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To elucidate the mechanisms underlying cell type-specific expression of the growth
hormone (GH) and prolactin (PRL) genes, we used rat pituitary-derived cell lines produc-
ing exclusively GH (GC cells) or PRL (235 cells), and examined the following: expression
of transcription factors essential for GH and/or PRL gene expression; promoter/enhancer
activity of the GH and PRL genes transiently introduced by transfection; and chromatin
structures of the GH and PRL genes. Even in PRL-nonproducing GC cells, the PRL
promoter/enhancer was more active than the GH promoter, and the transcription factors,
Pit-1 and estrogen receptor (ER), essential for PRL gene expression were functional. The
PRL promoter/enhancer of GC cells was normal. On DNase I sensitivity analysis of the
chromatin structure, two hypersensitive sites were detected in PRL gene chromatin of
PRL-producing 235 cells but none in that of GC cells. It thus follows that the major reason
for absence of the expression of the endogenous PRL gene1 in GC cells is neither the lack of
transcription factors necessary for PRL gene expression nor an anomaly of the PRL gene
itself, but that the chromatin structure of the PRL gene differs in PRL-nonproducing and
-producing cells. It was shown in this study that neither Pit-1 nor ER is required for
conversion of the structure of PRL gene chromatin to a DNase I-hypersensitive state.

Key words: chromatin structure, DNase I-hypersensitivity, gene expression, prolactin,
transcription factor.

Growth hormone (GH) and prolactin (PRL) are vertebrate
pituitary hormones each consisting of 180 to 200 amino acid
residues. The similarities in amino acid sequence and gene
organization suggest the genes for these hormones are
possibly derived from a common ancestor (1). GH and PRL
are produced in somatotrophs and lactotrophs, respective-
ly. The expression of GH and PRL in these tissues has been
studied as a model system for elucidating the mechanism
underlying cell type-specific gene expression in verte-
brates. Studies on transcription factors and cis-elements
led to the discovery of a pituitary-specific transcription
factor, Pit-l/GHF-1 (referred to as Pit-1 in this article) {2,
3), which participates in the cell type-specific expression of
the GH and PRL genes. Pit-1 stimulates transcription of
the rat GH gene by binding to two specific sites situated
within 200 bp upstream from the transcription start site.
Several rat Pit-1 binding sites, four of which are located
within 200 bp upstream from the transcription start site of
the rat PRL gene and an additional four in the 1.5- to 1.8-kb
upstream region, are involved in PRL gene expression (4).
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After Pit-1, the T3 receptor (T3R) is the most well-
studied transcription factor of the rat GH gene acting on the
cis-element (thyroid hormone responsive element, TRE)
located about 0.2 kb upstream from the transcription start
site (5). The action of the estrogen/estrogen receptor (ER)
toward the binding element (estrogen responsive element,
ERE) located just downstream from the four Pit-1 binding
sites in the PRL distal enhancer is another case (6).

To understand the mechanism underlying cell type-
specific expression of the GH and PRL genes, studies on
transcription factors and their interacting cis-elements are
surely important. However, it would be particularly signifi-
cant to clarify the structural features of chromatin, that
serves as the template for transcription (7, 8). For expres-
sion of the GH or PRL gene in pituitary organogenesis, it
would appear necessary for the chromatin structure of the
GH or PRL gene to change from a condensed to a relaxed
state, where the transcription factor interacts with cognate
cis-elements. But nothing is known about the mechanism
by which the chromatin structure of a particular gene and
its flanking regions is loosened in the course of development
and differentiation. The chromatin of an actively tran-
scribed gene is sensitive to DNase I digestion, and cell type-
specific DNase I-hypersensitive site(s) (DHS) are often
found in and around the gene (9, 10). As judged mostly
from studies of transgenic mice, the region corresponding
to cell type-specific DHS found 10 to 20 kb upstream from
the human /9-globin gene cluster serves to loosen the
chromatin structures of gene clusters in the expression of
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this gene family (11, 12).
In PRL-producing cells, at least a 35 kb region including

about 12 kb upstream and downstream regions of the rat
PRL gene was found to be totally DNase I-sensitive, and
two cell type-specific DHS were noted to be located at 0.1
and 1.65 kb upstream from the transcription start site
(13). These DHS corresponded well with the PRL promoter
and distal enhancer, each having four Pit-1 binding sites
(4), and thus, Pit-1 and/or ER may function to loosen PRL
gene chromatin and generate DHS.

