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ABSTRACT

We have screened the sequence of the 394 base pairs
upstream of the main transcriptional start site of the
promoter of the human parathyroid hormone (PTH)
gene for well-known protein recognition motifs with the
aim to identify potential positive or negative regulatory
elements. Within this region we found a potential
cAMP-response element (CRE) besides several other
putative binding sites for transcription factors. We
fused promoter regions that contain this element and
extend beyond the transcription start site to an
appropriate reporter gene (CAT) and transfected
different cell lines with these constructs. Transient
expression of the CAT gene from these hybrid genes
could be shown to be significantly stimulated by
forskolin or isoproterenol thus proving the
responsiveness of the whole promoter region towards
elevated cAMP levels. DNase I protection studies
revealed protein binding around the putative CRE (PTH-
CRE) and an adjacent CCAAT element. Gel retardation
assays with the PTH-CRE as well as the well-
characterized CRE from the rat somatostatin promoter
indicated specific binding of the same protein to both
elements, although with a slightly reduced affinity of
the PTH-CRE. Both of these elements were also able
to confer cAMP-responsiveness to a heterologous
promoter.

INTRODUCTION

Parathyroid hormone (PTH) is a peptide hormone that regulates
the calcium homeostasis in the serum. It is synthesized and
secreted by the parathyroid gland in response to low calcium
levels, and this effect is in part due to alterations in the steady
state level of PTH mRNA (1) and in part to posttranscriptional
events (2). It has been demonstrated that the activity of protein
kinase C in parathyroid cells is inversely correlated with

extracellular calcium concentration (3). Recently, it has been
shown that low extracellular calcium concentrations lead to an
increase of PTH mRNA levels in the parathyroidea of rats (4).
The second most important regulator for PTH synthesis is

dihydroxycholecalciferol (1,25(OH)2D3) which decreases the
PTH mRNA in the parathyroid cells in cell culture (5) or in the
gland in vivo (6). Furthermore, there exist a number of reports

concerning the influence of estradiol and progesterone on PTH
secretion that might also refer to PTH transcription (7, 8).
Moreover, secretion of PTH is stimulated either by cAMP
directly (9, 10) or by ligands that have to act via surface
membranes and intracellular second messenger pathways such
as cyclo-AMP, e.g. ,B-adrenergic agonists (9, 11).
However, no evidence has been accumulated until now that

it is the transcription of the PTH gene which is (also) influenced
by cAMP levels as it has been shown for a series of other genes

(c-fos (12); fibronectin (13, 14); glycoprotein hormone a-subunit
(15); PEPCK (13, 15); somatostatin (13, 16, 17)). The best-
studied example probably is the rat somatostatin gene. In its
promoter, a cAMP-response element (CRE) has been functionally
defined, and this function has been ascribed to the canonical
palindromic sequence 5'-TGACGTCA-3' (18). During the last
two years, it became clear that a family of CRE-binding proteins
(CREB) mediates its function (16, 19-22). They are closely
related to the ATF proteins that bind to and stimulate the
transcription of different adenovirus promoters and therefore all
these factors are grouped into the ATF/CREB family (23, 24).
At least one of them (CREB) seems to be stimulated in its
transcription activating function after phosphorylation of its
Ser-133 by the cAMP-dependent protein kinase A (25).

It would be of great pharmacological and medical interest to
elucidate the control of PTH synthesis through the cAMP-signal
transduction pathway, e.g. by adrenergic effectors. Since ,B-
adrenergic receptors are known to be coupled to adenylate cyclase
by a Gs protein, we attempted to characterize the cAMP-
responsiveness of the PTH promoter and to identify its cAMP-
response element with regard to its protein binding and
transcriptional enhancing properties.

