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The POU domain protein GHF-1 has a critical role in
generation, proliferation and phenotypic expression of
three pituitary cell types. GHF-1 functions in part by
binding to and transactivating the promoters of both the
growth hormone (GH) and prolactin (PRL) genes and that
of the GHFI gene itself. We describe a naturally
occurring isoform of GHF-1, GHF-2, in which an
additional 26 amino acids are inserted into the activation
domain of the protein as a result of alternative splicing.
GHF-2 retains the DNA binding activity of GHF-1 and
can activate the GH promoter but has lost the ability to
activate the PRL and GHFI promoters. These results
suggest that GHF-2 may function in differential target
gene activation during differentiation of the somato-
trophic lineage. Both GHF-1 and GHF-2 transcripts are
specifically expressed in the anterior pituitary. Analysis
of the genomic GHFI gene shows that most of the distinct
functional domains of GHF-1 (and GHF-2) are encoded
by separate exons. Gene segment duplication and exon
shuffling may have contributed to the evolution of this
cell type-specific transcriptional regulatory gene.
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Introduction

GHF-1 (Pit-1) is a pituitary specific homeodomain protein
that belongs to the POU subclass (Bodner et al., 1988;
Ingraham et al., 1988; Karin ez al., 1990). This family of
transcriptional regulators shares a conserved DNA binding
motif, the POU domain, composed of a 60 amino acid
homeodomain (POUyp) and a second region of ~ 75 amino
acids located N-terminally to the homeodomain, the POU-
specific domain (Herr et al., 1988). POU domain proteins
exert critical developmental and transcriptional functions
(Finney et al., 1988; Johnson and Hirsch, 1990; Finney and
Ruvkin, 1990; Li et al., 1990; Scholer et al., 1990a,b;
Verrijzer et al., 1990; Castrillo et al., 1991; Rosner et al.,
1991).

During mouse development GHF-1 protein is first detected
on embryonic day 15, a time which coincides with activation
of the growth hormone (GH) gene and expansion of the
somatotrophic lineage (Doll€ et al., 1990; Simmons et al.,
1990). Transcription of the GHFI gene, on the other hand,
is initiated 2 days earlier (Dollé ez al., 1990). Expression
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of both GHF1 transcripts and protein is restricted to three
cell types of the anterior pituitary, thought to be derived from
a common progenitor (Dollé et al., 1990; Simmons et al.,
1990). GHF-1 protein plays a critical role in expression and
differentiation of the somatotrophic lineage (Li et al., 1990;
Castrillo et al., 1991). Mutations in the GHF1 gene cause
pituitary dwarfism in the mouse. Such mice are deficient
in both GH and PRL expression and exhibit anterior pituitary
hypoplasia (Li er al., 1990; Castrillo et al., 1991).

Besides specific binding and transactivation of the GH and
PRL genes (Bodner and Karin, 1987; Bodner et al., 1988;
Nelson et al., 1988; Ingraham ez al., 1988; Theill et al.,
1989), GHF-1 positively autoregulates its own expression
by binding to the promoter of the GHFI gene (McCormick
et al., 1990). With multiple functions in anterior pituitary
cell proliferation, differentiation and polypeptide hormone
gene activation, there may exist additional GHF-1 target
genes involved in mediating these functions.

Differential activation of the GH and PRL genes occurs
in GHF-1 expressing cells (Bodner ez al., 1988; Dollé et al.,
1990; Simmons et al., 1990; Castrillo et al., 1991). During
development, PRL expression is first detected post-natally,
14 days after the onset of GH expression (Slabaugh et al.,
1982). Although most of the prolactin-expressing cells appear
to be derived from GH-producing precursors (Chatelain,
1979; Behringer et al., 1988; Borrelli et al., 1989), only
a small number of cells simultaneously express both GH and
PRL. Additional activating and restricting mechanisms must
therefore be required for differential and selective expression
of these and other GHF-1 target genes during pituitary
development and differentiation. One such mechanism may
involve cooperation between GHF-1 and other transcriptional
activators that bind to the promoters or enhancers of various
GHF-1 target genes (Crenshaw et al., 1989; McCormick
et al., 1990; L.E.Theill, unpublished results). Generation
of variant transcription factors by differential splicing of a
simple primary transcript could provide an additional
mechanism for differential gene regulation. For example,
a pituitary-specific isoform of the thyroid hormone receptor
(r-erbAB-2) present in somatotrophic cells was identified
(Hodin et al., 1989). We now present the isolation and
characterization of a naturally occurring variant of GHF-1
and show that this protein, named GHF-2, can activate only
a subset of the known GHF-1 target genes. To trace the
origin of GHF-2, we isolated and determined the structure
of the rat genomic GHFI gene. GHF-2 is generated by
differential splicing of the GHFI primary transcript. Like
GHF-1, GHF-2 is also exclusively expressed in the anterior
pituitary.

