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The T-box transcription factor Tpit was identified as a cell-specific factor for expression of the pituitary
proopiomelanocortin (POMC) gene. Expression of this factor is exclusively restricted to the pituitary
POMC-expressing lineages, the corticotrophs and melanotrophs. We have now determined the role of this
factor in pituitary cell differentiation. Tpit is a positive regulator for late POMC cell differentiation and
POMC expression, but it is not essential for lineage commitment. The pituitary intermediate lobe normally
contains only Tpit-expressing melanotrophs. Inactivation of the Tpit gene results in almost complete loss of
POMC-expressing cells in this tissue, which now has a large number of gonadotrophs and a few clusters of
Pit-1-independent thyrotrophs. The role of Tpit as a negative regulator of gonadotroph differentiation was
confirmed in transgenic gain-of-function experiments. One mechanism to account for the negative role of Tpit
in differentiation may be trans-repression between Tpit and the gonadotroph-restricted factor SF1. These data
suggest that antagonism between Tpit and SF1 may play a role in establishment of POMC and gonadotroph
lineages and that these lineages may arise from common precursors.
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The pituitary gland is a very convenient model to study
mechanisms of cellular differentiation. It has been par-
ticularly informative through identification of regula-
tory factors and their molecular mechanisms of action
on organogenesis, as well as on cell differentiation and
gene transcription. The pituitary gland is of dual embry-
onic origin and arises through intimate association of
neural and oral roof ectoderm (Sheng and Westphal
1999). The mature pituitary gland of rodents is ulti-
mately composed of three lobes. The posterior lobe, con-
taining axonal projections emanating from the hypo-
thalamus, is derived from neural ectoderm. The anterior
and intermediate lobes are derived from a midline invag-
ination of the oral ectoderm, Rathke’s pouch, and con-
tain the six hormone-secreting cell types: thyrotrophs
producing thyrotropin (TSH), somatotrophs producing
growth hormone (GH), lactotrophs producing prolactin
(PRL), gonadotrophs producing gonadotropins (LH, FSH),
melanotrophs producing �-melanotropin (�MSH), and
corticotrophs producing adrenocorticotropin (ACTH).
ACTH and �MSH are both processed from the same pre-
cursor, proopiomelanocortin (POMC). There are thus
two separate lineages expressing the unique POMC gene;
this expression is differentially controlled in each lin-

eage (Drouin et al. 1990). Whereas the melanotrophs con-
stitute all the secreting cells of the intermediate lobe
(IL), the corticotrophs represent about 5% of anterior
lobe (AL) cells in the adult rodent. Despite intensive in-
vestigation and identification of a number of cell-re-
stricted transcription factors that play essential roles in
specific lineages, the precursor/progeny relationships be-
tween these lineages are not yet clear.
During organogenesis, the developing pituitary main-

tains intimate contact with neural tissues of the ventral
diencephalon, which produce signaling molecules im-
portant for pituitary differentiation and proliferation
(Daikoku et al. 1982; Takuma et al. 1998). Bone morpho-
genic protein 4 (BMP4) and fibroblast growth factor 8
(FGF8) are expressed sequentially in the ventral dien-
cephalon directly overlying Rathke’s pouch (Ericson
et al. 1998; Treier et al. 1998). BMP4 expression is de-
tected as early as embryonic day 8.5 (E8.5) and precedes
that of FGF8. These signals were shown to be important
for the initial inductive phase of pituitary development
and proliferation. In addition, sonic hedgehog (Shh) is
expressed throughout the oral ectoderm except in Rath-
ke’s pouch, and was shown to be important for pituitary
proliferation and patterning (Treier et al. 2001). These
signaling molecules appear to influence expression of
transcription factors essential for pituitary lineage differ-
entiation, but their specific contribution to the differen-
tiation process remains unclear.
Various cell-restricted transcription factors have been

implicated in pituitary cell differentiation. The somato-

1Corresponding author.
E-MAIL drouinj@ircm.qc.ca; FAX (514)987-5575.
Article published online ahead of print. Article and publication date are
at http://www.genesdev.org/cgi/doi/10.1101/gad.1065703.

738 GENES & DEVELOPMENT 17:738–747 © 2003 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/03 $5.00; www.genesdev.org



