Function of the Homeodomain Protein GHF1 in

Pituitary Cell Proliferation
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Mutations that cause pituitary dwarfism in the mouse reside in the

gene encoding the

transcription factor growth hormone factor 1 (GHF1 or pit1). These dwarf mice (dw
and dw”’) are deficient in growth hormone (GH) and prolactin (PRL) synthesis and
exhibit pituitary hypoplasia, suggesting a stem cell defect. With antisense oligonucle-
otide technology, a cell culture model of this genetic defect was developed. Specific
inhibition of GHF1 synthesis by complementary oligonucleotides led to a marked
decrease in GH and PRL expression and to a marked decrease in proliferation of
somatotrophic cell lines. These results provide direct evidence that the homeodomain
protein GHF1 is required not only for the establishment and maintenance of the
differentiated phenotype but for cell proliferation as well.

OMEODOMAIN-CONTAINING PRO-

teins are transcnpnonal regulators

that participate in the determina-
tion of a cell’s fate (1-3). GHF1 (Pitl) is a
mammalian homeodomain protein that is a
member of the POU subclass, which con-
tains related homeodomain-containing tran-
scription factors (4, 5). It is expressed in the
anterior pituitary, where it appears to be
responsible for activating the GH and PRL
genes of the somatotrophic lineage (6).
Transcription of GHF1 is positively auto-
regulated (7, 8) and induced by cyclic aden-
osine monophosphate (cAMP) by means of
the cAMP response eclement-binding
(CREB) protein, which binds to the GHF1
promotor (7). The action of the soma-
totroph-specific mitogen growth hormone-
releasing factor (GRF) (9, 10) is mediated
by the second messenger cAMP. We provide
evidence that GHF1 is also required for
pituitary cell proliferation.

Two naturally occurring mutations that
cause pituitary dwarfism in mice, known as
the Snell and Jackson dwarfs (11), have been
shown to reside in GHF1 on chromosome
16 (12, 13). The more extensively studied
Snell dwarf is deficient not only in GH and
PRL synthesis (13, 14) but also suffers from
pituitary hypoplasia (11) (Fig. 1, A and C).
Sections of normal and dwarf pituitaries
were stained with propidium iodide and
visualized by fluorescence confocal micros-
copy. This examination indicates that the
total cell number in the pars distalis of the
anterior pituitary is markedly reduced in
dwarf pituitaries, as compared to the cell
number in their normal counterparts. This
defect is specific for the pars distalis and does
not affect the developmentally related pars
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intermedia. Therefore, the Snell dwarf phe-
notype appears to result from more than the
lack of GH and PRL expression; the defect
may actually affect development of the so-
matotrophic lineage, which is a major con-
tributor to the anterior pituitary cell mass.
Although the dw mutation is a missense
mutation that results in the substitution of a
cysteine for the conserved tryptophan resi-
due in the homeodomain of GHF1, the
dwarf pituitary is deficient in GHF1 mRNA
(12) and protein (Fig. 1, B and D). This is
probably due in part to the decreased DNA
binding activity of variant GHF1 (13),
which results in a decrease in transcription
of the positively autoregulated GHF1 (7, 8).
However, a decrease in GHF1 expression
may also result from the failure of soma-
totrophic precursors to proliferate.

The ontology of GHF1 expression (15)
and its induction by cAMP (7), a mitogenic
signal for somatotrophic cells (10), suggest-
ed that GHF1 may function in proliferation
of somatotrophic precursors. This would
explain how the Snell dwarf mutation leads
to anterior pituitary hypoplasia. The GH-
and PRL-producing pituitary tumor cell
lines GC and 235 provide convenient mod-
els for testing this hypothesis. Despite hav-
ing unlimited proliferative capacity, these
cells express somatotrophic differentiation

Fig. 1. Histochemical analysis of
normal (A and B) and Snell dwarf
(C and D) anterior pituitaries. (A
and C) Sections of normal and
dwarf pituitaries were stained with
propidium iodide (28) and visual-
ized by confocal microscopy (final
magnification, x45.6); p.i., pars
intermedia; p.d., pars distalis. (B
and D) Sections of normal and
dwarf pituitaries stained with anti-
bodies to GHF1 (final magmﬁm—
tion, xX228).

