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Simple Summary: Pituitary adenoma pathophysiology has been studied mainly using murine cell
lines, animal models, and pituitary tumor samples. However, the lack of human pituitary cell line
is a significant limiting factor in studying the molecular mechanisms of human pituitary tumors.
Recently, pituitary induction methods from human-induced pluripotent stem cells (hiPSCs) have
been established. These methods can induce human pituitary hormone-producing cells that retain
physiological properties. hiPSCs in which tumor-causing gene mutations are introduced using
genome-editing techniques, such as CRISPR/Cas9 systems, provide great opportunities to establish
in vitro human pituitary adenoma disease models. The models will be a novel platform to discover
novel drugs and investigate tumorigenesis and pathophysiology. The purpose of this review is
to provide an overview of the applications of iPSCs for pituitary and neoplastic disorder research
and genome-editing technologies to create strategies for developing pituitary adenoma models
using iPSCs.

Abstract: Pituitary adenomas are characterized by abnormal growth in the pituitary gland. Surgical
excision is the first-line treatment for functional (hormone-producing) pituitary adenomas, except
for prolactin-producing adenomas; however, complete excision is technically challenging, and many
patients require long-term medication after the treatment. In addition, the pathophysiology of
pituitary adenomas, such as tumorigenesis, has not been fully understood. Pituitary adenoma
pathophysiology has mainly been studied using animal models and animal tumor-derived cell
lines. Nevertheless, experimental studies on human pituitary adenomas are difficult because of the
significant differences among species and the lack of reliable cell lines. Recently, several methods
have been established to differentiate pituitary cells from human pluripotent stem cells (hPSCs). The
induced pituitary hormone-producing cells retain the physiological properties already lost in tumor-
derived cell lines. Moreover, CRISPR/Cas9 systems have expedited the introduction of causative
gene mutations in various malignant tumors into hPSCs. Therefore, hPSC-derived pituitary cells
have great potential as a novel platform for studying the pathophysiology of human-specific pituitary
adenomas and developing novel drugs. This review presents an overview of the recent progresses in
hPSC applications for pituitary research, functional pituitary adenoma pathogenesis, and genome-
editing techniques for introducing causative mutations. We also discuss future applications of hPSCs
for studying pituitary adenomas.

Keywords: pituitary tumor; pluripotent stem cell; organoid; ACTH-producing adenoma; GH-producing
adenoma; USP8; GNAS; CRISPR/Cas9
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1. Introduction

The pituitary gland plays a pivotal role in maintaining physical homeostasis by re-
leasing pituitary hormones into the blood stream. It comprises two different entities, the
anterior and posterior lobes, which have different embryonic origins. The anterior pituitary
lobe produces adrenocorticotropic hormone (ACTH), thyroid-stimulating hormone (TSH),
growth hormone (GH), prolactin (PRL), luteinizing hormone (LH), and follicle-stimulating
hormone (FSH). Pituitary adenoma is an abnormal growth in the pituitary gland arising
from single precursor-cell expansion [1]. Pituitary tumors are the third most common
intracranial tumors, accounting for up to 15% primary brain tumors [2]. Although most
pituitary tumors are benign and rarely metastasize to other organs, they frequently in-
vade surrounding tissues, such as the skull base and cavernous sinus, and over-secrete
pituitary hormones that affect other endocrine organs and cause various symptoms. Pi-
tuitary adenomas are roughly grouped into two types: functional (hormone-producing)
and non-functional (non-hormone-producing) pituitary adenomas. This review focuses on
functional pituitary adenomas because functional pituitary adenomas are often clinically
refractory to medical treatment, and it is desirable to develop novel treatment modali-
ties and elucidate tumorigenesis mechanisms. Currently, several treatment options are
available for each pituitary adenoma type. Surgical resection is the first-line treatment for
ACTH-, TSH-, and GH-producing adenomas (ACTHoma, TSHoma, and GHoma) [3–6].
However, total resection of pituitary adenomas is technically challenging in some patients
because of the anatomic inaccessibility of the pituitary gland and the proximity of the
brain and vascular structures. Therefore, these patients remain over-secreting and require
persistent medical therapy after tumor resection. Furthermore, normal pituitary gland
over-resection causes secondary hypopituitarism, which significantly impairs quality of life
after treatments. On the other hand, PRL-producing adenoma (PRLoma) also had required
surgical resection; however, cabergoline, a dopamine agonist, replaced surgical treatment
and became the first-line treatment because it normalizes serum PRL levels in almost all
patients [7]. Other functional pituitary adenomas also warrant novel medical treatment as
substitutes for surgical treatments. Understanding pituitary adenoma pathophysiology
is essential for novel drug development. Present studies on pituitary adenoma patho-
physiology mainly use animal models, such as mice and rats and rodent tumor-derived
cell lines, both of which are far from human pathology. Although primary cell cultures
of human pituitary tumor samples can be used for short-term studies, however, clinical
opportunities for obtaining pituitary tumor samples are relatively limited. In addition,
immortalized human pituitary cell lines have not been successfully established. Therefore,
there have been several difficulties in studies of pituitary adenoma pathogenesis. Recently,
several studies have developed pituitary induction methods using human pluripotent
stem cells (hPSCs). The induced pituitary cells have physiological properties lost in rodent
tumor-derived cell lines. These cells produce and release pituitary hormones in response
to hypothalamic-stimulating hormones. Moreover, these induced cells possess feedback
systems known as normal pituitary functions; when the cells are treated with hormones
produced from the target organs, they cease to secrete pituitary hormones. Due to these
characteristics, hPSC-derived pituitary cells may be used as a novel disease model for
pituitary disorders.

