreting the signals from the MMTV HREs for octamer motif dependent
transcription. The use of chimeric GR/MR proteins demonstrated that the immediate GR
DBD was not sufficient to confer octamer motif sensitivity in gene transcription to the
MR (Figure 34). Therefore [ proposed determinants were localized outside of the GR
DBD.

In order to show some determinants for interaction with the Oct-1 POU domain
were localized to the GR hinge region, experiments were performed with a GR
DBD/hinge peptide, excluding major transcriptional activation domains (Appendix A).
Preliminary experiments showed that when the GR DBD/hinge was coexpressed with
Oct-1POU VP16 a two fold increase in transcriptional activation could be observed from
a reporter plasmid containing the MMTV HREs but lacking functional octamer motifs.
However when the MR DBD/hinge was tested under the same conditions, no increase in
transcriptional activation was observed. Testing a series of GR/ MR chimeric peptides
revealed that MR gained the ability to increase transcription when coexpressed with Oct-
IPOU VP16 only when a region including GR aa 522-556 was fused to the
corresponding positions of the MR peptide. Further, the GR peptide lost the ability to act

functionally with Oct-IPOU VP16 when aa 522-556 were substituted with MR
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sequences. These results suggest that some determinants for functional interaction with
the POU domain of Oct-1 were located in the GR hinge region between aa 522-556.
However, these results remain to be confirmed in the context of the full-length receptor.

Surprisingly, GR aa 522-556 map to a region of the receptor that contains
determinants for solution homodimerization interfaces (175). These determinants for
homodimerization are lacking in the MR. Further a similar homodimerization motif has
recently been described in the hinge region of the PR (176).

[ propose that the MMTV HREs determine the ability of individual steroid
receptors to assume an active conformation. In the absence of DNA, it has been
proposed that GR adopted an inactive conformation and following DNA binding a
conformational change occurs that causes the receptor to assume an active conformation
(494). The active conformation would presumably result in an differential GR
association with coactivator or coregulatory factors. A mutation in the DBD of the
receptor, K461 A, converts the receptor into an active conformation even from the pifG
promoter, whereas the wild-type receptor acts to transrepress gene transcription. The
results presented in this work showed that the MMTV HREs somehow limited the ability
of GR and PR to activate transcription in the absence of octamer motifs, potentially by
restricting the receptor to interact with coregulatory factors, chromatin remodeling factors
or other factors that remain to be identified. Therefore, it may be interesting to test the
ability of GR K461A to activate MMTV gene transcription in the absence of octamer
motifs.

Studies with hormone antagonists such as RU486 on the MMTV promoter

suggest that receptor interaction with coregulatory proteins are likely to be important for
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transcriptional synergy between GR and octamer factors. RU486 functions in a way that
permits GR to bind to transcription regulatory regions but blocks the ability of GR to
interact with coactivator molecules (495). In contrast, the protein-protein interaction of
Oct-1 with RU486 treated GR is maintained (45). On the MMTV promoter, RU486
treated GR can act to block transcriptional activity (484), although further experiments
are required to confirm that RU486 treated GR can function to recruit octamer factors, in
vivo.

The dependence on the octamer motifs was not cell-type specific, however the
cellular context did indeed influence the degree to which gene transcription depended on
the octamer motifs. In CHO-KI1 cells, mutation of the octamer motifs led to 50 fold
reduction in the level of gene transcription. Similarly, but not to the same extent,
transcription decreased approximately 5 fold in Cos7 cells. The degree to which the level
of transcription was increased in the presence of octamer motifs may be a combination of
effects but most likely are due to an increased basal level of transcription conferred by
the NF-I binding site in the MMTV LTR.

NF-I binding sites may be recognized by proteins produced from four genes (NF-I
-A,-B, -C, -X) with several different isoforms present in unequal ratios in various cell
lines (496). Some act as activators while others act by repressing gene transcription.
This hypothesis could be verified be repeating the gene transcription experiments with
the MMTYV LTR with a mutation of the NF-I binding site. Alternatively, the difference
in the level of transcription among cell lines may be due to the presence of various co-
activator and co-repressor complexes or general transcription factors that function by

differentially amplifying signals induced by the sequence specific transcription factors.
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9. The GR DBD can interact with the homeodomain of several homeodomain
proteins.