lactotroph and thyrotroph lineages require Prop1 and
Pit-1 for their differentiation (Bodner et al. 1988; In-
graham et al. 1988; Sornson et al. 1996). In gonadotrophs,
GATA-2 and SF1 play positive roles in activation of go-
nadotroph-specific genes, and they are required for ter-
minal differentiation (Ingraham et al. 1994; Steger et al.
1994; Dasen et al. 1999; Zhao et al. 2001). Some factors
may also play negative roles in the differentiation pro-
cess. At high levels of expression in the presumptive
gonadotrophs, GATA-2 may inhibit Pit-1 expression but
not at lower levels in thyrotrophs, where both Pit-1 and
GATA-2 are coexpressed and important for activation of
thyrotroph-specific genes (Dasen et al. 1999). Pit-1 may
also have a negative role in thyrotrophs, where it pre-
vents GATA-2 binding to gonadotroph-specific promot-
ers (Dasen et al. 1999). These experiments have sug-
gested mutually antagonistic roles for GATA-2 and Pit-1
in the gonadotroph and thyrotroph lineages, but it is not
yet clear whether these two lineages arise from a com-
mon and unique precursor pool, because in mice defi-
cient for these factors, the fate of these lineages have not
been observed to change.
The relationship of POMC-expressing lineages with

other pituitary cell types is still unclear, particularly be-
cause knockout of genes such as Lhx3 and Pitx2, in-
volved in early pituitary organogenesis, prevents differ-
entiation of all lineages except corticotrophs (Sheng et al.
1996; Gage et al. 1999; Lin et al. 1999). Two transcription
factors have been identified thus far and were shown to
be restricted to corticotrophs and/or melanotrophs in the
pituitary: NeuroD1 in corticotroph (Poulin et al. 1997,
2000) and Tpit (Tbx19) in both POMC lineages (Lamolet
et al. 2001). Because all pituitary cells appear to have a
common origin in Rathke’s pouch, relationships must
exist between the different lineages, and some regulatory
genes must play crucial roles in cell fate decisions. The
present work reveals a positive role of Tpit in the POMC
lineage as well as a negative role of the same factor to
prevent gonadotroph and Pit-1-independent thyrotroph
differentiation. Indeed, intermediate lobe cells destined
to become melanotrophs mostly differentiate into go-
nadotrophs in Tpit-deficient mice. These findings im-
plicate Tpit as a major regulatory gene for establish-
ment of cell fate between POMC and gonadotroph line-
ages.

Results

The Tpit transcription factor is a T-box factor cloned
for its interaction with Pitx1 on the POMC promoter
(Lamolet et al. 2001). Its expression is restricted to the
POMC lineages of the pituitary. It is sufficient for
POMC gene activation in undifferentiated pituitary cells
in gain-of-function transgenic mice, suggesting a role of
Tpit in POMC cell differentiation. To better understand
the role of Tpit during pituitary development, we pro-
duced Tpit-null mice by deleting most of Tpit’s T-box
coding sequences. LacZ coding sequences were fused in-
frame with the remaining Tpit coding sequences (Fig.

1A). Using this targeting vector, two independent mouse
mutant lines were derived (Fig. 1B). Both lines were bred
with Balb/c and 129sv mice and, in each case, homozy-
gous mutant mice were viable and fertile. Similar results
were obtained in both genetic backgrounds (data not
shown). Absence of pituitary Tpit expression was con-
firmed in Tpit−/− mice by immunohistochemistry (Fig.
1C). In Tpit+/− mice, lacZ-expressing cells were re-
stricted to POMC cells of the AL and IL (Fig. 1D) and
were not present in other POMC-expressing tissues,
such as skin or hypothalamic POMC neurons (data not
shown), in agreement with the highly pituitary-specific
expression of Tpit (Lamolet et al. 2001).

Tpit is required for late POMC lineage differentiation
but not for lineage commitment

The developing pituitary of Tpit-null mice (E14.5) has
apparently normal histology (Fig. 2A). However, the
number of POMC-positive cells is greatly reduced, with
only a few cells remaining. The great reduction in

Figure 1. Targeted disruption of the mouse Tpit gene. (A) Ho-
mologous recombination between the mouse Tpit gene (top)
and the targeting vector (bottom) will result in replacement of
almost all of the coding region by a lacZ coding gene. K, KpnI;
B, BamHI. (B) PCR assay for genotyping using oligonucleotides
identified by arrows in A. Wild-type and Tpit−/− PCR products
are 350 and 750 bp, respectively. (C) Tpit immunohistochemi-
cal analysis of pituitaries from wild-type and Tpit−/− mice
showing absence of Tpit protein in E14.5 mutant embryo and
adult. (D) LacZ staining of pituitary from Tpit+/− mouse show-
ing expression of �-galactosidase throughout intermediate lobe
(IL) melanotroph cells and in a subset of anterior lobe (AL) cells
(corticotrophs), whereas no expression is detected in posterior
lobe (PL).
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POMC-expressing cells does not appear to be sensitive to
gene dosage, because +/+ and +/− mice had indistinguish-
able numbers of POMC-positive cells and POMC expres-
sion (data not shown). The loss of pituitary POMC ex-
pression in these mice results in very low plasma ACTH,
with pathophysiological consequences that are ex-
tremely similar to human early-onset isolated ACTH de-
ficiency (IAD), a condition that was poorly delineated
until we showed a high frequency of TPIT gene mutation
in these patients (Pulichino et al. 2003). The normal
morphology of the pituitary gland and the appearance of
lacZ-expressing cells in Tpit−/− mice (Fig. 2C) suggest
that the corticotroph differentiation process is initiated.
To further test this, we assessed the expression of an-
other corticotroph-specific marker, NeuroD1, which was
expressed at similar levels in the AL of Tpit−/− and +/−
mice (Fig. 2B), showing that the presumptive cortico-
troph cells are present (at about normal abundance) but
are not able to reach terminal differentiation (POMC ex-
pression). Thus, Tpit is required for late POMC lineage
differentiation but not for lineage commitment. We next
analyzed the adult gland to see how this incomplete dif-
ferentiation process was reflected later in development.
The AL of Tpit−/− pituitaries still had lacZ-positive
cells, although much fewer than in heterozygous ani-
mals (Fig. 2D) or by comparison to corticotrophs in nor-
mal pituitaries. The IL of Tpit−/− mice is hypoplastic,
with all cells expressing lacZ (Fig. 2D). We next assessed
POMC expression in the adult pituitary of Tpit−/− mice.
A small number of AL cells express POMC, and in the IL,
it is clear that only a small fraction of lacZ-positive cells
also expressed POMC (Fig. 2E). Thus, most lacZ-positive
cells are POMC-negative.

