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Mutation of the POU-Specific Domain of Pit-1 and
Hypopituitarism Without Pituitary Hypoplasia

R. W. Pféffle,* G. E. DiMattia, J. S. Parks,T M. R. Brown,
J. M. Wit, M. Jansen, H. Van der Nat, J. L. Van den Brande,
M. G. Rosenfeld, H. A. Ingraham#

A point mutation in the POU-specific portion of the human gene that encodes the tissue-
specific POU-domain transcription factor, Pit-1, results in hypopituitarism, with deficiencies
of growth hormone, prolactin, and thyroid-stimulating hormone. In two unrelated Dutch
families, a mutation in Pit-1 that altered an alanine in the first putative a helix of the
POU-specific domain to proline was observed. This mutation generated a protein capable
of binding to DNA response elements but unable to effectively activate its known target
genes, growth hormone and prolactin. The phenotype of the affected individuals suggests
that the mutant Pit-1 protein is competent to initiate other programs of gene activation
required for normal proliferation of somatotrope, lactotrope, and thyrotrope cell types. Thus,
a mutation in the POU-specific domain of Pit-1 has a selective effect on a subset of Pit-1

target genes.

The pituitary transcription factor Pit-1 is
part of the large POU-domain gene family
defined by a highly conserved, bipartite
DNA binding domain that consists of the
POU-specific domain (POU-S) and POU-
homeodomain (POU-HD) regions (1). Bio-
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chemical and ontogeny studies have shown
that Pit-1 is the critical, cell-specific tran-
scription factor for activating expression of
the prolactin (Prl) and growth hormone
(GH) genes in the anterior pituitary gland
(2, 3). Additionally, Pit-1 acts to regulate
expression of its own encoding gene (4).
Detailed analyses have suggested that both
the POU-S and POU-HD contact DNA,
with the POU-S domain required for high-
affinity, site-specific binding and DNA-de-
pendent cooperative binding events ob-
served on many response elements (5).
Deficiencies of GH, Prl, and thyroid-stim-
ulating hormone (TSH) in the Snell dwarf
mouse are caused by a point mutation
[Trp?®! — Cys (W261C)] in the POU-HD
that eliminates binding of the defective
protein to the GH and Prl genes (6).
Homozygosity for the Snell mutation results
in severe hypoplasia of the anterior pitu-
itary gland, with the absence of somato-
tropes, lactotropes, and thyrotropes (7).

SCIENCE ¢ VOL. 257 < 21 AUGUST 1992

There have been several reports of mul-
tiple pituitary hormone deficiency involv-
ing GH, Prl, and TSH in humans (8, 9).
We examined the possibility of Pit-1 gene
(Pit-1) mutation in two unrelated Dutch
families, each with of two affected and
three unaffected siblings (8). Studies were
conducted with informed consent. The af-
fected children in Family I had severe
growth impairment with heights 10.2 stan-
dard deviations (SD) below the mean for
age before beginning human GH (hGH)
treatment. The older affected child in Fam-
ily IT had a height of —8.2 SD at age 3.5,
but the younger child’s height was only 1.0
SD below the mean before hGH treatment
was started at 9 weeks of age. All four failed
to increase serum GH and Prl levels above
detection limits of 0.5 pg/liter and 50
mU/liter in response to GH-releasing hor-
mone and thyrotrophin-releasing hormone
(normal > 10 pg/liter and >500 mU fliter).
The affected children in Family I had nor-
mal serum T4 amounts before GH treat-
ment, but these amounts decreased to 36
and 45 nmol/liter (normal is 70 to 170
nmol/liter) after 1 year of hGH treatment.
The affected children in Family II had more
severe, symptomatic central hypothy-
roidism that was recognized shortly after
birth.

The normal human Pit-1 cDNA se-
quence was determined to provide a basis
for. comparison with the sequences in the
affected children (10). A 2.31-kb isolate
was found to contain the entire coding
region and all but ten nucleotides of the 5’
untranslated region, as judged by the tran-
scriptional start site of the rat Pit-1 gene.
The 873-bp open reading frame showed
85% DNA homology and greater than 95%
amino acid sequence homology with bo-
vine, rat, and mouse sequences. Our results
are in agreement with those of Lew and
Elsholtz (11). There were no differences
between the bovine Pit-1 protein in the
POU-S domain and a single, conservative
Met-for-Leu substitution within the POU-
HD. The first 40 amino acids were the most
divergent region among the four species,
exhibiting nonconservative differences.

