Adult Pituitary Stem Cells

Tullio Florio

Abstract Underlying mechanisms leading to pituitary plasticity by which the
gland adapts the number of hormone-producing cell to the continuously changing
physiological requirements are still poorly understood. Adult stem cells were shown
to direct homeostatic cell maintenance, regeneration, and functional plasticity in
several organs and tissues. Only recently potential stem cells were identified and
phenotypically characterized in adult pituitary. Multiple possible stem/progenitor
cell candidates were proposed, but different studies have been only partially recon-
ciled. Here, we critically analyzed the reports addressing the identification of adult
pituitary stem cells, trying, when possible, to reunite the results of the different
studies. Nonetheless, in light of the still non-complete characterization of these
cells, some discrepancies among the published studies are still apparent. Importantly,
long-term in vitro self-renewal, a defining feature of stem cells, remains to be
unequivocally demonstrated. Finally, the potential role of adult pituitary stem (or
progenitor) cells in pituitary adenoma development will be discussed.
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MP Main population

PASCs Pituitary adenoma stem-like cells
Scal Stem cell antigen 1

SMA Smooth muscle actin

SP Side population

TIC Tumor-initiating cells

1 Introduction

The existence of stem-like/progenitor cell population was hypothesized since 1969
in studies in which the transplantation of undifferentiated (chromophobe) pituitary
cells in hypophysectomized rats was reported, to originate differentiated (hormone-
producing) pituitary cells [1].

Moreover, indirect evidence of the presence of multipotent cells within pituitary
was obtained by the adaptive responsiveness of pituitary to both physiological and
pathological conditions.

In vertebrates pituitary develops from the most anterior part of the anterior neural
ridge [2]. During early development oral and neural ectoderms are located in close
proximity: differentiating signals start from neural ectoderm to oral ectoderm that
invaginates in the Rathke’s pouch. Subsequently, Rathke’s pouch forms a closed
epithelial structure separating from the oral ectoderm, giving rise to anterior pitu-
itary, which is composed of several types of specialized endocrine cells able to
produce and release the different hypophyseal hormones, namely, GH (somato-
trophs), prolactin (lactotrophs), TSH (thyrotrophs), POMC (corticotrophs), and LH/
FSH (gonadotrophs). On the other hand, from neural ectoderm originate the infun-
dibulum and the pituitary neural lobe containing hypothalamic neuron terminal and
releasing vasopressin and oxytocin [3].

Several studies analyzing cell proliferation and differentiation within Rathke’s
pouch identified two levels of regulation of stem/progenitor cell activity involving
embryogenesis and postnatal days. In mouse embryo, between days 11.5 and 18.5,
pituitary cells shift from mainly proliferating to differentiating populations, while
proliferating cells can be observed only around the ridge of the Rathke’s pouch,
named marginal zone [4]. Marginal zone (also defined as the cleft separating ante-
rior and intermediate pituitary lobes) has been indeed identified as putative “stem
cell niche” in pituitary [5]. Functional and morphological evidence supports the
assumption that cells located in this region could actually represent stem cells. For
example, cells in marginal zone do not express secretory granules, as differentiated
pituitary cells, and are characterized by reduced endoplasmic reticulum, by abun-
dance of free ribosomes and polysomes, and by the expression of potential stem cell
markers, such as Sox2 [3]. Importantly, while during pituitary organogenesis prolif-
erating Sox2-expressing cells are readily observed throughout the gland, after
development they are mainly localized within the marginal zone.

In the adulthood, pituitary proliferating cells are highly reduced in number,
and, concomitantly, the number of differentiated cells increases. While all
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hormone-producing cell types are already developed at birth, pituitary is not com-
pletely formed yet and, in rodents, its growth and maturation continue for a few
weeks in postnatal period [6]. It was shown that terminally differentiated hor-
mone-secreting cells during this period can reenter the cell cycle to increase a
given hormone-producing population cell number, although current evidence pro-
poses that the increase in pituitary cell number is mainly derived from a popula-
tion of so-called “transient-amplifying cells” derived from differentiation of cells
in the stem compartment that migrate into pituitary parenchyma where they start
to actively proliferate [7].

The continuous generation of “transient-amplifying cells” from stem cells would
also represent the mechanism by which, in normal conditions, the whole adult pitu-
itary cell compartment is completely renewed every 5-8 weeks [3, 8, 9]. In fact, in
“basal” conditions, in the absence of hypothalamic or other hormonal stimuli, most
of these cells undergo apoptosis commitment, limiting the proliferation activity to
the replacement of dying cells. Nevertheless, in several physiological conditions
(growth, puberty, pregnancy, lactation), in which a general reorganization of pitu-
itary structure and cell composition is required, the activity of these cells can largely
increase [8, 9]. For example, after adrenalectomy or orchiectomy a great surge in the
number of corticotroph or gonadotroph cells occurs in adult pituitary [10, 11]. In a
more physiological setting, lactotroph number increases several folds during preg-
nancy and lactation to adapt the prolactin secretion required in those conditions [12].

Still three mechanisms can account for adult pituitary plasticity: (1) differenti-
ated (hormone-producing) cells enter mitosis [13]; (2) transdifferentiation of dif-
ferentiated cell populations [14]; and (3) recruitment of putative adult pituitary
stem/progenitor cells [15].

