FLEEL (11) alone, FLEEL with activator
ammonium sulfate, FLEEL with activator
proFIX 19 (12), and FLEEL with both
activators, respectively. The increases in car-
boxylase activity in response to different
activators were consistently reproduced in
separate transient-expression experiments.
Microsomes isolated from permanent cell
lines expressing the exogenous carboxylase
showed a twofold increased carboxylase ac-
tivity over the transiently expressing cells.
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Dopaminergic and Ligand-Independent Activation of
Steroid Hormone Receptors

RonNAaN F. POwWER, SHAILA K. MANI, JUAN CODINA,
OrrLA M. CoNNEELY, BERT W. O’MALLEY*

The current view of how steroid hormone receptors affect gene transcription is that
these receptors, on binding ligand, change to a state in which they can interact with
chromatin and regulate transcription of target genes. Receptor activation is believed to
be dependent only on this ligand-binding event. Selected steroid hormone receptors
can be activated in a ligand-independent manner.by a membrane receptor agonist, the
neurotransmitter dopamine. In vitro, dopamine faithfully mimicked the effect of
progesterone by causing a translocation of chicken progesterone receptor (cPR) from
cytoplasm to nucleus. Dual activation by progesterone and dopamine was dissociable,
and a serine residue in the cPR was identified that is not necessary for progesterone-
dependent activation of cPR, but is essential for dopamine activation of this receptor.

TEROID HORMONE RECEPTORS ARE
ligand-inducible members of a super-
family of transcription factors that also
includes receptors for thyroid hormone,
retinoic acid, and vitamin Dj (7). Steroid
hormone action involves entry of hormone
into a cell where the hormone binds to and
induces a conformational change in its cog-
nate intracellular receptor protein (2), lead-
ing to nuclear translocation and modulation
of gene expression (3). These events are
believed to be dependent exclusively on hor-
mone binding.
Steroids also modulate gene expression in
neuronal tissue. Examples of steroid action
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in brain include the induction of steroid
aromatase by testosterone in preoptic neu-
rons and the induction of receptors for
progesterone and oxytocin by estradiol in
the -ventromedial hypothalamus (4). The
presence of receptors for sex steroid hor-
mones in brain raises certain biological ques-
tions. For example, what function can be
ascribed. to the progesterone receptors in
male brain (5) or to the androgen receptors
in the cerebral cortex of female brain (6)? In
addition, rapid effects of steroids in neuronal
tissue occur (7) that are inconsistent with
the existing pathway of steroid hormone
action. A derivative of adenosine 3',5'-
monophosphate (cAMP), dibutyryl cAMP,
can substitute for progesterone in eliciting
mating behavior in female rats (8). This
suggests some steroid pathways in brain
may not be regulated exclusively by classical

steroid-receptor pathways but also by mod-
ified intracellular second messengers. In sup-
port of this hypothesis, 8-bromo—cAMP
(8-Br—cAMP) has been demonstrated to
mediate PR-dependent transcription in the
absence of progesterone (9). Phosphoryl-
ation of the oncogenic derivative of the
thyroid hormone receptor, erbA, is required
for its function as an oncogene (10). Fur-
thermore, the chicken ovalbumin upstream
promoter (COUP) transcription factor, a
member of the steroid receptor superfamily
(11), can be activated by the catecholamine
neurotransmitter dopamine but does not
bind this compound (12). We therefore
examined whether more classical members
of the steroid receptor superfamily can be
activated via cell membrane mechanisms
such as dopaminergic or adrenergic receptor
systems. )