In Northern (RNA) blot analysis, the
human Pit-1 cDNA hybridized to a single
band of approximately 2.4 kb in human
pituitary polyadenylated RNA. No Pit-1
message was observed in RNA from human
decidua or placenta. This suggests that the
Pit-1 DNA response elements in Prl and
chorionic somatomammotropin genes do
not contribute to their regulation in these
tissues (12).

Genomic cloning was done to examine
regulatory elements and define exon-intron
boundaries (I3). The Pit-1 autoregulatory
binding sites described for the rat and mouse
in the 5’ flanking and 5’ untranslated re-




gions, respectively (PB1 and PB2) (Fig. 1)
were completely conserved (4). Regions out-
side of these two binding sites showed scat-
tered areas of homology. Examination of the
human gene through position —420 did not
disclose sequences that corresponded to the
two adenosine 3',5’-monophosphate (cyclic
AMP) response element binding (CREB)
sites that are located at positions —200 and
—163 in the rat Pit-1 gene (4). This absence
implies that cyclic AMP regulation of Pit-1
gene expression may differ among mamma-
lian species. The human Pit-1 exon-intron
boundaries were identical to those described
for mice (6).

Reverse transcription and nested poly-
merase chain reaction (PCR) were used to
amplify Pit-1 cDNA from Epstein-Barr vi-
rus—transformed lymphocytic cells from the
affected children, siblings, and parents in
the two families. A set of two primer pairs
was designed to amplify a region that encod-
ed amino acids 120 through 278, which
encompassed both the POU-S and POU-
HD regions (14). The second round of
amplification yielded distinct products of
527 and 362 bp. Sequencing of both PCR
fragments showed that the larger corre-
sponded to the expected Pit-1 sequence and
that the other reflected an alternatively
spliced product that lacked exon 4. An
alternatively spliced Pit-1 gene product has
also been observed in rat pituitary cDNA
(15).

Sequencing of the 527-bp cDNA prod-
ucts from the affected individuals in both
families showed a single cytosine for gua-
nine transition that changed amino acid
158 from Ala to Pro (A158P). We con-
firmed the mutant sequence first detected in
cDNA by sequencing a 185-bp fragment of
genomic DNA amplified with intron 3 and
exon 4 primers. Informative regions for
wild-type and A158P mutant specimens are
shown in Fig. 2A.

The cytosine for guanine substitution
predicts loss of a Bst NI restriction site.
Therefore, Bst NI digestion of the 185-bp
PCR product was used to distinguish A158P
alleles from normal wild-type alleles. As
shown in Fig. 2B, the two affected siblings
in Family I were homozygous for the A158P
allele, having only the 185-bp band and not
the 114- and 71-bp bands. Both parents and
two unaffected siblings in Family I were
heterozygous, and one normal sibling was
homozygous for the normal allele. In Family
II, the two affected siblings showed only the
A158P pattern, and the father was a het-
erozygote. However, the mother had only
the normal, wild-type allele.

These results suggested that the affected
siblings in Family II might be compound
heterozygotes for the A158P allele, inher-
ited from the father, and a Pit-1 deletion
allele, inherited from the mother. To eval-

uate this possibility, we performed South-
emn (DNA) analysis of genomic DNA. No
polymorphic restriction fragments were ob-
served after hybridization to three different
probes that represented different regions of
Pit-1 cDNA. The intensity of hybridization
to a Pit-1 cDNA probe was estimated by
densitometry, with concurrent hybridiza-

Fig. 1. The human Pit-1 5’ flank- Human  -393
ing sequence. The SequUeNCe iS  iocse 3o
shown in comparison to the Human -3¢0

-324

mouse and rat sequences; nega- Rat e

tive numbering is given relative to House
the rat Pit-1 RNA start site indicat-  nee "

-287

-276
ed by an arrow. Positive numbers Mouse  -271
indicate the 5’ untranslated re- Human  -234
gion upstream of the initiator me- Mouse -226
thionine codon, which is under- Human  -181