The first two mechanisms, mitotic activation of differentiated/hormone-
producing pituitary cells and transdifferentiation from a different pituitary cell type
(mostly conversion of somatotrophs in lactotrophs), are believed to represent only a
minor way of pituitary plasticity. In fact, hormonally null cells comprise more than
90 % of mitotic events observed during adrenalectomy, and only after few weeks
differentiate corticotroph cells are generated (for review, see [16, 17]). Similarly,
genetic lineage trace experiments demonstrated that new prolactin-secreting cells,
developed in response to estrogens (for example, during pregnancy), rarely derive
from differentiated somatotroph cells [18], but, again, mainly derive from a self-
limiting wave of proliferation of the nonhormonal pool of pituitary cells [12]. Thus,
most of basal pituitary cell turnover and cell lineage changes, occurring as dynamic
adaptation in physiological or pathological conditions, are driven by recruitment of
pituitary cell subpopulation endowed with stem/progenitor cell characteristics [15].

In the past years, a large effort was dedicated to the search of putative pituitary
stem or progenitor cells, and only in recent years convincing data were produced to
sustain this hypothesis, opening a completely novel and rapidly growing field of
research. In fact, the definitive demonstration of pituitary stem cells may have sig-
nificant clinical impact, for example, in adult-onset hypopituitarism in the context
of regenerative medicine [19], as proposed for pancreatic f-cells in type I diabetes
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or, more importantly, for pituitary tumors, in light of the cancer stem cell theory of
tumor development [20].

Several cell populations in adult pituitary showing phenotypes and biological
activity resembling those of stem cells (i.e., undifferentiated cells expressing stem-
ness markers, able to self-renew, residing in specific areas of each tissue named
“niches,” endowed of resistance to drugs or toxins due to high activity of DNA
repair mechanisms and ABC transporters, and importantly to generate all the cell
populations in a given organ or tissue [21]) were identified in studies mainly involving
murine models, but a definitive consensus about the characteristics of these cells has
not been reached so far.

In the following paragraphs are reported the more relevant studies aimed to
define adult pituitary stem cells, trying to highlight both differences and concor-
dances among the features of the cell populations proposed.

In Table 1 are reported the main genes involved in the putative pituitary stem cell
activity.

2 Side Population

Increased activity of ABC transporters has been the first stem-like cell feature
exploited to identify the presence of this cell subpopulation in mouse pituitary. The
activity of ABC transporters causes the extrusion of potential toxicants from the
cells, representing a defining characteristic of stem cells granting their survival and
protection against genotoxic insults for all the life span of an organism. In fact, due
to their prolonged survival stem cells are exposed to continuous environmental inju-
ries that require the development of efficient defensive systems, including DNA
repair mechanisms and extruding pumps [22]. This characteristic was applied to
identify stem cells in different tissues as the cell population able to extrude fluores-
cent dyes, such as Hoechst 33342, from the cytosol. Importantly, these cells can be
visualized by FACS analysis as a “side population” (SP) forming a small “streak”
separated from the main population (MP) that retains the dye [23].

SP cells have been identified in adult pituitary in mouse and dog, although with
some difference in the phenotype among the species [24, 25].

SP cells comprise about 1.5 % of 3-8 weeks old mouse anterior pituitary cells.
These cells are characterized by the overexpression of several stem cell-associated
markers (nestin, Scal, Nanog, CD133, Oct-4) and molecular effectors of self-
renewal (Notch, Wnt, Shh) [24, 26], while in a small percentage (5.8 % of total SP)
a phenotype resembling folliculo-stellate (FS) cells was detected [24]. Conversely,
all these markers were not (or minimally) expressed in the pituitary MP [24].

SP cells are clonogenic, growing as non-adherent spheres (named following their
origin as pituispheres) [24], a feature that, when retained after serial passages, is an
index of active self-renewal characterizing the growth of stem/progenitor cells of
multiple tissues [27, 28]. Spherogenesis activity was restricted to a subgroup of the
cells in pituitary SP, representing about 0.02 % of the seeded anterior pituitary cells.
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Table 1 Summary of some of the main genes potentially involved in pituitary stem cells and
progenitors activity and/or their differentiation (see the text for references)

Gene name Protein encoded Main characteristic

Transcriptions factors (TF)

Sox2 SRY-related HMG box TF General stem cell marker; it is expressed in
cells in the pituitary marginal zone

Sox9 SRY-related HMG box TF Marker of the transition between pituitary
stem cells/progenitors and transit-
amplifying cells

Propl Paired-like homeodomain It is expressed in pituitary marginal zone by

TF (Prophet of Pitl) pituitary progenitors

PouflIfl(Pitl) POU homeodomain TF It is involved in the differentiation of cells of
somato-lactotroph and thyrotroph
lineages

Octa4 (Pou5fl1)  POU homeodomain TF Expressed in stem cells of several tissue

Nanog Homeobox TF Involved in maintaining stem cell pluripo-
tency and self-renewal

Hesl Basic helix-loop-helix TF Notch direct downstream target and effector;

it is a repressor of cell cycle inhibitors,
expressed in S/G,/M/G,, but not in G,
Cell cycle regulators

Bmil BMI1 polycomb ring finger Regulates cell cycle inhibitor genes in stem
oncogene cells from several tissues

Cdk4 Cyclin-dependent kinase 4 Involved in cell cycle G, phase progression

Intermediate filament proteins

Nestin Type VI intermediate It is expressed in pituitary marginal zone as
filament protein well as in progenitors from several tissues

GFAP Glial fibrillary acidic protein It is expressed in folliculo-stellate cells
(intermediate filament
protein)

Cytokeratin 8 Keratin-containing Expressed in pituitary marginal zone in

(Krt8) intermediate filament adulthood, but not detected in SP

protein

Receptors, adhesion and cell surface proteins, and other genes

E-cadherin Calcium-dependent adhesion It is involved in transition from proliferation