GC, 235, and GH3 are cell lines derived from rat
pituitaries (14). GC and 235 cells exclusively produce GH
and PRL, respectively, whereas GH3 produces both GH and
PRL. To elucidate the mechanism underlying the cell type-
specific expression of the GH and PRL genes in these cells,
the following were examined: expression of transcription
factors essential for GH and/or PRL gene expression, by
Northern hybridization; promoter/enhancer activity of the
GH and PRL genes, by transient transfection; and the
chromatin structures of GH and PRL gene loci, by DNase I-
sensitivity analysis.

MATERIALS AND METHODS

Cells, RNA, and Northern Hybridization—GC, GH3, and
NRK (rat kidney fibroblast) cells were grown as described
(24). 235 cells were grown in Dulbecco's modified minimal
essential medium/F12 containing 5% fetal bovine serum
(JRH Biosciences, USA) and 5% horse serum (JRH
Biosciences) plus 10 nM yff-estradiol due to their slower
growth rate without estrogen. The concentrations of 3,5,3'-
triiodothyronine (T3), thyroxine (T4), /S-estradiol (E2),
and hydrocortisone in the medium for pituitary cells were
0.2 nM, 9 nM, <4 pM, and 16 nM, respectively, as deter-
mined by RIA (Sumitomo Bioscience, Sagamihara). To
examine the effects of exogenously added thyroid or steroid
hormones on GH, PRL, T3R, and ER gene expression in
pituitary cell lines, the cells were grown in the presence of
10nMT3,10nME2, o r l / / M dexamethasone (Dex) for at
least 1 week. Total RNA and poly (A)+ RNA were prepared
as described previously (14). RNA was denatured, frac-
tionated in a 2.2 M HCOH/1% agarose gel, transferred to
nitrocellulose filter, and then hybridized with probes as
previously described (14). Following hybridization, the
filter was washed in 0.1 X SSC (1 x SSC: 150 mM NaCl/15
mM Na,'citrate)/0.1% SDS at 65"C. Filter reprobing with
a human glyceraldehyde 3-phosphate dehydrogenase cDNA
(G3PDH) probe (Clontech) was conducted according to the
instructions provided. Using rat pituitary cDNA as the
template (25), rat GH (nt 18-698) (16), and PRL (nt 32-
763) (17) cDNAs were amplified by PCR and then sub-
cloned into Bluescript. Using Pfu polymerase (New Eng-
land Biolab., Beverly, USA), rat pituitary T3RyS-l (nt 256-
1646) (18), T3R/5-2 [nt 47-494 (19), nt 530-1646 (18)],
and ER (nt 200-2022) (20) cDNAs were amplified by PCR
and then subcloned into pRc/RSV (5,133 bp, Invitrogen,
San Diego, USA). As hybridization probes, T3R/3-1 (nt
256-463), T3R/S-2 (nt 47-384), and ER (nt 1226-2022)
were used. Cloned DNA was labeled by the random primed
method using [ff-s2P]dCTP.