-179
-181

lined. Dashes indicate identical  jfar.,
bases, and dots represent gaps soman
introduced by the computer align- Rat
ment program (Gene Works 2.0, House
IntelliGenetics). The CREB sites in

the rat and mouse sequences are  mar 78
in bold italics and underlined, and Mouse -8
the Pit-1 binding elements (PB1

and PB2) are bracketed and in ropan 28

-128
-127
-130

bold type. Lowercase letters des- Mouse  -28
ignate bases preceding the tran- Humen 100

script start site, and uppercase

Mouse 96
letters designate bases after the wuman 49
start site. Rat 48

Mouse 47

Fig. 2. (A) Genomic A
sequencing of wild-
type and A158P mutant
human Pit-1 alleles.
Codon 158 is GCA,
specifying Ala, in PCR
products from a normal >
control DNA and CCA,
specifying Pro, in PCR
products from the older
affected sibling in Fam-
ily 1l. (B) Bst NI diges-
tion of genomic PCR B
products that con-
tained exon 4 of Pit-1.
PCR products of 185
bp were obtained by 30
cycles of amplification
with an intron 3 sense
primer (CTGGAAAGT-
TGGAGCTGATG) and
an exon 4 antisense
primer (CCAGCCATT-
TGGATAATATT). The
185-bp products were
digested with Bst NI
(recognition sequence
CCNGG), electropho-
resed on a Nusieve:
agarose (3:1) gel (FMC
BioProducts, Rockland,

[ = Wild-type allele
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tion to a GH-releasing hormone ¢cDNA
probe as an internal control. The ratio of
the density of Pit-1 to that of the GH-
releasing hormone bands was 0.52 + 0.08
(SD; n = 6) relative to that of two control
specimens in digests prepared with six re-
striction enzymes. Studies of the entire
family showed that the mother, two affect-
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tgtttaaaaa
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——— gg aa t ag
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[k
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>
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Control Family 1l Control
R
—114—
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Maine), and stained with ethidium bromide. Clear symbols indicate wild-type alleles (114- and 71-bp
fragments); filled symbols indicate A158P alleles (181-bp fragments); and hatched symbols indicate
Pit-1 deletion alleles. Molecular size markers are indicated in the middle in base pairs. Circles, females;

squares, males.
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ed siblings, and two of three unaffected
siblings carried single copies of the Pit-1
gene. We concluded that the disease allele
transmitted by the mother in Family II
involved deletion of the entire coding se-
quence of the Pit-1 gene.

To analyze the functional effects of the
A158P point mutation, we made an iden-
tical substitution in the normal human Pit-1
cDNA by site-directed mutagenesis. Stud-
ies with bacterial cell lysates that expressed
wild-type and A158P Pit-1 protein showed
that the A158P substitution had only a
minimal effect on DNA binding function

A
E155P & A159P WT
I

WT A158P

IO.T 0.030.01 0.1 0.03 0.01
C2A—» -
c2B—

C1-» Nod -

(e £ e
il Wy

i

L

3

Free—

Fig. 3. (A) Binding of wild-type and A158P
mutant Pit-1 protein to promoter elements. Ami-
no acid residue 158 was changed from Ala to
Pro by site-directed mutagenesis with a single-
stranded template generated from the full-
length wild-type human Pit-1 cDNA. Wild-type
(WT) and mutant human Pit-1 fragments were
subcloned into a modified bacterial expression
vector, PHB-H1, at the Nde | and Xba | sites,
introduced in the bacterial strain BL21 (DE3),
and partially purified. Equivalent amounts of
full-length protein, as judged by Coomassie
blue staining, were used for all binding studies
under previously described assay conditions
(5). The promoter sequences are the proximal
Pit-1 response element of the rat GH gene
(GH), the positive autoregulatory site (4) in the
rat Pit-1 gene (PB1), the Prl response element
(Prl), and an Oct-1 response element (Oct). (B)
Binding of wild-type (WT) and A158P Pit-1
proteins to GH promoter elements. Binding
studies were conducted at limiting protein con-
centrations, and electrophoretic conditions
were chosen to maximize the resolution of
differing protein-DNA complexes (5).

