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a b s t r a c t

Prophet of PIT1 (PROP1) is a pituitary-specific factor and responsive gene for the combined pituitary hor-
mone deficiency in Ames dwarf mice and human patients. Our immunohistochemical studies demon-
strated that PROP1 is consistently expressed in SOX2-expressing stem/progenitor cells in the rat
pituitary from embryonic (E) to postnatal periods. At E13.5, all the cells in Rathke’s pouch, the primor-
dium of the pituitary, express PROP1. Afterward, PROP1-positive cells localize along the marginal cell
layer, a putative stem cell niche in the pituitary, and stratify in the parenchyma of the anterior pituitary.
In the embryonic period, PROP1 coexists transiently with PIT1, which is the anterior pituitary-specific
factor and is a target of PROP1, but not any hormones. Thus, the present results imply a regulatory role
of PROP1 not only in pituitary organogenesis but also in conversion of PIT1-lineage cells.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Prophet of PIT1 (PROP1), a pituitary-specific factor and heritable
responsive gene for the combined pituitary hormone deficiency in
Ames dwarf mice [1] and human patients [2–4], participates in
morphogenesis, apoptosis and proliferation in the developing pitu-
itary [5], and in pituitary organogenesis including the differentia-
tion of cell lineages [1,6]. Several lines of evidence have indicated
that PROP1 participates continuously not only in the specification
of pituitary cell lineages but also in the proliferation of cells after
birth [7–9]. It is reported that Prop1 expression in mouse embry-
onic ontogeny remarkably diminished its level at E14.5 [1], while
Prop1 expression in human is observed in the pituitary adenoma
as well as normal adult pituitary [10–12] and in porcine adult pitu-
itary [13]. Meanwhile, cells expressing SOX2, a marker of stem/
progenitor cells, are present in the anterior pituitary [14,15]. In this
study, we aimed to identify the PROP1-expressing cells during
pituitary organogenesis which progress in a unilateral direction
from stem/progenitor to terminally differentiated cells. We first
generated a specific antibody for PROP1 and conducted immuno-
histochemical studies on the rat pituitary from embryo to neonate.
ll rights reserved.
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Materials and methods

Immunohistochemistry. For immunohistochemistry, embryonic
(E) and postnatal (P) pituitaries from Wistar–Imamichi rats were
fixed with 4% paraformaldehyde (PFA) in 50 mM phosphate-buf-
fered saline (PBS), pH 7.5, maintained overnight at 4 �C, followed
by substitution with 30% sucrose in PBS. Cryosections of 10 lm
thickness were reacted with primary antibodies at the appropriate
dilution at room temperature overnight. Primary antibodies used
were guinea pig antiserum against rat PROP1 (1:1000, in the pres-
ent study as described in the Supplemental materials and meth-
ods), rabbit antiserum against rat PIT1 (1:250, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), goat antiserum against hu-
man SOX2 (1:500 dilution, Neuromics, Edina, MN, USA), rabbit
antiserum against pituitary hormones (ovine LHb (1:2000 dilu-
tion), rat TSHb (1:2000 dilution), rat GH (1:8000 dilution) and rat
PRL (1:1500 dilution), which were kindly provided by the National
Institute of Diabetes and Digestive and Kidney (NIDDK) through
the courtesy of Dr. A.F. Parlow, and human ACTH (1:1000 provided
by Dr. S. Tanaka at Shizuoka University, Shizuoka, Japan). After
washing with PBS, incubation with secondary antibodies was
then carried out using FITC- or Cy3-conjugated AffiniPure donkey
anti-guinea pig, rabbit and goat IgG (Jackson ImmunoResearch,
West Grove, PA, USA) or Alexa Fluor 488 conjugated goat anti-
rabbit IgG (Molecular Probes, Inc., Eugene, OR, USA). The sections
were washed with PBS and then enclosed in VECTASHIELD
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Fig. 1. Immunohistochemistry of PROP1 during rat pituitary development. Immunohistochemistry was performed with anti-PROP1 antiserum on the cryosections of
embryonic (E) and postnatal (P) pituitaries. PROP1 is labeled with Cy3 (red) and is overlaid with nuclear staining by DAPI (blue). The Rathke’s pouch and anterior and
intermediate pituitaries are enclosed within dashed lines. Insets at E13.5 represent PROP1-positive signals (top), DAPI staining (middle) and a merged image (bottom) by
enlargement the marked area. Embryonic and postnatal days are indicated. (Scale bars: 50 lm).
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mounting medium with DAPI (Vector, Burlingame, CA, USA).
Immunofluorescence was observed under fluorescence microscopy
Fig. 2. PROP1-positive cells consistently coexisted with progenitor cell marker, SOX2. I
(green, right panel) at E12.5 (A), E13.5 (B) and E16.5 (C) and P5 (D) was performed, and
with a Confocal Laser Scan microscope; CLSm (Carl Zeiss,
Oberkochen, Germany) and BZ-8000 (KEYENCE, Osaka, Japan).
mmunohistochemical staining of pituitaries with PROP1 (red, left panel) and SOX2
the merged images (middle panel) are shown. (Scale bar: 50 lm).
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Results and discussion