Transfection—Vae Pica Gene basic vector, PGV-B (5,597
bp; Toyo Ink, Tokyo), possessing the firefly luciferase (Luc)
gene, served as the reporter gene. Luc activity was assayed

using a Pica Gene Luminescence kit, PKG-100 (Toyo Ink).
The reporter genes having rat GH ( -318 to +12, GH-P)
and PRL ( - 450 to + 36, PRL-P) promoter regions were as
described previously (14). The rat PRL distal enhancer
containing the -1800 to -1447 region (PRL-E) (21) was
constructed by the PCR method and cloned into the Kpnl
site of the PRL-P reporter (22). Reporter plasmids contain-
ing GH-P or PRL(P+E) of GC or 235 origin were prepared
by the above method using GC or 235 DNA. Transfection
was conducted by the lipofectin method (GIBCO-BRL) for
16 h as described previously (14). One day following
medium renewal, luciferase activity was measured as
previously described (2 5). A BCA protein assay kit (Pierce)
was used for protein determination.

Nuclease Digestion and Southern Hybridization—Isola-
tion of GC and 235 nuclei, DNase I digestion and Southern
hybridization were carried out as previously described
(22). For restriction enzyme digestion, a 270//I reaction
mixture containing 1X 107 nuclei was incubated for 60 min
at 37"C and the reaction was terminated with 25 n 1 of a stop
solution. The rat PRL gene containing the —450 to +608
region (2 7) was prepared by PCR using male Wistar rat
liver DNA and then cloned into Bluescript. A rat GH cDNA
probe, nt 18-424, was prepared as described previously
(22).

RESULTS AND DISCUSSION

Expression of T3R and ER mRNA in GC, 235, and GH3
Cells—As reported previously (14), Northern hybridiza-
tion revealed the exclusive production of GH and PRL
mRNAs in GC and 235 cells, respectively, while GH3 cells
produced both mRNAs under the cell culture conditions
used in this study. The Pit-1 mRNA content was shown to
be essentially the same in GC, 235, and GH3 cells (14), and
thus factor(s) other than Pit-1 and/or differences in the
chromatin structures of GH and PRL gene loci should be
necessary for GH gene expression in GC cells and PRL gene
expression in 235 cells.

In addition to those of Pit-1, the roles of T3R and ER in
GH and PRL gene expression, respectively, have been
studied extensively (5, 6). In this study, T3R and ER gene
expression in these cells was also examined (Fig. 1).
T3Ra -1 and T3R£-1 are present in most tissues (23), while
T3R/3-2 is characteristic of pituitary tissue (19). /?-l and
P-2 mRNAs are isoforms generated from a single gene
through alternative splicing. These receptors have the
same DNA binding and T3 binding domains but different
N-terminal regions (29). As shown in Fig. 1A, fi-1 mRNA
was expressed in three pituitary-derived cells, but /?-2
mRNA only in GH-producing GC and GH3 cells (Fig. IB).
Forman et al. reported the absence of T3R in 235-1 cells
and thus the discrepancy remains to be explained (24). All
three pituitary-originating cells contained basically the
same amount of ER mRNA (Fig. 1C). Neither T3Ry3-l,
T3R>3-2, nor ER mRNA was found in rat kidney-derived
NRK cells.

Effects of Thyroid Hormone and Estrogen on GH, PRL,
T3R, and ER Gene Expression in GC, 235, and GH3
Cells—In hormone-producing cells in the pituitary gland,
thyroid hormone and glucocorticoid stimulate transcription
of the GH gene, while E2 stimulates PRL gene transcrip-
tion. Although certain amounts of thyroid hormone, cor-
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tisol, and E2 are present in sera used in cell culture media
for pituitary cell lines, they may not be adequate for full
production of GH and PRL in these cells. Thus, the effects
of T3, dexamethasone (Dex), and E2 on GH and PRL
production were examined by adding them at optimal
concentrations. The expression of T3R and ER mRNAs
under the same conditions was examined (Fig. 2). T3 and
Dex stimulated the expression of GH mRNA in GH-pro-
ducing cells, as reported previously. E2 increased the PRL
mRNA content of GH3 cells but partially decreased that of
235 cells. The expression of T3R/9-1 and T3R/J-2 mRNAs
was relatively constant in GC, 235, and GH3 cells under the
present conditions. A slight decrease in the ER mRNA
content was observed in 235 cells treated with T3 + Dex+
E2 or T3 + Dex, whereas an increase in the content of
smaller mRNA was found in GH3 cells with this treatment.
The contents of GH and PRL mRNAs in GC, 235, and GH3
cells under the conditions used showed no great changes.