markers and contain high concentrations of
GHF1 (4, 5). We used antisense oligonucle-
otides (16) to inhibit GHF1 expression in
GC cells. Because of the relative stability and
abundance of GHF1 mRNA and protein,
we found it necessary to maintain the cells in
the presence of oligonucleotides (50 uM)
for a minimum of 6 days. This treatment
resulted in a reduction of the amount of
GHF1 and GH mRNA in GC cells incubat-
ed with AS], an oligonucleotide comple-
mentary to positions 118 to 138 of GHF1
mRNA (17) (Fig. 2A). Although the
amount of GHF1 mRNA was reduced five-
fold in antisense-treated cells in comparison
to cells treated with a control GHF1 sense
oligonucleotide or untreated cells (13), a
greater reduction was observed in the
amount of GHF1 protein; the GHF1 pro-
tein was essentially undetectable (Fig. 2B).
Incubation with the sense oligonucleotide
had no effect on GHF1 levels. Because GC
cells do not express PRL, we used 235 cells
(18) to assess the effect of the GHF1 an-
tisense oligonucleotide on PRL expression.
Treatment with GHF1 antisense oligonucle-
otides led to a marked and specific reduction
in the concentrations of both GHF1 mRNA
and PRL mRNA (Fig. 2C).

Treatment with AS1 also led to a marked
decrease in the rate of DNA synthesis in GC
and 235 cells (Table 1). A similar level of
inhibition was observed in five separate ex-
periments and with a second antisense oli-
gonucleotide (AS3) complementary to posi-
tions 99 to 127 of GHF1 mRNA (17).
Treatments with GHF1 sense oligonucleo-
tide, two nonspecific oligonucleotides, and
an antisense oligonucleotide complementary
to GH mRNA (17) had no effect on GC cell
proliferation. The inhibition of GC cell pro-
liferation is probably not due to a cytotoxic
effect, as it was reversible. GC cultures were
incubated with AS1 for 9 days and divided:
one-half of the culture was incubated in the
absence of and one-half in the presence of
AS1. Measurement of *H-labeled thymidine
incorporation indicated that removal of the
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antisense oligonucleotide resulted in an in-
crease in DNA synthesis (Fig. 3A). We
obtained similar results by ¢xamining the
incorporation  of  bromodeoxyuridine
(BrdU) into DNA (Fig. 3B). Cells incubat-
ed with AS1 for 9 days exhibited only
background fluorescence when examined for
cither BrdU incorporation or GHF1 expres-
sion. Five days after the removal of AS1, the
increase in BrdU incorporation paralleled
the increase in GHF1 immunoreactivity. In
addition, the inhibitory effect of the GHF1
antisense oligonucleotides was specific to
GC and 235 cells, as they did not affect the
proliferation of Rat2, Rat6, or NIH 3T3
fibroblasts (Table 1).

Our experiments establish a direct corre-
lation between reduced GHF1 expression
and decreased GH and PRL expression. In
addition, GHF1 expression is correlated
with pituitary cell proliferation. These find-
ings, together with the hypoplastic pheno-
type of the Snell dwarf anterior pituitary,
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Fig. 2. Effects of GHF1 antisense oligonucleotide
on gene expression in pituitary cells. Cells were
plated at 10% confluence on 100-mm plates in
DMEM that contained horse serum (10%) and
fetal calf serum (2.5%). Sense (S) or antisense
(AS) GHF]1 oligonucleotides (AS1 and S1) were
added every 72 hours (17). (A) To examine
GHF]I and GH expression in GC cells, we extract-
ed total cellular RNA after 6 days of treatment
with either S or AS oligonucleotides and analyzed
the RNA by ribonuclease (RNase) protection
assays with probes specific for GHF1, GH, or
actin. (B) For protein analysis, nuclear extracts
were prepared from either untreated GC cells (—)
or cells treated for 9 days with S or AS GHF1
oligonucleotides; the extracts were separated by
SDS—polyacrylamide gel electrophoresis and
transferred to nylon membranes as described (29).
Protein concentration was determined with the
Bio-Rad protein assay kit with bovine serum
albumin as the standard. The immunoblot was
probed with antibodies to GHFI and developed
with 125I-labeled Protein A (29). M, molecular
size standards in kilodaltons. (C) To examine
PRL and GHFI1 expression in 235 cells, we
extracted total cellular RNA from either untreated
cells (=) or cells treated for 6 days with S or AS
GHEF] oligonucleotides and analyzed the RNA by
RNase protection with probes specific to GHF1,
PRL, or actin.
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indicate that in addition to determination of
cell fate, GHF1 is likely to function in the
proliferation of somatotrophic precursors;
therefore mutations that inhibit GHF1 ac-
tivity interfere with the expansion of this cell
lineage.