The homeodomains of Oct-1 and Oct-2 were required for interaction with GR.
Using GST-GR in pull down-assays with in vitro translated C-terminally deleted Oct-1
revealed an Oct-1 peptide truncated immediately following the homeodomain, N-440,
retained binding (Figure 12). However binding was substantially reduced when
compared to the full-length Oct-1. Further C-terminal deletion into the linker region,
N369, abolished detectable binding.  These results suggested that the Oct-1
homeodomain was required for interaction with GR.

Using co-IP binding experiments with affinity purified full-length GR and in vitro
translated Oct-2 with internal deletion mutants, revealed that the Oct-2 homeodomain
was required for the binding to immunoprecipitated GR (Figure 13). In contrast, deletion
of the POUsp domian retained binding, albeit at lower levels when compared to the
binding of full-length Oct-2 protein. These results confirmed that the Oct-2
homeodomain was required for interaction with GR.

Further examination of the binding between GR and Oct-2 with GST-Oct-2
homeodomain in direct binding GST-pull down assays revealed the Oct-2 homeodomain
was sufficient in mediating the direct interaction with GR (Figure 15). The reduced
binding observed for Oct-1 N440 and the Oct-2Asp constructs was most likely caused by
improper folding of the proteins in the in vitro translation reactions by peptide regions
outside the homeodomain. This hypothesis is supported by direct binding experiments
that showed the homeodomain alone fused to GST retained the same binding properties

as the full POU domain. Together, these results show that Oct-1 and Oct-2 interacted
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directly with GR in vitro and the homeodomain was required and sufficient in mediating
the interaction with GR.

The homeodomain is a highly conserved DNA binding domain found in a large
number of transcription factors that affect development (497). Homeodomain proteins
represent a large transcription factor family characterized by 60 aa core DNA binding
domain and can act redundantly to mediate developmental events. hoxA3 and hoxD3,
have been shown to have identical biological function and that their unique roles
contribute to biological function as a result of quantitative modulations in gene
expression (498).

Alone, homeodomains act by binding to A/T rich DNA elements (TAAT), but
only with relatively low affinity (306). In many instances, homeodomain protein
targeting to specific DNA elements in the cell has been shown to be dependent on
protein-protein interactions with other transcription factors (44, 397, 398, 434, 499-503).
For example, some Hox homeodomain proteins gain DNA-binding specificity and
affinity through cooperative binding with the divergent homeodomain protein PbxI
(504), and some abd-B, like Hox proteins, DNA binding activity is stabilized by its
association with Meisl (505, 506). Moreover, Pbx! and Meisl can dimerize which
results in distinctive DNA binding specificity (507).

Homeodomain protein DNA binding activity can also be modulated by non-
related transcription factors. The cardiac factor, Nkx-2.5, can be recruited by the serum
response factor to activate oi-actin gene transcription in murine fibroblasts (508). Nkx-
2.5 can also cooperate with the zinc finger protein, GATA-4, to activate transcription of

both cardiac ct-actin and atrial natriuretic factor genes (403, 509). In these two examples,
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the protein-protein interaction has been mapped directly to the homeodomain of Nkx-2.5
(403, 508, 509).

Following the observation that the homeodomain alone of Oct-1/-2 was required
and sufficient for interaction with the GR DBD, it was interesting to assess whether other
homeodomain proteins interacted similarly. All of the homeodomains tested bound
similarly to *?P-labeled GR DBD in GST pull down assays in an L501P sensitive manner
(Figure 16). By comparing the quantity of GST fusion protein used in the assay, to the
amount of binding in the pull down assay, suggested that some of the proteins bound with
slightly different efficacies. For example, binding to the hoxC4 homeodomain and to
full-length dix2 was strongest while binding was weakest to the Prd homeodomain.
Under these conditions it would be difficult to make conclusions on the efficacies of
protein binding and extending them to protein affinity without carrying out protein-
protein affinity binding studies. For this, it would be important to test the structural
integrity of each protein purified from bacteria. The binding information obtained from
the pull-down studies was supported in the co-IP studies (Figure 17).