(Cdhl) molecule (type 1 to differentiation during EMT

transmembrane protein)

CD90 Thy1 or CD90 (cell surface Marker of a variety of stem cells
protein)

CXCR4 Chemokine CXC-motif It is the receptor for the chemokine CXCL12
receptor 4 expressed by multiple stem cells or

progenitors, including pituitary SP
Gfra2 GDNEF receptor o 2 Stem cell marker in testis and ovary; it is

expressed in pituitary marginal zone by
the “GPS” cells

Proml Promininl (CD133) It is expressed by multiple stem cells or
progenitors, including pituitary SP
S100p S100 calcium binding Marker of pituitary folliculostellate cells
protein
Scal Stem cell antigen 1 It is expressed in SP cells and pericytes
Notchl Notch 1 Transmembrane receptor involved in

progenitor differentiation in CNS
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This small cell population was phenotypically characterized as the cells that express
Oct-4, CD133, and components of the Notch, Wnt, and Shh pathways, while did not
contain pituitary hormones. This pattern of expression represents a molecular pic-
ture largely shared by SP cells in several tissues [24].

The differences in the clonogenicity among SP cells fostered a more detailed
analysis of SP cells. In these studies two cell subpopulations were selected, accord-
ingly to the level of expression of the stem cell antigen 1 (Scal) that, conversely, was
minimally expressed in the MP cells. In particular, it was proposed that SP cells
expressing Scal at low level (named non-Scal® fraction) and representing about
40 % of the SP compose the putative adult pituitary progenitor population. In fact,
differently from MP cells and the SP cells expressing high levels of Scal (Scalhish
population), non-Scal’i¢h cells grow as pituispheres (at least for a limited number of
passages) and are able to differentiate in the pituitary hormone-secreting cell types.
As compared to the Scal™" SP cells, non-Scal cells overexpress (up 25-fold
more) most of the transcription factors controlling pituitary development (Hesx1,
Propl, Pax6, Lhx3, Lhx4, OTX2, PITX1, and PITX?2), inhibitors of apoptosis, and
components of MAP kinase, Wnt, and Notch pathways [29]. In particular, the activa-
tion of Notch pathway maintains stem cells in undifferentiated status [19], playing a
relevant role in the stem cells proliferation being modulated by growth factors com-
monly used to select stem cells in vitro (EGF, bFGF, and LIF) [29]. Interestingly
non-Scal™e cells co-express pituitary transcription factors normally identified at dif-
ferent stages during pituitary development [19], suggesting that this population is
heterogeneous including both stem-like cells and more differentiated progenitors [3].

Sox2 and Sox9 were also detected only in non-Scal™" cells (about 50 % and
30 %, respectively) but were virtually absent in Scal"s" cells, while nestin, as well
as OCT4 and Bmi-1, was equally detected in the two populations [29], suggesting
that these markers (representing protein involved in self-renewal of stem cells) are
not specific for pituitary stem cells. The majority of the cells in pituispheres derived
from non-Scal™" cells co-express Sox2 and nestin [30]. This observation suggests
that self-renewal activity mainly rests in Sox2-expressing cells (representing 50 %
of the non-Scalt" population). After differentiation in hormone-producing cells,
Sox2 expression ceased, confirming the specificity of the expression of this tran-
scription factor in putative pituitary stem cells. Importantly, in agreement with other
studies [30], Sox2* cells were identified in small number in proximity of the pitu-
itary stem cell niche (the marginal zone around the cleft) [5]. However, clusters of
Sox2* cells are also scattered within the anterior pituitary parenchyma [24, 30-32],
being suggestive of the existence of multiple niches [5]. On the other hand, the high
level of expression of nestin in Scal®e" cells is in agreement with data showing that
nestin is also expressed in non-endocrine pituitary cells, including folliculo-stellate
(FS) cells and pericytes that, as a consequence, were interpreted as subsets of the
Scal"e" cell component. Indeed, microarray analysis showed that Scal™e" cells also
express S100p and several angiogenesis-related genes, and thus, in consideration of
the recognized role of Scal in endothelial development [33], it was proposed that
these cells may represent a subset of FS cells and/or endothelial progenitors rather
than pituitary progenitors [29].
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3 SOX2*/SOX9 Cells

In agreement with the studies on pituitary SP, using different approaches, several
other studies focused on Sox2 as a marker for putative pituitary stem cells. Sox2, a
transcription factor of the high mobility group (HMG) family, is a reasonable can-
didate to identify these subpopulations since it is expressed at high levels in
embryos, playing a relevant role in CNS development [34], while it is downregu-
lated during cell differentiation. Thus, it was proposed that, in adulthood, only stem
cells retain Sox2 expression. Importantly, Sox2 is also required for normal pituitary
development [35].

In murine postnatal pituitary, the pattern of Sox2 expression is similar to that of
developing embryonic gland, being localized in about 3 % of the postnatal anterior
pituitary cells localized in the marginal zone between anterior and intermediate lobe
and occasionally scattered throughout the adenohypophysis [29, 30, 36]. Sox2*
cells often co-express E-cadherin, suggesting that epithelial to mesenchymal transi-
tion might be required to Sox2-expressing cells to become rapidly dividing and
differentiate [30]. In postnatal pituitary, Sox2* cells were also reported to express
PROP1, a transcription factor involved in pituitary organogenesis, but their number
rapidly decreases at postnatal day 15, suggesting that a significant qualitative transi-
tion occurs during this early phase of development [36]. As far as the meaning of the
Sox2* cells scattered throughout the anterior pituitary parenchyma, it was hypoth-
esized either a transition to a “niche-independent” state or that supporting cells,
such as FS, could represent a sort of diffuse “mini-niche”.