Alternate pituitary cell fates in absence of Tpit

The lacZ-positive POMC-negative pituitary cells of
Tpit−/− mice may be blocked in their differentiation pro-
cess (as suggested by the pattern of NeuroD1 expression
in the developing AL), but they may also adopt another
cell fate. To test this hypothesis, we investigated the
expression of other pituitary hormones in Tpit−/− pitu-
itaries (Fig. 3). PRL and GH were normally expressed in
these pituitaries; that is, only in the AL (Fig. 3A). �GSU,
a marker of both gonadotrophs and thyrotrophs, seemed
normally expressed in the AL but was, surprisingly, ec-
topically expressed in the IL. These IL �GSU-positive
cells may reflect inappropriate differentiation or may re-
flect bona fide differentiation into thyrotrophs and/or go-
nadotrophs. To investigate these possibilities, we as-
sessed the expression of the � subunits of the glycopro-
tein hormones as well as relevant transcription factors.
The presence of �TSH-positive cells (very few) and that
of �LH- and �FSH-positive cells in the IL of Tpit−/− pi-
tuitaries (Fig. 3A) clearly suggests that these cells have
adopted a new cell fate.
During development, two populations of thyrotrophs

are generated. A transient Pit-1-independent lineage ap-
pears first in the rostral part of the gland and disappears
by birth (Lin et al. 1994). The role and mechanism of
differentiation of this cell population are poorly defined.
The definitive Pit-1-dependent thyrotrophs appear later
in the dorsal region of the gland and persist in the adult.
Pit-1 is also expressed in AL somatotrophs and lacto-
trophs (Ingraham et al. 1988). In the present study, Pit-1
was normally expressed in Tpit−/− mice: the large num-
ber of AL somatotroph and lactotroph cells have nuclear

Figure 2. Tpit is required for late POMC lineage differentiation but not for lineage commitment. Immunohistochemistry showing
almost complete disappearance of pituitary POMC-expressing cells in Tpit−/− mice compared to heterozygotes (+/−) or wild-type (+/+,
not shown), in both E14.5 embryo (A) and adult (E). No difference was observed between +/+ and +/− mice throughout these analyses.
(B) Immunohistochemistry showing normal distribution of NeuroD1 expression in E14.5 Tpit−/− pituitary. (C) Immunohistochem-
istry showing lacZ expression in Tpit−/− E14.5 pituitary. Distribution of lacZ-positive cells is similar to normal POMC and NeuroD1
expression at this stage of development. (D) X-gal staining showing lacZ expression in both Tpit+/− and Tpit−/− adult pituitaries. In
Tpit−/− pituitary, a few positive cells are present in anterior lobe (AL), and intermediate lobe (IL) is hypoplastic, with all lacZ-positive
cells. (E) POMC staining reveals a few POMC-positive cells in AL and IL.
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Pit-1, and no Pit-1 was detected in the hypoplastic IL of
Tpit−/− mice, including in sections consecutive to those
where �TSH expression was shown. The absence of Pit-1
in these later cells indicates that the thyrotrophs in the
hypoplastic Tpit−/− IL are similar to the Pit-1-indepen-
dent lineage.
To investigate whether the �LH and �FSH-positive

cells in the hypoplastic IL are gonadotrophs, we assessed
the expression of a marker of normal gonadotroph differ-
entiation, SF1, an orphan nuclear receptor that plays es-
sential roles at multiple levels of the reproductive axis
(Parker and Schimmer 1997). The large number of SF1-
positive cells in the Tpit−/− IL supports the idea that
these cells are bona fide gonadotrophs (Fig. 3A). Colocal-
ization experiments showed that Tpit−/− IL cells express
POMC or �GSU, never both, and that �GSU and �LH
expression colocalize (Fig. 3B). These colocalization ex-
periments are in agreement with the conclusion that, in

