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Activation of β-Catenin in Pituitary
Progenitors Causes Craniopharyngiomas
Pituitary adenomas are common in older
people, representing approximately 10%
of intracranial neoplasias (1). They tend to
be slow-growing, and are usually benign,
but they can compress the brain and optic
chiasm and cause abnormalities in pitui-
tary hormone production. A fraction of
pituitary adenomas become invasive and
are resistant to treatment with surgery,
radiation, and pharmacotherapy. Progress
is being made in identification of genes
that enhance the risk of pituitary adenoma
formation, but the etiology of many ade-
nomas remains unexplained (1, 2). Com-
mon adenomas are sporadic and clonal in
origin. Craniopharyngiomas differ from
most sporadic pituitary adenomas in that
they occur in children, tend to be resistant
to treatment, and cause significant mor-
bidity. Histopathology analyses suggested
that craniopharyngiomas arise from em-
bryonic pituitary tissue and implicated
β-catenin as a marker. In PNAS, Gaston-
Massuet and colleagues provide proof
that craniopharyngiomas arise from acti-
vation of β-catenin in pituitary progenitors
during embryogenesis (3). Their elegant
studies in patient tumor samples and ge-
netically engineered mice lend support to
the cancer stem cell hypothesis. They also
provide insight into the basic nature of
pituitary progenitors, the stem cell niche,
and normal regulation of the transition
from self-renewal to differentiation. Now
the pituitary gland joins a collection of
other tissues in which β-catenin signaling
can affect this critical decision point (4).

Pituitary Stem Cells Express Signature
Transcription Factors and Reside in
Rathke’s Cleft
Stem cells are defined by their ability to
self-renew and to differentiate into multi-
ple types of specialized cells. They are
important for tissue maintenance and re-
pair. Regulation of the decision to self-
renew or to differentiate is a complex
process and a critical aspect of normal
development. Expression of signature
transcription factors like SOX2 and OCT4
is a common intrinsic control mechanism
used by stem cells. Extrinsic control
through cell–cell signaling pathways like
Notch and Wnt provide an equally im-
portant layer of regulation (5). These cell–
cell communications typically involve sig-
naling between the cells that constitute the
stem cell niche and the stem cells them-
selves. Groups led by Robinson, Alvarez,

Vankelecom, Enikolopov, and Thomas
have used different approaches to dem-
onstrate the existence of pituitary “stem
cells” with the capacity to self-renew and
differentiate into all five hormone-
producing cells of the anterior pituitary
(6–10). In general, there is agreement
that SOX2-expressing progenitors reside
around the cleft that remains from the
initial formation of the Rathke’s pouch
from oral ectoderm (11). There are mul-
tiple lines of evidence that Notch and Wnt
signaling contribute to regulation of the
growth and differentiation of the pituitary
gland, and future studies may unravel the
mechanistic details of how these pathways
control the decision to self-renew or dif-
ferentiate (12–17).

Mouse Model of β-Catenin Activation
Accurately Predicts Gene Expression in
Human Craniopharyngiomas
In PNAS, Gaston-Massuet et al. report cra-
niopharyngiomas in mice that express deg-
radation-resistant β-catenin in Rathke’s
pouch (3). They generated these mice by
crossing a Hesx1-cre knock-in strain to a
β-catenin strain that produces degradation-
resistant β-catenin upon recombination
(Ctnnbfloxex3). Although all the cells in the
pituitary are targeted, only a few form foci
that are marked by SOX2 expression. The
transcription factor Hesx1 is expressed in
the anterior neural ridge in early embryo-
genesis, marks all cells of the developing
Rathke’s pouch, and is critical for normal
pituitary development (18). The targeted
cells express the stem cell marker SOX2.
Most of the mutants die perinatally of un-
known cause. Differentiation of the Pou1f1
lineage is disrupted, which causes growth
hormone and thyroid stimulating hormone
deficiencies, which can cause neonatal re-
spiratory distress and death because thyroid
hormone is required for lung maturation at
birth (19). TheHesx1-cre, Ctnnbfloxex3 mu-
tants that survive to weaning are pituitary
dwarfs and develop early, lethal pituitary
tumors with 100% penetrance. These ag-
gressive tumors kill half the weanlings by
young adulthood, and none survive to 6 mo.
The tumors resemble human adaman-
tinomatous craniopharyngioma histologi-
cally and express the expected genetic
markers. Activation of β-catenin is expected
to activate expression of a variety of target
genes including Lef1, Axin1, and CyclinD1.
Gaston-Massuet et al. demonstrate elevated
expression of these targets in both themouse
and human craniopharyngiomas (3). Thus,
the mouse studies accurately predict di-
agnostic markers of the human tumors. This

provides evidence that β-catenin activation
can play a causal role in development of
craniopharyngiomas and validates this ani-
mal model for testing therapeutic inter-
ventions thatmight benefit affected children.

Etiology of Craniopharyngiomas
Supports Cancer Stem Cell Hypothesis
Pituitary stem cell research suggests a spa-
tial and temporal progression from multi-
potent progenitors located near Rathke’s
cleft through a transit-amplifying in-
termediate, and finally to differentiated
cells with the ability to reenter the cell
cycle at a low rate. The earliest progeni-
tors express SOX2 and progress to a
SOX2, SOX9 double-positive transit-
amplifying cell. These cells are enriched
near Rathke’s cleft remnants in mouse and
man (6, 7). Rathke’s cleft is a zone of ac-
tive cell proliferation during embryogene-
sis and is thought to be the main stem cell
niche. Rodent studies reveal that there is
an intermediate zone just outside the ni-
che that expresses Notch2 and cyclin E in
fetuses (17, 20). These cells have appar-
ently left the cell cycle and are ready to
undergo differentiation. Cells that express
hormone markers characteristic of in-
dividual cell types lie outside this in-
termediate zone, even further away from
the cleft. In late gestation, proliferating
cells are still enriched around the cleft, but
there are progenitors scattered throughout
the anterior lobe that reenter the cell
cycle (21, 22). A few of these are SOX2-,
SOX9-positive cells that have the potential
to differentiate into all five anterior
pituitary hormone-producing cells (6, 7).
Cells that have undergone lineage com-
mitment, i.e., expressing Pou1f1, reenter the
cell cycle during neonatal life to expand the
population of growth hormone, thyroid-
stimulating hormone, and prolactin cells,
probably in response to mitogenic stimula-
tion by hypothalamic releasing hormones.
Gaston-Massuet et al. demonstrate that