Results

Isolation of rat GHF-2 cDNA clones

The first evidence for an isoform of GHF-1 came from

screening of a rat pituitary tumor cell line cDNA library in

search of GHF-1 cDNA clones (Bodner et al., 1988). One
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out of six cDNA clones that hybridized to the GHF-1
oligonucleotide probes, carried an insertion of 78 bp after
nucleotide 142 relative to the initiator ATG codon of the
reported GHF-1 cDNA sequence (Figure 1). To investigate
further the natural occurrence and structure of this GHF-1
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Fig. 1. Sequence of rat GHF-2 cDNA combined with the position of
the intron—exon boundaries of the rat genomic GHFI gene. The first
and last 10 nucleotides of each intron are indicated in lower case
letters. The sequence unique to rat GHF-2 cDNA is boxed. The exact
same sequence was present at the 3’-end of intron a as determined by
sequencing the genomic GHFI gene. The predicted amino acid
sequence is shown in the single letter code below the nucleotide
sequence.
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isoform we employed PCR techniques. Oligodeoxy-
nucleotides complementary to the 5'- and 3’-ends of the rat
GHF-1 coding sequence were synthesized and used to
amplify specifically GHF-1 coding sequences from rat
pituitary tumor cell line (GC) cDNAs primed with random
oligonucleotides. A major PCR product of 0.9 kbp as well
as a minor 0.95 kbp product were visible after separation
by agarose gel electrophoresis (unpublished data). Isolation
and sequence analysis confirmed that the 0.9 kbp fragment
was identical to the rat GHF-1 cDNA previously described
(Bodner et al., 1988). The rat 0.95 kbp cDNA fragment was
identical to the variant cDNA clones described above. The
protein encoded by the variant sequence was named GHF-2
and is identical to GHF-1 except for an in-frame insertion
of 26 amino acids following amino acid 47 of GHF-1.
Interestingly, the insertion of GHF-2 is in the middle of the
previously defined GHF-1 transactivation domain (STA
domain), which is rich in hydroxylated amino acid residues
(Theill ez al., 1989).

GHF-1 and GHF-2 are differentially spliced products
of the same gene

The presence of the in-frame 26 amino acid insertion in
GHF-2 suggested that it could be derived from an altern-
atively spliced form of the GHFI primary transcript. To
explore this possibility and to determine its genomic
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Fig. 2. Structure of the GHFI gene. (A) The organization of \ clones
containing GHFI gene fragments is indicated. The restriction map of a
21 kbp region of the rat genome encompassing the GHFI gene is
shown (E, EcoRI; B, BamHI). The exons are denoted by the
numbered open boxes. (B) Comparison of the GHF! exon organization
to the structure of GHF-1. Exons present in GHF-1 cDNA are
denoted by open boxes. The insert in the GHF-2 cDNA is denoted by
a solid box. The amino acid positions corresponding to the exon
borders are indicated on the schematic GHF-1 protein sequence.

(++ +) indicate motifs rich in basic amino acids. The cylinders
indicate potential a-helical regions. STA is an abbreviation for Serine,
Threonine and Tyrosine-rich Activating domain. Numbers below the
boxes indicate the amino acid positions.



organization, the rat GHFI gene was isolated and charac-
terized. Six independent overlapping clones spanning an area
of 43 kbp and containing the complete GHF-1 coding region
were isolated from a rat genomic library. The restriction
enzyme map of this area and the genomic structure of rGHF]
are presented in Figure 2A. The nucleotide sequences of all
exons and introns except for 6 kbp of intron b, 0.5 kbp of
intron C and 0.5 kbp of intron d, a total of more than 12 kbp,
were determined and are available through the EMBL Data
Library. The sequence of the 5’-flanking region of the gene
as well as the promoter structure and start site of transcrip-
tion were reported previously (McCormick er al., 1990).
The GHFI gene consists of six exons and five introns. The
six exons code for amino acids 1—47, 48—71, 72—146,
147-201, 202—-222 and 223-291 of the rat GHF-1
sequence, respectively (Figures 1 and 2B). The length of
introns a to e are 2.6, 9.8, 2.3, 1.0 and 0.8 kbp respectively.
All of the splice donor and acceptor sites follow the GT—AG
rule (Mount, 1982; Figure 1). These exon—intron bound-
aries are identical to the ones found in the mouse GHFI
(Pitl) gene (Li et al., 1990).

Sequencing of the genomic GHFI gene shows that the
78 bp insertion in rGHF-2 mRNA is generated by the use
of an alternative splice acceptor site in intron a, 78 bp
upstream of the one used in the case of rGHF-1 (Figures
1 and 2B). Interestingly the splice acceptor site used for
rGHF-2 fits the acceptor site consensus sequence better than
does the site used to generate rGHF-1 (Ohshima and Gotoh,
1987; Figure 3).