the absence of Tpit, cells of the IL predominantly differ-
entiate into gonadotrophs together with a few mela-
notrophs and Pit-1-independent thyrotrophs, and that
they do not appear to have a mixed or abnormal cell
identity. Because all of the cells of the Tpit−/− IL express
the �-gal gene inserted in the Tpit locus, these data
clearly support the interpretation that cells originally
destined to become melanotrophs have instead differen-
tiated into gonadotrophs or Pit-1-independent thyro-
trophs.
We analyzed E16.5 embryos to determine whether cell

fate changes also occur in the AL. Indeed, pituitary cells
normally expressing POMC in the caudal part of wild-
type mice now express both lacZ and SF1 in the Tpit−/−
mice (Fig. 3C). At this early developmental timepoint,
this caudal part of the pituitary does not normally have
SF1- or glycoprotein hormone-expressing cells. These
correlative observations suggest that cell fate changes

Figure 3. Alternate pituitary cell fates in the absence of Tpit. The hypoplastic intermediate lobe (IL, bracketed by arrows) of Tpit−/−
pituitaries contains gonadotroph and Pit-1-independent thyrotroph cells in addition to the few POMC-positive cells (Fig. 2E). (A)
Gonadotroph cells are revealed using immunohistochemical analysis for �GSU, �LH, �FSH, and SF1. Thyrotrophs are revealed using
anti-TSH antibody. Very few TSH-positive clusters were present in all mutant pituitaries examined. Pit-1 immunoreactivity was never
detected in hypoplastic IL, including in sections adjacent to TSH-positive cell clusters. PRL and GHwere never detected in hypoplastic
IL. (B) Colocalization immunohistochemistry indicates that hypoplastic IL cells are either POMC lineage or gonadotroph. Colabeling
with POMC and �GSU never showed any cells positive for both. Colocalization between �GSU and �LH showed all �LH cells to be
�GSU-positive. (C) Ectopic expression of SF1 in AL of E16.5 Tpit−/− pituitaries. The dotted area represents a cluster of POMC-positive
cells usually observed on the ventrocaudal side of normal (+/+) E16.5 pituitaries. A similar pattern of lacZ-positive cells was observed
in Tpit−/− pituitary. This area is usually devoid of SF1-positive cells in normal (+/+) pituitaries, but Tpit−/− pituitaries exhibit
SF1-positive cells in this area.
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between corticotrophs and gonadotrophs may also occur
in the AL of Tpit−/− mice.

Tpit is a repressor of the gonadotroph lineage

The appearance of gonadotroph and Pit-1-independent
thyrotroph cells in the IL of Tpit−/− mice might reflect a
default differentiation pathway, and/or it may be sugges-
tive of a Tpit activity as a repressor of the gonadotroph
lineage. To better assess these possibilities, we designed
a gain-of-function experiment in transgenic mice using
the �GSU promoter to drive Tpit expression in the go-
nadotroph lineage (Fig. 4). The pituitaries of these mice
have slightly more Tpit-positive (Fig. 4A) and POMC-
positive cells (Fig. 4B) in the AL. The number of �GSU-
positive cells is reduced (Fig. 4C), whereas �TSH-posi-
tive cells are present in normal number (Fig. 4D). Most
strikingly, �LH is no longer detectable in transgenic pi-
tuitaries (Fig. 4E), whereas the level of �FSH is greatly
reduced (Fig. 4F). �GSU-Tpit pituitaries also have less
SF1-positive cells, and the remaining SF1-positive cells
(mostly on the ventral side of the gland) express low SF1
levels (Fig. 4G). The use of the �GSU promoter in this
experiment is a limiting factor, because it appears that
its expression is itself subject to Tpit repression. Taken
together, these results indicate that Tpit represses at
least late events of gonadotroph differentiation as as-
sessed by hormone and SF1 expression.