The mammalian one-hybrid studies showed that full length Oct-2 and two other
homeodomain containing proteins hoxD4 and dix2, but not an unrelated transcription
factor, increased transcription significantly above the level obtained with the Gal4 DBD
in the absence of a GR DBD fusion (Figure 19). The binding of hoxD4 and dIx2 to full
length GR in an L501P sensitive way were verified using a co-IP binding assay (Figure
17). These results suggest the high degree of conservation within the homeodomain may
permit broadly based binding to the GR DBD in vitro and in vivo. The extent of GR-

homeodomain binding remains to be determined.
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Glucocorticoids are teratogenic (510) and most frequently correlated with cleft
palate following embryonic exposure (511). At the start of Xenopus embryo
development GR mRNA is abundant in Xenopus oocytes but is rapidly degraded during
early cleavage stages of the embryo. GR transcripts are re-expressed prior to the
completion of gastrulation and become localized to the dorsal ectoderm. In mammals,
mRNA expression of the GR has been detected beginning at embryonic day 9.5 (512,
513). Down regulation of GR mRNA at final stages of tissue differentiation in which it is
expressed is suggestive of a morphogenic role (513).

Several homeodomain-containing proteins are involved in the first steps of the
establishment of vertebrate body axis during gastrulation. In the initial events of
development, proteins are expressed in gradients across the embryo believed to establish
the anterior-posterior and ventral-dorsal orientations of the embryo. Prior to the onset of
zygotic gene expression, some homeodomain containing proteins are expressed as
maternal factors such as goosecoid (514), Otx2 (505, 515) and Xtwin (516) as well as a
number of POU factors (331, 332, 517, 518).

Zygotic genes become activated between the midblastula transition and the onset
of gastrulation. Homeobox genes such as goosecoid (519-521), floating head/Xnot (521,
522), GSX (523), Xlim-1 (524), Otx2 (515, 525), Xtwin (516) and Siamois (526-528) are
expressed in the organizer. When some of these factors are misexpressed in the embryo,
the embryo becomes dorsalized. Some factors like Xvent-1 and Xvent-2/Vox, have been
shown to be important for ventral fate specification (529-531). Despite the obvious

important functions that these genes play at the onset of gastrulation, little is known about
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the role of maternal homeodomain proteins during cleavage of the vertebrate embryo and
the role of the maternal and zygotic homeodomain proteins prior to gastrulation.

In experiments described in Wang et al. (1999) (532), we showed that the GR
DBD disrupted development of zebrafish embryos in a manner that led to embryonic
death during gastrulation. This effect was rescued by co-expression of the Oct-2
homeodomain. Injection of the mRNA encoding the GR DBD (aa 407-556) was lethal
for at least 55% of the embryos and induced some type of visible embryonic
malformation in approximately 80% of embryos. Microinjection of the same GR mRNA
but with a point mutation at L501P in zebrafish embryos was indistinguishable from
injection of control samples. The co-injection of mRNA encoding the Oct-2 HD with the
GR homeodomain-binding motif resulted in an almost complete rescue of the phenotype
induced by mRNA encoding the GR DBD and hinge region alone.

It was unlikely that the malformations were due to GR binding to a genomic locus
because controls employed GR mRNA containing one of two point mutations, C460Y
and K489R. The GR peptide product would have aberrant GR/DNA binding activity but
retain the capacity for interaction with the POU domain of Oct-1. Further micro-injection
of GR mRNA containing L501P in addition to C460Y showed the same level of
embryonic disruption as control injections of either saline or antisense RNA.

