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Abstract: Regenerative medicine and anti-tumoral therapy have been developed through
understanding tissue stem cells and cancer stem cells (CSCs). The concept of tissue stem cells
has been applied to the pituitary gland (PG). Recently, PG stem cells (PGSCs) were successfully
differentiated from human embryonic stem cells and induced pluripotent stem cells, showing
an in vivo therapeutic effect in a hypopituitary model. Pituitary adenomas (PAs) are common
intracranial neoplasms that are generally benign, but treatment resistance remains a major concern.
The concept of CSCs applies to PA stem cells (PASCs). Genetic alterations in human PGSCs result in
PASC development, leading to treatment-resistant PAs. To determine an efficient treatment against
refractory PAs, it is of paramount importance to understand the relationship between PGSCs, PASCs
and PAs. The goal of this review is to discuss several new findings about PGSCs and the roles of
PASCs in PA tumorigenesis.
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1. Introduction

1.1. Pituitary Gland

In early development, the oral ectoderm is closely juxtaposed to the neural ectoderm. In response
to signals from the neural ectoderm, the oral ectoderm invaginates to produce Rathke’s pouch
(oropharyngeal diverticulum), a cavity of ectodermal cells of the oropharynx. Rathke’s pouch grows
between 1 and 2 weeks of gestation and develops into the anterior pituitary gland (PG). At 2–3 weeks
of gestation, anterior PG cells begin to differentiate. Functional development of the anterior PG
involves the regulation of several transcription factors expressed in pituitary gland stem cells (PGSCs).
This process involves highly coordinated sequential steps in the cellular commitment and positioning
of pituitary cell lineages. Corticotrope, thyrotrope, somatotrope, lactotrope and gonadotrope cells
develop in association with respective gene expression. At 20 days, the hypophyseal portal system
develops. It is organized with blood vessels connecting the hypothalamus to the anterior pituitary,
which exchange hormones between them [1,2].

PG morphogenesis depends on neural ectodermal signals such as bone morphogenetic protein 4
(BMP4). Gradients of BMP4, fibroblast growth factor (FGF) 8 and Sonic hedgehog (Shh) are important
for ventral side developmental patterning and the expression of transcription factors. Wnt4, Wnt5 and
Notch are also essential for PG cell proliferation [3,4].

1.2. Pituitary Adenoma

Pituitary adenomas (PAs) are common intracranial neoplasms. These benign epithelial tumors
originate from intrinsic cells of the adenohypophysis. PAs have a prevalence from 1 in 865 adults to
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1 in 2688 adults [5]. Most cases of PAs are histopathologically benign, and pituitary carcinomas are
extremely rare [6].

PAs can be traditionally classified as either (1) hormone-secreting adenomas, as defined by the
presence of one or more hyperplastic pituitary endocrine populations (lactotrophs, gonadotrophs,
somatotrophs, corticotrophs and thyrotrophs) or (2) non-functional adenomas that are thought to
be mainly derived from gonadotrophs [7]. Some PAs exhibit a more aggressive course and cause
significant morbidity. Atypical morphological features, such as cavernous sinus invasion, have been
demonstrated as a sign of aggressive behavior, which are emphasized in the revised 2017 World Health
Organization classification [8].

1.3. Tissue and Cancer Stem Cells

Tissue stem cells (TSCs) were first identified in the 1950s. TSCs are undifferentiated cells capable of
proliferation and self-renewal, which also produce differentiated functional progeny and are involved
in repair and regeneration [9]. The concept of cancer stem cells (CSCs) was established following the
discovery of TSCs in acute myeloid leukemia in 1994 [10].

CSCs have two basic properties: self-renewal and differentiation into multiple lineages. Tumor
malignancy correlates to the number of CSCs that drive tumor growth and recurrence [11]. Recently,
these concepts were applied to the PG and PAs.