Trans-repression of Tpit and SF1 activity

Tpit may repress the gonadotroph phenotype by different
mechanisms. In view of the decreased expression of SF1
and of SF1-dependent genes such as �LH (Halvorson
et al. 1996, 1998; Tremblay and Drouin 1999; Tremblay
et al. 1999), we investigated the possibility of a transcrip-
tional interaction between Tpit and SF1. Using an SF1-
dependent reporter in �T3 cells that express endogenous
SF1, we found that increasing amounts of Tpit antago-
nized SF1-dependent transcriptional activity (Fig. 5A).
Conversely, Tpit-dependent activity of a reporter con-
taining the Tpit/Pitx target sequence (Lamolet et al.
2001) was reversed in the presence of increasing amounts
of SF1 (Fig. 5B). Mutual trans-repression by these two
transcription factors is thus one mechanism by which
they may influence differentiation of pituitary precur-
sors and expression of cell-specific target genes. Trans-
repression is the reciprocal antagonism of transcription
produced through protein–protein interactions between
two activators of transcription. On a given target gene,
DNA binding activity is only required for the activating
factor but not for the repressing one. This mechanism of
repression was best characterized for GR and AP-1
(Yang-Yen et al. 1990), GR and NF�-B (Ray and Prefon-
taine 1994; Scheinman et al. 1995), and for GR and
NFGI-B (Philips et al. 1997). In support of this mode of
action, we used the I171T Tpit mutant that has lost
DNA binding activity (Pulichino et al. 2003) to show

Tpit repression of SF1 activity even in absence of DNA
binding by Tpit (Fig. 5C). We also observed in pull-down
assays that the two proteins interact directly in vitro
(Fig. 5D). In addition, Tpit may directly repress the ex-
pression of gonadotroph-specific genes, and this could be
shown for the �GSU promoter (Fig. 5C). In similar trans-
fection experiments, the available �LH, �FSH, �TSH,
GH, and PRL promoter constructs (Tremblay et al. 1998)
were not affected by Tpit (data not shown). Also, the
available mouse SF1 promoter was not found to be af-

Figure 4. Repression of gonadotroph differentiation in trans-
genic mice expressing Tpit under control of �GSU promoter.
Expression of marker genes was assessed by immunohistochem-
istry on sections of pituitaries from wild-type or transgenic
mice (four transgenics showed a similar phenotype). A slight
increase in the number of anterior lobe (AL) Tpit-positive (A)
and POMC-positive (B) cells is observed in transgenic pituitary,
whereas a decrease of �GSU (C) and �FSH (F) expression is ob-
served. LH� is no longer detectable (E), whereas �TSH (D) ex-
pression appears to be relatively normal. The number of SF1-
positive cells (G) is decreased in the transgenic pituitaries.
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fected by Tpit; it is however noteworthy that a 50-kb SF1
promoter fragment was recently shown to be insufficient
for gonadotroph expression (Stallings et al. 2002). In view

of the undetectable �LH expression in the �GSU-Tpit
transgenic mice (Fig. 4E), these negative transfection re-
sults may reflect the absence of relevant regulatory se-
quences in the available promoter constructs. Another
cell-specific regulator of gonadotroph differentiation is
GATA-2 (Steger et al. 1994; Dasen et al. 1999). In similar
transfection experiments using either the mouse
GATA-2 promoter or a reporter dependent on tandemly
repeated GATA sites, we could not detect any effect of
Tpit on GATA-dependent transcription (data not
shown). These results suggest that Tpit-dependent trans-
repression is restricted to SF1 and is not exerted on the
other gonadotroph-specific factor GATA-2.

Discussion

The role of Tpit as a positive regulator of differentiation
for both pituitary POMC lineages is very consistent with
the highly cell-restricted expression of this factor. Con-
versely, the absence of Tpit in other adult pituitary lin-
eages did not suggest a role of this factor in these lin-
eages: the discovery of its role as negative regulator of
gonadotroph differentiation is therefore surprising. The
present work thus defines previously unknown relation-
ships among four pituitary lineages, namely melano-
trophs, corticotrophs, gonadotrophs, and the transient
population of Pit-1-independent thyrotrophs. These lin-
eages are thus clearly demarcated relative to the other
three pituitary lineages which are Pit-1-dependent,
namely the somatotrophs, lactotrophs, and Pit-1-depen-
dent thyrotrophs. In this context, we propose a scheme
for pituitary cell differentiation that is divided into two
alternate pathways (Fig. 6).

Tpit is a positive regulator in POMC-expressing cells

Tpit was identified as a cell-specific transcription factor
of the POMC gene. Its role in this context is entirely
dependent on Pitx1 (Lamolet et al. 2001), and the bHLH
factor NeuroD1/Beta2 also plays a crucial role for pro-
moter activity (Poulin et al. 2000). We have now shown
that Tpit is very important for the last step of cortico-
troph differentiation, namely POMC gene expression
(Fig. 2A,E). However, the AL of Tpit−/− pituitaries con-
tains an about normal number of lacZ-positive (Fig. 2C)
and NeuroD1-positive (Fig. 2B) cells at E14.5, and the IL
is normally formed in these pituitaries (Fig. 2A–C).
These data indicate that corticotroph precursors, pre-cor-
ticotrophs, form in apparently normal number in the ab-
sence of Tpit. Thus, Tpit is not essential for commit-
ment of POMC lineages.
In addition to its role in late differentiation of cortico-

trophs and melanotrophs revealed through failure of
POMC expression, the role of Tpit in the maintenance of
those cells is highlighted by the present findings. Indeed,
adult pituitaries of Tpit−/− mice have very few POMC-
positive and lacZ-positive cells remaining in the AL (Fig.
2D,E). Also, the IL is hypoplastic, with only a few
POMC-expressing melanotrophs (Fig. 2D,E). Because the