Transactivation properties of GHF-2 are distinct from
GHF-1

We have previously shown that deletions in the STA domain
abolish GHF-1’s ability to transactivate the GH promoter
(Theill et al., 1989). Identification of an isoform of GHF-1
with an interrupted STA domain prompted us to examine
the ability of GHF-2 to activate the target genes so far
identified for GHF-1. In titration DNase I footprinting
experiments 10 ng of either recombinant GHF-1 or GHF-2
proteins gave full and identical protection of the two GHF-1
binding sites present in the GH promoter (Figure 4). To
examine the relative binding affinity of GHF-2 to known
GHF-1 binding sites competition experiments were performed
using radiolabelled oligonucleotide corresponding to the high
affinity site of the 7GH gene and unlabelled oligonucleotides
corresponding to the same site (rGH-P), a mutated version
of the same site (mutrGH-P) and the high affinity binding
sites of the GHFI1 (rGHF1-P) and PRL (rPRL-1P) genes.
The competition curves observed for GHF-1 and GHF-2
were very similar such that the rGH-P, rGHF1-P and

GHF1lintrona: cgatgggaaatacagCGACA

GHF2introna': tacttttcttaccagTCCCG
consensus splice Cc
acceptor site: YyyyyyyyyyyyyagRNNGY

Fig. 3. Comparison of the splice acceptors used for generation of
GHF-1 and GHF-2. GHF1 gene sequences around the intron a and a’
3'-splice junctions, used for splicing of the primary transcript to
generate the GHF1 and GHF2 mRNAs, respectively, are shown.
Nucleotides matching the vertebrate splice acceptor site consensus
sequence (Ohshima et al., 1987) are bold faced. Lower case lettering
indicates intron sequences. Y, pyrimidines; R, purines; N, any
nucleotide.

Different transactivators produced by alternative splicing

rPRL-1P oligonucleotides but not the mutrGH-P oligo-
nucleotide competed readily for binding to the labelled rGH-
P probe (Figure 5). These results indicate that the DNA
binding affinity of both GHF-1 and GHF-2 for all three sites
are relatively similar. GHF-1 and GHF-2 therefore appear
to have identical DNA binding activities.

Exogenous GHF-1 and GHF-2 proteins of the predictable
mobility were present in similar amounts in nuclei of RQ6
cells transfected with either RSVGHF1 or RSVGHF2
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Fig. 4. DNase 1 footprinting by GHF-1 and GHF-2. An end-labelled
hGH probe (+3 to —500, labelled at +3) was incubated in parallel
with increasing amounts (1, 4, 10 and 40 ng) of recombinant GHF-1
and GHF-2 proteins and was subjected in DNase footprinting. The
locations of the proximal (p) and distal (d) GHF-1 binding sites in the
hGH promoter are indicated on the side panel.
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Fig. 5. Mobility shift assays of GHF-1 and GHF-2. 0.3 nM
radiolabelled rGH-P site was incubated with recombinant GHF-1

(3 ng) or GHF-2 (6 ng) in the presence of increasing amounts (6, 30
or 120 nM) of unlabelled mutGH-P, (M); rGH-P, (GH); rGHF1-P,
(GHF-1); or rPRL-1P, (PrL) sites. A representative set of experiments
is shown. Both gels were run in parallel.
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expression vectors (Figure 6A). In the Rat6 cell line GHF-1
and GHF-2 were equally effective in activating a cotrans-
fected hGH-CAT reporter gene (Figure 6B). Both factors
also activated a mutated GH promoter containing only one
GHF-1 binding site, A121 —126hGH-CAT, whereas they fail
to activate a GH promoter from which the GHF-1 binding
sites were deleted, A82 —128hGH-CAT (Figure 7). Besides
the GH promoter, GHF-1 is also an activator of the PRL
and GHFI promoters (Ingraham et al., 1990; McCormick
et al., 1990; Castrillo et al., 1991; and Figure 7). GHF-2
on the other hand, while an effective activator of the GH
promoter, failed to activate either the PRL or GHFI
promoters (Figure 7). These findings indicate that GHF-1
and GHF-2 have different, yet overlapping, target gene
specificities: GHF-2 activates only the GH promoter while
GHF-1 activates the promoters of all three genes: GH, PRL
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Fig. 6. Expression and activation by GHF-1 and GHF-2. (a) Detection
of GHF-1 and GHF-2 proteins in transiently transfected RQ6 cells.
RQ6 cells were transfected with 20 ug of either RSVGHFI,
RSVGHF?2 or the empty expression vector RSV-0 and analyzed by
Western blotting using anti-GHF1 antibodies. (B) GHF-1 and GHF-2
activate the GH promoter. The indicated amounts of the GHF-1 and
GHEF-2 expression vectors or a one to one combination of the two
(GHF-1 + GHF-2) were cotransfected into Rat6 cells with 5 ug of
289hGH —CAT reporter construct. The amount of RSV expression
vector in each transfection was adjusted to 16 ug by the addition of
RSV-0. Shown are the averages of two different experiments.
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and GHFI. The fact that deletion of one of the GHF-1
binding sites in the GH promoter did not abolish GHF-2
transactivation indicates that it is not the number of binding
sites that determines whether GHF-2 can activate a given
promoter or not. Unlike the GH promoter, the GHFI
promoter region used in these experiments contains only a
single high affinty GHF] binding site (McCormick et al.,
1990) to which both proteins bind with similar affinities (see
Figure 5).