Furthermore, in the past decade, genome-editing technologies using CRISPR/Cas
systems have become a standard in many laboratories because of their facilities, effective
and specific editing properties, and low cost. CRISPR/Cas systems introduce causative
mutations for various malignant tumors into hPSCs. Combining hPSC-derived pituitary
hormone-producing cells and genome-editing technologies has great potential to produce
a breakthrough in pituitary tumor research. In this review, we provide an overview of pitu-
itary adenoma pathogenesis, pituitary induction methods using hPSCs, and CRISPR/Cas
genome-editing systems. We also discuss future applications of hPSCs in the study of
pituitary adenomas.
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2. Pituitary Adenoma Pathogenesis

Functional pituitary adenomas may over-secrete pituitary hormones, such as PRL,
GH, ACTH, and rarely LH, FSH, and TSH. Clinically, PRLoma, GHoma, and ACTHoma
are the most frequent in this order. In most PRLomas, hyperprolactinemia can be controlled
with the dopamine agonist cabergoline [7]. Thus, this review focuses on ACTHoma and
GHoma for which its response rates to medical therapies are inadequate [6,8,9].

2.1. ACTH-Producing Adenoma

ACTHoma causes Cushing’s disease, which is associated with increased morbidity
and mortality mainly due to cardiovascular events [10]. Most ACTHomas occur sporad-
ically, except for few familial Cushing’s diseases such as multiple endocrine neoplasia
type 1 (MEN1), MEN4, and familial isolated pituitary adenomas (FIPAs). Germline muta-
tions associated with these hereditary syndromes have been identified in the MEN1 [11],
CDKN1B [12], and aryl hydrocarbon receptor-interacting protein (AIP) genes [13]. These
genetics of familial Cushing’s diseases are well reviewed in the other article [14].

The most important cause for sporadic ACTHomas is somatic mutations within the
ubiquitin-specific protease 8 (USP8). Whole-exome sequencing studies of sporadic patients
revealed that almost 50% ACTHomas have somatic mutations in USP8 [15,16], and mu-
tations in this gene have been detected in 40–60% of sporadic ACTHoma cases [17,18].
All point mutations were located within the 14-3-3 binding motif of USP8. These mu-
tations impair the interaction between 14-3-3 and USP8 and enhance its cleavage by a
specific protease, thus increasing USP8 deubiquitylation activity. One of the important
deubiquitination substrates of USP8 is the epidermal growth factor receptor (EGFR) [19].
EGF is a major mitogenic and differentiation factor of particular importance in ACTHoma
pathophysiology. EGFR is frequently overexpressed in ACTHomas and is essential for the
synthesis of proopiomelanocortin (POMC), an ACTH precursor [20]. Mutations clustered
in the 14-3-3 binding motif enhanced USP8 catalytic activity, thus increasing EGFR deubiq-
uitination and sustaining EGF signaling. These data indicate that mutations in USP8 cause
ACTHoma via EGFR-signaling activations [16].