In the adult, Sox2-expressing cells represent less than 5 % of total anterior lobe
cell population, but, differently from embryonic cells, only 1 % of the Sox2* cells
do not express Sox9, another transcription factor involved in embryo development
for sex determination and later for chondrogenesis [37, 38]. Sox9 is also involved in
pituitary development, but its expression in Rathke’s pouch occurs much later than
Sox2. Indeed, there is a temporal modification in the expression of these transcrip-
tion factors during embryogenesis, with a progression during development from a
Sox2*/Sox9~ phenotype to a double positivity and only a minority of the cells remain
Sox2*/Sox9. Similar, but quantitatively different, results were obtained by SP stud-
ies [29] (see above), with non-Scalhe" cells also being Sox2*, and only a low per-
centage of these cells was reported to be also Sox9 positive [30]. Importantly, in
BrdU labeling experiments, Sox2*/Sox9* cells were showed to retain a significant
proliferation rate, suggesting that this population may represent transit-amplifying
cells. In fact, the proliferation wave observed in pituitary shortly after birth is mainly
represented by Sox2*/Sox9* cells. Conversely, Sox2*/Sox9~ showed persistence of
the staining during label-retaining experiments [30], an index of slow cell division
activity, as often observed in adult stem cells. This observation suggests that, in
adult pituitaries, Sox2*/Sox9- cells represent the reserve of quiescent multipotent
cells for organ maintenance, evolving into Sox2*/Sox9* cells in case of tissue loss
or in response to physiological adaptive requirements [3].

This hierarchical order in pituitary stem cells was confirmed in vitro. Pituispheres
generated in vitro by potential postnatal murine pituitary stem cells using selective
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culture conditions (medium containing growth factors without fetal calf serum,
FCS) are composed by cells showing Sox2*/Sox9- phenotype, while Sox9 expres-
sion occurs only after at least 1 week in culture [30]. FACS analysis of Sox2* cells
isolated from pituitaries of Sox2-EGFP mice [39] confirmed that Sox2 expression is
required for the formation of spheres that originated only from GFP-positive cells
[17]. However, it was not possible to propagate these spheres for more than two
passages, suggesting that these Sox2* cells could represent multipotent progenitors
rather than “real” stem cells, for which at least five in vitro passages are considered
a defining requirement [15]. Alternatively, the in vitro culture conditions used might
still lack some relevant factors required to retain stemness [3]. Again, in agreement
with SP studies [29], Sox2* cells within pituispheres express also E-cadherin and
are completely hormone negative [30]. However, co-expression of Scal was also
reported [30], an observation discordant with the characteristics identified in the
stem/progenitor cells within SP (non-Scalhie" phenotype) [29].

Prolonged (1 week) in vitro culture of Sox2* cells induced, besides Sox9, also
the expression of nestin and S100, while Scal is downregulated, but no spontaneous
differentiation (for pituitary hormone expression) occurred. The shift to a medium
containing FCS, as reported for stem cell cultures from several tissues, caused the
disaggregation of spheres and the adherence of the cells to the culture substrate
inducing a FS-like phenotype. To obtain endocrine differentiation this pituitary cell
population has to be cultured as cellular aggregates on matrigel without growth fac-
tors [30]. In these latter experimental conditions all the pituitary hormones were
detected with, sometime, the expression of multiple hormones in same sphere, con-
firming the multipotentiality of these cells. Altogether these observations allowed
the proposal of Sox2*/E-cadherin*/Sox9/S100~ as putative pituitary stem/progeni-
tor cells, while Sox2*/Sox9*/S100*/E-cadherin™ cells could represent FS cells with
transit-amplifying properties, already committed to differentiation [17].

More recently, a substantial evidence for the role of Sox2* cells as stem cell
component was demonstrated in a transgenic mouse model of pituitary regeneration
[40, 41]. To conditionally destroy selective pituitary cell types (i.e., GH- or prolactin-
secreting cells) a transgene was constructed to have a conditional expression of
diphtheria toxin receptor driven by the promoters for GH (GHCre/iDTR mice) [40]
or PRL (PRLCre/iDTR mice) [41]: the expression of the toxin receptor leads to the
disruption of the cells after activation induced by administration of diphtheria toxin,
thus representing a model of selective adult pituitary cell ablation. The treatment of
GHCre/iDTR mice for 3 days with diphtheria toxin causes, 1 week later, the oblit-
eration of about 90 % of the GH cells. In these conditions a rapid surge of Sox2-
expressing cells, as well as of FS cells, was detected. In situ analysis showed that
Sox2* cell expansion occurred mainly in the marginal layer. Concomitantly, double
labeled Sox2/GH cells appeared throughout the gland. These data clearly support
the regenerative potential of adult pituitary and that Sox2* cells represent a main
component of the subpopulation endowed with this activity. Similar results were
obtained in the PRL-ablation model [41]. Throughout the regeneration period (2—6
weeks), Sox2*, as well as double Sox2*/PRL", cells continue to be more abundant
than in pituitaries of control mice. Moreover, surviving or newborn lactotrophs
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increase their proliferative activity, and bi-hormonal PRL*/GH" cells become
detectable, suggesting somatotroph to lactotroph transdifferentiation [41].