MATERIALS AND METHODS
Materials
Plasmid pUC13 was purchased from Boehringer Mannheim

(Mannheim, FRG), pCAT3M (26) was a kind gift from P. Gruss
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(MPI, Gottingen, FRG) and pBLCAT2 (27) was kindly provided
by G.Schutz (DKFZ, Heidelberg, FRG). For sequencing of
double-stranded DNA a kit from Pharmacia was used. ROS
17/2.8 cells were used with kind permission of G.Rodan and
T47D cells were purchased from ATCC. A plasmid expressing
3-galactosidase under control of the ,B-globin promoter
(pHO3APr-I-(3Gal) was a gift of Martin Rentrop (DKFZ,
Heidelberg). Dulbecco's modified Eagle medium was purchased
from Flow laboratories, insulin, forskolin and isoproterenol from
Sigma. Synthetic oligonucleotides were kindly provided by the
DNA-synthesis group of the GBF. A fraction of HeLa cell extract
which is enriched in CREB/ATF but also contains other DNA-
binding factors was a kind gift by K.H. Seifart (University of
Marburg, FRG); it has been proven that protein(s) contained in
this fraction bind to the CRE of the c-fos promoter (K.H. Seifart,
pers. communication). Poly[d(I:C)] used for gel retardation and
footprinting experiments was purchased from Boehringer
Mannheim and DNaseI grade I from Worthington (Freehold,
New Jersey). All autoradiographies were done using a Kodak
X-omat film.

Plasmid constructions
After fill-in with Klenow DNA polymerase, either the TaqI/PstI
(-254/+65) or the AflI/PstI (- 161/+65) fragment of the PTH
promoter were cloned between the SmaI and the PstI sites of
pUC 13. The resulting plasmids were termed pUC-TAQ or pUC-
AFL, respectively. CAT fusion plasmids were created by cloning
the BglIl-fragment of the hPTH promoter that comprises the
region between -698 and +61 into the BglII site of pCAT3M
immediately upstream of the CAT-coding region. From the
resulting plasmid (pCB41), the large PstI-fragment of 2.8 kb
comprising the transcribed region of the PTH gene from position
+2 to +65 and the chloramphenicol acetyltransferase (CAT)
gene was re-cloned into the PstI site of either pUC-TAQ or pUC-
AFL giving rise to the test plasmids that were termed pP(-254)-
CAT and pP(- 161)-CAT, respectively. For DNaseI-footprinting
assays, the RsaI/PstI-fragment from the human PTH promoter
(28) was subcloned into pUC13 using the SmaI and PstI sites
of this vector.
The following pairwise complementary CRE oligonucleotides

were synthesized: 5'-CGGAGTGACATCATCTGT-3' and
5'-CTAGACAGATGATGTCACTCCGCATG-3' representing
the PTH-CRE; 5'-CTGGCTGACGTCAGAGAT-3' and
5'-CTAGATCTCTGACGTCAGCCAGCATG-3' as rat
somatostatin CRE (SOM-CRE) (16); 5'-CCAAGTGACTCAG-
CGCT-3' and 5'-CTAGAGCGCTGAGTCACTTGGCATG-3'
represent the AP-1 binding site of human metallothionein HA
(29, 30). Annealing of the complementary oligonucleotides
provided a SphI and a XbaI site making them suitable for cloning
between the corresponding sites of pBLCAT2. Positive clones
were identified by dot-blot hybridization using one of the single-
stranded oligonucleotides as probe, and were verified by ds-
sequencing with T7-polymerase (31, 32).

Cell culture and transfection
ROS17/2.8 cells were grown in DMEM, 10% FCS and 4 mM
glutamine, T47D cells in DMEM, 10% FCS, 4 mM glutamine
and 0.6 /Ag/ml insulin. 24 hours before transfection, cells from
a subconfluent culture were seeded into 94 mm diameter
petridishes (3 x 105 cells/dish). 4 hours before transfection, the
medium was removed, and 5 ml of fresh medium containing 2%
FCS were added. For transfection of the cells of one dish, 5 Atg

DNA were coprecipitated with calcium phosphate as described
by Graham and van der Eb (33). 2-5 isg of the plasmid
pHi3APr-l-3Gal that governs expression of (-galactosidase were
cotransfected for the determination of transfection efficiency. 18
hours after transfection, medium was replaced by medium
containing either 1 x 10-6 M forskolin, 1 x 10-7 M isoproterenol
or no additives. 24 hours after induction, cells were harvested
and CAT as well as (3-galactosidase activities were determined
as described (34-36). One induction experiment yielded 150 IL
extract of which 90 IL were used for the CAT assay and 50 il
for the determination of the ,B-galactosidase activity.
Quantification of CAT activity was done by scanning the
autoradiographies with a laser densitometer (LKB) and referring
to the corresponding ,3-galactosidase activities.