2. Pituitary Gland Stem Cells

2.1. Historical Background

The anterior PG contains hormone-producing cells and non-hormone-producing cells such
as folliculostellate cells and vascular cells. Because anterior pituitary hormonal cells are highly
differentiated, and the turnover rate, which considerably declines from infancy to adulthood, is as low
as 1.58% per day [12,13], the existence of PGSCs has been controversial [14]. However, recent studies
have demonstrated that a subpopulation of undifferentiated stem/progenitor cells, with self-renewal
and multipotent capacities, is maintained in the adult anterior PG [15]. It has been reported that
gonadotrophs and thyrotrophs increase after gonadectomy and thyroidectomy, suggesting the existence
of PGSCs [16,17]. PGSCs are considered to supply hormone-producing cells in response to stress,
damage and physiological demand [16].

2.2. Markers

In 2008, the transcription factor sex-determining region Y-box 2 (SOX2) was detected in non-
hormone-producing cells of the adult PG [18]. In vitro assessment showed that SOX2-positive cells
had a sphere-forming capacity and could differentiate into multiple lineages, such as S100β-positive
folliculostellate cells and hormone-producing cells [18]. Most SOX2-positive cells are in a quiescent
state in the adult PG. They are activated as the origin of hormone-producing cells in response to injury
and capable of regeneration [19].

Although S-100β, SOX2, SOX9 [18,19], PITX1, GFRa2, SCA1, Nestin and PROP-1 [20] have been
used as markers of PGSCs, no highly specific markers exist for PGSCs because PGSCs have been
isolated using different markers in each study [21].

2.3. Stem Cell Niche

TSCs are maintained within the local microenvironment “niche”. Niches regulate multipotency,
self-renewal, asymmetric cell division, and migration from niches for differentiation via signaling
by soluble factors, cell surface proteins, and extracellular matrices. In general, CSCs reside in their
niches that sustain the self-renewal of CSCs and trigger tumorigenesis [22]. Two types of niches—the
marginal cell layer and SOX2 cluster—have been proposed in the adult PG. A recent study isolated and
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successfully cultured SOX2 cluster niches [13]. To date, the relationship between niches and pituitary
tumorigenesis has remained unclear. Therefore, further studies are warranted on this topic.

2.4. Differentiation

The pituitary placode is known to differentiate into three lineages—the Pit1 lineage (somatotroph-
lactotroph-thyrotroph), αGSU lineage (gonadotroph-thyrotroph) and corticotroph lineage—under the
control of various transcription factors. Generation of the Pit1 lineage depends on POU1F1, which
is positively regulated by Prop1 and negatively regulated by Hesx1 [23]. This lineage terminally
differentiates into somatotrophs under the control of Neurod4 and thyrotrophs under the control of
Ascl1 [3]. NR4A2, which binds adjacently to POU1F1 at the Prl promoter, synergizes with POU1F1 to
enhance Prl gene expression, leading to the Pit1 lineage to differentiate into lactotrophs [24]. FOXL2
and GATA2 stimulate the expression of αGSU. Cells expressing αGSU differentiate into gonadotrophs
under the control of SF1 and Egr1 and thyrotrophs under the control of POU1F1 [25,26]. Tbx19
is transcription factor of the corticotroph lineage and Neurod1 is required for early corticotroph
differentiation, but not lineage commitment [27] (Figure 1).

2.5. Treatment Strategies Using PGSCs

Generating a human anterior PG that retains regulatory hormonal control in vivo was necessary
to develop cell-based therapies for pituitary deficiencies. In 2016, Ozone et al. used human ES cells
to differentiate PG cells by employing serum-free floating culture of embryoid body-like aggregates
prepared by the quick reaggregation (SFEBq) protocol [28–30]. In vitro self-forming of the anterior PG
was followed by co-induction of hypothalamic and oral ectoderms in medium with BMP, Shh, and FGF.
The juxtaposition of these tissues promoted the formation of a Rathke’s pouch-like pituitary placode
that differentiated into hormone-producing cells. These cells clearly responded to hormonal feedback
signals [28]. Portal vessels from the hypothalamus irrigate defined areas within the pituitary to finely
control the distribution of hypothalamic hormones. Additionally, the vascular microarchitecture
and perivascular space are important for hormone-producing cells to secrete produced hormones
properly [31]. Therefore, from the viewpoint of actual clinical application, for stimulation by upstream
hormones and secreting hormones appropriately, establishing a connection between blood flow and
transplanted hormone-producing cells is needed. There have been few reports on the relationship
between transplanted cells and blood flow; further research is expected.