Other reports have tried identifying causative genes for sporadic ACTHomas using
next-generation sequencing. The whole-exome sequencing of ACTHomas with wild-type
USP8 identified driver mutations within USP48, BRAF, and TP53 genes [21,22]. The BRAF
p.V600E mutation has been identified in several malignant tumors, including melanoma,
papillary thyroid carcinomas, colon cancer, gliomas, and papillary craniopharyngiomas.
This mutation increases cell proliferation due to the MAPK pathway activation. TP53 is a
well-known tumor suppressor gene that plays vital roles in DNA repair, cellular senescence,
and apoptosis.

In addition to the genetic mutations involved in ACTHoma tumorigenesis described
above, genes with characteristic expression changes in ACTHoma and genes involved in
the pathogenesis of the disease have been reported. ACTHomas are characterized by the
aberrant expression of proteins involved in cell-cycle regulation, proliferation, growth, and
differentiation. The cyclin E and cyclin-dependent kinase (CDK)2 complex driving the
G1/S transition is overexpressed, and the p27/Kip1 tumor-suppressor protein inhibiting
the cyclin E/CDK2 complex is reduced in ACTHomas [23,24]. Another gene associated
with aggressive ACTHoma is CDK5 and ABL1 enzyme substrate 1 (CABLES1), a tumor
suppressor gene that negatively regulates the cell cycle by inactivating several CDKs.
CABLES1 is expressed in normal human pituitary cells, but its expression is strongly down-
regulated in ACTHomas. CABLES1 loss downregulates the cell cycle inhibitors p21/Cip1
and p27/Kip1 by destabilizing the inhibitors, contributing to ACTHoma development [25].

2.2. GH-Producing Adenoma

GHoma causes acromegaly in adults and gigantism in childhood and adolescence [26].
The most important cause of GHoma is somatic gain-of-function mutations in the α-subunit
of the stimulatory Gα protein gene (GNAS) at codon 201 and 207. Although the frequency
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of GNAS mutation in GHomas varies depending on the ethnicity of patients, it has been
reported that 20 to 50% of sporadic GHomas are associated with this mutation [27–30].
GNAS mutations constitutively activate adenylate cyclase, which converts ATP to cAMP.
Increased intracellular cAMP concentration activates protein kinase A and mitogenic
signaling in GH-producing cells [31]. Although most GHomas are sporadic, a few GHomas
are associated with germline defects. Pituitary adenomas, including GHoma, occur as
components of familial multiple neoplasia syndromes, such as MEN1, Carney’s complex,
and MEN4 [12,32,33]. Furthermore, germline mutations in the AIP and X-chromosomal
microduplication cause GHomas [34,35]. These hereditary GHomas are reviewed in another
review article [36].

Even after testing the above causal genes for GHoma, more than half of GHomas
have unknown etiologies [27]. To date, several studies have reported the results of next-
generation sequencing (NGS) analysis in GHomas, including whole-exome and whole-
genome sequencing, to discover novel causal gene defects and unveil the etiologies. Vali-
maki et al. performed whole-genome sequencing of 12 GHomas and their corresponding
blood samples [37], identified 129 somatic single-nucleotide variants (SNVs) per tumor,
and found only 2.3 SNVs on average per tumor in coding regions. The oncogenic GNAS
mutation (p.Arg201Cys) was the only recurrent somatic event. Recently, a comprehensive
genome-wide analysis of functional pituitary tumors also reported that only GNAS muta-
tions were recurrent in GHomas, consistent with previous reports [38]. In association with
GHoma due to X chromosome microduplication (X-LAG), G protein-coupled receptor 101
(GPR101) was identified as the causative gene of the duplicated region, and it was reported
that GPR101 mutations are also identified in sporadic GHomas [35].