Using the C-terminal region of rat PROP1 (amino acid residues
126–223) fused to TrxA-His-tag, anti-PROP1 polyclonal antibody
was generated in guinea pig and the specificity of the antibody
was confirmed by Western blotting (Supplementary Fig. 1) and
immunohistochemistry (Supplementary Fig. 2). RT-PCR analysis
and in situ hybridization confirmed the presence of Prop1 tran-
scripts in the postnatal rat pituitary on day 5 (P5). Signals of both
mRNA and protein were found to co-exist in the same cells (Sup-
plementary Fig. 3A and B).
Fig. 3. Attenuation of PROP1–PIT1 coexistence. Immunohistochemistry was performed w
(A) and E16.5 (B). PROP1 and PIT1 are labeled with FITC (green) and Cy3 (red), respective
E21.5 was performed and numbers of PROP1-positive, PIT1-positive and PROP1-PIT1-p
average cell number per 5400 lm2 (open bar; PROP1-positive cells and gray bar; PIT1-po
(closed bar) are shown. (Scale bars: Fig. 3A, 20lm and Fig. 3B, 50 lm).
Prop1 expression during rat pituitary organogenesis from E11.5
to P5 was analyzed by immunohistochemistry, and stem/progeni-
tor cells were simultaneously surveyed using anti-SOX2 antibody.
PROP1-positive signals first appeared in the invaginating oral ecto-
derm at E11.5 (Fig. 1A), and extended over a large area of Rathke’s
pouch at E12.5 (Fig. 1B). Notably, PROP1-signals were weak in the
dorsal region which is in direct contact with the ventral dienceph-
alon and were completely absent at the ventral part near the junc-
tion of the oral ectoderm; meanwhile SOX2 was present in all cells
in the invaginating oral ectoderm in addition to the surrounding
oral ectoderm, diencephalon and presumptive hypothalamus
ith anti-PROP1 and anti-PIT1 antisera on the cryosections of the pituitaries of P60
ly. (C) Immunohistochemistry of the pituitaries E16.5, E17.5, E18.5, E19.5, 20.5 and
ositive cells were counted in each of the 6 separate areas (5400–9545 lm2). The
sitive cells) and the ratio (%) of PROP1–PIT1-positive cells against PIT1-positive cells



Fig. 4. Double immunohistochemical staining of PROP1 and hormones for fetal rat pituitary. Double immunohistochemical staining was performed to examine whether
PROP1 localizes in hormone-producing cells in fetal rat pituitary. PROP1 is labeled with Cy3 (red), and pituitary hormones are labeled with FITC (green). PROP1 signals do not
localize in any hormone-positive cells. (Scale bar: 20 lm).
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(Fig. 2A). At E13.5, it is remarkable that all the cells in the Rathke’s
pouch expressed both PROP1 and SOX2, except for those in the ros-
tral tip which originated from the bilateral cells bordering on the
oral ectoderm (Figs. 1C and 2B). PROP1 signals at E14.5 began to
decrease particularly in the dorsal region of Rathke’s pouch, the
prospective intermediate lobe (Fig. 1D), indicating that PROP1 is
properly excluded from the development of the intermediate lobe.
At E15.5 and E16.5, PROP1-positive cells started to migrate and
their patchy pattern was obvious in the expanding anterior lobe.
On the other hand, most of the prospective intermediate lobe
was PROP1-negative at E16.5 (Figs. 1E and F, and 2C). During the
fetal period examined, the PROP1-positive cells consistently coex-
isted with SOX2 (Fig. 2C). At E18.5 (Fig. 1G), PROP1 signals local-
ized in the posterolateral region of the anterior lobe and lined up
along the marginal cell layer, which has been postulated as a niche
for pituitary stem/progenitor cells [5,16]. In addition, PROP1-posi-
tive cells at E18.5 stratified in the parenchyma of the anterior pitu-
itary (Fig. 1G), and this distribution pattern was basically
maintained during the neonatal periods (Figs. 1H and 2D). Simulta-
neously, the occurrence ratio of PROP1-positive cells in P60 de-
creased to 6% from 17% of P5. The PROP1-positive cells line the
marginal cell layer and stratify the parenchyma at P5 still coexisted
with SOX2 (Fig. 2D). The notion that the marginal cell layer is a
niche for adult pituitary stem/progenitor cells [5,15–17] is sup-
ported by the results that the cells positive for SOX2 line the mar-
ginal cell layer of both the anterior and intermediate lobes at P0.