the fraction of pituitary cells with the ability
to form colonies steadily increases from
late gestation to mouse postnatal day 10
to 13 (∼7%) and decreases precipitously
after that, with very few colony-forming
cells present in adults (<0.1%) (3). At al-
most all stages, there are approximately
threefold more colony-forming cells in the
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Hesx1-cre, Ctnnbfloxex3 mutant pituitaries,
and their proliferation rate is higher. These
cells have the ability to self-renew through
eight passages. The Hesx1-cre, Ctnnbfloxex3
mutant pituitaries have more cells ex-
pressing SOX2, SOX9, cyclin E, p57, and
the cell proliferation marker Ki67. Cra-
niopharyngioma cells in mouse and man
accumulate β-catenin and the cells around
them express SOX9, consistent with the
idea of progression from stem cell to SOX9
expression in pituitaries of both species.
The expression of activated β-catenin in
committed Pou1f1-positive progenitors or
in growth hormone-expressing cells is not
sufficient to produce adenomas of any
type. All these data are consistent with the
idea that pituitary stem cells are the only
susceptible target of transformation by
excess β-catenin, supporting the cancer
stem cell hypothesis as an origin for
craniopharyngiomas.

Study Raises Several Questions About
Regulation of Pituitary Stem Cells and
Differentiation
TheworkofGaston-Massuet et al. (3) raises
several questions. First, why are so few
cells accumulating β-catenin even though
Hesx1-cre lineage studies mark each of
the hormone-producing cell types and vir-
tually all the cells in the organ besides the
blood vessels?Second, isβ-cateninnormally
a regulator of pituitary progenitor pro-
liferation, and, if so, which WNT regulates
its expression? Third, why is the Pou1f1
lineage blocked by activated β-catenin?
Hesx1-cre targets efficient excision of

multiple floxed alleles in all the cells in
Rathke’s pouch. Gaston-Massuet et al.
have convincing proof that Hesx1-cre
effectively excises the floxed exon 3 of

β-catenin (3). Despite the strong pene-
trance, only a few cells in the anterior pi-
tuitary gland accumulate cytoplasmic
β-catenin and become transformed. Is
a second hit required? If the second hit
were genetic, all the cells would be ex-
pected to express cytoplasmic β-catenin,
and only a few that received the second hit
would be transformed. Perhaps the miss-
ing step is actually loss of suppression.
If the pituitary gland is programmed to
silence β-catenin epigenetically, and a few
cells escape the suppression, those rare
cells will accumulate the degradation-
resistant β-catenin and become trans-
formed. In support of this idea, epigenetic
silencing by polycomb proteins has been
implicated in suppression of stem cell dif-
ferentiation in other systems (23).
The balance between self-renewal and

differentiation is regulated by β-catenin in
many tissues. Thus, there are precedents
for the idea that pituitary progenitor self-
renewal is regulated by Wnt signaling
and β-catenin stabilization (4). Two ob-
servations are difficult to reconcile with
this theory. First, deletion of β-catenin
early in pituitary organogenesis by a Pitx1-
cre transgene blocks the Pou1f1 lineage
and elevates Hesx1 expression, while acti-
vation of degradation resistant β-catenin
also blocks the Pou1f1 lineage. Second,
there is little or no activation of a β-cat-
enin–dependent reporter gene in pituitary
gland and broad activation would be ex-
pected if the theory were correct (3, 24). If
β-catenin stabilization is a natural regula-
tor of pituitary stem cell proliferation,
what Wnts are responsible? Many Wnts
are expressed in the developing pituitary
gland, but those tested have modest effects
on pituitary morphology and differentia-

tion (12). Resolving these issues is an im-
portant area for future study.
Finally, it is not obvious why abnormal

activation of β-catenin in the stem cell ni-
che should result in blockage of the Pou1f1
lineage. β-Catenin has been proposed to
interact with the homeodomain PROP1 to
activate Pou1f1 expression, and there are
conflicting reports about the importance
of LEF1 and β-catenin for Pou1f1 activa-
tion (24, 25). Gaston-Massuet et al. clearly
show that mutants do not express Pou1f1
or the target genes growth hormone and
thyroid stimulating hormone at the ap-
propriate time, and Pou1f1 expression
is blocked in mutant pituispheres (3).
Further studies will reveal the complete
mechanism of Pou1f1 regulation, including
the role of corepressors, epigenetic regu-
lation, and microRNAs (25–27).

Conclusion
Gaston-Massuet et al. (3) have clearly
demonstrated that β-catenin influences
expansion of the pituitary progenitor pool
and the decision to differentiate. Their
studies provide a mechanism underlying
a common, problematic intracranial neo-
plasm affecting children, and the animal
model they developed accurately pre-
dicted markers in human craniophar-
yngiomas. This work represents an im-
portant step in understanding the etiology
of pituitary adenomas and sets the stage
for exploring the role of epigenetics and
tumor suppressors in normal and abnor-
mal pituitary development (27).
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