Our conclusions are consistent with what
is known about this biological system. In
addition to its effects on GH synthesis and
secretion, the hypothalamic hormone GRF
is also a specific mitogen for somatotrophs.
Unlike many other mitogens, GRF uses
cAMP as a second messenger (9, 10). GHF1
transcription is also induced by cAMP(7).
Overexpression of GRF in transgenic mice
leads to specific somatotrophic hyperplasia
(19), and some human GH-secreting pitu-
itary adenomas (439%) have mutations that
constitutively activate the stimulatory G
protein that couples the GRF receptor to
adenylate cyclase (20). These findings under-
score the importance of this signaling system
for the expansion of the somatotrophic lin-
eage. It has been observed that overexpres-
sion of a nonphosphorylated variant CREB
protein driven by the GH promoter in trans-
genic mice leads to pituitary hypoplasia
(21). On the other hand, expression of a
GH-cholera toxin fusion gene leads to pitu-
itary hyperplasia and gigantism in transgenic
mice, an effect caused by chronic activation
of the adenylate cyclase (22).

Table 1. Inhibiion of DNA synthesis

antisense GHF1 oligonucleotides. The cell lines
were plated at 10% confluence in 24-well plates
in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal calf serum that was heat
inactivated. Sense and antisense oligonucleotides
were  added 72 hours to a final
concentration of 50 (17). Cell proliferation
was determined by [*H]thymidine incorporation
into trichloroacetic aci ipitable material after
12 hours of incubation with unlabeled thymidine
(3 mM) and 1 pCi of [*H]thymidine (25 Ci/
mmol). Values represent the averages + SEM of
three  different iments each done in
duplicate. The levels of DNA synthesis are
expressed as percent of the level measured in

nontreated control cultures.
Cell Oligo- DNA synthesis
line nucleotide  (percent of control)
GC AS1 35+ 5
AS3 57+ 7
Rel2 92+ 2
Rel6 100+ 1
S1 97+ 3
GHI1 105+ 5
235 AS1 24+ 3
S1 113 + 23
Rat2 ASl 98+ 2
AS3 9% + 1
Rat6 ASl 98+ 9
Sl 100 + 11
NIH 3T3 AS1 97+ 1
AS3 9%+ 1

During normal mouse development,
GHEF]1 protein and GH transcripts and pro-
tein are first detected on embryonic day
(ED) 16 (15). Although the ontology of
GREF expression in the mouse is not known,
hypothalamic GREF is first detected on ED
18 in the rat (23), a developmental time that
is nearly equivalent to ED 16 in the mouse.
On ED 16 the anterior pituitaries of Snell
dwarfs are similar in size to those of their
normal counterparts. Slight differences can
be detected during the next several days of
fetal development and marked differences in
the size and morphology of the anterior
pituitaries occur postnatally (24). Thus the
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Fig. 3. Reversible inhibition of GC cell prolifer-
ation and GHF1 expression by antisense oligonu-
cleotides. (A) GC cells were plated on 24-well
plates and treated for 9 days with AS1 (50 pM) as
described in Table 1. The cells were washed twice
and incubated with (+ AS) or without (— AS)
AS1 for five additional days. [*H]thymidine in-
corporation was determined at days 1, 2, or 5.
The values represent average relative amounts of
[®H]thymidine incorporation in triplicate cultures
compared to [*H]thymidine incorporation in du-
plicate control cultures treated with S1 for 9 days.
The SEMs were in all cases less than 10% of the
reported values. (B) GC cells were grown on
cover slides in six-well plates and treated with AS1
as described in (A). We identified the cells carry-
ing out DNA synthesis by BrdU incorporation
and by staining the cells with an antibody to
BrdU DNA (30). The expression of GHF1 was
determined in duplicate cultures subjected to the
same treatments by indirect immunofluorescence
(final magnification, X 70). S, cells treated with S1
for 9 days; AS, cells treated with AS1 for 9 days;
AS + 5, cells treated with AS1 for 9 days and then
incubated for 5 days in the absence of AS1.
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onset of GHF1 and GRF expression is
correlated with the time at which expansion
of the somatotrophic lineage is initiated.
Defects in GHF1 expression and function
prevent the growth and differentiation of
these cells, leading to a complete absence of
mature somatotrophs and an almost com-
plete absence of mature lactotrophs. Because
the Snell dwarf also has a decreased number
of thyrotrophs (14, 24), it is possible that, in
contrast to previous assumptions, this cell
type may also be derived from the soma-
totrophic lineage. However, it is also possi-
ble that thyrotroph differentiation or surviv-
al may be dependent on the presence of
intact somatotrophs or lactotrophs.
Although proper development requires
proliferation of stem cells, as well as various
determined progenitors, it is not clear how
proliferation and differentiation are coupled
during development. Genetic and biochem-
ical evidence indicates that homeodomain
proteins are involved in the determination of
a cell’s fate (1-3). Homeodomain genes may
regulate the expression of genes that control
the Drosophila cell cycle (25). In addition,
another POU protein, the ubiquitously ex-
pressed Octl, is important for viral DNA
replication (26). Our study provides evi-
dence that a homeodomain protein is re-
quired for cell proliferation, in addition to
its role in cell fate determination. The regu-
lation of expression of homeodomain pro-
teins by lineage-specific growth factors (27)
may provide an efficient way of coupling
proliferation and differentiation.