In conclusion, these studies provided a significant evidence that adult pituitary is
able to regenerate both somatotroph and lactotroph compartments after destruction,
through the activation of Sox2* adult stem cells [40, 41].

4 Nestin-Expressing Cells

Similarly to studies in other tissues, the possible existence of stem cells in pituitary
relies on the identification of stem markers in subpopulations of cells in adult tis-
sues, and nestin is one of the most commonly studied. In rat pituitary, nestin-
expressing cells were identified all over the gland [42], mainly within the marginal
zone lining the cleft, the possible pituitary stem cell niche [15]. These cells do not
show features of hormone-secreting nor FS cells, but in vitro cultures, established
from nestin-expressing cells, demonstrated characteristics of cells possessing a
mesenchymal phenotype [42].

Using transgenic mice expressing nestin-GFP fluorescent cells, this cell popula-
tion was detected in the Rathke’s pouch in mouse embryos, but fluorescence was
also detected in high number of cells in postnatal pituitary, mainly localized in the
proximity of the cleft and showing Sox2 co-expression [43].

Cell lineage studies using nestin-Cre mice, in which the progeny of nestin-
expressing cells are permanently GFP positive, demonstrated that about 2 % of fluo-
rescent cells are located in the pituitary of newborn mice, but this percentage
increases up to 20 % in adults [43]. While nestin-expressing cells can originate all
pituitary endocrine cells, they are heterogeneous for Pitl expression, suggesting
that only a subpopulation of nestin-expressing cells could represent pituitary pro-
genitors. However, the discrepancy between the lower percentage of nestin-positive
cells in embryos than in adult endocrine cells allows to hypothesize that adult pitu-
itary stem cells may be formed by a different pool of cells with respect to the embry-
onic progenitors. In agreement with this hypothesis it was demonstrated that
nestin-expressing cells originate from the differentiation of Sox2* embryonic pro-
genitors [30], possibly representing “transient-amplifying” population from which
endocrine cells may derive.

Nestin-GFP cells were reported to be clonogenic in vitro and, when grown in
“differentiation culture medium” (additioned with FCS or high concentration of
cAMP induced by forskolin treatment), initially co-express nestin and Sox2 and,
after time, differentiate in cells expressing all pituitary hormones [43].

A similar observation was obtained in autoptic human pituitary specimens.
Nestin-expressing cells identified in the perivascular space of pituitary capillaries
did not express pituitary hormones or FS and endothelial cell markers (as also dem-
onstrated in rat and mouse pituitaries [42, 43]). Conversely, nestin was co-expressed
with smooth muscle actin (SMA), suggesting a possible differentiation in pericytes.
Human nestin* pituitary cells grown on fibroblast feeder layer allowed the
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identification of the existence of two independent populations, of which the first
was characterized as differentiated pericytes (phenotypically nestin® and SMA*)
and the second (only nestin*) was proposed as human pituitary progenitor cells
accordingly to self-renewal ability (spherogenesis) and differentiative potential
(induction of prolactin expression in the presence of high cAMP levels) [44].
However, since a direct derivation of colonies from nestin* human cells was still not
reported and long-term self-renewal never evaluated, further studies are required to
definitively confirm these data.

Although nestin-GFP cells having a clonogenic pattern of growth in vitro do not
express Scal, nestin expression was identified in non-Scal"&" pituitary SP [29].
This discrepancy may depend on the different timings of analysis (soon after explant
for the SP or after few days of in vitro culture in the nestin-GFP experiments), pos-
sibly confirming that progenitors express differential markers at various develop-
ment stages.

However, recent studies, raising the possibility that ectopic expression of the
nestin transgene may occur in a group of cells in the Rathke’s pouch [45], cast
doubts on the interpretation of these data. In fact, ectopic activity in the embryonic
pituitary and, as observed with the nestin-GFP transgene in Rathke’s pouch pro-
genitors, would cause a significant staining in postnatal anterior pituitary cells that
however does not reflect the actual expression in adult pituitary. Since nestin* cells
mainly divide after birth, it was proposed that these cells are quiescent progenitors
required for the initial wave of pituitary cell proliferation occurring after birth, and
to maintain pituitary function in adults, but not the cells responsible of embryonic
pituitary development. In particular, to define nestin-expressing cells as actual stem
cells, it would be required to show exclusive co-localization of Cre and nestin [45].
In any case, from these studies it was hypothesized that nestin is expressed by dif-
ferent cell populations during pituitary development and in the adulthood, all
labeled by nestin-GFP and including both stem/progenitor cells (Sox2* and
LHX3"), supportive (FS) cells, or vascular progenitors. In this line, it is to note that
nestin is expressed in both pituitary SP groups, classified as non-Scal"" (believed
to represent pituitary progenitors) and Scalheh (interpreted as vascular-endothelial
progenitors) [29].

Thus, to date no definitive evidence has been provided about different studies on
nestin* putative pituitary stem/progenitor cell origin, and further studies will be
required to establish their role in pituitary development.

5 GFRo2-PROP1-Stem Cells

Another potential stem-like cell population in rat adult pituitary was identified
according to the expression of GFRa2, the GDNF co-receptor (altogether with the
tyrosine kinase receptor c-Ret) [31].