Expression of GHF-2
With the identification of differential target gene specificity
for GHF-1 and GHF-2 it became important to examine the
level of expression of GHF-2 mRNA and protein in pituitary
cells and to test if there are differences in the pattern of
GHF-1 and GHF-2 expression. Total RNA was isolated from
rat pituitaries, embryos and cell lines and the relative level
of GHF-2 versus GHF-1 transcripts was analyzed by RNase
protection. The 0.6 kb long probe contains 517 nucleotide
complementary to GHF-2 mRNA and spans the 78
nucleotide region not present in the GHF-1 mRNA. As a
result 517 and 346 nucleotide fragments should be protected
by the GHF-2 and GHF-1 transcripts, respectively (Figure
8A). Both transcripts were detected in the pituitaries of male
and pregnant female rats as well as in the GC, GH; and
235-1 pituitary tumor cell lines (Figure 8B). In addition both
transcripts were found in rat embryos from gestational days
17 and 19 (data not shown). The relative levels of the GHF-2
and GHF-1 transcripts were quantitated by an imaging
system that directly quantitates radiation (AMBIS™). In all
pituitaries and cell lines positive for GHF-1 the ratio of
GHF-2 to GHF-1 transcripts was ~1—7 (see legend to
Figure 8B).

GHF-2 expression during rat embryogenesis and in adult

4 | J-
40 b

Fold Activation

GHCAT A121-126  AB2-128
GHCAT GHCAT

PRLCAT GHF1CAT

Fig. 7. GHF-1 and GHF-2 differ in their transactivation properties.
20 pg of GHF-1 (dotted column), GHF-2 (solid column), a mixture
containing 10 ug of each (hatched column) or 20 ug of empty
expression vector (empty column) were cotransfected into Rat6 cells
with 5 ug of the following reporter constructs: —289hGH—CAT;
A121-126hGH—CAT (distal GHF-1 binding site deleted);
A82—128hGH—CAT (both GHF-1 binding sites deleted); —415
PRL—CAT and —200 GHF-1—CAT. The cells were analyzed for
CAT activity 48 h after transfection. Fold activation was determined
relative to the basal expression of each reporter plasmid, and
represents the average of three separate experiments.



rat pituitaries was further analyzed by in situ hybridization
with a riboprobe derived from the 78 nucleotide GHF-2
specific sequence. In situ analysis of serial sections of rat
embryos from 12.5 and 13.5 days postcoitum (p.c.) revealed
no specific signal. GHF-2 mRNA were first clearly detected
by day 15.5 p.c., when a specific signal was observed
throughout the anterior pituitary (Figure 9A). In isolated
adult pituitaries GHF-2 transcripts were also restricted to
the anterior lobe (Figure 9B). The pattern of expression of
GHF-1 (Dollé et al., 1990; Simmons et al., 1990) and
GHF-2 transcripts thus appears to be similar.

Expression of GHF-2 protein was first examined by
immunoblotting GC cell nuclear extracts separated by
SDS—PAGE. In addition to the 33 and 31 kDa bands
corresponding to GHF-1 (Bodner ez al., 1988; Castrillo et
al., 1989), a faint band of ~35 kDa which is the predict-
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Fig. 8. Expression of GHF-1 and GHF-2 transcripts. (A) Schematic
representation of the RNase protection experiment. Exons and introns
from only the first half of the GHFI gene are shown. Exon sequences
common to GHF-1 and GHF-2 (open boxes) or specific for GHF-2
(solid box) are indicated, as well as the expected lengths of the
protected fragments. (B) Expression of GHF-2 relative to GHF-1
transcripts in rat pituitary tissue and pituitary tumor cell lines. RNase
protection experiments were performed using total RNA and a
radioactive antisense RNA probe described in panel A. The RNA
sources are indicated above the lanes. Pituitaries were dissected from
either young male or pregnant female rats. Various amounts of total
RNA (5—-30 ug) and autoradiography times were used to generate
signals of similar intensity. The quantitated ratio, adjusted for fragment
size, of the GHF-1 to GHF-2 signals was as follows: GH;, 6.7;

GC, 7.0; 235, 7.0; rat pituitary, 7.1.

Different transactivators produced by alternative splicing

able size of GHF-2, was observed (data not shown). Due
to its low abundance, it was difficult to visualize the GHF-2
band, and therefore, we have used mobility shift assays to
examine whether pituitary cell extracts contain a DNA
binding activity with similar mobility to that of GHF-2.
Complexes with similar mobilities to the ones generated by
recombinant GHF-1 and GHF-2 were observed in extracts
of pituitary cell lines (Figure 10A). Due to the small
difference in the electrophoretic mobilities of GHF-1 and
GHF-2, it was not possible to determine clearly the origin
of the complexes generated by the pituitary cell extract.
However, extended electrophoretic separation revealed that
the top of the protein—DNA complex formed by the pituitary
cell extract migrated more slowly than the GHF-1

Fig. 9. GHF-2 transcript expression pattern in rat fetal and adult
pituitary. Sections were hybridized to the GHF-2 riboprobe and
photographed under bright-field (left) and dark-field (right).