Progesterone receptor-negative monkey
kidney (CV,) cells were cotransfected with a
chicken progesterone receptor A form
(cPR,) expression vector (13) and a report-
er plasmid (PREtKCAT) (14) that con-
tained a progesterone-glucocorticoid re-
sponse element (PRE-GRE) upstream of the
bacterial chloramphenicol acetyltransferase
(CAT) gene. Treatment of these cells with
progesterone or dopamine increased PR,-
mediated transcription to an equivalent de-
gree (Fig. 1A). The response to dopamine
was maximal at a concentration of 100 M,
which is the concentration of this compound
required to stimulate adenylyl cyclase activity
maximally in these cells. Dopamine had no
effect on CAT gene expression in cells trans-
fected with the parent expression vector,
p91023(B) and PREtKCAT (12). Dopamine
does not bind to the PR (15), and there are
no significant homologies between the PR
sequence and published sequences for dopa-
mine receptors. In addition, okadaic acid, an
inhibitor of protein phosphatases 1 and 2A,
potently stimulated PR-mediated transcrip-
tion in this assay system, which implicates
cellular phosphorylation pathways as a lig-
and-independent activation mechanism for
PR (9) (Fig. 1A). The cPRy protein (13) also
activated CAT gene expression in cells treated
with progesterone, dopamine, or okadaic acid
(16).

The human estrogen receptor (hER) was
also activated by dopamine and okadaic acid
(Fig. 1B). Cells were cotransfected with an
ER expression construct pSVMT-wER and
an ER-responsive reporter plasmid ERE-
E1bCAT (17). Dopamine induced ER-de-
pendent transcription to a level equal to that
induced by the natural ligand, estradiol. Our
results with other receptors indicate that the
human vitamin D receptor (WWDR) and the
human thyroid hormone receptor-
(hTRB) also activate transcription from tar-

SCIENCE, VOL. 254



Fig. 1. The effect of dopa- A
mine (D) on the transcrip-
tional activity of steroid hor-
mone receptors. Transcrip-
tional activity was measured
in monkey kidney CV, cells

ceoes @ ’
L

cultured in serum-free media “ e
supplemented with Nutri- S ~f00 0000 <
doma-SR (BochringerMann- WO S D D
heim). Transient transfec- ] D (uM)

tions were carried out exactly
as described (9, 12). (A) The
cPR, expression vector (5
ng) (13) was cotransfected
with the reporter plasmid
PRE-GREtKCAT (5 pg)
(14). (B) The hER expres-
sion construct (2 pg) was
cotransfected with an estro-
gen-responsive reporter gene
EREEIbCAT (5 pg) (17).

Basal

— e R
(C) The hGR expression sw 388338 D (uM)
construct (5 pg) (18) was o lﬁf

also cotransfected with PRE- H

GREtKCAT. (D) cPR, was
cotransfected with PRE- e
pOVCAT-50 (5 pg) (20) or
(E) with the reporter gene -
PAHCAT (5 pg) (21). All
cells were either
untreated (basal) or treated
with 10~7 M of the relevant

ligands for each receptor: T X O o oo <

progesterone (P,), estradiol ] e e e
P Ty

(E;), or dexamethasone = D (uM)

(DEX). Cells were treated, as

described previously (12), with the indicated concentrations of dopamine and okadaic acid (OA; 5 x 10~#
M). CAT activity was determined 42 hours after transfection (35). The dopamine effect on cPR, was
observed in at least 12 separate experiments. The other results are also representative of several independent

experiments (36).

get genes in response to dopamine (16). Not
all steroid receptor family members were
activated by dopamine. A human glucocor-
ticoid receptor (hGR) expression vector
pRShGRa (18) activated transcription from
the PRE-GREtKCAT reporter gene in re-
sponse to dexamethasone but was unrespon-
sive to either dopamine or okadaic acid (Fig.

Fig. 2. Dopamine-sensitive
and isoproterenol-sensitive
adenylyl cyclases in CV,
cells. (A) Production of
cAMP in picomoles per
minute per milligram of cell
protein in homogenates pre-
pared from untransfected
CV, cells cultured in Nutri-
doma-supplemented media
was measured as a function
of increasing dopamine con-
centration. Adenylyl cyclase
assays were performed in
duplicate for each point. (B)
Production of cAMP in
identical cell homogenates
was measured as a function
of increasing isoproterenol
concentration. Duplicate as-
says were performed for
each point. Homogeniza-
tion of cells and adenylyl
cyclase assays were per-
formed as described (37).
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1C). Cells transfected with a human min-
eralocorticoid (hMR) expression construct
pRShMR (19) also showed the expected
increase in CAT expression in response to
aldosterone or dexamethasone, but showed
only a marginal response to dopamine or
okadaic acid (16). Immunoblot analysis of
high-salt extracts from cells transfected with

o ®N~N0 O

the above expression constructs did not sug-
gest that dopamine altered intracellular re-
ceptor concentration or integrity (16).