Figure 5. Trans-repression between Tpit and SF1 as a mecha-
nism for antagonism between the two factors. (A) Increasing
amounts (0–250 ng expression plasmid) of Tpit repress SF1-de-
pendent activity in gonadotroph-derived �T3 cells. SF1-RE-luc
reporter (containing three copies of SF1-RE) activity was stimu-
lated with SF1 (100 ng). (B) Increasing amounts of SF1 (0–250 ng
expression plasmid) repress Tpit-dependent activity in �T3
cells. Tpit/Pitx reporter (Tpit/Pitx-RE-luc containing three tan-
dem copies of Tpit/Pitx-RE) activity was enhanced with Tpit
expression plasmid (50 ng). (C) Repression of SF1-RE-luc activ-
ity does not require Tpit DNA binding activity. Increasing
amounts (0–250 ng) of Tpit or its DNA-binding-deficient I171T
mutant repress reporter activity in SF1-expressing �T3 cells.
(D) In vitro interaction between Tpit and SF1. MBP-Tpit and
MBP-�Gal columns were used in pull-down assays to show Tpit
interaction with in vitro translated SF1. (E) �GSU promoter
(−5 kb) is repressed by Tpit (0–100 ng expression plasmid) in �T3
cells. Data are means ± S.E.M. of three to five experiments, each
performed in duplicate.
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pituitary histology and abundance of pre-corticotrophs
and pre-melanotrophs appear relatively normal at E14.5,
it is likely that these cells do not proliferate between
fetus and adult, or that they are lost during that period of
growth. Irrespective of which of these two possibilities
accounts for the deficit of melanotrophs and cortico-
trophs in adults, these observations indicate that Tpit
has a role in maintenance of these cells.

Tpit is a negative regulator of gonadotroph
differentiation

In the absence of Tpit, IL cells destined to differentiate
into melanotrophs (lacZ-positive in Tpit−/− pituitaries)
differentiate instead into gonadotrophs or Pit-1-indepen-
dent thyrotrophs (Fig. 3A). These cells do not have mixed
identity (Fig. 3B) and have the hallmarks of bona fide
gonadotrophs or Pit-1-independent thyrotrophs. These
data indicate that Tpit normally represses these differ-
entiation pathways (Fig. 6). Transgenic gain-of-function
experiments confirm this interpretation, because Tpit
overexpression in gonadotrophs leads to extinction of
�LH expression and to decreased expression of �GSU,
�FSH, and SF1 (Fig. 4).

The change of IL cell fate suggests that similar path-
ways may be implicated in cortico/melanotroph and in
gonadotroph differentiation in both the IL and AL. A
specific signal for cortico/melanotroph differentiation
may trigger this program through activation of Tpit ex-
pression, whereas a competing signal may initiate go-
nadotroph differentiation by induction of SF1 expres-
sion. Antagonism between Tpit and SF1 ensures that
once a cell has responded to one signal by expression of
either Tpit or SF1, the expressed factor prevents action of
the other. This antagonism establishes a unique program
of gene expression and determines cell identity. This
model implies that signals for cortico/melanotroph and
gonadotroph differentiation operate on a common pool
of precursor cells. These precursors have not yet been
identified, and there are no markers to differentiate these
from other precursors, such as those of the Pit-1-depen-
dent somato-lactotroph and definitive thyrotroph lin-
eages (Fig. 6).
The presence of a few Pit-1-independent thyrotrophs

in the IL of Tpit−/− pituitaries suggests that this tran-
sient lineage is also related to the cortico/melanotroph
and gonadotroph lineages. Appearance of these cells is
not dependent on SF1 in the normal pituitary (Lin et al.
1994), and they also appear to be SF1-negative in Tpit−/−
pituitaries (data not shown). In both knockout and trans-
genic gain-of-functions, Tpit did not appear to affect the
other thyrotroph lineage, that is, the definitive Pit-1-de-
pendent thyrotrophs (Figs. 3A, 4B). These data clearly
support previous models in which these two thyrotroph
lineages have different origins (Lin et al. 1994).
Tpit action may repress the gonadotroph phenotype by