As another possible cause of GHoma tumorigenesis, glucose-dependent insulinotropic
polypeptide receptor (GIPR) overexpression was described in GNAS mutation-negative
GHomas [39,40]. GIPR is activated by GIP, which is secreted by the K cells in the duodenum,
and activates the cAMP pathway [41,42]. This GIP-GIPR axis stimulates GH secretion [43],
which might contribute to one of the causes of tumorigenesis in GHomas. The mechanism
of how GIP expression is elevated in GNAS mutation-negative GHomas is still unclear and
requires further studies.

As described above, although GHoma is a group of diseases with multiple cause
of tumorigenesis, the tumor cause of which is mainly due to the activation of the cAMP
pathway represented by somatic mutations in GNAS.

3. Pituitary Induction from Pluripotent Stem Cells

Human pluripotent stem cells (hPSCs) are classified into two types based on their
establishment methods: embryonic stem cells (hESCs) [44] and induced pluripotent stem
cells (iPSCs) [45]. The PSCs possess differentiation potentials into all three germ layer
cell types. Many studies have reported divergent induction methods into various cells,
including central nervous systems [46,47], cardiopulmonary systems [48,49], digestive
tracts [50,51], and musculoskeletal systems [52,53]. Likewise, pituitary induction methods
have also been established. The pituitary gland develops from the oral ectoderm, in contact
with the adjacent hypothalamus, during embryonic development. During this process,
interactions between the oral ectoderm and hypothalamus are key features of pituitary cell
development, although the precise underlying mechanisms have not been fully understood.
This differentiation process is tightly regulated in time and space by various growth factors
and their downstream transcription factors. These factors include BMP-4, sonic hedgehog
(SHH), fibroblast growth factor (FGF), and WNT signaling [54,55].

Recently, different methods to induce pituitary cells by mimicking these embryonic
pituitary differentiation processes have been presented. We have shown, for the first time,
pituitary inductions from mouse ESCs [56] by modifying our previous method for inducing
hypothalamic organoids from mouse ESCs [57]. In the method, the minimization of exoge-
nous patterning signals, such as growth factors, in the culture medium led to hypothalamic
differentiation from mouse ESCs. We attempted to induce pituitary differentiation by repro-
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ducing the interaction between the hypothalamus and oral ectoderm in vitro. We found that
increasing the number of cells in the organoid enhances endogenous BMP-4 singling, induc-
ing oral ectoderm cells in the outer layer of the hypothalamic organoid. This simultaneous
oral ectoderm and hypothalamus induction could recapitulate the interactions between
these tissues, resulting in the self-organization of pituitary hormone-producing cells.

Studer’s group have first reported a pituitary induction method from hESCs using a
two-dimensional monolayer culture [58] (Figure 1a). They modified their previous two-
dimensional neural induction method, which is based on the concomitant inhibition of two
SMAD-signaling pathways (BMP and TGF-β/Nodal signaling) named “dual SMAD inhibi-
tion” [46]. BMP inhibitor (Noggin) withdrawal allows for differentiation into non-neural
placode lineage, and SHH and FGF signaling leads to pituitary cell differentiation [58,59].
They were able to induce all anterior pituitary hormone-producing cells, except for TSH-
producing cells. Importantly, these pituitary cells induced from two- and three-dimensional
cultures retain their physiological properties. They treated induced pituitary hormone-
producing cells with their corresponding stimulant (CRH, stressin I, and urocortin for
ACTH-producing cells; GHRH for GH-producing cells; GnRH analog for FSH -producing
cells) and showed specific responses to the stimulant and secretion of pituitary hormone
into the culture medium. We have also developed a three-dimensional pituitary induction
method using hESCs and hiPSCs [60,61] (Figure 1b) with some modifications to the method
for pituitary induction from mouse ESCs. Our method can induce all anterior pituitary
hormone-producing cells, including ACTH, GH, TSH, PRL, and LH/FSH. These cells were
also functional. Induced ACTH- and GH-producing cells responded specifically to CRH
and GHRH, respectively, and secreted ACTH and GH. Furthermore, ACTH-producing
cells showed feedback inhibition; treatment with hydrocortisone inhibited ACTH secretion.