Activity of Transiently Introduced GH and PRL Pro-
moter/Enhancer in GC and 235 Cells—Since the contents
of Pit-1 and ER mRNAs, both being required for PRL gene
expression, in PRL-nonproducmg GC cells were similar to
those in PRL-producing cells, assessment was made of the
activity of PRL promoter/enhancer, and Pit-1 and ER
activity in GC cells was confirmed by the transient transfec-
tion method using PRL promoter/enhancer (Fig. 3). Tran-
siently introduced GH promoter (GH-P) was active in GC
cells, thus suggesting Pit-1 mRNA was translated into the
functional Pit-1 protein in these cells. Although PRL
promoter (PRL-P) was less active than GH-P, possibly due
to the cell type-specificities of the promoters (14, 25),
PRL-P in combination with the distal enhancer, PRL(P+
E), showed higher activity than GH-P. In 235 cells, the
activity of PRL-P was higher than that of GH-P, as reported
previously (14, 25), and was again found to be maximum in
combination with the distal enhancer. Not only Pit-1 but
also ER have been shown to be involved in this 18-fold
stimulation. The stimulation ratio of PRL(P+E)/PRL-P
(13-fold) in GC cells was similar to that in 235 cells, thus
suggesting ER in GC cells is as active as that in 235 cells.

As judged from this and other studies, GH-P shows much
less activity than PRL(P+E) in PRL-producing cells (Fig.

B
1 2 3 4 1 2 3 4 1 2 3 4

3B) (14, 25), possibly due in part to the absence of T3R>9-2
in 235 cells (Fig. IB). Since no significant change in GH-P
activity was observed on co-transfection of the T3R/?-2
effector plasmid having the RSV-LTR promoter with the
GH-P reporter in 235 cells (M. Ono, unpublished data), the
reason for the poor GH-P activity in 235 cells would not be
the absence of T3R/3-2.

The reason for the absence of expression of the PRL gene
in GC cells may not be an anomaly of the PRL gene itself.
For confirmation of this, reporter plasmids containing the
GC-derived PRL(P + E) region amplified by PCR were
introduced into GC cells (Fig. 3C). The activity of the
reporters was basically the same as that of 235- and normal
rat-derived reporters, thus showing the PRL(P-fE) region
in GC cells to be normal. The 235-derived GH promoter
region was again shown to be as active as the GC-derived
region, thus indicating it to be normal in 235 cells.

Nuclease Sensitivity of PRL and GH Gene Chromatin in
235 and GC Cells—To determine the structures of PRL
and GH gene chromatin, which functions as templates in
transcription, DNase I-hypersensitive site(s) (DHS) map-
ping was carried out (Figs. 4 and 5). Within an interval
comprising a 12 kb upstream region, 10 kb gene region and
12 kb downstream region of the rat PRL gene, only two
DHS, at 0.1 and 1.65 kb upstream from the transcription
start site, have been reported in rat PRL gene chromatin of