1120

(Fig. 3A). The most pronounced effect was
a threefold reduction in binding to the
proximal Pit-1 response element of the rat
growth hormone gene (GH site). There
were smaller reductions in binding to the
positive autoregulatory site (PB1) in the
Pit-1 gene and to the Prl response element.
In contrast, substitution of two Pro residues
for Glu at amino acid 155 (E155P) and Ala
at amino acid 159 (A159P) completely
abolished binding, as previously shown (5).

Qualitative differences between the
binding of wild-type and the A158P protein
were observed at limiting protein concen-
trations. Wild-type Pit-1 formed three com-
plexes with either the GH-1 or Prl-1P DNA
binding sequences (C2A, C2B, and Cl)
(Fig. 3B). Both C2 species represent di-
mers, whereas C1 is a monomer (5). Simi-
lar binding studies performed with the
A158P mutant showed selective loss of the
dimeric species C2B. The functional signif-
icance of this difference is not known at
present.

Further analysis of the A158P mutation
involved transient cotransfection experi-
ments. Wild-type and mutant Pit-1 cDNAs
were introduced into a eukaryotic expres-
sion vector and cotransfected in HeLa cells
with fusion genes under control of the
promoters of known Pit-1 target genes. As
shown in Fig. 4, the mutant Pit-1 was
incapable of increasing transcription from a

Fig. 4. Transcriptional
activation by wild-type
and A158P mutant Pit-1

e
' / uciferase

fusion gene construct that contained a min-
imal promoter with three rat GH Pit-1 sites
(GH-1x3). The A158P protein retained
approximately 5% of normal transcriptional
activation when tested with constructs that
contained a Pit-1 autoregulatory site (mPit
B2), the distal enhancer and proximal pro-
moter sites for Prl (PRL DE/P), or 320 bp of
the 5' GH promoter sequence (GH 320).
The mutant Pit-1 protein in transfected
cells appeared stable and exhibited proper
nuclear localization, as judged by protein
immunoblot analysis (16).

This report links the phenotype of GH,
Prl, and TSH deficiency to a point muta-
tion in the COOH-terminus of the first a
helix in the POU-HD domain of Pit-1. The
molecular basis of this human disease differs
from the defect in Snell mice, in which a
point mutation (W261C) in the third DNA
recognition helix of the POU-HD elimi-
nates DNA binding and thereby abolishes
transcriptional activation. It also differs
from the human Pit-1 mutation described
by Tatsumi et al. (17), which introduces a
translational stop signal after codon 171
and thus abolishes POU-HD.

Although the A158P Pit-1 protein does
not transactivate target genes that encode
the hormones GH and Pr1l, it is involved in
pituitary cell development. Magnetic reso-
nance imaging demonstrated normal ante-
rior pituitary size in the two affected indi-

Luciferase activity (light units)

. . 1x103
proteins. Amp', ampicil- 1 5 10 15 20
lin resistance; An, poly- . . : . ! '
adenosine  sequences. GH-1x3 T szspP'__‘
Effector plasmids that »
contained the wild-type 1x10°
(WT) or A158P human 2. 10 2 30 4
Pit-1 cDNAs were con- mpitg2 32 b WT PP—‘
structed in a pCMV ex- A158
pression vector as previ- 1x103
ously described (4). Hu- 4 20 40 60 80
man Hela cells were E/Wbp WT _—q
plated on 60-mm plates PRLD A158P
at a density of 5 x 105 a3
cells per plate and trans- 1 s 1% 20

fected with 3.3 pg of ef- 220
fector plasmid and 1 pg GH 320
of reporter plasmid by