(A) Section in a frontal plane through the region containing the
anterior pituitary of rat fetus day 15.5 p.c. The bright spot in the
centre of the darkfield frame is an artefact and does not represent a
specific hybridization signal. (B) Adult rat pituitary in a frontal
orientation. GHF-2-specific signal is observed only in the anterior
lobe. a, anterior lobe; i, intermediate lobe; p, posterior lobe; 3v, third
ventricle; np, nasopharyngial cavity.
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Fig. 10. Electrophoretic mobility shift analysis of GHF-1, GHF-2 and
pituitary cell extracts. (A) 0.3 nM radiolabelled rGH-P site was
incubated with GHF-1 (4 ng), GHF-2 (4 ng) or GH; whole cell
extract (1.5 pg) in the absence (—) or presence of 80 nM rGH-P (GH)
or mutGH (M) GHF-1 binding site. (B) As in A, but long gel run,
and using GC whole cell extract 1 ug. n.s., non-specifically bound
probe.
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protein—DNA complex, at a position similar to that of the
GHF-2 protein—DNA complex (Figure 10B). These results
suggest that GHF-2 contributes to the total GHF-1 binding
activity present in pituitary cell extracts.

Splicing pattern of a chimeric GHF-1/x-globin
transcript

The splice acceptor site used to generate GHF-2 adheres
more closely to the consensus splice acceptor site (Ohshima
and Gotoh, 1987) than does the sequence used for generating
GHF-1 (see Figure 3). It was possible, therefore, that the
splicing pathway leading to formation of GHF-1 is dependent
on an active mechanism conferred by a cell-type specific
factor. To test this hypothesis, we analyzed the transcrip-
tion and splicing of the entire genomic GHFI gene under
control of the MT promoter after transfection into a
heterologous cell line. Both 517 and 346 nucleotide protected
fragments representing GHF-2 and GHF-1 transcripts,
respectively (Figure 8A), were detected (Figure 11B, lane
4). However, due to the large size of this construct, the
transfection efficiency was low resulting in high background.
To circumvent this problem, we constructed and studied by
RNase protection the expression and splicing of a smaller
chimeric rGHF1/a-globin gene construct (MGa:G) containing
GHFI exon 1, intron a and exon II. The GHF-2 riboprobe
described above should generate a 243 and a 93 nucleotide
protected fragments that reflect the use of the rGHF-2 and
rGHF-1 splice acceptor sites, respectively (Figure 11A).
Both transcripts were detected after transfection of MGaG
into RQ6, HeLa and F9 cells (Figure 11B) and Rat6 cells
(unpublished data). Quantitation indicated a splicing ratio
between the GHF-2 and GHF-1 forms of the chimeric
transcript of ~ 1:7 in all cell lines (see legend to Figure 11).
In conclusion, formation of the GHF-1 and GHF-2
transcripts does not appear to depend on cell type-specific
splicing factors.

Discussion

In the present study we have identified a naturally occurring
isoform of the pituitary-specific transcription factor GHF-1
which arises from alternative splicing of the primary GHFI
gene transcript. This isoform, GHF-2, is an efficient
activator of the GH gene promoter while unable to activate
two other pituitary-specific promoters, those of the PRL and
the GHF1 genes. The two transcription factors produced by
the GHF1 gene, GHF-1 (291 amino acids) and GHF-2 (317
amino acids) are identical in their structure except for the
presence of a 26 amino acid insertion in the middle of the
GHF-1 activation domain, the STA domain. The STA
domain is signified by its high content (=30%) of hydroxyl-
ated amino acid residues (Theill et al., 1989). However, the
GHEF-2 insert is also quite rich in hydroxylated amino acid
residues. Therefore it appears that the activity of this domain
is not simply influenced by the overall content of hydroxylated
residues but by another structural feature which remains to
be determined.

The limited activation potential of GHF-2 is not
determined by the number of GHF-1 binding sites within
the target promoter. Deletion of one of the two GHF-1
binding sites of the GH promoter did not abolish its response
to GHF-2. Both the GHFI promoter with a single high
affinity GHF-1 binding site (McCormick et al., 1990) and
the PRL promoter containing four moderate affinity GHF-1
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Fig. 11. Expression and splicing of a chimeric GHF1/c-globin
transcript. (A) Schematic representation of the RNase protection
analysis of cells transfected with MGaG. Exon sequences common to
GHF-1 and GHF-2 (open boxes) or specific for GHF-2 (solid box) as
well as a-globin exon 2 sequences (hatched box) are indicated, as well
as the expected lengths of the protected fragments. For a schematic
representation of the RNase mapping experiments with GC cells and
cells transfected with MTGHF-1a or RSVGHF]1 see Figure 8(A).