REFERENCES AND NOTES

. W. J. Gehring, Science 236, 1245 (1987).
. M. P. Scott, J. W. Tamkun, G. W. Hartzell III,
Biochim. Biophys. Acta 989, 25 (1989).

. M. Kessel and P. Gruss, Science 249, 374 (1990).

M. Bodner et al., Cell 55, 505 (1988).

. H. A Ingraham et al., ibid., p. 519.

M. Karin, J.-L. Castrillo, L. E. Theill, Trends Genet.

6, 92 (1990).

7. A. McCormick, H. Brady, L. E. Theill, M. Karin,

Nature 345, 829 (1990).

. R.P. Chen et al., ibid. 346, 583 (1990).

9. L. M. Bilezikjian and W. W. Vale, Endocrinology
113, 1726 (1983).

10. N. Billestrup, L. W. Swanson, W. Vale, Proc. Natl.
Acad. Sci. U.S.A. 83, 6854 (1986).

11. G. D. Snell, ibid. 15, 733 (1929); A. Bartke, Anat.
Rec. 149, 225 (1964); E. M. Eicher and W. G.
Beamer, J. Hered. 67, 87 (1976).

12. S. Liet al., Nature 347, 528 (1990).

13. J.-L. Castrillo and L. E. Theill, unpublished data.

14. M. Roux, A. Bartke, F. Dumont, M. P. Dubois, Cell
Tissue Res. 223, 415 (1982).

15. P. Dolké et al., Cell 60, 809 (1990).

16. P. C. Zamecnik and M. L. Stephenson, Proc. Natl.
Acad. Sci. U.S.A. 75, 280 (1978); R. Heikkila e
al., Nature 328, 445 (1987); D. Caracciolo et al.,
Science 245, 1107 (1989); A. M. Gewirtz et al.,
ibid., p. 180.

17. The oligonucleotides were added every 72 hours

for 6 to 9 days to a final concentration of 50 M.

The medium was changed at days 3 and 6. AS1 is

complementary to nucleotide positions 118 to 138

(5'-GAAAGGTTGGCAACTCATTCCCAC-3'),

AS3 is complementary to positions 99 to 127 (5'-

[

oUW

oo

12 JULY 1991

GGCAACTCATTCCCACAAGAGAGTAGAG-3'),
and S1 is identical to posidons 1 to 25 (5'-CTCA-
GAGCCGCCCTGATGTATATATG-3') of GHF1
mRNA. GHI is complementary to positions 35 to 59
of GH mRNA (5'-CCAAGCAGTGATCTGTCCA-
CAGGAAC-3'. Rel2 and Rel6 are nonspecific con-
trol oligonucleotides.

18. M. ]. Reymond, D. D. Nansel, G. H. Burrows, W.
B. Neaves, J. C. Porter, Acta Endocrinol. (Copenha-
gen) 106, 459 (1984).

19. K. E. Mayo et al., Mol. Endocrinol. 2, 606 (1988).

20. J. Lyons et al., Science 249, 655 (1990).

21. R. Struthers, W. Vale, C. Arias, P. Sawchenko, M.
Montminy, Nature 350, 622 (1991).

22. F. H. Burton, K. W. Hasel, F. E. Bloom, J. G.
Sutcliffe, ibid., p. 74.

23. K. Ishikawa, H. Katakami, J.-O. Jansson, L. A.
Frohman, Neuroendocrinology 43, 537 (1986).

24. T. Francis, Acta Pathol. Microbiol. Scand. 21, 928
(1944); D. B. Wilson and E. J. Christensen, J.
Anat. 133, 407 (1981).