Defects observed by overexpression of the GR DBD and hinge region in zebrafish
developing embryos were similar to defects observed in overexpression studies with
RXR and TR in Xenopus embryos (533). These results suggest that NRs may indeed

interact broadly with homeodomain proteins. Our results highlight the potential role of
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GR in DNA-independent effects during development of multiple organisms and that

some of the effects may result from direct interaction with homeodomain proteins.
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V. CONCLUSION

This thesis provides compelling evidence for a direct interaction between the GR,
PR and AR with octamer factors. In contrast under the same conditions, the interaction
of MR with octamer factors could not be observed. The contribution of the interaction
appears to result in the recruitment of octamer factors to DNA when binding sites for
both factors are juxtaposed. The MMTV HREs restricted the ability of PR and GR to
induce gene transcription, however when juxtaposed to the MMTYV octamer motifs, gene
transcription was permitted. These results suggest mechanisms employed by GR and PR
are different from those used by AR and MR for activating gene transcription from the
MMTYV promoter. The direct GR protein-protein interaction with octamer factors maps
to the homeodomain and the homeodomaine of several proteins, in vitro, and at least two
homeodomain proteins in vivo, dix-2 and hoxD4. This suggests the interaction may be
broadly based for homeodomain proteins. Specifically, I demonstrated that:

L. GR, PR and AR, in a rat GR L501P sensitive manner, bound to octamer
factors, in vivo, using co-IP and mammalian one hybrid assays. Under these same
conditions MR could not bind to octamer factors. [ present preliminary data
demonstrating some determinants for interaction with octamer factors may be localized to
the GR hinge region.

2. Using in vivo footprinting assays of transiently transfected DNA, GR, PR
and AR recruited octamer factors to DNA in a way that was dependent on the protein-
protein interaction. Transfection assays showed the recruitment of octamer factors to

DNA potentiated the ability of octamer factors to activate gene transcription. This
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provided a demonstration of a ligand activated transcription factor modulating the
transcriptional activity of a constitutive transcription factor.

3. On the MMTV LTR using transient transfection assays, the HREs
determined the mode of steroid receptor regulation. GR and PR regulated gene
transcription was almost entirely dependent on the octamer motifs for hormone induced
gene transcription, while transcription induced by AR and MR was octamer motif
independent.

4. The interaction of GR with octamer factors mapped to the homeodomain
of Oct-l and Oct-2 using GST-pull down and coimmunoprecipitation assays.
Mammalian one hybrid and coimmunoprecipitation assays showed the interaction could
be observed in vivo with other homeodomain proteins, suggesting the interaction is a

broadly conserved property of homeodomain proteins.
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Rational

The studies in this work suggested that determinants for functional interaction
with the POU domain of Oct-1 were localized outside the immediate DBD (rat GR aa
440-508), (Figure 34). The mammalian two hybrid analysis (Figure 18) showed that aa
407-556 was sufficient for functional interaction, in vivo. In addition, MMTV HREs
conferred determinants for octamer factor sensitivity for GR but not MR in transient
transfection studies (Figures 30 and 34). Taken together these results suggested some
determinants for octamer factor sensitivity were localized somewhere in the hinge region
of GR between aa 508-556.
Aim

My specific aim was to map GR hinge determinants using GR/MR chimeric
peptides conferred by the MMTV HREs for functional sensitivity to the POU domain of
Oct-1.

Experimental procedure

Plasmids: For the GR and MR chimeric peptides a 2 step cloning procedure was
utilized. An oligonucleotide encoding aa 407-414 was inserted into the BglII/Xhol sites
of pTL2 to produce pTL2 BUGR1/2. Next a PCR-ligation-PCR strategy was employed
to insert chimeric receptor derivatives into the Xhol/ EcoRI sites pTL2 BUGR1/2. The
PCR products were produced using pfRGR and p6RMR as template DNAs. The pGR,
PMR, pGsioM, pMsi10G and pMs»G clones were screened using unique restriction sites
created through silent mutagenesis and the resulting plasmids verified by DNA
sequencing. The plasmids, pOct-1IPOU VP16, pMMTV OctnEIBCAT, p6RGR and

p6RGR have been described in the methods section of the thesis.
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Cell maintenance: Hela cells (ATCC) were maintained in DMEM with 10% FBS
(Hyclone) at 37°C in a water saturated atmosphere with 5% COs.