(B) Expression of both GHF-1 and GHF-2 splice-forms in transiently
transfected heterologous cell lines. RQ6, HeLa (H) and F9 cells were
transfected with 20 ug MGaG plasmid DNA. RQ6 cells were also
transfected with the MTGHF-1a expression vector. F9 cells transfected
with the expression vector RSVGHF1 that only expresses GHF-1
transcripts are included as a GHF-2 negative control. RNase protection
experiments were performed using total RNA and the riboprobe
described in (A). The RNA sources are indicated above the lanes. The
GHF-2 to GHF-1 splicing ratio was calculated for transcripts derived
from pMGaG transfected cells: RQ6, 7.0; HeLa, 6.4; F9, 7.1.



binding sites (Nelson et al., 1988) are not activated by
GHF-2. This selective promoter activation by GHF-2 is not
due to differential binding, because it binds to the GH and
GHFI promoters as efficiently as GHF-1. One possibility
is that GHF-2 is an effective activator only in collaboration
with other sequence-specific transcription factors that bind
to the GH promoter but not to the GHFI and PRL promoters.
It is possible that the insert within the GHF-2 activation
domain alters its conformation and thereby affects its ability
to interact with target proteins that can be either sequence-
specific activators or components of the basic transcriptional
machinery, which are required for efficient activation of the
GHF1I and PRL promoters. GHF-1, on the other hand, can
interact with accessory proteins that bind all three promoters.

Due to the different activation properties of GHF-2, the
differential splicing of the GHF1 primary transcript may be
one of the mechanisms contributing to the selective activation
of GHF-1 target genes during anterior pituitary development
(Bodner et al., 1988; Dollé et al., 1990; Simmons et al.,
1990). The GH-producing somatotrophs and PRL-producing
lactotrophs arise from the same progenitor (Chatelain, 1979)
and they both contain GHF-1 immunoreactive material
(Bodner et al., 1988). GHF-1 is required for generation of
both cell types (Li et al., 1990; Castrillo ez al., 1991) and
for activation of both the GH and PRL genes (Bodner and
Karin, 1987; Nelson et al., 1988; Ingraham et al., 1988;
Castrillo et al., 1991). The initial appearance of GHF-1
protein shows temporal and spatial correlation with GH
expression (Dollé et al., 1990; Simmons et al., 1990). On
the other hand, no significant PRL expression can be detected
until 10— 12 days postnatally (Slabaugh et al., 1982; Dollé
et al., 1990). The lack of GH expression in lactotrophs and
the lack of PRL expression in somatotrophs, both of which
contain GHF-1, has remained an enigma (Karin et al., 1990).
It is possible that changes in the levels of GHF-1 and GHF-2
production may contribute to the differential activation of
the GH and PRL genes. At the present time, however, we
have not been able to obtain direct evidence for differential
expression of GHF-1 and GHF-2 during pituitary develop-
ment and thorough examination of this point will require the
preparation of GHF-2-specific antibodies for use in immuno-
histochemical analysis. Alternatively, such studies would
require the development of techniques for separation of
somatotrophs and lactotrophs which are currently not
available. In the samples examined in the study we have
observed a more-or-less constant ratio of 1:7 between GHF-2
and GHF-1 transcripts. However, most of the cell types that
were examined for GHF-1 and GHF-2 expression were kept
under standard experimental conditions and it is perfectly
possible that the ratio of the two transcripts varies in response
to yet-to-be determined experimental conditions or hormonal
stimuli.

The importance of alternative splicing as a developmental
regulatory mechanism was demonstrated in Drosophila
where differential splicing underlies sex determination (see
Baker, 1989 for a review). Alternative splicing was reported
for two other members of the POU subfamily, the Ocr2
(Hatzopoulos et al., 1990; Wirth et al., 1991) and Oct4
(Scholer et al., 1990b) genes. The ratios of Oct-2 isoforms
were found to be similar in different cell types (Wirth et al.,
1991). Differences were observed, however, in the pattern
of expression of Oct-2a and Oct-2b (Hatzopoulos et al.,
1990). It remains to be seen whether the different Oct-2
proteins function similarly or differently from one another.

Different transactivators produced by alternative splicing

Alternative splicing affecting the coding region has also been
described for other homeogenes, including ultrabithorax
(O’Connor et al., 1988) and labial (Mlodzik et al., 1988).
Differential splicing affecting the transactivation domain was
reported for CREB (Yamamoto et al., 1990; Berkowitz and
Gilman, 1990), CTF/NF-1 (Mermod et al., 1989), thyroid
hormone receptor (Izumo and Mahdavi, 1988; Hodin et al.,
1989), retinoic acid receptors (Leroy ez al., 1991; Zelent
et al., 1991) and the E2 (Lambert er al., 1987) and E1A
(Lillie et al., 1986) regulatory proteins of adenovirus.
Differential cell-specific splicing patterns as well as
differences in the abilities of the various isoforms to activate
or repress transcription have been observed in some of these
studies. However, in no case known to us, was it demon-
strated that two different isoforms generated by alternative
splicing are capable of differential target gene activation, as
shown for GHF-1 and GHF-2.