A
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Fig. 1. Expression of T3R and EH mRNA in GC, 235, and GH3
cells. Poly(A)+ RNA (0.8 //g) was denatured and electrophoresed on
a 2.2 M HCOH/1% agarose gel, and then hybridized with "P-labeled
rat T3R/S-1 (A), T3R£-2 (B), or ER (C) cDNA. The numbers in the
left margin are in kb. At the bottom, reprobing of A-C with G3PDH
cDNA is shown Lanes: 1, GC; 2, 235; 3, GH3, 4, NRK
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Fig 2 Effects of T3, Dex, and E2 on GH, PRL, T3R, and ER
gene expression in GC, 235, and GH3 cells. Cells were grown in the
presence of exogenously added 10 nM T3,10 nM E2, or 1 fiH Dex for
at least one week Poly(A)+ RNA (0.8 fig) was analyzed as in Fig 1
with the "P-labeled probes shown on the left. At the bottom,
reprobing of T3R/3-2 hybridization with G3PDH cDNA is shown. A,
GC, B, 235; C, GH3 1, none; 2, T3+Dex + E2; 3, T3 + Dex; 4, E2.
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Fig. 3. Activity of GH and PRL pro-
moter/enhancer transiently introduced
into GC and 235 cells. The promoter and/or
enhancer are shown on the left. Values are the
means for triplicate samples (±SEM). A,
GC; B, 235; C, GC. Cell-1 and cell-2 were
independent constructs. ( —), promoter minus
(PGV-B); GH-P, GH promoter; PRL-P, PRL
promoter; PRL(P + E), PRL-P plus distal
enhancer. ERE, estrogen responsive element;
TRE, thyroid hormone responsive element.
One light unit of luciferase corresponds to
1.4xlO-"molLuc.
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Fig. 4. Structure near the transcription-
al start sites of the rat PRL and GH genes.
The probes used for Southern hybridization
are indicated. The fragments generated on
DNase I digestion are shown by wavy lines.
Sizes are indicated in kb. ERE, estrogen
responsive element; TRE, thyroid hormone
responsive element; open box, exon.
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PRL-producing cells (13). In PRL-producing 235 cells, two
DHS were found at basically the same sites as those
reported by Durrin et al. (13) (Fig. 5A). We investigated
the restriction enzyme sensitivities of PRL gene chromatin.
These enzymes cut DNA at specific sites and thus all
fragments will give distinct bands on autoradiography. Two
bands (0.89 and 2.3 kb; Fig. 6A), corresponding to 0.65 and
2.2 kb, respectively, were detected on digestion of 235

nuclei with Hinfl, although limitation of the Hinfl cutting
sites in the PRL gene caused the fragment sizes to differ
slightly from those generated on DNase I cutting. No extra
band was detected on digestion of PRL-nonproducing GC
nuclei with DNase I (Fig. 5B) or Hinfl (Fig. 6B). The DNase
I-sensitivity of PRL gene chromatin in GH3 cells was
virtually the same as that in 235 cells (M. Ono, unpublished
data).
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Fig. 5. DNase I-sensitivity of PRL and GH gene chromatins.
Isolated nuclei were treated with the indicated amounts of DNase I for
3 min at 20'C. DNAs were purified from nuclei and digested with
Xbal. The digests (3 fig) were separated by electrophoresis on 0.75%
agarose gels and then blotted onto nitrocellulose filters. A, 235, B,
GC. The blots were hybridized with rat PRL (-450 to +608).
Restriction fragment sizes (given in kb) were determined with
iJmdHI-cleaved ADNA. Concentrations of DNase I for treatment of
nuclei (in fig/ml): lane 1, 2; lane 2, 1; lane 3, 0 5; lane 4, 0.25, lane
5, 0.13; lane 6, 0

A B
1 2 3 1 2 3
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Fig 6. Digestion of PRL and GH gene chromatins by restric-
tion enzymes. Nuclei were digested with the indicated amounts of
Hinft (A, B) or Alul (C) for 60 mm at 3VC DNAs were punned from
nuclei and digested with Xbal (A, B) or Sacl (C) The digests (3 //g)
were separated by electrophoresis on 0.75% agarose gels and then
blotted onto nitrocellulose filters (A, Cl, C2), 235; (B, C3, C4), GC.
Blots A and B were hybridized with rat PRL (-450 to +608), and C
with rat GH cDNA (+18 to +424) Restriction fragment sizes (given
m kb) were determined with iftndHI-cleaved ADNA Concentrations
of restriction enzymes (u/ml): lanes Al, Bl, 300; A2, B2, 150; A3,
B3, 0, Cl, C3, 150, C2, C4, 0.