different mechanisms. First, the nonoverlapping patterns
of SF1 and Tpit expression suggest that the expression of
both factors is mutually exclusive in vivo. Second, Tpit
was shown to directly repress transcription of the �GSU
promoter (Fig. 5E), indicating that part of Tpit’s repressor
activity may be through direct action on gonadotroph-
specific coding genes. Thirdly, we showed that Tpit and
SF1 antagonize each other’s activity on cognate reporters
(Fig. 5A,B). This antagonism appears to result from a
mechanism of trans-repression in which DNA binding
activity is not required for the repressing factor (Fig. 5C)
and which involves protein–protein interactions (Fig.
5D), as shown for other factors that antagonize each oth-
er’s activity by trans-repression (Yang-Yen et al. 1990;
Ray and Prefontaine 1994; Scheinman et al. 1995; Philips
et al. 1997). In these examples of trans-repression that
involve GR, the mechanism of trans-repression remains
elusive, although recent work has revealed a unique
pattern of CTD phosphorylation of RNA Polymerase
II complexes that are paused as a result of trans-repres-
sion between GR and NF�B (Nissen and Yamamo-
to 2000). Trans-repression may not rest on recruit-
ment of corepressors but may involve coactivators (Ro-
gatsky et al. 2001). Although repressor domains have
been identified in other T-box factors, such as Tbx2 and
Tbx3 (Carreira et al. 1998; He et al. 1999), Tpit does
not have sequences that are homologous to these
domains.

Figure 6. A binary model of pituitary cell differentiation. The
present work provides support for a model of pituitary cell dif-
ferentiation that relies on sequential choices between alternate
fates. In this model, the cortico/melanotroph (ACTH, �MSH)
and gonadotroph (LH, FSH) lineages arise from a common pre-
cursor (present work) that is different from precursors of Pit-1-
dependent lineages (GH, PRL, TSH). In the cortico/melano/go-
nadotroph lineage, expression of (and antagonism between) Tpit
and SF1 establishes the POMC or gonadotroph lineage, respec-
tively. In this branch of the pathway, GATA-2 contributes to
the gonadotroph phenotype, whereas in the Pit-1-dependent
branch of the pathway, it acts together with Pit-1 for differen-
tiation of thyrotrophs (Dasen et al. 1999). The model is roughly
aligned with a timeline of mouse pituitary development.
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A binary model of pituitary cell differentiation

All pituitary cells differentiate from a common pool that
originates in the epithelial folds of Rathke’s pouch. The
precise relationships among pituitary lineages are not
yet clear, but a model of signal gradients has been pro-
posed to account for differentiation of these lineages
(Ericson et al. 1998; Treier et al. 1998). By providing evi-
dence for a common precursor for both cortico/melano-
troph and gonadotroph lineages and by demarcating
these lineages in comparison to Pit-1-dependent lin-
eages, the present work can be taken to support a binary
model of pituitary cell differentiation (Fig. 6). Indeed,
early pituitary precursors may initially choose, possibly
under the influence of signaling gradients, either the cor-
tico/melano/gonadotroph or Pit-1-dependent pathways.
Next, cortico/melano/gonadotroph precursors will take
either the cortico/melanotroph or gonadotroph path, de-
pending on expression of Tpit or SF1, respectively.
GATA-2 was shown to influence differentiation of one
lineage in each branch of the differentiation pathway
(Dasen et al. 1999). In the cortico/melano/gonadotroph
pathway, it promotes gonadotroph differentiation (in
combination with SF1), whereas in the Pit-1-dependent
pathway, it acts together with Pit-1 for differentiation of
definitive thyrotrophs. The absence of Pit-1-dependent
cells in the IL of Tpit−/− mice taken together with the
antagonistic actions of Tpit and SF1 clearly supports a
model (Fig. 6) in which the initial binary choice is be-
tween Tpit and Pit-1-dependent lineages, with Tpit be-
ing expressed earlier than Pit-1 in the AL (Dolle et al.
1990; Lamolet et al. 2001). Secondary cell fate choices
would then involve SF1 and/or GATA-2. For POMC lin-
eages, NeuroD1 is important for corticotroph, but not
melanotroph, differentiation (B. Lamolet, K. Chu, G.
Poulin, F. Guillemot, M.J. Tsai, and J. Drouin, in prep.).
NeuroD1 expression starts at E12 in corticotrophs (Pou-
lin et al. 2000); that is, at the same time as Tpit (Lamolet
et al. 2001), and NeuroD1 deficiency prevents POMC,
but not Tpit, expression (B. Lamolet, K. Chu, G. Poulin,
F. Guillemot, M.J. Tsai, and J. Drouin, in prep.). Thus,
Tpit and NeuroD1 appear to be regulated in parallel and
independently of each other, both being similarly re-
quired for terminal corticotroph differentiation and
POMC expression.
The present work has provided the first evidence to

demarcate the cortico/melanotroph and gonadotroph lin-
eages in opposition to the Pit-1-dependent somatolacto-
trophs and definitive thyrotrophs. Taken together, our
data support a model in which differentiation of pitu-
itary cells is established through a series of binary
choices that oppose each other and lead to establishment
of lineage identity.