These two methods include BMP, SHH, and FGF signaling, which are important
for physiological pituitary development [55], indicating that these methods recapitulate
embryonic pituitary developmental process and yield natural pituitary hormone-producing
cells. In fact, the transplantation of induced pituitary cells using both methods into a
murine hypopituitarism model increased serum hormone levels and improved survival,
confirming the functions of induced pituitary cells. These results suggest that induced
pituitary cells are more similar to natural pituitary cells than rodent cell lines, such as
AtT20 and GH3. Therefore, these technologies provide great opportunities to study human
pituitary development and pituitary diseases. In addition, both methods can induce
almost all anterior pituitary hormone-producing cells, suggesting that these methods can
potentially model all functional pituitary adenomas.

Although both methods can induce functional pituitary hormone-producing cells,
there are several differences. First, the culture duration for the induction is even shorter
in two-dimensional culture. It takes 30 and 70 days for pituitary hormone-producing cell
induction in two- and three-dimensional cultures, respectively. Second, hypothalamus cells
are also induced simultaneously in the three-dimensional organoid. This simultaneous
induction of the hypothalamus and pituitary recapitulates the functional regulation of the
hypothalamus–pituitary axis [61]. Third, differentiation preference for pituitary hormone-
producing cells is different. ACTH secretion is higher in three-dimensional culture, whereas
GH secretion is higher in two-dimensional culture [58–61]. From these features, the suitable
applications of each method appear to be different. The two-dimensional method may be
better for regenerative cell therapy in patients with hypopituitarism, because of higher
efficiency, a shorter induction period, and easier cell manufacturing. In contrast, for the
disease modeling of pituitary disorders, the three-dimensional method might be superior
because it can recapitulate the interaction between the hypothalamus and pituitary, which is
required for the proper development in the embryonic period and the functional regulation
in adults. Thus, this review envisions a three-dimensional culture in developing pituitary
tumors in vitro models in the following sections.
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3.1. Pluripotent Stem Cell-Derived Pituitary Cell Application to Study Pituitary Diseases 

Figure 1. Two human pluripotent stem-cell induction methods into pituitary hormone-producing
cells. (a) In the 2D induction method (monolayer culture), endogenous or exogenous BMP-4 signaling
promotes non-neural ectodermal lineage. Then, treatment with surrounding factors that emerges in
the physiological developmental process (sonic hedgehog (SHH) and fibroblast growth factor (FGF)-8
and -10) promotes the differentiation into pituitary progenitor and hormone-producing cells. (b) In
the 3D induction method (organoid culture), oral ectoderm and hypothalamus are simultaneously
induced in one cell aggregate. This simultaneous induction of two different tissues can recapitulate
the tissue interactions between them, leading to the self-organization of pituitary progenitor cells and
subsequent hormone-producing cells.

Pluripotent Stem Cell-Derived Pituitary Cell Application to Study Pituitary Diseases

One of the beneficial applications of hiPSCs is to study disease pathophysiology by
inducing organs in which phenotypes emerge, particularly in genetic diseases. hiPSC-
derived pituitary induction has been applied to study pituitary diseases. We established
a hiPSC-based disease model for congenital hypopituitarism (CPH). CPH has various
etiologies, and genetic abnormalities are important causes. Knockout mice have mainly
been used to study the roles of responsible genes. However, there are significant differences
among species, and their phenotypes are not necessarily identical to those in humans. In
our study, patients-specific iPSCs were established from a patient with CPH, harboring
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a missense mutation in OTX2. OTX2 is a transcription factor involved in eye, brain, and
pituitary gland developments. Although it is known that mutations in OTX2 result in
CPH, the precise mechanisms have not been fully clarified. Three-dimensional models
have revealed that OTX2 is a causative gene for the pathogenesis. OTX2 promotes pituitary
progenitor cell differentiation by regulating FGF expression in the hypothalamus [62]. This
study confirmed the validity of hiPSC-derived pituitary induction methods for the disease
modeling of pituitary diseases.