Contrary to the DNase I-insensitivity of PRL gene
chromatin in GC cells, GH gene chromatin was found to be
sensitive (22). For example, in the upstream region of GH
gene chromatin, a GH probe was found to be able to detect
one major DHS (M-DHS) corresponding to a 2.1 kb frag-
ment (UIA, at —0.35 kb from the transcription start site),
and two minor DHS (m-DHS) corresponding to a 1.9 kb
fragment (UIB, -0 .15 kb) and a 3.3 kb fragment (UIIB,
- 1 . 6 kb). In 235 cells, M-DHS corresponding to a 3.1 kb
fragment (UIIA, —1.4 kb) was generated on DNase I
digestion of GH gene chromatin at high concentration (22).
On Alul digestion of GC and 235 nuclei, bands exhibiting
the same mobilities as observed in the case of DNase I
digestion were detected (Fig. 6C), though no 1.9 kb (IB)
fragment was found since no Alul site was present to
generate this fragment in GC cells.

It follows from the above that the major reason for the
lack of endogenous PRL gene expression in GC cells is not
the absence of transcription factors necessary for PRL gene
expression or an anomaly of the PRL gene itself, but
differences in the chromatin structure of the PRL gene
between in PRL-nonproducing and -producing cells. Thus,
not only transcription factors but also factor-accessible
chromatin should be prepared for expression of the PRL
gene. Although some transcription factors derived from
multicellular organisms such as glucocorticoids (26) and
GAGA factor (27) cause chromatin structure conversion
under certain conditions, in this study, neither Pit-1 nor ER
was a factor for conversion of the structure of PRL gene
chromatin to a DNase I-hypersensitive state.

Since the positions of DHS in PRL-producing 235 cells
coincide well with those of Pit-1 binding sites and ERE at
the PRL gene locus (4, 13), PRL gene chromatin in GC cells
may be in a condensed state, thus preventing the approach
of Pit-1 and ER. A locus control region (LCR) is defined as
a region that allows cell type-specific expression of the

introduced gene in a copy number-dependent but position-
independent manner in transgenic mice and stable trans-
formants (11, 12). Human /?-globin LCR coincides with the
region having cell type-specific DHS (11). In the case of the
human CD2 gene (28), LCR activity was shown again to
coincide with the DHS region, although this would not be
the case for the chick lysozyme gene (29). Thus, putative
PRL LCR is likely to coincide with the DHS region. Based
on the results of functional analysis of the PRL upstream
region in transgenic mice, LCR activity appears to be
present in the region from the transcription start site to a
3 kb upstream region of the PRL gene (30). No LCR-like
activity was found in the PRL-P region including proximal
DHS I. Putative PRL LCR should thus be present mostly in
the distal DHS II ( -1 .6 kb) region, assuming PRL LCR
corresponds to the DHS region. This region includes four
Pit-1 binding sites and one ERE (4, 31). Pit-1 and ER are
unable to convert the PRL chromatin structure to a DNase
I-hypersensitive state, and thus neither Pit-1 nor ER would
be the means of induction of the DNase I-hypersensitive
state of PRL chromatin in 235 cells. The substance respon-
sible would likely interact with the distal DHS region. The
nucleotide sequence corresponding to PRL DHS regions has
been determined (21). Although in vitro footprint analysis
has revealed the positions of Pit-1 binding sites and ERE,
no other cis-element specific for the PRL gene has so far
been identified. Since in vivo footprint analysis correspond-
ing to DHS studies has never been carried out, novel
cts-elements corresponding to LCR activity may be reveal-
ed by such analysis.