Transfection: Hela cells were seeded onto 60 mm tissue culture plates 24 hours
prior to transfection. Cells were transfected using Exgen500 according to the
manufacturer's protocol (MBI Fermentus). Briefly, for each plate Exgen500 (8ul) and a
DNA/saline solution containing 500 ng pMMTVOctmEIBCAT, 250 ng pRSVpBgal, 500
ng of plasmid expressing GR or GR/MR peptides and 2 ug pOct-1VP16 in various
combinations were incubated for 15 minutes. Cells were washed with DMEM without
FBS and then the exgenS00/DNA/saline solution and DMEM lacking FBS was added and
incubated for 3 hours. The transfection was terminated by the addition of DMEM with
FBS to 10%. The cells were harvested 48 hours later, cellular extracts prepared and
assayed for CAT and B-gal activity exactly as described the methods section of the thesis.
Results

The results showed when the Oct-1IPOU VP16 was coexpressed with the GR
peptide transcription was induced about two fold (Figure A.l, lane 1). In contrast when
Oct-1POUVP16 was co-expressed MR no significant increase in transcription was
observed (lane 2). MR chimeric peptides containing aa 522-566 of GR increased
transcription when co-expressed with Oct-1POU VP16 (lanes 4 and 5) to a similar fold
induction observed with GR. Further when the aa 510-556 of rat GR was replaced with
the corresponding region of MR the increased level of transcription was lost (lane 3).
Most of the transcription was dependent on the expression of the receptor peptides
because when Oct-1POU was expressed alone transcription was significantly reduced

(lane 6). Taken together these preliminary results suggest some determinants conferred
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Figure A.1. Determinants for Oct-1 sensitivity are localized to aa 522-556 of rat GR.
(top) Schematic illustration of the reporter plasmid and the GR and MR chimeric proteins
used in the experiment described below. The MMTV Octp, reporter plasmid (-188 to -
36) is illustrated with Xs over the octamer motifs. The GR and GR/MR chimeric proteins
are illustrated as rectangles filled solid representing the GR peptide regions or stippled
representing MR peptide regions. The amino acid numbers above the schematic
represent amino acids corresponding to the numbering scheme of rat GR. (Bottom) Hela
cells were transiently transfected with the MMTV Octy,, reporter plasmids and plasmids
expressing GR, MR, Gs;o0M, M;s,0G, Ms»G alone (striped bars) or with a plasmid
expressing Oct-1POU VP16 (solid bars), as indicated. Following 48 hours cellular
extracts were prepared and assayed for CAT activity. Transfection efficiency was
determined by liquid B-gal assay by cotransfection with B-gal expression plasmid. The
results were represented as the mean and S.E.M from one experiment performed in
duplicate.
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by the MMTV HREs for Oct-1 POU sensitivity by GR are localized to the hinge region,

aa 522-556.



-251-

CURRICULUM VITAE

Gratien Guy Préfontaine

EDUCATION:

1997-present Ph.D. (Biochemistry)
University of Ottawa, Ottawa, Ontario
Thesis title: Selective Binding of Steroid Receptors to Octamer
Transcription Factors Determines Transcriptional Synergism at the Mouse
Mammary Tumor Virus Promoter: A Molecular Mechanism for
Transcription Factor Recruitment to Promoter DNA.

1996 M.Sc. (Biochemisty)
University of Ottawa, Ottawa, Ontario
Thesis title: Requirements for the Binding of the Glucocorticoid Receptor
to Octamer Transcription Factor-1, in vitro.

1993 B.Sc. (Biochemistry, Honors)
University of Ottawa, Ottawa, Ontario

AWARDS:
2001-1004  Canadian Institutes of Health Research, Fellowship

1997-2000  Medical Research Council of Canada, Studentship.