Preparation and fractionation of nuclear extracts
Nuclear extracts used for footprinting were prepared as described
by Dignam et al. (37). Nuclear extracts designated for DNaseI-
footprinting were fractionated using a 5 ml Heparin-Sepharose
column, prepared according to the instructions of the
manufacturer. Proteins eluted from the column applying steps
of 0.1 M, 0.6 M and 1.0 M KCI were detected using the BioRad
protein assay (38). Peak fractions were pooled and used for
footprinting experiments. For gel retardation assays, extracts were
prepared as described by Schreiber et al. (39).

DNaseI protection experiments
The RsaI/PstI PTH promoter fragment spanning position -393
to + 1, which was subcloned into PstI/SmaI sites ofpUC 13, was
excised with HindllI/EaeI, labelled with Klenow fragment of
DNA polymerase I in the presence of [a32P]dATP (3000
Ci/mmol; Amersham Buchler, Braunschweig, FRG) and re-cut
with EcoRI yielding a PTH promoter fragment labelled at the
3' end of the upper strand. Binding reactions were performed
with 40,000 cpm of this labelled fragment in 10 mM HEPES-
NaOH, pH 7.9, 10 mM DTT, 7.5% PEG 6000, 8.5% glycerol,
0.2 mM EDTA and 1 yg poly[d(I:C)] for 15 min at room
temperature. After incubation, 14 ug DNase I dissolved in 2 ILI
of 10 mM HEPES-NaOH, pH 7.9, 0.2 mM EDTA, 1.25%
glycerol, 7.5% PEG 6000, 125 mM MgCl2 were added and the
samples were digested for 2 min at room temperature. Digestion
was stopped by adding 45 yl of 75 mM EDTA, 0.75% SDS,
0.71 mg/ml proteinase K and incubating for 30 min at 37°. After
subsequent phenol/ chloroform extraction and ethanol
precipitation, samples were analyzed on a 8% polyacrylamide/8
M urea sequencing gel.

Gel retardation assay
Reaction mixtures contained up to 24tg of protein, 24Lg
poly[d(I:C)] and, if indicated, competing oligonucleotides in a
final volume of 15 jl of 10 mM HEPES-NaOH, pH 7.9, 2.5
mM MgCl2, 10% glycerol, 50 mM KCI, 0.1 mM EDTA, 1
mM DTT. After preincubation at room temperature for 15 min,
130 fmol of oligonucleotide labelled with Klenow fragment of
DNA-polymerase I were added and incubation continued for
additional 15 min. Subsequently, 2.5 ILI of a stop solution
containing 90 mM EDTA, 0.25% bromophenol blue and 10%
sucrose were added to the samples which, after pre-
electrophoresis of the gels for 2 h, were loaded on a 6%
polyacrylamide gel (30:0.5).
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RESULTS
Presence of a putative CRE in the human PTH promoter
The nucleotide sequence of the human PTH promoter has been
reported up to position -281 by Vasicek et al. (40) or up to
position -805 by Reis et al. (28) if the first nucleotide of the
human PTH gene that has been found in mature mRNA is
assigned to the position + 1 (40). Since more precise mapping
of the transcriptional start sites revealed some heterogeneity in
each of the two reported clusters of transcripts (41) we use that
previously defined site as position +1 in this report. Using an
updated version of the previously published data collection of
transcription factor binding sites (42), we identified several
potential recognition elements in the PTH promoter region.
Among them are AP-1-homologs at -337 and -282, an AP-3
consensus sequence at -273, an octamer motif at -223, a
putative SpI binding site at -144 with an adjacent CACCC motif
in reverse orientation at - 135, and two CCAAT sequences in
direct or in reverse orientation in position -175 or -89, resp.
(Fig. 1). Most of these elements have been found to be protected
against DNase I cleavage in the presence of nuclear cell extracts
(E. Rupp et al., in preparation). A sequence resembling the
canonical cAMP-response element 5'-TGACGTCA-3' is found
at position -81 but deviates in one position in the center of the
recognition motif (5'-TGACATCA-3'). This element is also
present in the rat PTH promoter (43), and in the bovine PTH
promoter this element matches even exactly the consensus
sequence (44). Moreover, the bovine element has previously been
shown to compete for protein binding to the CRE of the human
DNA polymerase (3 gene (45) but has also been characterized