GFRo2-expressing cells represent about 0.9 % of all pituitary cells, as expected
for adult stem cells [31]. All these cells also express E-cadherin, p-catenin, and
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stem cell markers such as OCT4 and SSEA4, about 90 % of them express Sox2 and
Sox9, and about 50 % is S100*. On the contrary, nestin was not detected in these
cells, at odds with the studies described above [29, 42, 43]. Interestingly, GFRa2-
expressing cells also express PROP1, a transcription factor required to induce pitu-
itary progenitors to differentiate in Pitl-positive cells [46]. In embryos, Sox2
co-localizes with PROP1 (but not with Pit1), while about 10 % of the cells express
both PROP1 and Pitl. In adults, differentiation commitment makes hormone-
expressing cells retaining Pitl but not PROP1 [47]. This complex phenotype
(expression of Sox9 and S100, co-localization of GFRa2 and PROP1) allowed the
hypothesis that GFRa2-PROP1-stem (GPS) cells may represent transit-amplifying
cells committed to differentiation rather than multipotent stem cells [17], very
similar to the Sox2*/Sox9* described by Fauquier [30], which retain the short-term
ability to form spheres. GPS cell niche was identified in the periluminal zone in
both rodents and humans, in which GPS cells are organized in an oriented manner,
as single cell layer bordering the cleft [31]. Thus, the most concordant evidence
from all the studies looking for pituitary stem cells is that the region of the cleft
could represent pituitary niche.

Neurturin, a GFRa2 ligand, is expressed in anterior pituitary but not in the niche,
suggesting that the secretion of this growth factor may regulate the activity of the
GPS cells and their directional migration from the niche to the anterior pituitary
[31]. GPS cells, isolated by FACS sorting, generate spheroids when grown in the
absence of FCS, also without the addition of EGF and bFGF, growth factors com-
monly used to select stem cells, while neurturin, likely acting on GFRa2, increased
the sphere-forming efficiency, producing a trophic effect on the survival of these
cells [31]. The pituispheres express OCT4, E-cadherin, and PROP1 and, when dis-
sociated, can differentiate in cells expressing all pituitary hormones and/or f-III-
tubulin (a neuronal marker), when grown in monolayer onto collagen IV- or
poly-L-lysine-coated plates. The expression of pituitary hormones required the
incubation in specific media, each one able to induce the expression of one pituitary
hormone. Differentiated cells showed a downregulation of GFRa2, OCT-4, and
PROP1 expression and cell growth arrest [31]. More recently, cells expressing the
same phenotype as rat GPS cells were identified in human pituitary, further supporting
the relevance of this subpopulation as putative adult pituitary stem cells [48].

6 Pituitary Colony-Forming Cells/Folliculo-Stellate Cells

A different approach to identify stem/progenitor cells from adult pituitary was the
colony-forming assay: pituitary cells isolated from Rathke’s pouch can clonally
expand in vitro as colonies, representing 0.2 % of the total pituitary cell number
[49]. Not surprisingly, some of these embryonic clones are multipotent and give
origin to all pituitary hormonal cell types, both in vitro and in vivo, after hypotha-
lamic transplantation in hypophysectomized rats [50, 51]. More recently, pituitary
colony-forming cells were shown to belong to the FS compartment accordingly to
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their ability to internalize the fluorescent dipeptide B-Ala-Lys-Ne-AMCA [52]. It
was calculated that about 12 % of mouse pituitary FS cells (phenotypically charac-
terized as S100* and GFAP*) was clonogenic and in about 40 % of the cells also
Scal was expressed. Within the colonies formed, few GH- or prolactin-expressing
cells were detected, suggesting the differentiation from pluripotent progenitors [49].

Using a more sophisticated in vivo approach, about 3.3 % of the colony-forming
FS cells was demonstrated to be able to differentiate in GH-expressing cells [53]. It
was also detected that the FS cell marker S100p was expressed in 80 % of the Sox2*
pituitary cells, identified as putative pituitary stem cells (see above), and that after
in vitro treatment with retinoic acid and bFGF, a small number of them can differ-
entiate in Pitl-expressing or GH-secreting cells [54].

These studies provided evidence that FS are composed of several subpopula-
tions, also comprising putative pituitary progenitors [53]. Conversely, other cells
within this population may overlap, at least phenotypically, with the Scalte" SP
(high expression of S100 and Scal) [29]. Importantly, the clonogenic population is
localized in the marginal zone of the pituitary cleft (the marginal zone between
intermediate and anterior lobes), the proposed pituitary stem cell niche [55]. Thus,
some postnatal pituitary FS cells exhibit stem cell-associated features such as the in
vitro expansion as adherent colonies. However, given the limited differentiation
capacity observed (mostly somatotrophs), these cells were interpreted as already
committed progenitor cells.

7 Adult Pituitary Stem Cells and Tumor Development:
The Role of Cancer Stem Cells

According to the current view of carcinogenesis, tumors possess a heterogeneous
cell type patterning, including a large number of “tumor NON-initiating cells” (or
“differentiated tumor cells”) constituting the tumor mass, and a small fraction of
phenotypically distinct “tumor-initiating cells” (TIC), comprising the so-called
“cancer stem cells” (CSCs). Similarly to what was observed in normal tissues, these
tumor cell populations are biologically distinct as (1) slowly dividing stem cells
(CSCs) from which all the other tumor cells are originated, (2) precursor cells (rap-
idly dividing) and transit-amplifying cells, and (3) differentiated cells that form the
mass of the tumoral tissue [56].