One of the functions of PROP1 is to regulate the expression of
another pituitary-specific transcription factor, PIT1 [1], which
functions mainly in the differentiation of the PIT1-lineage cells,
TSH-, GH- and PRL-producing cells, during pituitary organogenesis
[1,8,18,19]. PIT1 also regulates the hormone genes by its persistent
expression in terminally differentiated PIT1-lineage cells [20]. In
this sense, PIT1-expressing cells without any hormones are com-
mitted cells destined to differentiate into TSH-, GH- and PRL-pro-
ducing cells. The PIT1-expressing committed cells first appeared
at E16.5 (Fig. 3A) and then, terminally differentiated TSH-, GH-
and PRL-producing cells appearing first at E16.5, E19.5 and E19.5
(data not shown), respectively. At E16.5, 9.7% of the PIT1-positive
cells were PROP1-positive (Fig. 3B and C). This rate of coexistence
of PROP1 and PIT1 declined with the progression of pituitary
organogenesis (Fig. 3C). Furthermore, none of the PROP1-positive
cells overlapped any endocrine cells in the embryonic period
(Fig. 4). This coexistence of PROP1 and PIT1 might be an interme-
diate condition of the transition from progenitor cells to commit-
ted cells, supporting the argument that PROP1 functions as an
early activator for the expression of the Pit1 gene [18]. In the neo-
natal pituitary, no coexistence of PROP1 and PIT1 could be found
(data not shown). These data suggested that PROP1 exists in the
SOX2-expressing progenitor cells in the expanding anterior lobe
and disappears at the first stage of the transition of progenitor cells
to committed cells in the embryonic period.

Our immunohistochemical studies demonstrated for the first
time that PROP1 is expressed in the SOX2-positive pituitary pro-
genitor and plays a role in the conversion of PIT1-commitment
cells from progenitor cells.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2009.05.027.

References

[1] M.W. Sornson, W. Wu, J.S. Dasen, S.E. Flynn, D.J. Norman, S.M. O’Connell, I.
Gukovsky, C. Carriere, A.K. Ryan, A.P. Miller, L. Zuo, A.S. Gleiberman, B.
Andersen, W.G. Beamer, M.G. Rosenfeld, Pituitary lineage determination by the
Prophet of Pit-1 homeodomain factor defective in Ames dwarfism, Nature 384
(1996) 327–333.

[2] C. Fluck, J. Deladoey, K. Rutishauser, A. Eble, U. Marti, W. Wu, P.E. Mullis,
Phenotypic variability in familial combined pituitary hormone deficiency
caused by a PROP1 gene mutation resulting in the substitution of Arg ? Cys at
codon 120 (R120C), J. Clin. Endocrinol. Metab. 83 (1998) 3727–3734.

http://dx.doi.org/10.1016/j.bbrc.2009.05.027


S. Yoshida et al. / Biochemical and Biophysical Research Communications 385 (2009) 11–15 15
[3] W. Wu, J.D. Cogan, R.W. Pfaffle, J.S. Dasen, H. Frisch, S.M. O’Connell, S.E. Flynn,
M.R. Brown, P.E. Mullis, J.S. Parks, J.A. Phillips 3rd, M.G. Rosenfeld, Mutations in
PROP1 cause familial combined pituitary hormone deficiency, Nat. Genet. 18
(1998) 147–149.

[4] A. Arroyo, F. Pernasetti, V.V. Vasilyev, P. Amato, S.S. Yen, P.L. Mellon, A unique
case of combined pituitary hormone deficiency caused by a PROP1 gene
mutation (R120C) associated with normal height and absent puberty, Clin.
Endocrinol. (Oxf) 57 (2002) 283–291.

[5] R.D. Ward, L.T. Raetzman, H. Suh, B.M. Stone, I.O. Nasonkin, S.A. Camper, Role
of PROP1 in pituitary gland growth, Mol. Endocrinol. 19 (2004) 698–710.

[6] F. Pernasetti, S.P. Toledo, V.V. Vasilyev, C.Y. Hayashida, J.D. Cogan, C. Ferrari,
D.M. Lourenco, P.L. Mellon, Impaired adrenocorticotropin-adrenal axis in
combined pituitary hormone deficiency caused by a two-base pair deletion
(301-302delAG) in the prophet of Pit-1 gene, J. Clin. Endocrinol. Metab. 85
(2000) 390–397.