To determine whether dopamine activa-
tion of steroid receptor—dependent target
genes was promoter-specific, we tested the
ability of cPR, to induce transcription in
dopamine-treated cells from reporter con-
structs containing either minimal or com-
plex promoter elements. The reporter plas-
mid PREpOVCAT-50 (20) contains two
copies of a GRE-PRE from the tyrosine
amino transferase gene located 5’ to the
TATA box region (+43 to —50) of the
chicken ovalbumin (OV) gene fused to a
CAT gene. Administration of hormone or
dopamine to cells cotransfected with the
cPR, expression vector and PREpOVCAT-
50 resulted in 30-fold stimulation of tran-
scription (Fig. 1D). Addition of okadaic
acid also stimulated CAT gene expression,
but to a lesser extent than did progesterone
or dopamine. The cPR, construct was also
tested with a reporter gene (pAHCAT)
(21). This construct contains the mouse
mammary tumor virus long terminal repeat
sequences from —1161 to +102 fused to a
CAT gene. Dopamine and okadaic acid
stimulated transcription of this target gene
in a dose-dependent fashion to a level com-
parable to that induced by progesterone
(Fig. 1E).

Dopamine action is mediated by its inter-
action with receptors coupled to guanine
nucleotide-binding (G) proteins. Several
dopamine receptors have been identified
that belong to two main receptor subtypes,
D, and D,, which stimulate and inhibit
adenylyl cyclase activity, respectively (22).
We examined CV cells for the presence of a
dopamine-sensitive adenylyl cyclase (Fig.
2A). Dopamine elicited a twofold increase
in cCAMP in membranes prepared from these
cells. These cells also exhibit a B-adrenergic
receptor-linked adenylyl cyclase activity
(Fig. 2B). In this case the specific B-receptor
agonist isoproterenol elicited a 2.5-fold in-
crease in cAMP.

‘The ability of selective D, or D, receptor
agonists to mimic the dopamine activation
of steroid receptor-dependent transcription
was tested. Because CV, cells have an iso-
proterenol-sensitive adenylyl cyclase, the
ability of a or B-adrenergic receptor agonists
to induce target gene expression was also
tested. Cells transfected with the cPR,
expression vector and PREtKCAT were
treated with progesterone, dopamine, the
selective D, agonist SKF38393, the selec-
tive D, agonist Quinpirole (LY-171555,
Research Biochemicals), the B-adrenergic
receptor agonist isoproterenol, and the ad-
renergic receptor agonists epinephrine and
norepinephrine. In the absence of any ago-
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nist, the basal CAT gene activity was a 3%
conversion of substrate. The percent conver-
sion of substrate elicited by the tested ago-
nists were as follows: progesterone, 53%;
dopamine, 55%; SKF38393, 77%; Quinpi-
role, 4%; isoproterenol, 3%; and epineph-
rine and norepinephrine, 4% (23). Thus,
despite the presence of an adrenergic recep-
tor-linked adenylyl cyclase in these cells, the
activation of PR was dependent on either
the addition of progesterone or stimulation
of D, receptors.

We examined the ability of dopamine and
okadaic acid to activate cPR, mutants.

AUGH DNA HormoneTGA
cPR,
1 g e
LD1; Ser528,Thr

PK5; A383—411

-

-
@ = @ S E
e S
s @ 2 0 0 « 2 OO0 0 O «
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Fig. 3. Dopamine activation of cPR, mutants.
CV, cells were transfected as described for Fig. 1
with the reporter plasmid PRE-GREtkCAT and
an expression plasmid (38), containing mutated
cDNAs derived from the cPR,. The mutated
expression plasmids were PK5 (24), which is a
deletion mutant of a region encoding two impor-
tant phosphorylation sites and LD, (39) in which
Serine®?® was changed to a threonine residue by
oligonucleotide site-directed mutagenesis. Trans-
fected cells were untreated (basal), or treated with
progesterone dopamine (D), or okadaic acid
(OA) as described for Fig. 1. CAT assays were
performed 42 hours after transfection.