-390 -350 TG

GTACGGTTATMCAMTACACTTATTTTTGGATTTTMTTTTCMGTMGTAAGATMTG
ASTCA -300 TBASTCA

ACTTAATCATAAACCTTTGAAATCAGTCTTTTTACAGTATMATCAGATTCATTGATTCA
AP-1 AP-I

WWWCCACA TGGCMNNTGCC CMGCAT
******** * *** ***** * ****

TTAATCCACATAGAATTTTTCTCGATGGTATAATTCTGTATTTGTTMAAGTCTTTGCAT
AP-3 TaqI NF-I OCTA

-200 CCAAT

AAbLLLLI ILMGbLLIbL1GA1ATCG l1lIIATITAIGTATCC AITITATAAAILM
CAT AflIl

-150 RYYMCGCCNN GGGTG GACCMGACCC -100
** ******* *****. . ****** **

AAGAGTGTGCACCGCCCAATGGGTGTGTGTATGTGCTGCTTTGAACCTATAGTTGAGATC
Spi CAC COUP

ATTGG TGACGTCA ACCCTCTCTT
*.***** **** *** . . * ********

CAGAGAATTGGGAGTGACATCATCTGTAACMAIM&AGAGCCTCTCTTGGTAAGCAGAAG
CAT CRE silencer

AACTATATATAAAAGTCACCATTTAAGGGGTCTGCAGTCCAATTCATCAGTTGTCTTTAG

Fig. 1: Putative transcriptional control elements of the human PTH promoter.
The sequence up to the RsaI site at position -392 is shown. The putative
recognition sites for some known transcription factors are compared with the
corresponding consensus motifs (shown in boldface above the sequence), the
matches are marked by asterisks and the elements are denoted in italics below
the sequence. Also shown are the restriction sites for TaqI and Afll and the two
putative TATA boxes (39) (underlined sequences). Nuniers refer to the first
nucleotide previously found in mature PTH-mRNA as described by Vasicek et
al. (38) and denoted by the arrow.

as exhibiting only minimal cis-activity (46) or even as
'unfunctional' in comparison with rat somatostatin CRE (47).

cAMP responsiveness of the PTH core promoter
To assay the PTH promoter for its responsiveness towards an
elevated intracellular cAMP level, we fused the sequences
between the sites for either TaqI at -254 or Afll at -161 and
the PstI site at position +65 to the coding region of the
prokaryotic chloramphenicol acetyltransferase (CAT) as a
reporter gene using the pCAT3M vector (26). These constructs,
pP(-254)-CAT or pP( - 161)-CAT, respectively, were
transfected into cells of the clonal rat osteosarcoma cell line ROS
17/2.8 which we originally introduced in our experiments for
investigation of vitamin D regulation mechanisms. CAT
expression has been investigated either in the absence or presence
of 10-6 M forskolin. This plant diterpene is known to stimulate
adenylate cyclase (48) and we verified this for ROS 17/2.8 cells
under the conditions used here as well (data not shown; Hollnagel
et al., in preparation). Both constructs governed CAT expression
at similar basal levels, and were identically and significantly
stimulated by forskolin (Fig. 2). Quantification and correction
for co-expressed (-galactosidase activities yielded a stimulation
factor of 1.9i0.2 (p0.01; n=4).
We also routinely elevated intracellular cAMP levels using

isoproterenol, a /3-adrenergic agonist, whose receptor is coupled
to adenylate cyclase. Applying this agent to cells transfected with
the constructs mentioned above, we also reproducibly found an
increased CAT activity (Fig. 2). Both constructs were
significantly stimulated by 10-7 M isoproterenol (2.9-i0.7;
p<0.05, n=4). No CAT expression was observed after
transfection of the pCAT3M vector (Fig. 2), which demonstrates
the absence of any acetylase background under the experimental
conditions used here. No stimulation has been seen under these
conditions using a tk-CAT hybrid gene (10-6 M forskolin:
1.0540.19, n=3; 10-7 M isoproterenol: 1.0440.12; n=3).
To verify this result in another cell line, we also assayed cAMP-

response ofpP(- 161)-CAT in T47D cells, a human breast cancer
cell line. A significant inducibility by forskolin was found in this
cell line as well (approximately 3-fold; Fig. 2), whereas this cell
line did not respond to isoproterenol (data not shown). In T47D
cells, transfection with pCAT3M vector also did not reveal any
CAT activity (Fig. 2). Interestingly, pP(-254)-CAT exhibited
a very poor promoter activity in T47D cells either in the absence
or in the presence of forskolin (not shown). Conceivably, one