[7] L.T. Raetzman, R. Ward, S.A. Camper, Lhx4 and Prop1 are required for cell
survival and expansion of the pituitary primordia, Development 129 (2002)
4229–4239.

[8] X. Zhu, J. Zhang, J. Tollkuhn, R. Ohsawa, E.H. Bresnick, F. Guillemot, R.
Kageyama, M.G. Rosenfeld, Sustained Notch signaling in progenitors is
required for sequential emergence of distinct cell lineages during
organogenesis, Genes Dev. 20 (2006) 2739–2753.

[9] L.T. Raetzman, B.S. Wheeler, S.A. Ross, P.Q. Thomas, S.A. Camper, Persistent
expression of Notch2 delays gonadotrope differentiation, Mol. Endocrinol. 20
(2006) 2898–2908.

[10] Y. Nakamura, T. Usui, H. Mizuta, H. Murabe, S. Muro, M. Suda, K. Tanaka, I.
Tanaka, A. Shimatsu, K. Nakao, Characterization of prophet of Pit-1 gene
expression in normal pituitary and pituitary adenomas in humans, J. Clin.
Endocrinol. Metab. 84 (1999) 1414–1419.

[11] S. Nakamura, A. Ohtsuru, N. Takamura, G. Kitange, Y. Tokunaga, A. Yasunaga, S.
Shibata, S. Yamashita, Prop-1 gene expression in human pituitary tumors, J.
Clin. Endocrinol. Metab. 84 (1999) 2581–2584.
[12] R.H. Skelly, M. Korbonits, A. Grossman, G.M. Besser, J.P. Monson, J.F. Geddes,
J.M. Burrin, Expression of the pituitary transcription factor Ptx-1, but not that
of the trans-activating factor Prop-1, is reduced in human corticotroph
adenomas and is associated with decreased a-subunit secretion, J. Clin.
Endocrinol. Metab. 85 (2000) 2537–2542.

[13] S. Aikawa, T. Kato, T. Susa, K. Tomizawa, S. Ogawa, Y. Kato, Pituitary
transcription factor Prop-1 stimulates porcine follicle-stimulating hormone b
subunit gene expression, Biochem. Biophys. Res. Commun. 324 (2004) 946–
952.

[14] T. Fauquier, K. Rizzoti, M. Dattani, R. Lovell-Badge, I.C. Robinson, SOX2-
expressing progenitor cells generate all of the major cell types in the adult
mouse pituitary gland, Proc. Natl. Acad. Sci. USA 105 (2008) 2907–2912.

[15] M. Garcia-Lavandeira, V. Quereda, I. Flores, C. Saez, E. Diaz-Rodriguez, M.A.
Japon, A.K. Ryan, M.A. Blasco, C. Dieguez, M. Malumbres, C.V. Alvarez, A GRFa2/
Prop1/stem (GPS) cell niche in the pituitary, PLoS ONE 4 (2009) e4815.

[16] A.S. Gleiberman, T. Michurina, J.M. Encinas, J.L. Roig, P. Krasnov, F. Balordi, G.
Fishell, M.G. Rosenfeld, G. Enikolopov, Genetic approaches identify adult
pituitary stem cells, Proc. Natl. Acad. Sci. USA 105 (2008) 6332–6337.

[17] A.D. Himes, L.T. Raetzman, Premature differentiation and aberrant movement
of pituitary cells lacking both Hes1 and Prop1, Dev. Biol. 325 (2009) 151–
161.

[18] L.E. Olson, J. Tollkuhn, C. Scafoglio, A. Krones, J. Zhang, K.A. Ohgi, W. Wu, M.M.
Taketo, R. Kemler, R. Grosschedl, D. Rose, X. Li, M.G. Rosenfeld, Homeodomain-
mediated beta-catenin-dependent switching events dictate cell-lineage
determination, Cell 125 (2006) 593–605.

[19] A.H. Vesper, L.T. Raetzman, S.A. Camper, Role of prophet of Pit1 (PROP1) in
gonadotrope differentiation and puberty, Endocrinology 147 (2006) 1654–
1663.

[20] H.A. Ingraham, R. Chen, H.J. Mangalam, H. Elsholtz, S.E. Flynn, C.R. Lin, D.M.
Simmons, L. Swanson, M.G. Rosenfeld, A tissue-specific transcription factor
containing a homeodomain specifies a pituitary phenotype, Cell 55 (1988)
519–529.


	PROP1 coexists with SOX2 and induces PIT1-commitment cells
	Introduction
	Materials and methods
	Results and discussion
	Acknowledgments
	Supplementary data
	References