We also developed iPSC-based disease models of the acquired pituitary disorder,
anti-PIT-1 hypophysitis [63,64]. In the syndrome, PIT-1 lineage hormone-producing cells
(GH-, TSH-, and PRL-producing cells) are specifically targeted by PIT-1 reactive cytotoxic
T lymphocytes (CTLs) [64]. However, it remains unclear how the CTLs can recognize
transcription factor PIT-1 that localize in nucleus. To establish the disease model, patient-
derived iPSCs were induced into pituitary cells. We found that the PIT-1 epitope was
processed in the antigen presentation pathway. In addition, patient’s iPSC-derived PIT-1
positive cells exhibited the co-localization of the PIT-1 epitope and HLA antigen on the
cell surface. These results indicate that PIT-1-reactive CTLs can recognize the PIT1 epitope
presented with the HLA antigen. Intriguingly, healthy control iPSC-derived PIT-1 positive
cells also showed co-localization of the PIT-1 epitope and HLA antigen, indicating that the
pathogenesis of the syndrome was not in the PIT-1 positive cells but in the CTLs [65]. These
pituitary disease models clearly suggest the usefulness of hPSCs for the elucidation of the
underlying mechanisms in pituitary disorders.

4. CRISPR/Cas9 Genome Editing

Genome editing using CRISPR/Cas technology has expanded rapidly and revolu-
tionized biological studies. CRISPR/Cas9 systems were initially identified as adaptive
immunity systems of bacteria and archaea against invasive foreign nucleic acids, such as
bacteriophage infections [66]. This function is regulated by sequence-specific binding of
CRISPR RNA (crRNA) to target DNA or RNA, with an additional requirement for a flanking
DNA motif called the protospacer adjacent motif (PAM) in specific CRISPR systems.

CRISPR/Cas9 is the most used CRISPR/Cas system for mammalian cells. crRNA,
which is base-paired with trans-activating crRNA (tracrRNA), forms a two-RNA structure.
This dual RNA complex recruits Cas9 to the target DNA locus and introduces double-
strand breaks (DSB). This dual system was simplified to an engineered chimeric RNA
molecule, single-guide RNA (sgRNA) [67]. These simple and easy-to-use systems are also
functional in mammalian cells, thus introducing DSB into the target gene locus. This DSB
can be utilized for genetic engineering by combining the different cellular mechanisms of
DNA repair, including non-homologous end joining (NHEJ) and homology-directed repair
(HDR) mechanisms. Cas9 cleavage and NHEJ-mediated re-ligation at the break point are
repeated until an NHEJ error occurs. This error is typically a small insertion and deletion
(indel), which may induce a frameshift mutation to generate gene knockouts. In addition,
the desired genomic changes can be incorporated using HDR mechanisms. HDR copies a
donor DNA strand into a region of the DSB. By exogenously delivering donor templates,
such as plasmids and single-stranded DNA, with two homology arms on each side flanking
the desired insertion, a precisely desired change can be introduced into the genome. These
genome-editing technologies are now widely employed for various purposes, such as
generating genetically engineered mice, studying the function of interesting genes and
developing treatments for genetic disorders.