999 999 **@ ** @9
F I - F I - F I.-F -Fl -F

( .C D'~P Et' I.,.

ROS cells

- F -F

T47D ce lls

Fig. 2: Stimulation of PTH promoter by cAMP-enhancing agents. Regions
comprising the PTH promoter up to position -254 or -161, resp., were fused
to the CAT reporter gene and transfected into either ROS 17/2.8 or T47D cells.
18 h after transfection, cells were induced either by vehicle (-) or by 1 x 10-6
M forskolin (F) or I x 10-7 M isoproterenol (I) for additional 24 h. Subsequently,
cells were harvested and CAT as well as ,3-galactosidase activities mere determined
(see Materials & Methods).
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Fig. 3: DNase I protection around the putative PITH-CRE. (A)A DNA fragment comprising the PITH promoter region -393/+ was labelled at its downstream

terminus and subjected to limited digestion with DNase The cleavage was done in the presence of nuclear extract of T47D cells (90,ug protein), heparin sepharose
fraction of this extract eluted with 0.1I M KCI, 0.6 M KCI or 1.0 M KCI, resp., (14 Azg protein of each fraction) or in the absence of protein as control. For assignment
to the PTH sequence, the AIG ladder of a Maxam Gilbert reaction is shown. The protected regions A, B and C are bracketed, a hypersensitive site appearing in

window A is indicated by the arrow. (B) Schematic presentation of the protected sequences against DNase I cleavage (boxed). The partial protection of region C

seen only with HS 0. IM is indicated by the dashed box.

I . 4

a 4

Fig. 4: Gel retardation assay with labelled SOM-CRE. (A)Indicated amounts of nuclear T47D cell extract were incubated with 0. 13 pmol of a synthetic oligonucleotide
comprising the rat somatostatin CRE (SOM-CRE). (B) Nuclear extracts of either ROS 17/2.8 or T47D cells corresponding to 24 yg protein or a corresponding
amount of a HeLa fraction enriched in CREB/ATF-like protein(s) were incubated with the labelled SOM-CRE probe. For competition, 4 pmol of either the CRE
of PTH (PTH-CRE) or the SOM-CRE was added. The DNA-protein complexes were separated by non-denaturing gel electrophoresis and autoradiographed.

of the elements upstream of - 161 (e.g., the NF-1 or OCTA
motif) is inactive in this cell line.

Protein binding to the PTH-CRE
We addressed the question whether protein binding sites can be
identified around the putative cAMP-response element of the PTH

promoter. DNase I protection studies with a nuclear extract from
T47D cells revealed protein binding from position -118 to
-107. This element reveals some resemblance to a recognition
sequence for the COUP transcription factor (Fig. 1) which is a
member of the steroid/thyroid hormone receptor superfamily with
a hitherto unidentified ligand (49).

I 4
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Fig. 5: Gel retardation assay with labelled PTH-CRE. Increasing amounts of nuclear extracts of either T47D (A) or ROS 17/2.8 cells (B) corresponding to the
indicated amounts of protein were incubated with 0.13 pmol of a synthetic fragment comprising the human PTH CRE (PTH-CRE).
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Fig. 6: Forskolin-stimulated expression of CAT activity under control of synthetic cAMP-responsive elements in ROS 17/2.8 and T47D cells. The synthetic cAMP-
responsive elements of the somatostatin or parathyroid hormone promoter (SOM-CRE or PTH-CRE, resp.) were fused to a tk promoter/CAT reporter gene and
transfected into either ROS 17/2.8 or T47D cells. For control, the tk/CAT-containing vector pBLCAT2 was also assayed. After transfection, cells were grown either
in the absence (-) or in the presence of 1 x 10-6 M forskolin (F) or 1 x l0-7 M isoproterenol (I). 24 h after induction and 48 h after transfection, cell extracts
were prepared and used for determination of CAT activities (see Materials & Methods).