Fig. 4. Effect of dopamine
on the subcellular localiza-
don of PR,. PR-negative
CV, cells, grown on
glass cover slips, were
transfected with PR, as
described in Fig. 1.
Transfected cells were ei-
ther untreated [(a) and
(d)] or treated with 10~7
M progesterone (b) or
260 uM dopamine (C).
Indirect immunofluores-
cence on these cells was
performed as described
(41) with minor modifi-
catons. Cells were fixed
in 4% formaldehyde at
4°C for 10 min and then
in acetone at —20°C for

Analysis of gross NH,- or COOH-terminal
deletion mutants in our assay system sug-
gested that the dopamine effect on PR was
targeted to the COOH-terminus of the pro-
tein (16). This region has been shown to
contain three phosphorylation sites. The
contribution of each of these sites to the
activation of cPR, by both dopamine and
progesterone was examined by use of more
refined mutational analysis (Fig. 3). The
region deleted in PK5 (A383 to 411) is
important for steroid-responsive target gene
activation (24). This region contains Ser*%?,
a hormonally regulated phosphorylation
site, and Ser*°®, which can be phosphoryl-
ated in vitro by cAMP-dependent protein
kinase (PKA) (25). The data shown for
cPR, and PK5 were obtained in separate
experiments, and thus it is not valid to
quantitatively compare the progesterone-in-
duced responses of these two receptor spe-
cies. In transactivation experiments per-
formed in parallel (24), the deleted region in
PKS contributes to maximal activation po-
tency. Nevertheless, we conclude that the
deletion is not required for dopamine-de-
pendent activation of cPR. Chicken PR,
contains a serine residue (Ser®>®) near its
COOH-terminus. This site is inconsistently
phosphorylated in vivo in oviduct slices
(26). Ser®*® was changed to a threonine by
oligonucleotide site—directed mutagenesis.
The resulting mutant (LD,) was activated
by progesterone and okadaic acid but was
unresponsive to dopamine. A confirmatory
mutation in which the serine was changed to
a glycine also resulted in no activation by
dopamine (16). These data point to a dual
and dissociable activaion mechanism for PR.

10 min. Following rehydration in phosphate-buffered saline (PBS) (10 min), the cover slips were
incubated in PBS containing 1% BSA and 2% normal sheep serum for 60 min at room temperature for
blocking. For PR localization, cover slips were treated with a mouse monoclonal anti-PR antibody PR22
(42) [(a), (b), and (c)] or a control normal mouse IgG (d) at a 1:10 dilution for 60 min at 37°C in
humidified chamber. Cover slips were then incubated in sheep antimouse IgG FITC (Amersham) at a
dilution of 1:10 at 37°C for 40 min. Each incubation was followed by three washings in PBS (10 min
each). Photography was performed on a Zeiss microscope (Carl Zeiss, Oberkochen, Germany) using a

Kodak 160 T film with a 50X fluotar objective.
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In addition, dopamine activation may result
in phosphorylation or inhibition of dephos-
phorylation of a specific residue of PR.

The subcellular localization of PR 4 in the
presence and absence of progesterone or
dopamine was investigated in CV, cells
(Fig. 4). With nonimmune serum, only
background staining was observed (Fig.
4D). PR, displayed strong nuclear immu-
nostaining in the presence of progesterone
(Fig. 4B), but in the absence of hormone,
staining was most evident in the cytoplasm
and perinuclear region of the cytoplasm
(Fig. 4A). Our results contrast with reports
localizing PRs exclusively in the nucleus
both in the absence and presence of hor-
mone (27). Cells treated with dopamine
showed an identical shift in receptor local-
ization to the nucleus (Fig. 4C).