The domain structure of GHF-1 correlates with the
gene structure

In comparing the structure of the GHFI gene with that of
the GHF-1 protein we find a relatively good correlation
between the exon structure and the distribution of functional
domains within the protein. The GHF-1 activation domain
which resides between amino acids 1 and 71 (Theill et al.,
1989) is encoded by exons 1 and 2, encompassing amino
acids 1—47 and 48—71. The activation domain can be
divided into two subdomains (contained within amino acids
1—-40 and 40—80), each of which is capable of conferring
activation function upon the LexA DNA binding domain
(Ingraham et al., 1990). These subdomains, which we named
STAa and STARB, corresponding to exons 1 and 2,
respectively, are separated by the 26 amino acid insert in
GHF-2 (Figure 2B). Downstream to the STA domain GHF-1
contains a block of ~65 amino acids to which no function
has been assigned. This region, named x, is encoded by exon
3 which also codes for the N-terminal portion of the POU-
specific domain, characterized by a predominance of
basically charged amino acid residues (Figure 2B; PSQ).
While this part of the POU-specific domain is not essential
for minimal DNA binding activity (Theill et al., 1989) it
is required for high affinity binding (Ingraham et al., 1990).
Interestingly, this module which is highly conserved among
all POU-specific domains (Herr et al., 1988), is also present
at the 3'-end of a separate exon, exon 4, in the Oct2 gene
(Hatzopoulos et al., 1990). The remainder of the POU-
specific domain is composed of two potential a-helical
sequences that are located entirely within exon 4 of GHFI
and exon 5 of Oct2 (Figure 2B; PSa). The POU homeo-
domain is encoded by exons 5 and 6. Like other homeo-
domains, it is composed of a short region rich in basic
residues and three «-helical regions (Figure 2B: PHS and
PHa, respectively. In the antennapedia and engrailed
homeodomains, the basic region reaches into and contacts
the minor groove of the recognition sequence (Otting et al.,
1988; Kissinger ez al., 1990). In addition to its role in DNA
binding, this region may also function in nuclear transport
(Theill ez al., 1989). This region of the GHF-1 homeodomain
is encoded by exon 5, whereas the bulk of the homeodomain
including the three potential « helices, which compose the
helix-turn-helix motif (Otting et al., 1988; Kissinger et al.,
1990), is encoded by exon 6. In the majority of homeobox
genes the entire homeodomain is encoded by one exon
(Schneuwly ez al., 1986; Cho et al., 1988; O’Connor et al.,
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1988), although homeobox sequences split by an intron were
also described (Poole et al., 1985; Mlodzik et al., 1988).
The GHF1 coding region outside the homeodomain is split
by introns in phase I of the reading frame. This coincidence
of phasing would permit exon shuffling. Taken together, our
findings correlating GHF-1 protein structure and functional
domains with GHFI genomic structure supports the
hypothesis that gene segment duplication and exon shuffling
(Rogers, 1985; Siidhof et al., 1985; Kirchgessner et al.,
1989) have contributed to the evolution of the POU subfamily
of regulatory proteins.

Materials and methods

Isolation of cDNA clones

Rat GHF-2 cDNA clones were isolated from a rat GC cell cDNA library
in A\GT11 using the same methods previously used for isolation of GHF-1
cDNA clones (Bodner et al., 1988). For PCR amplification the following
two primers complimentary to the GHF-1 cDNA were used:

5'-AAGCTTGGATCCATGGGTTGCCAACCTTTCACCTCG-3' and
5'-AAGCTTGCGGCCGCTACCACACATGGCTACCACAGG-3'.

Random primed first strand cDNA was prepared from 2 pg total RNA
isolated from rat GC cells. 10% of the cDNA was amplified using standard
procedures (Innis er al., 1990). Amplified fragments in the size range of
0.9—1.0 kbp were isolated by low-melt agarose gel electrophoresis and
cloned into the pBluescript IISK™ vector. Clones containing rat GHF-2
sequences were selected by restriction site analysis. Twenty GHF-2 cDNA
clones were identified and the complete DNA sequence of several clones
were determined (Hattori and Sakaki, 1986).

Isolation of genomic GHF1 clones

1 X 10° plaque-forming units of a rat genomic library (Sargent et al., 1979)
were transferred to nitrocellulose filters and screened with GHF-1 cDNA
probes (Bodner et al., 1988). Positive plaques were identified after stringent
washing (50°C, 0.1 x SSC, 50% formamide). DNA was purified from
positive plaques and analyzed by restriction mapping (Maniatis er al., 1982).
DNA fragments from the genomic clones were subcloned into pBluescript
SK™ and sequenced using universal and gene-specific primers (Hattori and
Sakaki, 1986).