T47D nuclear extract also protects a region extending from
position -98 to -76 thus covering sequences around the reverse
CCAAT box and only the 5' half of the putative CRE (Fig. 3).
Using the heparin sepharose fraction of this extract eluted with
0.1 M KCG as protein source we observed a further extension
of the second window towards position -69 now protecting the
putative CRE as a whole.
We synthesized the putative PTH-CRE as well as the well-

characterized CRE from the rat somatostatin gene (SOM-CRE)
flanked on either side by four bases of their natural environment.
The flanking sequences were restricted to this length to avoid
complication of protein binding patterns due to the adjacent
CCAAT box in the PTH promoter. Both elements were labelled
and used for gel retardation assays. We observed a strong SOM-
CRE-binding activity in nuclear extracts of T47D cells leading
to a concentration-dependent band shift of one main complex (I)
and to an additional band running somewhat faster in the non-

denaturing gel (complex H, Fig. 4A). Identically migrating
complexes were obtained with nuclear extracts of ROS 17/2.8

cells, and formation of both complexes could be competed by
an excess of unlabelled SOM-GRE or, slightly less efficiently,
by the PTH-CRE (Fig. 4B). A partially purified CREB/ATF-
like DNA-binding activity from HeLa cells also yielded a complex
with the labelled SOM-CRE which was indistinguishable from
those generated with T47D or ROS 17/2.8 extracts and which
also was amenable to competition by either SOM-CRE or PTH-
CRE (Fig. 4B).

Labelled PTH-CRE has likewise been studied for its ability
to bind proteins of T47D or ROS 17/2.8 cells (Fig. 5A and B,
resp.). In both experiments, the lowest amount of extract (1.2 'g
protein) exclusively generated a single retarded band
corresponding to complex II. Increasing the amount of protein
in the binding reaction, a slower migrating complex (I) became
more abundant. Both complexes migrate identically as those
formed with SOM-CRE (not shown). Complex I was sensitive
towards competition by an excess of unlabelled probe and, even
more efficiently, by SOM-CRE. Applying nuclear extracts from
ROS 17/2.8 cells, the complex I band has a slightly diffuse

A
:e) .E

wba- .:
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appearance probably indicating some micro-heterogeneity (Fig.
SB). 30-fold excess of unlabelled PTH-CRE as well as SOM-
CRE greatly reduced complex I of T47D protein(s), and
completely competed out binding of ROS 17/2.8 protein(s) to
PTH-CRE. No binding competition was observed with an excess
of a similar motif, i.e. the AP-1 recognition sequence
TGACTCA, which strongly emphasizes the specificity of the
observed protein binding.

Function of synthetic CRE
To further characterize the function of the PTH-CRE, the
synthetic elements were cloned in front of the thymidine kinase
(tk) promoter that is fused to the CAT coding region in the
pBLCAT2 vector (27). We transfected these constructs into ROS
17/2.8 or T47D cells and assayed for CAT expression. In ROS
17/2.8 cells, both elements conferred a reduced activity of the
tk promoter in the absence of inducing agents compared to
pBLCAT2, SOM-CRE allowing higher basal CAT activity than
PTH-CRE. However, both constructs were amenable to
significant stimulation by 10-6 M forskolin or isoproterenol
(l0-7 M), whereas the vector (pBLCAT2) did not respond to
either stimulus (Fig. 6). Quantification and correction for co-
expressed f-galactosidase activities revealed 7- or 29-fold
stimulation mediated by PTH-CRE or 4.6- and 5.2-fold induction,
resp., mediated by the SOM-CRE in ROS 17/2.8 cells. Lower
stimulation effects were observed in T47D cells (approximately
3-fold) and for forskolin exclusively. Again, T47D cells did not
respond to isoproterenol.