Materials and methods

Gene targeting, transgenics, and genotyping

The murine Tpit gene was cloned from a 129sv genomic library
(gift from J.P. Julien, McGill University, Montréal, Quebec,
Canada). To construct the targeting vector, a 4.3-kb NcoI/KpnI

fragment containing part of intron 1 and exon 2 and a 2.7-kb
BamhI/Mscl fragment containing exons 7 and 8 were subcloned
in pUC19 and used as 5� and 3� recombination targets. Tpit
exons 3–6 were replaced by a pGKneo-pA cassette (gift from D.
Lohnes, Clinical Research Institute of Montréal, Montréal,
Quebec, Canada), and a lacZ coding gene was inserted in frame
with exon 2, leaving seven amino acids of this exon. Mutant ES
cell lines were obtained as described (Lanctôt et al. 1999). Ho-
mologous recombination occurred at the Tpit locus in 15 out of
480 transfectants that were picked. Two different ES cell clones
were injected into blastocysts, andmouse lines were established
for both. Tpit mutant animals were crossed with 129sv and
Balb/c mice. All exhibited the same pituitary phenotype. ES
cells lines and the first 50 mice were genotyped by genomic
Southern blotting with 5� and 3� probes. Other mice were geno-
typed by PCR using DNA isolated from tails or umbilical cords.
Transgenic mice were generated as described (Lamolet et al.
2001), and embryos were taken by caesarean section at E18.5.

Sections and lacZ staining

Paraffin sections were performed as described (Lanctôt et al.
1997). For lacZ staining, tissues were fixed in 4% paraformal-
dehyde (PFA) for 15 min, rinsed with PBS, and stained overnight
at 30°C inX-gal solution (5mMK3Fe(CN)6, 5mMK4Fe(CN)6*3H2O,
1m M MgCl2, 0.01% sodium desoxycholate, 0.02% NP-40,
0.1% X-gal), rinsed with PBS, and postfixed in 4% PFA.

Cells and transfections

�T3 cells were cultured in Dulbecco’s modified Eagle medium
supplemented with 10% fetal calf serum and antibiotics; then
250,000 cells were transfected in 12-well dishes with Lipofect-
amine (Invitrogen) using 500 ng reporter plasmid, up to a total of
1.5 µg DNA per assay. Cells were harvested 48 h later.

Pull-down assays

All MBP fusion proteins were produced, and [35S]-labeled SF1
was synthesised in vitro as described (Batsche et al. 1998).
Labeled proteins were incubated with 400 ng immobilized
MBP-lacZ or MBP-Tpit constructs in 150 µL of TNEN50 (50
mM TRIS at pH 7.5, 5 mM EDTA, 50 mM NaCl, 0.1% NP-40)
with 1mMPMSF and 2% BSA for 2 h at 4°C. Beads were washed
at 4°C twice in TNEN250 and twice in TNEN125. Bound pro-
teins were resolved on SDS-PAGE, stained with Coomassie blue
to ensure that similar amounts of fusion proteins were recov-
ered, and then autoradiographed.

Immunohistochemistry and immunofluorescence

Immunohistochemistry was performed as described (Lanctôt et
al. 1997). Antibodies were used as follows: rabbit anti-Tpit 1:200
(Lamolet et al. 2001), mouse anti-POMC 1:500 (Cortex Bio-
chem), mouse anti-lacZ 1:500 (ICN Pharmaceuticals), rabbit
anti-SF1 1:1500 (kind gift from K. Morohashi, National Institute
for Basic Biology, Okazaki, Japan), rabbit anti-Pit-1 1:50 (Santa
Cruz Biotechnology), rabbit anti-�GSU 1:500, rabbit anti-�FSH
1:200, rabbit anti-prolactin 1:1000, rabbit anti-GH 1: 1670,
guinea pig anti-�LH 1:200 (all pituitary hormones antibodies
were kindly provided by A.F. Parlow, Pituitary Hormones and
Antisera Center, Torrance, CA). All secondary antibodies were
used 1:150 (Vector Laboratories). NeuroD1 was detected with
rabbit anti-NeuroD1 1:10 (Poulin et al. 2000) with the TSA bio-
tin system (PerkinElmer Life Sciences). For immunofluores-
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cence, sections were treated as above. For �GSU/POMC colo-
calization, anti-�GSU was incubated overnight, mouse anti-
POMC (1:200) and anti-rabbit-biotinylated (1:200, Vector) were
added, and finally, anti-mouse-rhodamine (1:200, ImmunoPure
Antibody) and avidin-fluorescein (1:200, Vector) were added. For
�GSU/�LH colocalization, anti-�LH (1:200) was incubated
overnight, rabbit anti-�GSU (1:200) and anti-guinea pig-bioti-
nylated (1:200, Vector) were added next, and then anti rabbit-
fluorescein (1:200, Vector) and avidin-rhodamine (1:200, Vector)
were added. Sections were placed in blocking solution (5% dried
skim milk in PBS, 0.2% Tween20) between each step.
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