Cell culture and transfections

RSVGHF2 was constructed by replacing the HindIIl —Notl, GHF-1 coding
fragment of RSVGHF1 (Theill ez al., 1989) by a similar fragment coding
for GHF-2. pMTrGHFl« contains the human metallothionein I, promoter
(Karin and Richards, 1982) in front of the complete coding part (16.7 kbp)
of the rat genomic GHFI gene cloned into pBluescript SK™. pMGaG
contains the hMTII, promoter in front of the rat GHFI gene exon 1, intron
a, exon 2 plus part of intron b, followed by the human a-globin gene starting
with intron a. pMGaG was constructed by insertion of a 4 kbp Smal fragment
from MTrGHFl« into pUCa,/Smal (Yang-Yen et al., 1990). The other
plasmids used for the transfection experiments were described previously
(Theill et al., 1989; McCormick et al., 1990). Rat6 cells were plated at
1 X 105 per 100 mm plate in DME containing 10% newborn calf serum.
The following day, the cells were transfected with 5 ug of reporter plasmid
plus a total of 20 ug of expression vectors containing RSV LTR. Cells were
harvested 48 h later and assayed for CAT activity.

Western blot analysis

30 ug of crude nuclear extracts (Castrillo et al., 1991) were separated by
electrophoresis on a 12% SDS—polyacrylamide gel and transferred to
nitrocellulose membrane. After transfer, the membrane was blocked using
2% dry milk and reacted with rabbit anti-GHF-1 antibodies (Bodner e al.
1988) followed by goat anti-rabbit antibody coupled to horseradish peroxidase
(Bio-Rad). The blots were developed using the chemilluminescence system
(Amersham).

Protein preparations and DNA binding studies

Ncol —BamHI fragments from RSVGHF1 and RSVGHF2 containing the
coding regions of rat GHF-1 and GHF-2 cDNAs, were inserted into the
T7 expression vector pET8C to generate pTGHF1 and pTGHF2. Proteins
from these constructs were expressed in the bacterial strain BL21(DE3) and
bacterial extracts were prepared and fractionated by 5—-30% (NH,),SO,
cuts, followed by heparin—agarose chromatography as described (Buchan
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et al., 1990). Further purification was achieved by FPLC MonoQ anion-
exchange chromatography eluted with a 0—500 mM NaCl gradient in
10 mM potassium phosphate buffer pH 7.5, 0.1 mM EDTA, 10 mM DTT,
2% glycerol. The proteins were judged to be ~20% pure by Coomassie
blue staining, as well as by Western analysis of SDS —polyacrylamide gels.
The relative mobilities of bacterially expressed GHF-1 and GHF-2 on
SDS—PAGE were essentially identical to those of the proteins expressed
in Rat6 cells (Figure 6). GH; and GC whole cell extracts (WCE) were
prepared as follows: 107 cells in monolayer were washed, pelleted and
incubated in 5 pellet volumes of hypotonic buffer for 10 min at 4°C, followed
by centrifugation and resuspension of the pellet in 1.5 vol of the same buffer.
The cells were frozen in liquid N,, thawed and the lysate made 0.4 N
NaCl, rotated 30 min at 4°C and centrifuged 20 000 g 30 min to remove
debris. Protease and phosphatase inhibitors were included. Gel retardation
assays using recombinant GHF-1, GHF-2 or WCE were performed at 4°C
for 20 min, in a 20 pl volume of 10 mM HEPES (pH 7.9), 50 mM KCl,
0.1 mM EDTA, 5 mM MgCl,, | mM DTT, 0.1% NP-40, 10% glycerol,
2.5 ug poly(dI-dC), 6 ug BSA, using 0.3 nM double-stranded rGH-P
oligonucleotide, radiolabelled with T4 kinase. Free DNA and DNA —protein
complexes were resolved at 4°C on a 6% non-denaturing polyacrylamide
gel in 1 X Tris glycine buffer. Double stranded versions of the following
oligonucleotides were used: rGH-P, 5'-AATTCCCATGAATAAATGTAT-
AGGG-3'; mutGH, 5'-AATTCCCCTGGATCACTGGATCGGG;
rGHF1-P, 5'-AGCTTACATGTATAAATGGATTTCCG-3'; rPRL-1P,
5'-AATTGATTATATATATATTCATGAA-3'.

RNase protection analysis

Total RNA isolation and RNase protection analysis was performed as
previously described (Theill e al., 1987). The plasmid pSK-520 consists
of an EcoRI 530 bp rGHF2 fragment cloned into pBluescript SK™.
PSK-520 was linearized by Notl and the radioactively labelled antisense strand
was synthesized by T3 polymerse. 25 000 c.p.m. of probe and 2—-25 mg
of total RNA were used.

In situ hybridization

Rat fetuses were prepared and in situ hybridization performed as previously
described (Lazzaro et al., 1991). The riboprobe was complementary to the
first 68 bases of the GHF-2-specific insert.
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