4.1. CRISPR/Cas9 Application to Study Tumor Pathophysiology

Several studies have used CRISPR/Cas9 genome-editing to establish in vitro cancer
models by introducing cancer-causing mutations (Figure 2). In particular, organoid tech-
nologies have been used with CRISPR/Cas9 systems to study tumor formations in vitro [68].
The evidence support the idea that driver gene mutations such USP8 and GNAS can be
used to develop a pituitary tumor in vitro model.
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Ogawa et al. developed a glioma model using human ESC-derived cerebral organoids.
They introduced an HRASG12V oncogenic mutation into the TP53 locus, which initiated
cerebral organoid tumorigenesis, showing gene expression profiles that are consistent
with mesenchymal subtype glioblastoma [69]. Bian et al. also established neoplastic cere-
bral organoid to study brain-tumor biology by introducing oncogenic mutations using
the CRISPR/Cas9 systems. These engineered organoids are suitable for testing the ef-
fects of drugs in the context of specific gene mutations [70]. CRISPR-based mutagenesis
is presently applied to normal tissue organoids, such as colon organoids, to study the
adenoma–carcinoma progression in vitro. Matano et al. and Drost et al. established colorec-
tal cancer models using normal human intestinal epithelium-derived organoids. Colorectal
tumors have recurrent mutations in genes involved in the WNT, MAPK, TGF-β, TP53, and
PI3K pathways. They introduced mutations in the tumor-suppressor genes, APC, SMAD4,
and TP53, and the oncogenes KRAS and/or PIK3CA in the human intestinal organoids.
Engineered organoids grow independently of niche factors in vitro and formed tumors after
implantation into immunodeficient mice [71,72]. Artegiani et al. showed the tumor suppres-
sor function of the deubiquitinating enzyme, BAP1 using CRISPR-engineered human liver
organoids. They established human liver organoids with four major cholangiocarcinoma-
related mutations (TP53, PTEN, SMAD4, and NF1). Notably, BAP1 loss causes the liver
organoid to acquire malignant features during xenotransplantation [73]. Seino et al. en-
gineered human pancreas organoids to carry KRAS, CDKN2A, TP53, and/or SMAD4
mutations using CRISPR/Cas9 and investigated their engraftment potential in immunode-
ficient mice. They showed that WNT niche independence acquisition is important during
pancreatic tumorigenesis [74]. Dekkers et al. established a breast cancer disease model by
introducing cancer-related mutations into human breast organoids using CRISPR/Cas9.
These engineered organoids responded to endocrine therapy or chemotherapy, suggesting
their validity for drug testing and molecular profiles exploration [75]. These organoid
techniques, combined with CRISPR/Cas9 genome-editing, provide novel platforms to
study the process of human cancer progression in the laboratory. These technologies are
also promising tools for drug discovery, precision medicine, and prevention.

4.2. Hypothetical Strategies to Study Pituitary Adenoma Using Human Pluripotent Stem Cells

Although human pituitary organoids have not yet been reported, Cox et al. recently
established pituitary organoids derived from mice. These mouse organoids originated
from the Sox2+ pituitary progenitor cells and retained their stemness phenotype during
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culture expansion. However, the potential for differentiation into hormone-producing cells
is limited even after subrenal transplantation [76]. Therefore, although organoids provide
great opportunities to study pituitary stem cells, which have been poorly characterized,
their application to disease models of pituitary hormone-producing cells is still difficult.
Currently, pituitary induction technologies from hPSCs with CRISPR/Cas9 genome-editing
are the best possible strategies for creating in vitro pituitary adenoma disease models. We
present possible strategies to develop an hPSC-based in vitro model of ACTHoma and
GHoma as follows.

USP8 mutations are a well-known cause of ACTHoma tumorigenesis. The simplest
method to create a disease model is the introduction of point mutations within the 14-3-3
binding motif of USP8, which increases its deubiquitylation activity (Figure 3a). This
approach can induce PSCs with USP8 mutation into ACTH-producing cells to study
ACTHomas. However, upregulating the deubiquitylation activity of USP8 during the
differentiation process may interfere with pituitary cell induction itself. Therefore, USP8
mutant expression should be induced after ACTH-producing cell induction to mimic
tumorigenesis in physiological ACTHoma. Accordingly, PSC-based ACTHoma models
may also be established by incorporating a tet-ON system that induces mutant USP8
expression after ACTH-producing cell induction, leaving the the endogenous USP8 locus
intact (Figure 3b).
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Figure 3. Schema of strategies to establish in vitro adrenocorticotropic hormone (ACTH)-producing
adenoma (ACTHoma) model. (a) Gene mutation is introduced into human pluripotent stem cells
(hPSCs) at the 14-3-3 binding site of USP8 using the CRISPR/Cas9 system. This mutation prevents
14-3-3 protein from binding to the site, enhancing proteolytic cleavage and catalytic activity of
USP8. From the hPSCs, induction into ACTH-producing cells might form an ACTHoma-like tumor.
(b) Inducible expression cassette (ex. tetracycline-inducible expression system) of the USP8 active
form is introduced in hPSCs, leaving endogenous USP8 locus intact. After induction into ACTH-
producing cells, USP8 active-form expression is induced, which might form an ACTHoma-like tumor.
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In GHomas, cAMP pathway upregulation is the primary cause of the tumorigenesis
and GNAS is the target of interest. Several possible approaches are considered for introduc-
ing these genetic mutations. Similarly to ACTHoma, the simplest method is to incorporate
gain-of-function mutations, such as p.R201C and p.R201H, into the endogenous GNAS lo-
cus (Figure 4a). However, because the cAMP pathway is involved in various physiological
functions, constitutive cAMP pathway activation may also interfere with the induction pro-
cess. Therefore, the inducible expression of active GNAS after GH-producing cell induction
might also be advantageous to model GHomas (Figure 4b). Tumorigenic mechanisms of
other GHoma causative genes, such as MEN1, AIP, MEN4, have not been fully understood.
Knockout iPSCs for these genes might be helpful to analyze the underlying mechanisms
that cause GHoma.
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Figure 4. Schema of strategies to establish in vitro growth hormone (GH)-producing adenoma
(GHoma) model. (a) A gain-of-function mutation is introduced into human pluripotent stem cells
(hPSCs) at the guanine nucleotide-binding protein G(s) subunit alpha (GNAS) locus. The mutation
activates Gsα and its effector adenylate cyclase, autonomously synthesizing cAMP. Induction into
GH-producing cells from the hPSCs might form a GHoma-like tumor. (b) Inducible expression
cassette (ex. tetracycline-inducible expression system) of Gsα active form is introduced in hPSCs,
while leaving endogenous GNAS locus intact. After induction into GH-producing cells, Gsα active
form expression is induced, which might form a GHoma-like tumor.