1994 Gordon Research Conference, Travel Award.
1989 University of Ottawa, Entrance Award.
EXPERIENCE:

1994 -1995 Lab Demonstrator - BCH 3926 and BCH 2540
University of Ottawa.



-252-

PUBLICATIONS AND ABSTRACTS:

I. Papers (6):

Savory J.G., Préfontaine G.G., Lamprecht C., Liao M., Walther R.F., Lefebvre
Y.A., Hache RJ. G. (2001) Glucocorticoid Receptor Homodimers and
Glucocorticoid-Mineralocorticoid Receptor Heterodimers Form in the Cytoplasm
through Alternative Dimerization Interfaces. Molecular and Cellular Biology 21:
781-793.

Préfontaine, G.G., Giffin, W., Walther, R.F., Lemieux, M.E., Pope, L. and
Haché, RJ.G. (1999) Selective binding of steroid hormone receptors to octamer
transcription factors determines transcriptional synergism at the MMTV
promoter. Journal of Biological Chemistry 274: 26713-26719.

Wang, J.M,, Préfontaine, G.G., Lemieux, M.E., Walther, R.F., Pope, L.,
Akimenko, M.-A. and Haché, R.J.G. (1999) Developmental effects of ectopic
expression of the glucocorticoid receptor DNA binding domain that interferes
with homeodomain binding. Molecular and Cellular Biology 19: 7106-7122.

Préfontaine, G.G., Lemieux, M.E., Giffin, W., Schild-Poulter, C., Pope, L.,
Lacasse, E., Walker, P. and Haché, RJ.G. (1998) Recruitment of octamer
transcription factors to DNA by glucocorticoid receptor. Molecular and Cellular
Biology 18:3416-3430.

Giffin, W., Kwast-Welfeld, J., Rodda, D.J., Préfontaine, G.G., Traykova-
Andonova, M., Zhang, Y., Weigel, N.L. Lefebvre, Y.A. and Haché, R.J.G. (1997)
Sequence-specific DNA binding and transcription factor: Phosphorylation by Ku
autoantigen/DNA-dependent protein kinase. Journal of Biological Chemistry 272:
5647-5658.

Giffin, W., Tormrance, H., Rodda, D.J., Préfontaine, G.G., Pope, L. and Haché,
R.J.G. (1996) Sequence-specific DNA binding by Ku autoantigen and its effects
on transcription. Nature 380: 265-268.

II. Abstracts (14):

l.

Wang, J.-M., Préfontaine, G.G., Liao, M., Akimenko, M.-A. and Haché, R.J.G.
Development of a far western screen for proteins targetted by dominant negative
glucocorticoid hormone receptor peptides that severely perturb early zebrafish
development. The Endocrine Society Meeting 2000, Toronto, ON.



-253-

Walther, RF., Préfontaine, G.G., Savory, J.A., Reich, T., Haché, RJ.G.,
Lefebvre. Temporal regulatio of trancription responsiveness to glucocorticoid
hormones is accompanied by reassiciation of the glucocorticoid receptor with a
chaperone complex. The Endocrine Society Meeting 2000, Toronto, ON.

Préfontaine, G.G., Giffin, W., Lemieux, M.E., Pope, L. and Haché, R.J.G.
(1998) Selective binding of steroid hormone receptors to octamer transcription
factors determines transcriptional synergism at the MMTV promoter. Hormone
Action, Gordon Research Conference, Meriden, NH.

Préfontaine, G.G., Lemieux, M.E., Wang, J.-M., Giffin, W., Schild-Poulter, C.,
Pope, L., Walker, P., Akimenko, M.-A. and Haché, R.J.G. (1997) Recruitment of
homedomain proteins to transcriptional regulatory regions by nuclear hormone
receptors. Mechanisms of Eucaryotic Transcription, Cold Spring Harbor, NY.