DISCUSSION
The results shown in this contribution demonstrate that the
promoter of the human parathyroid hormone gene contains a
sequence that has the capability to act as a cAMP-response
element. This has been substantiated in several cell lines of
different origin. Unfortunately, no parathyroid cell line is
available that reflects the in vivo regulation pattern of PTH gene
expression and we therefore had to restrict our experiments on
heterologous cell lines. Future studies will have to address the
question as to whether the transcriptional control of PTH
expression by cAMP can be demonstrated also in parathyroid
cells.

All cAMP effects on PTH secretion described so far revealed
a stimulation factor of approximately twofold (9-11). This
corresponds to the enhancements we have found for the PTH
promoter regions containing reporter constructs pP( -254)CAT
or pP(- 161)CAT. This indicates that cAMP may induce PTH
synthesis on transcriptional level to a similar extent as it has
previously mediated the secretion of this hormone thus
replenishing the intracellular PTH level in the parathyroid gland.
Compared to other cAMP-responsive systems, however, the

induction of the parental PTH promoter that is achieved by cAMP
in our assay systems is relatively low. For instance, the
appropriate region of the rat somatostatin promoter confers an
up to 10-fold stimulation by forskolin (18). This may be due to
the deviation in the center of the PTH-CRE from the consensus
sequence (TGACATCA instead of TGACGTCA). However, a
putative CRE with the same deviation as in the PTH promoter
is found in the promoter of the tissue plasminogen activator gene.
This element confers only minor cAMP effects, if any, on
different reporter genes but contributes to a dramatic activation
of the tPA promoter in conjunction with retinoic acid (50). In

contrast, the isolated PTH-CRE governs much higher induction
efficiency on a heterologous promoter than in the context of the
PTH regulating sequences. Conceivably, some elements in its
vicinity such as the CCAAT box or the COUP-sequence homolog
may exert additional effects partly obscuring the cAMP induction
mechanism in the assay system applied in this study. Moreover,
there is a sequence very similar to the silencer consensus
5'-ACCCTCTCTT-3' (see Ref. 51 and references cited therein)
between the CRE and the + 1 position (5 '-AGCCTCTCTT-3',
immediately downstream of the distal TATA box (41) cf. Fig.
1), whose function remains to be elucidated.
Some aspects of the link between intracellular second

messenger pathways and gene regulation mechanisms have been
elucidated recently (reviewed in 52-54). The protein(s) that
govern the function of CREs contain a leucine zipper structure
making them prone to dimerization (17, 45). Thus, the two
complexes we have observed in gel retardation assays might
represent mono- and dimeric protein binding (12). In contrast
to the PTH-CRE, the perfect palindromic SOM-CRE favours the
formation of a dimeric protein complex (Fig. 4). In addition to
the homodimer model, it is possible that heterodimeric complexes
between multiple CREB forms, between different members of
the CREB/ATF family or between them and other proteins of
the leucine zipper class (21 -23) also could have been formed
giving rise to either complex I or II or both (for review, see ref.
24). Conceivably, the derivative CRE sequence TGACATCA
could even require a special factor complex to be effective. It
should be noted, however, that the extracts we applied in this
study shifted PTH-CRE to the same position as SOM-CRE
indicating that very similar if not identical complexes are formed
with both probes. Finally, while in some of the experiments
described, complex II could be competed (Fig. 4B), it was not
readily competable in others (Fig. SA). We hence cannot exclude
that complex II is merely due to unspecific protein binding.

It has been reported that calcium reduces the intracellular
cAMP concentration (9) by inhibition of adenylate cyclase
(reviewed in ref. 55) and some earlier studies also suggested a
link between the positive hypocalcemic effect on PTH secretion
and an increase in the cellular cAMP concentration (56). The
increase in PTH mRNA by low calcium concentrations is by a
similar factor (up to 3-fold) as we have described for the influence
of cAMP on PTH promoter fragments (4). Thus, the calcium
regulation of PTH release by the parathyroid gland may be
associated to the adenylate cyclase signal transduction pathway.
However, the effect of calcium ions on PTH synthesis could also
be associated with the putative AP-1 elements of the PTH
promoter since the activity of protein kinase C (which may induce
AP-1 (57)) in parathyroid cells increases after exposure to low
extracellular calcium concentrations (3). Additional studies are
required to elucidate the role of these elements and, in particular
the connection of them and the CRE to the calcium regulation
of PTH expression.
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