In pituitary adenomas, there are several clinical and tumor biological issues that
have not been fully clarified. For example, response rates of current medical therapies
for ACTHoma and GHoma are inadequate. In addition, pituitary adenomas show great
phenotypic variations such as invasiveness and response to medical treatment, even when
these tumors have the same causative gene mutation. The factors that define these pheno-
types have not been elucidated. Establishing the hPSC-based pituitary adenoma model will



Cancers 2022, 14, 3660 11 of 15

support the developments of new medical treatments, precision medicines, and studies of
the mechanisms underlying pituitary tumorigenesis and pathophysiology.

5. Conclusions

In this review, we described pituitary adenoma pathogenesis, pituitary induction
methods using hPSCs, and CRISPR/Cas9 applications to study cancer pathophysiology.
These facts clearly suggest that combining hPSC-derived pituitary induction methods
and CRISPR/Cas9 technologies may develop novel pituitary adenoma disease models.
There will be significant advantages with respect to issues such as species and phenotypic
differences compared to rodent cell lines and tumor model mice. The lack of reliable human
pituitary cell lines is a significant obstacle in pituitary adenoma research. Several pituitary
cell lines, such as AtT20 and GH3, have been derived from rodent tumor tissues. However,
these cell lines have already lost some physiological features and are different from the
human pituitary gland. These cell line characteristics and species differences impede the
application of human pituitary adenoma models. Therefore, hPSC-derived pituitary cells
may replace these research materials.

Although the pituitary research using hPSCs is still limited, this in vitro model will
become a powerful tool for studying normal pituitary development and diseases. This
method allows us the examination of the stepwise differentiation steps of PSCs into pitu-
itary hormone-producing cells in vitro. These model systems have also been utilized to
establish models of congenital diseases, such as congenital hypopituitarism. This method
also provides opportunities to model pituitary adenoma. If hPCS-based pituitary ade-
noma model is developed, tumor development can be observed longitudinally using this
in vitro model, leading to the investigation of pituitary adenoma progression. In addition,
analyzing the pathogenesis and characteristics and developing novel therapeutic agents
will be worthwhile. Furthermore, the culture conditions might also be beneficial for estab-
lishing human tissue-derived pituitary organoids and patient-derived pituitary adenoma
organoids, providing tremendous opportunities for precision medicine.

In summary, recent progress in the hPSC-based induction methods, genome-editing,
and organoid technologies will undoubtedly allow the development of novel disease
models for pituitary adenomas. These models will provoke drug discovery and pathophys-
iological understanding, leading to clinical breakthroughs in the management of pituitary
adenoma patients.
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