b WT | '
A158P=

calcium phosphate coprecipitation. The various reporter constructs that contained Pit-1 binding sites
(shaded boxes) within the context of different gene regulatory regions are shown at left. Each was fused
to a firefly luciferase gene. The reporter constructs were three rat GH elements (—62 to +88) fused to the
rat Prl TATA box region (—36 to +8), designated GH-1x3; the mouse Pit-1 5' flanking sequence from
—210 to +34 with the negative autoregulatory Pit-1 box mutated to eliminate Pit-1 binding (mPit B2); a
construct that contained the distal enhancer (—1831 to —1530) and promoter (—422 to +33) elements
of the rat Prl gene (PRL DE/P); and the promoter sequence (—320 to +8) of the rat growth hormone gene
(GH 320). Cotransfection of the Pit-1 expression plasmids that contained wild-type or A158P mutant
sequences was performed with Hela cells (4). We calculated the Pit-1—dependent expression by
subtracting the activity of reporter plasmids cotransfected with the control effector plasmid pCMV. Data,
shown as absolute light units, represent the average of three replicate dishes per determination, with
error bars indicating the SEM. Two independent WT and A158P cDNA constructs were evaluated. The
optimal quantity of transfected effector to be used was determined in a titration experiment in which the
quantity of the reporter plasmid was held constant at 1 pg per plate.
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viduals in Family I. Their hormonal pheno-
type of severe GH and Prl deficiency cou-
pled with mild central hypothyroidism
differs from that of Snell dwarf mice. These
mice lack GH, Prl, and TSH and have no
recognizable somatotropes, lactotropes, or
thyrotropes in their hypoplastic anterior
pituitary glands. These differences suggest
that the A158P mutant protein remains
capable of directing embryonic differentia-
tion and proliferation of somatotropes and
lactotropes as well as survival of thyro-
tropes. The appearance of central hypothy-
roidism during GH treatment is consistent
with the observation that Pit-1 participates
in the hormonal modulation of B TSH gene
transcription (18). Transcriptional activa-
tion of other target genes that influence
cellular proliferation and survival events
may have a less stringent requirement for an
intact POU-S domain. Alternatively, Pit-1
may exert a direct effect on DNA replica-
tion such as that proposed for Oct-1 acti-
vation of viral DNA replication (19).

Comparison of the differing phenotypes
expressed in the two Dutch families suggests
a gene dosage effect. The two affected
individuals in Family II, who were com-
pound heterozygotes for the A158P allele
and a Pit-1 deletion allele, had more severe
central hypothyroidism than the A158P
homozygotes in Family I. The younger het-
erozygote’s anterior pituitary gland was ab-
normally small. The impact of a reduction
in gene dosage may be multiplied because
the A158P mutant protein is a poor activa-
tor of transcription of the Pit-1 gene itself.
Adult stature in family members with het-
erozygosity for either the A158P or the
deletion allele did not differ from adult
stature in family members with two normal
Pit-1 alleles.

Disruption of the predicted a-helical
structure in the POU-S domain severely
compromises transactivation of a subset of
Pit-1 target genes. Because the A158P mu-
tant protein retains high-affinity binding for
its DNA response elements, the resulting
human genetic disease suggests that a tran-
scriptional activation function of the
POU-S domain of Pit-1 provides a critical
contribution to only a portion of the pro-
gram of developmental gene activation in
the human pituitary gland.
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The Mouse Pink-Eyed Dilution Gene: Association
with Human Prader-Willi and Angelman Syndromes

John M. Gardner, Yoshimichi Nakatsu, Yoichi Gondo,*
Susan Lee, Mary F. Lyon, Richard A. King,
Murray H. Brilliantt

Complementary DNA clones from the pink-eyed dilution (p) locus of mouse chromosome
7 were isolated from murine melanoma and melanocyte libraries. The transcript from this
gene is missing or altered in six independent mutant alleles of the p locus, suggesting that
disruption of this gene results in the hypopigmentation phenotype that defines mutant p
alleles. Characterization of the human homolog revealed that it is localized to human
chromosome 15 at q11.2-q12, a region associated with Prader-Willi and Angelman syn-
dromes, suggesting that altered expression of this gene may be responsible for the
hypopigmentation phenotype exhibited by certain individuals with these disorders.

Mutations in mice have been instrumental
in the identification of a number of struc-
tural and regulatory genes involved in var-
ious aspects of development, including pig-
mentation (1). At least 13 alleles of the
pink-eyed dilution (p) locus on mouse chro-
mosome 7 are defined by reduced pigmen-
tation of both coat and eyes as compared
with the wild-type allele (2). It has been
proposed that the p locus encodes a struc-
tural protein present in the melanosome
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organelles of melanocytes (MCs) because
mutant p melanosomes exhibit structural
abnormalities and have a reduced capacity
to bind or accumulate melanin (3). Fur-
thermore, as some mutant p alleles are
associated with additional phenotypic fea-
tures, such as neurological deficits, male
sterility, reduced female fertility, and cleft
palate (2, 4), the gene product of the p
locus may also affect the development of
other organ systems (5). However, because
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