Some studies have reported the ability of PGSCs in hypopituitary model mice. The number of
somatotrophs recovered over a 5-month period in adult GH/Cre-inducible diphtheria toxin receptor
(iDTR) mice was affected by a rapid increase in SOX2-positive cells [32]. Furthermore, after transplanting
corticotrophs generated from human ES cells under the renal capsule, plasma ACTH and corticosterone
levels were elevated, leading to rescue of physical activity at 10 d after transplantation and improvement
of survival in hypopituitary model mice [28]. This report showed a therapeutic effect in an in vivo
hypopituitary model using a stem cell-based therapy (Figure 1). Further studies are warranted to
confirm the importance of PGSCs in disease models.

In recent years, induced pluripotent stem (iPS) cells have been established from both mice and
humans [33,34]. iPS cells overcome the ethical issues of ES cells. In 2016, Zimmer et al. demonstrated
that human iPS cells can differentiate into hormone-producing cells, which holds promise for the
future [35].



Endocrines 2020, 1 52
Endocrines 2020, 1, FOR PEER REVIEW 4 

 

 
Figure 1. Differentiation of hormone-producing cells from human ES cells. Human ES cells 
can be differentiated into PGSCs by the SFEBq protocol. In vitro, PGSCs form the pituitary placode 
that subsequently differentiates into three lineages, namely the Pit1 lineage (somatotroph-lactotroph-
thyrotroph), αGSU lineage (gonadotroph-thyrotroph) and corticotroph lineage. Generation of the Pit1 
lineage depends on POU1F1 and this lineage terminally differentiates into somatotrophs under the 
control of Neurod4, thyrotrophs under the control of Ascl1 and lactotrophs under the control of 
NR4A2 synergizing with POU1F1. PGSCs differentiate into the corticotroph lineage under the control 
of Tbx19 and the αGSU lineage under the control of FOXL2 and GATA2. The αGSU lineage 
differentiates into gonadotrophs under the control of SF1 and Egr1. After transplantation of generated 
corticotrophs into hypophysectomized SCID mice, plasma ACTH and corticosterone levels elevate, 
leading to rescue of physical activity and the improvement of survival in hypopituitary model mice. 
ES, embryonic stem; PGSC, pituitary gland stem cell; SCID, severe combined immunodeficiency; 
SFEBq, serum-free floating culture of embryoid body-like aggregates with quick reaggregation. 
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progenitor/differentiated cells. Some studies have discussed the relationship between genetic 
alterations in human PGSCs and tumors formed by pituitary adenoma stem cells (PASCs) [36]. 

The relationship between stem cells and PAs has been demonstrated in PA model mice. 
Gleiberman et al. crossed Rb (+/−) mice, which develop PA in almost 100% of cases, with nestin-GFP 
mice, and the crossed mice developed PA nodules surrounded by nestin-GFP-positive cells [37]. 
Dopamine receptor D2 knockout [Drd2 (−/−)] mice, prolactinoma model mice, contain more SOX2-
positive cells in their anterior pituitary than control mice [38]. 

Figure 1. Differentiation of hormone-producing cells from human ES cells. Human ES cells can
be differentiated into PGSCs by the SFEBq protocol. In vitro, PGSCs form the pituitary placode
that subsequently differentiates into three lineages, namely the Pit1 lineage (somatotroph-lactotroph-
thyrotroph), αGSU lineage (gonadotroph-thyrotroph) and corticotroph lineage. Generation of the Pit1
lineage depends on POU1F1 and this lineage terminally differentiates into somatotrophs under the
control of Neurod4, thyrotrophs under the control of Ascl1 and lactotrophs under the control of NR4A2
synergizing with POU1F1. PGSCs differentiate into the corticotroph lineage under the control of Tbx19
and the αGSU lineage under the control of FOXL2 and GATA2. The αGSU lineage differentiates into
gonadotrophs under the control of SF1 and Egr1. After transplantation of generated corticotrophs into
hypophysectomized SCID mice, plasma ACTH and corticosterone levels elevate, leading to rescue of
physical activity and the improvement of survival in hypopituitary model mice. ES, embryonic stem;
PGSC, pituitary gland stem cell; SCID, severe combined immunodeficiency; SFEBq, serum-free floating
culture of embryoid body-like aggregates with quick reaggregation.