We wish to thank N. Matsuura for his encouragement, M. Karin, S.
Ihara, and the Japanese Cancer Research Resources Bank for provid-
ing the cells, and R.A. Maurer for a clone.

J. Biochem

 at Islam
ic A

zad U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Chromatin Structure and Prolactin Gene Expression 301

REFERENCES

1. Miller, W.L. and Eberhardt, N.L. (1983) Structure and evolution
of the growth hormone gene family. Endocr. Rev. 4, 97-130

2. Ingraham, H.A., Albert, V.R., Chen, R., Crenshaw, E.B., m,
Elsholtz, H.P., He, X., Kapiloff, M.S., Mangalam, H.J., Swanson,
L.W., Treacy, M.N., and Rosenfeld, M.G. (1990) A family of
POU-domain and Pit-1 tissue-specific transcription factors in
pituitary and neuroendocrine development. Annu. Rev. Physiol.
52, 773-791

3. Karin, M., Theill, L., Castrillo, J.-L., McCormick, A., and Brady,
H. (1990) Tissue-specific expression of the growth hormone gene
and its control by growth hormone factor-1. Recent Prog.
Hormone Res. 46, 43-58

4. Mangalam, H.J., Albert, V.R., Ingraham, H.A., Kapiloff, M.,
Wilson, L., Nelson, C, Elsholtz, H., and Rosenfeld, M.G. (1989)
A pituitary POU domain protein, Pit-1, activates both growth
hormone and prolactin promoters transcriptionally. Genes Dev. 3,
946-958

5. Theill, L.E. and Karin, M. (1993) Transcriptional control of GH
expression and anterior pituitary development. Endocr. Rev. 14,
670-689

6. Gourdji, D. and Laverriere, J.-N. (1994) The rat prolactin gene:
A target for tissue-specific and hormone-dependent transcription
factors. Mol Cell. Endocrinol. 100, 133-142

7. Felsenfeld, G. (1992) Chromatin aa an essential part of the
transcriptional mechanism. Nature 356, 219-224

8. Paranjape, S.M., Kamakara, R.T., and Kadonaga, J.T. (1994)
Role of chromatin structure in the regulation of transcription by
RNA polymerase II. Annu. Rev. Biochem. 63, 265-297

9. Elgin, S.C.R. (1988) The formation and function of DNase I
hypersensitive sites in the process of gene activation. J. Biol.
Chem. 263, 19259-19262

10. Gross, D.S. and Garrard, W.T. (1988) Nuclease hypersensitive
sites in chromatin. Annu. Rev. Biochem. 57, 159-197

11. Dillon, N. and Grosveld, F. (1993) Transcriptional regulation of
multigene loci: Multilevel control. Trends Genet. 9, 134-137

12. Engel, J.D. (1993) Developmental regulation of human /?-globin
gene transcription: A switch of loyalties? Trends Genet. 9, 304-
309

13. Durrin, L.K., Weber, J.L., and Gorski, J. (1984) Chromatin
structure, transcription, and methylation of the prolactin gene
domain in pituitary tumors of Fisher 344 rats. J. Biol. Chem. 259,
7086-7093

14. Ono, M., Mochizuki, E., Mori, Y., Aizawa, A., and Harigai, T.
(1995) The regulatory region and transcription factor required
for the expression of rat and salmon pituitary hormone-encoding
genes show cell-type and species specificity. Gene 153, 267-271

15. Ono, M., Harigai, T., Kaneko, T., Sato, Y., Diara, S., and
Kawauchi, H. (1994) Pit-l/GH factor-1 involvement in the gene
expression of somatolactin. Mol. Endocrinol. 8, 109-115

16. Seeburg, P.H., Shine, J., Martial, J.A., Baxter, J.D., and
Goodman, H.M. (1977) Nucleotide sequence and amplification in
bacteria of the structural gene for rat growth hormone. Nature
270, 486-494