Préfontaine, G.G., Lemieux, M.L., Schild-Poulter, C., Pope, L., Traykova-
Andonova, M., Walker, P. and Haché, RJ.G. (1997) Gene targeting of
homeodomain proteins by nuclear hormone receptors. EMBO Work Shop:
Structure Function of NRs, International School of Pharmacoloy, Erice, Italy.

Lemieux, M.E., Préfontaine, G.G., Walther, R.F., Pope, L., Huang, Walker, P.
and Haché, R.J.G. (1997) Mechanisms of glucocorticoid receptor - octamer
protein transcriptional synergy. The Endocrine Society, 79th Annual Meeting,
Minneapolis, MN.

Kwast-Welfeld, J., Préfontaine, G.G., Giffin, W., Zhang, Y., Weigel, N.L.,
Lefebvre, Y.A. and Haché R.J.G. (1996) DNA sequence-directed phosphorylation
of rat glucocorticoid receptor by DNA dependent protein kinase. The Endocrine
Society, 78th Annual Meeting, San Diego, CA.

Préfontaine, G.G., Walker, P., Traykova-Andonova, M., Pope, L. and Haché,
R.J.G. (1995) A motif in the DNA binding domain of the glucocorticoid receptor
that mediates direct contact with the POU domain of octamer transcription factors
in vivo is conserved throughout the NR superfamily. Mechanisms of Eucaryotic
Transcription, Cold Spring Harbor, NY.

Préfontaine, G.G., Walker, P., Traykova-Andonova, M., Pope, L. and Haché,
R.J.G. (1995) A motif in the DNA binding domain of the glucocorticoid receptor
that mediates direct contact with the POU domain of octamer transcription factors
in vivo is conserved throughout the NR superfamily. The Endocrinology Society,
77th Annual Meeting, Washington, DC.



10.

1.

12.

13.

14.

-254-

Torrance, H., Rodda, D.J., Préfontaine, G.G., Giffin, W. and Haché, R.J.G.
(1995) Phosphorylation of the glucocorticoid receptor on the MMTV promoter
by DNA-PK is directed through a sequence-specific binding site for Ku
autoantigen. The Endocrine Society, 77th Annual Meeting, Washington, DC.
Selected for an oral presentation.

Préfontaine, G.G., Walker, P., Traykova-Andonova, M., Pope, L. and Haché,
R.J.G. (1995) A motif in the DNA binding domain of the glucocorticoid receptor
that mediates direct contact with the POU domain of octamer transcription factors
in vivo is conserved throughout the NR superfamily. Hormone Action, Gordon
Research Conference, Meriden, NH.

Torrance, H. Rodda, D.J. Préfontaine, G.G., Giffin, W. and Haché, R.J.G. (1995)
Ku autoantigen is a transcription factor that represses the induction of Mouse
Mammary Tumor Virus transcription by glucocorticoids. Hormone Action,
Gordon Research Conference, Meriden, NH.

Préfontaine, G.G., Walker, P., White, T.C., Huang, W., Pope, L. and Haché,
R.J.G. (1994) Mapping of the physical association between the glucocorticoid
receptor and octamer transcription factor 1. The Endocrine Society, 76th Annual
Meeting, Anaheim, CA. Selected for an oral presentation.

Préfontaine, G.G., Walker, P., White, T.C.,, Huang, W., Pope, L. and Haché,
R.J.G. (1994) Mapping of the physical association between the glucocorticoid
receptor and octamer transcription factor 1. Hormone Action, Gordon Research
Conference, Meriden, NH. Selected for a travel award.



-255-

CONTRIBUTION OF COLLABORATORS

Madelaine Lemieux performed the mammalian one-hybrid assay described in
Figure 19. Both Madelaine Lemieux and Louise Pope contributed to this worked by
doing the transient transfection and CAT assay described in Figures 20 and 26. Louise
also performed the Oct-1 and Oct-2 mapping studies described in Figures 12 and 13. I
would like to thank Ward Giffin for his excellent technical support for the in vivo
footprinting assays and the EMSA. [ would also like to thank Maya Traykova-Andonova

for her plasmid contributions.