25. P. H. O’Farrell, B. A. Edgar, D. Lakich, C. F.
Lehner, Science 246, 635 (1989).

26. M. L. DePhamphilis, Cell 52, 635 (1988).

27. M. Karin, Curr. Opin. Cell Biol. 2, 996 (1990).

28. Saggital sections (200 pm) of the entire pituitary
were cut as described (4). The sections were stained
with propidium iodide (20 wg/ml), and the nuclear
fluorescence signal of propidium iodide (Molecular
Probes) was examined with an MRC-600 Confocal
Imaging system (Bio-Rad, Richmond, CA) on a
Zeiss microscope. Immunostaining with antibodies

to GHF1 was as described (4).

29. A. McCormick et al., Cell 55, 379 (1988).

30. R. VanFurth and T. L. VanZwet, J. Immunol. Meth-
ods 108, 45 (1988); J. H. Nielsen, Mol. Endocrinol. 3,
165 (1989). Staining for BrdU incorporation was
performed on cells incubated for 1 hour in BrdU (10
M) and fixed in paraformaldedyde (2%) in phos-
phate-buffered saline (PBS). After we washed the
cellular DNA four times with PBS, it was partially
denatured by the addition of HCI (1.5 M) for 30 min
at room temperature. The cells were washed six times
with PBS until neutral, stained for 1 hour at room
temperature with a monoclonal antibody to BrdU
DNA (Becton Dickinson, Palo Alto, CA), and diluted
1:20 in PBS with Triton X-100 (0.3%) and goat
whole serum (2%). The antibodies were visualized
with a 1:200 dilution of rhodamine-conjugated
goat antiserum to mouse immunoglobulin G (Cap-
pel Research). Immunostaining with antibodies to
GHF1 was performed on GC cells fixed with
paraformaldehyde (4%) as described (4).

31. We thank T. Deerinck and M. Ellisman for help with
the confocal microscopy; N. Billestrup for helpful
discussions regarding the BrdU technique; and M.
Montminy for communicating results before publi-
cation. Supported by NIH grant DK38527 and
postdoctoral fellowships from the California Divi-
sion of the American Cancer Society (J.L.C.) and
the Danish Natural Science Research Council
(LET.).

22 March 1991; accepted 29 April 1991

MHC Class I Deficiency: Susceptibility to Natural
Killer (NK) Cells and Impaired NK Activity

NAN-SHIH L1A0, MARK B1x, MAARTEN ZIJLSTRA, RUDOLF JAENISCH,

Davip RAULET*

The role of major histocompatibility complex (MHC) class I expression in natural
killer (NK) cell target recognition is controversial. Normal T cell blasts from MHC
class I-deficient mutant mice were found to serve as target cells for NK cells in vitro,
which suggests that MHC class I molecules are directly involved in NK cell recogni-
tion. Spleen cells from the mutant mice were deficient in their ability to lyse MHC class
I-deficient target cells or NK-susceptible tumor targets, and mutant mice could not
reject allogeneic bone marrow. Thus, class I molecules may participate in the positive
selection or tolerance induction of NK cells.

EITHER THE ANTIGENS RECOG-

nized by NK cells nor their antigen

receptors have been identified,
though their capacity to destroy various
tumor cell lines is well documented. The
MHC class I molecules may be involved in
recognition by NK cells. Tumor cell variants
that are deficient for MHC class I expression
are often more susceptible to lysis by NK
cells than are MHC class I" tumor cells
(1-5). Because susceptible tumor cells may
express tumor antigens recognized by NK
cells, it is unclear from these experiments
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whether the MHC class I deficiency enhanc-
es recognition of these antigens or is itself
sufficient to render the cells sensitive to NK
cells. With the use of cells from mice mutant
for B,-microglobulin (B,M) (6-8) and
hence deficient for cell surface class I expres-
sion, we directly addressed the role of MHC
class I expression in the susceptibility of
otherwise normal cells to NK cell lysis in
vitro and investigated if MHC class I partic-
ipates in the development of NK activity in
vivo.

Spleen cells from C57BL/6 (B6) mice
that had been injected 1 day before with
polyinosinic:polycytidylic acid (poly I:C),
an agent that induces NK cell activity (9,
10), lysed both NK-sensitive YAC-1 tumor
cells and concanavalin A-induced T cell
blasts (Con A blasts) from (B6 x 129)F,
mice (H-2°) homozygous for a mutant §,M
allele (—/— mice) (Fig. 1A). Similar results
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