In this model, CSCs are named after their ability to develop tumors (in the
same way by which normal stem cells are responsible of organ development) and
do not necessarily represent the malignant transformation of stem cells. In fact,
different theories were provided on this issue including some evidence in support
of the actual origin of CSCs from the oncogenic transformation of normal stem
cells and other data demonstrating the possibility of a redifferentiation/dedifferen-
tiation of committed progenitors or differentiated cells; likely both mechanisms
can be active, in different conditions, to give origin of CSCs [57]. Independently
from their origin, CSCs may arise from normal stem or progenitor cells by
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alterations of proto-oncogenes that, as a result of accumulative oncogenic events,
may grant a deregulated self-renewal ability to transform normal cells into CSCs.
On the other hand, cancer development and progression may derive from modifi-
cation of the microenvironment surrounding the stem cells (for example, the
niche), leading to loss of extrinsic proliferation control of normal stem cells or
progenitors, and the development of CSCs. Several genes and intracellular signal-
ing pathways, representing important regulators of normal stem cell self-renewal
and proliferation, are deregulated in cancer: Sox2, Notchl, Hedgehog, Wnt, and
nestin, among others [58, 59].

Many biological features of normal stem cells are retained in CSCs: long life
span, including the capacity of self-renewal, the expression of common markers, the
possibility to differentiate into different cell types, and the strong resistance to che-
motherapeutic drugs. The high self-renewal activity renders CSCs, differently from
all other tumor cells, to be capable of a potentially unlimited proliferation activity
that allows the maintenance and expansion of the tumor, although they themselves
are often slow growing. Conversely, differentiated tumor cells proliferate at high
rate, but for a limited number of divisions. Thus, CSCs represent a reservoir of
tumor cells necessary to sustain tumor development. In light of CSC theory, a recon-
sideration of pharmacological approaches for tumors is ongoing, since the elimina-
tion of the differentiated and rapidly dividing tumor cells, as occurring with the
classical chemotherapeutic agents, could fail to obtain a successful long-term dis-
ease remission if CSCs are not eliminated. Most of the currently used cytotoxic
drugs are not able to affect the survival of undifferentiated and slow proliferating
CSCs that, surviving to the treatment, represent a cell reservoir able to rapidly
repopulate the tumor. Drug resistance of CSCs was ascribed to the expression at
high levels of DNA repair enzyme that can elude genotoxic effects of antitumoral
drugs, and of ABC-family transporters that can pump chemotherapeutic agents out
of the cell. For these and other cellular properties, distinct from the rest of tumor cell
populations CSCs often escape the traditional cancer therapy that becomes insuffi-
cient to clear up the “tumor-initiating cells” from the organism [60].

Recent studies focused on the role of CSCs in pituitary tumor development.

Mice bearing mutations that alter pituitary -catenin proteolysis, leading to con-
stitutive activation of the WNT/B-catenin pathway (obtained by crossing a Hesx1-
CRE knock-in strain to a f-catenin strain that produces degradation-resistant
[B-catenin mutant, upon recombination), spontaneously develop tumors histologi-
cally and phenotypically resembling the human adamantinomatous craniopharyn-
giomas [61]. Importantly, pituitary tumorigenesis in these mice was dependent on
the selective expression of the f-catenin mutant in pituitary cells endowed with
progenitor/stem cells features. These cells were described as Sox2* and colony-
forming cells, both characteristics proposed for adult pituitary stem cells (see
above). In these trangenic mice, Sox2* cells were increased in number and showed
a higher proliferation rate than the w.z. counterpart. Importantly, when cultured in
vitro these cells showed a long-lasting (at least eight passages) clonogenic activity
[61], clearly indicating a powerful, likely deregulated, self-renewal activity [15].
Moreover, in this study, a significant support to the origin of CSC from oncogenic
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transformed normal adult stem cells was provided, since the expression of the same
proteolysis-resistant p-catenin isoform in differentiated pituitary cells was not
tumorigenic [61]. Accordingly, it was reported that a novel mutation in SOX2 gene
did not impair transactivation or DNA binding, but failed to repress p-catenin-
mediated target activation, resulting in WNT/B-catenin increased activity [62].
Thus, the p-catenin pathway, normally involved in the control of the balance
between self-renewal and differentiation of stem cells, is inactivated in normal adult
pituitary, and when this downregulation does not occur sustained progenitor prolif-
eration is induced, leading, eventually, to tumor development [63]. Moreover, mice,
in which a conditional deletion of the tumor suppressor retinoblastoma gene is
induced, developed silent corticotroph pituitary adenomas originating from Pax7*
progenitors. In normal pituitary Pax7+ cells are located in the Rathke’s pouch cleft
and derive from nestin* progenitors, not only in mice but also in primate pituitaries
and were identified in both human functioning and silent ACTH-secreting adeno-
mas, although a direct involvement of CSC in these tumors was not studied [64].

Another recent study showed the expression of GPS cell markers in human
adamantinomatous craniopharyngiomas suggesting a common origin from these
putative adult pituitary stem cells, with the only difference in the lack of expression
of GFR2a that was interpreted as a way of deregulation of growth in the tumor
cells [48].

Thus, although this is a still open issue, several evidence supports that, at least as
far as some pituitary tumor is concerned, CSC might originate from genetic or epi-
genetic alterations in adult pituitary stem cells or progenitors.

Much less clear are the role of CSCs in pituitary adenoma development and the
origin of these cells from normal adult pituitary stem cells. Although still debated,
a growing bulk of evidence is now supporting the role of CSC as tumor-initiating
cells also in benign tumors [20].

To date, molecular and cellular determinants of pituitary adenoma pathogenesis
are still largely unknown [65], and although not definitively proved, the hypothesis
that the formation of CSC subpopulation from stem or progenitor cells may also
cause the formation of pituitary adenomas is currently under investigation.