3. Pituitary Adenoma Stem Cells

3.1. Tumor-Initiating Capacity

In general, CSCs are derived from normal TSCs or re-differentiate and/or de-differentiate from
progenitor/differentiated cells. Some studies have discussed the relationship between genetic alterations
in human PGSCs and tumors formed by pituitary adenoma stem cells (PASCs) [36].

The relationship between stem cells and PAs has been demonstrated in PA model mice. Gleiberman
et al. crossed Rb (+/−) mice, which develop PA in almost 100% of cases, with nestin-GFP mice, and the
crossed mice developed PA nodules surrounded by nestin-GFP-positive cells [37]. Dopamine receptor
D2 knockout [Drd2 (−/−)] mice, prolactinoma model mice, contain more SOX2-positive cells in their
anterior pituitary than control mice [38].

Human PASCs were first isolated from somatotropinomas and non-functioning adenomas using the
sphere-forming system in 2009, which initiated hormone-producing PAs as xenografts. The initiating PAs
produced GH, PRL, FSH, LH and TSH, thereby responding to hypothalamic stimulation [39] (Figure 2).

Since then, some studies have demonstrated that stem cell side populations can be isolated from
human PAs (mainly somatotropinomas and non-functional PAs) using several stem cell markers, such as
SOX2, CD133 and CD15 and successful tumor cell proliferation as xenografts has been shown [40,41].
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In particular, the relationship between CXCR4 expression and the tumor-initiating capacity of PASCs
has been discussed [42]. Tunici et al. clearly revealed the multilineage potential of PASCs isolated from
human PAs. In their report, PASCs treated with epidermal growth factor and bFGF expressed S-100
(molecular marker of folliculostellate cells) and synaptophysin in vitro [14].
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Figure 2. Tumor formation capacities of human and mouse PASCs. Human PASCs are isolated from PAs,
such as somatotropinomas and non-functioning adenomas, using CD133 and nestin as markers. These
human PASCs with a high sphere-forming capacity initiated tumor formation as xenografts. In contrast,
daughter tumor cells isolated from the same human PAs did not initiate tumor formation. Mouse
PASCs, SCA1-positive tumor cells with expression of Sox2 and Nestin, were isolated from Rb+/−mice
with PAs and exhibited a high tumor-forming capacity when retransplanted into SCID gamma mice.
PA, pituitary adenoma; PASC, pituitary adenoma stem cell; SCID, severe combined immunodeficiency.

In contrast, some studies have demonstrated the difficulty of tumorigenesis as xenografts even
if stem cell side populations can be isolated successfully [38,43]. Wurth et al. demonstrated that
the CD133-positive side population isolated from human PAs proliferates for only 2 months [43].
The cause of the discrepancy in the status of tumorigenesis among these studies remains unclear.
It may be attributed to the heterogeneity of different tumor types, including somatotropinomas and
non-functioning adenomas and the difference in culture methodologies.

Recently, some factors promoting the tumorigenesis of PASCs have been identified. Mertens et al.
demonstrated that upregulated stem cell markers (CD44, CXCR4, KIT, KLF4, Nestin and SOX2) and
mesenchymal markers (VIM and fibronectin 1), as well as downregulated epithelial markers, including
E-cadherin (CDH1) and claudin-1 (CLDN1), were associated with the tumorigenesis of human PASCs as
xenografts [38]. This suggests that epithelial–mesenchymal transition (EMT) is an important process for
PAs. EMT is involved in morphological changes in tumors, from tightly packed columnar-type cells to
more loosely distributed cells [44]. In fact, a recent study of human PA specimens demonstrated that
SNAIL1, an EMT-related transcriptional factor, is associated with the suprasellar expansion of human
PAs [45]. Other signaling pathways, such as CXCL12 CXCR4 and the activation of mutated β-catenin,
Wnt, Notch and MAPK/ERK, have also been reported to promote the proliferation of PASCs [36,38,46,47].
It is known that angiogenesis promotes PA progression [48]. Interestingly, PASCs themselves promote
angiogenesis in PAs by upregulated expression of PECAM1 and VCAM1 [38].