Our results extend the concept of activa-
ton of steroid receptors to a membrane
receptor—-mediated phosphorylation path-
way or cascade. This ligand-independent
activation of receptors may occur via other
membrane receptors or phosphorylation
pathways, and we predict that examples of
cell specificity and gene-selective activation
will be found in future studies. It is not
known why PR is activated by dopamine,
while closely related receptors are not. Per-
haps dephosphorylation of GR mediates
this receptor’s activation (28), or GR can
only be activated by its cognate ligand.
Alternatively, GR may be activated via a
different membrane-responsive pathway.
For example, it is known that GRs are
localized with high density in cell bodies and
nuclei of serotonin (5-HT) and norepineph-
rine (NE) neurons and are involved in the
regulation of the sensitivity of linked SHT
or NE receptor—coupled adenylyl cyclase
systems (29).

The selectivity of the response for D,-sub-
type—receptor agonists and not other mem-
brane-associated signaling mechanisms, such as
those coupled to adrenergic receptors, suggests
a more complex activation mechanism than just
an elevation of intracellular cAMP. This speci-
ficity could be due to a D, receptor—associated
third messenger such as dopamine and cAMP-
regulated  phosphoprotein ~ (DARPP-32).
DARPP-32 is localized in D, -containing neu-
rons and in renal tissue (30). This protein is
phosphorylated by PKA after activaton of
dopamine-sensitive adenylyl cyclase and, in its
phosphorylated form, is a potent inhibitor of
protein phosphatase 1 (31). This hypothesis
would be consistent with the observation that
okadaic acid activated the same steroid receptor
species as did dopamine (Fig. 1). It is also
possible that dopamine acts through stimula-
don of phospholipase-C (PL-C), as has been
shown in renal cortical membranes (32). Gen-
eration of inositol-1,4,5-triphosphate and dia-
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cylglycerol by such a mechanism could impli-
cate protein kinase C as a possible transducing
pathway. Or, mobilization of intracellular
Ca?* by inositol triphosphate could point to
Ca?*-calmodulin-dependent protein (CaM)
kinases as the transducing factors that couple
dopamine stimulation of D, receptors to the
activation of steroid receptors. CaM kinases
phosphorylate and activate the cAMP response
element binding-protein (33).

Demonstration of “cross-talk® between
membrane-associated receptors and intracel-
lular steroid hormone receptors may be of
biomedical significance. Dual activation of
receptors might occur in situ in brain cells. It
may also be possible to activate mutant forms
of steroid receptors that exist in diseases (34).
Finally, the finding that dopamine has direct
access to the genome via this family of tran-
scription factors may aid in understanding
learning and memory processes.
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Site-Specific Cleavage of Human Chromosome 4
Mediated by Triple-Helix Formation

Scorr A. STROBEL, LYNN A. DOUCETTE-STAMM, LAURA R1IBA,
Davip E. HousMAN, PETER B. DERVAN*

Direct physical isolation of specific DNA segments from the human genome is a
necessary goal in human genetics. For testing whether triple-helix mediated enzymatic
cleavage can liberate a specific segment of a human chromosome, the tip of human
chromosome 4, which contains the entire candidate region for the Huntington’s disease
gene, was chosen as a target. A 16-base pyrimidine oligodeoxyribonucleotide was able to
locate a 16-base pair purine target site within more than 10 gigabase pairs of genomic
DNA and mediate the exact enzymatic cleavage at that site in more than 80 percent yield.
The recognition motif is sufficiently generalizable that most cosmids should contain a
sequence targetable by triple-helix formation. This method may facilitate the orchestrat-
ed dissection of human chromosomes from normal and affected individuals into
megabase sized fragments and facilitate the isolation of candidate gene loci.

YRIMIDINE ~ OLIGODEOXYRIBONU-
cleotides bind in the major groove of
DNA parallel to the purine Watson-
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Crick strand through formation of specific
Hoogsteen hydrogen bonds to the purine
Watson-Crick base (1-6). Specificity is de-
rived from thymine (T) recognition of
adenine + thymine (AT) base pairs (TAT
triplet); and N3-protonated cytosine (C*)
recognition of guanine - cytosine (GC) base
pairs (C + GC triplet) (1-8). The general-
izability of triple-helix formation has been
extended beyondpurine tracts to mixed
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