Several indirect evidence was provided. For example, it was shown that CXCR4,
a chemokine receptor identified as a marker in several stem cell populations [66]
including pituitary stem/progenitors during development and in SP cells in adult-
hood [5], is expressed in subpopulations of human normal pituitary (about 30 % of
the cells) with its expression shared by subpopulations of GH-, prolactin-, and
ACTH-secreting cells, strongly suggesting a lineage derivation from common pre-
cursor cells [67]. In several CXCR4* cells also its ligand (CXCL12) was expressed,
suggesting a possible autocrine/paracrine mechanism of activation, and also a few
CXCR4*/hormone negative cells, scattered throughout the anterior pituitary, were
identified [67]. Although the co-expression of CXCR4/CXCL12 with stemness
marker (Sox2, nestin) was not evaluated in these studies, it could be hypothesized
that these hormone negative cells could be pituitary stem cells (see before). CXCR4
and CXCL12 expression was also analyzed in a large series of human secreting and
nonfunctioning) pituitary adenomas, and both molecules were found highly
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overexpressed, with all tumoral cells positive for both CXCR4 and CXCL12.
Moreover, in vitro studies showed that CXCL12 activation is a mitogen for human
pituitary adenoma cells [67]. Thus, it was proposed that putative CSCs for human
pituitary adenomas may derive from CXCR4*/CXCL12* cells in normal pituitary
and that, due to the proliferative advantage granted by the autocrine activation of
CXCR4 via the constitutive CXCL12 secretion, these cells could be one of the cell
populations that clonally expand during pituitary tumorigenesis [68].

In another study, the expression of stem cell/progenitor markers (Sox2, nestin,
Lhx3), but not pituitary hormones, was identified in cells composing hyperplastic
pituitary nodules developed in nestin-GFP/Rb*~ mice. Moreover, in adult mice, the
tumors contained twofold more nestin/Sox2-expressing cells than normal tissues,
although the real nature of these masses was not really characterized [43].

However, to date, only one study formally analyzed the possible role of CSCs in
human pituitary adenomas pathogenesis [69]. In this study, putative CSCs, called
“pituitary adenoma stem-like cells” (PASCs), were obtained from one GH-secreting
and one clinically nonfunctioning human pituitary adenomas, culturing dispersed
postsurgical specimens in stem cell permissive medium (DMEM/F12, enriched
with B27 supplement, bFGF, and EGF). After 1 week in vitro, few pituitary ade-
noma cells generated spheroids that were able to generate secondary spheres [69].
Spheroid cells were nestin and CD133 (prominin-1) positive but did not release GH,
when the single GH-secreting adenoma was analyzed. Quantitative RT-PCR analy-
sis performed in one PASC spheroid culture showed high expression of stem cell-
associated genes (CD90, OCT-4, Musashi-1, NOTCH4, JAG2, and DLL-1).
Conversely, culturing the cells in differentiation medium (containing FCS, without
growth factors) several neural markers were induced (p-tubulin III, GFAP). Cells
from dissociated spheroids, cultured for 2 weeks in differentiation medium (addi-
tioned with FCS, but devoid of growth factors), were able to release pituitary hor-
mones in response to hypothalamic peptides [69]. In particular, the cells derived
from the GH-secreting tumor did not express GH or LH before differentiation, but
these hormones were detected in significant amounts after treatment with GHRH
and GnRH, respectively, in differentiation medium. On the contrary, undifferenti-
ated cells released PRL and TSH in response to PRL-releasing peptide and TRH,
while the secretory activity was reduced after differentiation. This unexpected result
allowed to hypothesize that in the spheroids generated by PASCs are also present
differentiated cells originated by spontaneous differentiation also in stem-permissive
culture conditions [69].

However, although phenotype characterization was still not completely defined
and totally convincing, the most important evidence shown in this study was that
spheroid-derived cells (1x10* cells), but not the adherent/differentiated cells
(1x10°), were able to reproduce the tumors when implanted into the forebrain of
immunodeficient mice, since in vivo tumorigenicity is still the best feature to define
bona fide CSCs. After 6 months from the transplant, tumor cells were harvested and
dissociated giving rise to new spheroids that again were tumorigenic when rein-
jected into the brain of the NOD/SCID mice. Cell masses were immunopositive to
human antigens, and some of them also expressed human GH [69].
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While to date this is the best evidence about the existence of CSC in pituitary
adenomas, inconclusive answers and few inconsistencies are still present (see [20]),
and in particular, since only two human tumors were analyzed, the reproduction of
these data from more specimens is required to definitely prove the CSC existence in
pituitary adenomas, as well as their derivation from adult pituitary stem cells.

8 Conclusions and Future Perspectives

In this chapter we report the main studies proposing the existence of multipotent
stem/progenitor cells in adult pituitary and the possibility that a deregulation of the
activity of these cells may result in pituitary tumor development. Although not all
the studies are completely concordant, several features, including Sox2 expression,
SP nature, and a niche-like configuration, seem to characterize the phenotype of
these cells in all the studies to date available. The main limit of almost all the evi-
dence reported to characterize pituitary stem cells is that they are performed in
murine models. A necessary step ahead will be the reproduction of these conclu-
sions in human tissues.

The role of stem/progenitor cells in adult pituitary cell homeostasis, regeneration
after injury, genetic endocrine deficits, and tumor pathogenesis will have significant
clinical relevance, and the possibility of isolation and functional analysis of this cell
population will provide important information to define these issues. Importantly,
the characterization of pituitary stem/progenitor cells could also allow a better
understanding of the biological basis of some pituitary pathologies including hypo-
pituitarism and adenoma tumorigenesis also allowing the identification of potential
novel pharmacological targets for pituitary tumors.
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