Overactivation of the WNT pathway in SOX2-positive cells is involved in the tumor initiation of
both pituitary adenoma and craniopharyngioma in mice and humans [19,49]. In craniopharyngioma,
the proliferation of SOX2-mutated cells results in forming β-catenin-accumulating cell clusters that
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secrete tumorigenic factors such as SHH, BMP4, WNT, interleukins, chemokines and growth factors.
In contrast to the classical paradigm of CSCs, which cell-autonomously generate tumors, the cell
clusters act as paracrine tumorigenesis paradigm which promote tumorigenesis either directly or
indirectly through cell–cell signaling interactions or microenvironmental changes [19,47]. This paracrine
tumorigenesis paradigm may be applicable to PAs.

Donangelo et al. first isolated PASCs from murine PAs in 2014. SCA1-positive tumor cells
expressing SOX2 and Nestin were isolated from Rb+/−mice with PAs, which exhibited a tumor-forming
capacity when re-transplanted into the mouse brain [50] (Figure 2). Further studies of these genetically
engineered mouse models with PAs may provide information on the detailed characteristics of PASCs.

3.2. Treatment Strategies for PASCs

Recently, the relationship between upregulated PASC markers and high proliferative activity
was evaluated using human PA specimens [40,41]. Therefore, PASC-targeted therapy has attracted
attention. Zubeldia-Brenner et al. demonstrated that a γ-secretase inhibitor downregulates stemness by
suppressing Notch signaling, resulting in the reduction of prolactin-producing xenografted tumors [51].
Mertens et al. reported that the injection of AMD3100, which is a CXCR4 antagonist, suppresses the
tumor growth of PASCs isolated from murine corticotropinoma in vivo [38]. Inhibitors that target
TGF-β receptor I kinase [52] and Wnt/β-catenin [53] might be useful to treat progressive PAs.

Treatment strategies for PASCs might be applied to multiple endocrine neoplasia type 1 (MEN1)
that is characterized by a combination of tumors of the anterior pituitary, parathyroid, gastrointestinal
tract and pancreas [54]. MEN1-related PAs are often invasive and resistant to treatment [55]. Menin
deficiency is the consequence of a MEN1 mutation. It is associated with Notch signaling, which
maintains PASCs [56] and TGFβ signaling that promotes EMT of PASCs [57]. Thus, PASC-targeted
therapy may be a novel treatment strategy for aggressive MEN-related PAs.

Specific markers are needed to selectively target PASCs, which have not been established to date.
Although SOX2 is frequently used as a representative PASC marker, it is also expressed on neural
stem cells [58]. Recently, Horiguchi et al. demonstrated that CD9 is coexpressed in most S100β/SOX2-
positive cells in PAs, which might be a potent new marker of PASCs [59].

4. Conclusions and Future Perspectives

Currently, there is no curative therapy for pituitary deficiencies. PGSCs supply hormone-producing
cells in response to stress, damage and physiological demand. PGSCs differentiate into hormone-
producing cells that clearly respond to hormonal feedback signals and demonstrate a therapeutic
effect in an in vivo hypopituitary model. ES and iPS cells are sources of PGSCs, leading to a novel
type of cell-based therapy by transplanting hormone-producing cells generated from PGSCs for
pituitary deficiencies.

The concept of PASCs has attracted attention. Recent studies suggest that PASCs promote
tumorigenesis via several pathways, including the paracrine tumorigenesis paradigm, and targeting
one of these pathways results in the reduction in xenografted PA. This implies that PASC-targeted
therapy could be a novel therapy for unresectable or recurrent PAs. Although the tumor-initiating
capacity of PASCs remains controversial, the establishment of PASC-derived PA animal models may
elucidate mechanisms of tumorigenesis, treatment resistance and novel treatment strategies of PA.
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