17. Cooke, N.E., Coit, D.C., Weiner, R.I., Baxter, J.D., and Martial,
J.A. (1980) Structure of cloned DNA complementary to rat
prolactin. J. Biol. Chem. 255, 6502-6510

18. Murray, M.B., Zilz, N.D., McCreary, N.L., MacDonald, M.J.,
and Towle, H.C. (1988) Isolation and characterization of rat
cDNA clones for two distinct thyroid hormone receptors. J. Biol.
Chem. 263, 12770-12777

19. Hoddin, R.A., Lazer, M.A., Wintman, B.I., Darling, D.S.,
Koenig, R.J., Larsen, P.R., Moore, D.D., and Chin, W.W. (1989)
Identification of a thyroid hormone receptor that is pituitary-
specific. Science 244, 76-79

20. Koike, S. and Sakai, M. (1987) Molecular cloning and characteri-
zation of rat estrogen receptor cDNA. Nucleic Acids Res. 15,
2499-2513

21. Kladde, M.P., D'Cunha, J., and Gorski, J. (1993) Multiple
transitions to non-B-DNA structures occur in the distal regula-
tory region of the rat prolactin gene. J. Mol. Biol. 229, 344-367

22. Aizawa, A., Yoneyama, T., Kazahari, K., and Ono, M. (1985)
DNase I-hypersensitive sites in the chromatin of rat growth
hormone gene locus and enhancer activity of regions with these
sites. Nucleic Acids Res. 23, 2236-2244

23. Brent, G.A., Moore, D.D., and Larsen, P.R. (1991) Thyroid
hormone regulation of gene expression. Annu. Rev. PhysioL 53,
17-35

24. Forman, B.M., Yang, C.-R., Stanley, F., Casanova, J., and
Samuels, H.H. (1988) c-erbA protooncogenes mediate thyroid
hormone-dependent and independent regulation of the rat growth
hormone and prolactin genes. Mol. Endocrinol. 2, 902-911

25. Lew, D., Brady, H., Klausing, K., Yaginuma, K., Theill, L.E.,
Stauber, C, Karin, M., and Mellon, P.L. (1993) GHF-1-pro-
moter-targeted immortalization of a somatotropic progenitor cell
results in dwarfism in transgenic mice. Genes Dev. 7, 683-693

26. Pina, B., Bruggemeier, U., and Beato, M. (1990) Nucleosome
positioning modulates accessibility of regulatory proteins to the
mouse mammary tumor virus promoter. Cell 60, 719-731

27. Tsukiyama, T., Becker, P.B., and Wu, C. (1994) ATP-dependent
nucleosome disruption at a heat-shock promoter mediated by
binding of GAGA transcription factor. Nature 367, 525-532

28. Greaves, D.R., Wilson, F.D., Lang, G., and Kioussis, D. (1989)
Human CD2 3'-flanking sequences confer high-level, T cell-speci-
fic, position-independent gene expression in transgenic mice. Cell
56, 979-986

29. Stief, A., Winter, D.M., Stratling, W.H., and Sippel, A.E.
(1989) A nuclear DNA attachment element mediates elevated
and position-independent gene activity. Nature 341, 343-345

30. Crenshaw, E.B., HI, Kristin, K., Simmons, D.M., Swanson,
L.W., and Rosenfeld, M.G. (1989) Cell-specific expression of the
prolactin gene in transgenic mice is controlled by synergistic
interactions between promoter and enhancer elements. Genes
Dev. 3, 959-972

31. Simmons, D.M., Voss, J.W., Ingraham, H.A., Holloway, J.M.,
Broide, R.S., Rosenfeld, M.G., and Swanson, L.W. (1990)
Pituitary cell phenotypes involve cell-specific Pit-1 mRNA
translation and synergistic interactions with other classes of
transcription factors. Genes Dev. 4, 695-711

Vol. 119, No. 2, 1996

 at Islam
ic A

zad U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

