Journal of the Endocrine Society, 2021, Vol. 5, No. 3, 1-9 -‘
doi:10.1210/jendso/bvaa188
Mini-Review

ENDOCRINE OXFORD
SOCIETY

Mini-Review

Induction of Functional Hypothalamus and
Pituitary Tissues From Pluripotent Stem Cells for
Regenerative Medicine

Mayuko Kano," Hidetaka Suga,’ and Hiroshi Arima’

'Department of Endocrinology and Diabetes, Nagoya University Graduate School of Medicine, 65
Tsurumai-cho, Showa-ku, Nagoya, Aichi 466-8550, Japan;

ORCiD numbers: 0000-0003-1924-7639 (H. Suga).

Abbreviations: ACTH, adrenocorticotropic hormone; AGRP, agouti-related peptide; AVP, arginine-vasopressin; BMP, bone
morphogenetic protein; CDI, central diabetes insipidus; CRH, corticotropin-releasing hormone; DDAVP, desmopressin;
ESC, embryonic stem cell; FGF, fibroblast growth factor; GH, growth hormone; HPA, hypothalamic-pituitary-adrenal;
iPSC, induced pluripotent stem cells; NPY, neuropeptide Y; POMC, proopiomelanocortin; PRL, prolactin; PSC, pluripotent
stem cell; RAX, retina and anterior neural fold homeobox; SAG, smoothened agonist (N-methyl-N9-(3-pyridinylbenzyl)-
N9-(3-chlorobenzo[b]thiophene-2-carbonyl)-1,4-diaminocyclohexane); SFEBq, serum-free culture of embryoid body-like
aggregates with quick reaggregation; Shh, sonic hedgehog.

Received: 29 August 2020; Editorial Decision: 20 November 2020; First Published Online: 2 December 2020; Corrected and
Typeset: 12 February 2021.

Abstract

The hypothalamus and pituitary have been identified to play essential roles in maintaining
homeostasis. Various diseases can disrupt the functions of these systems, which can
often result in serious lifelong symptoms. The current treatment for hypopituitarism in-
volves hormone replacement therapy. However, exogenous drug administration cannot
mimic the physiological changes that are a result of hormone requirements. Therefore,
patients are at a high risk of severe hormone deficiency, including adrenal crisis.

Pluripotent stem cells (PSCs) self-proliferate and differentiate into all types of cells.The gen-
eration of endocrine tissues from PSCs has been considered as another new treatment for
hypopituitarism. Our colleagues established a 3-dimensional (3D) culture method for embry-
onic stem cells (ESCs). In this culture, the ESC-derived aggregates exhibit self-organization
and spontaneous formation of highly ordered patterning. Recent results have shown that
strict removal of exogenous patterning factors during early differentiation efficiently induces
rostral hypothalamic progenitors from mouse ESCs. These hypothalamic progenitors gen-
erate vasopressinergic neurons, which release neuropeptides upon exogenous stimulation.
Subsequently, we reported adenohypophysis tissue self-formation in 3D cultures of
mouse ESCs. The ESCs were found to differentiate into both nonneural oral ectoderm
and hypothalamic neuroectoderm in adjacent layers. Interactions between the 2 tissues
appear to be critically important for in vitro induction of a Rathke’s pouch-like developing
embryo. Various endocrine cells were differentiated from nonneural ectoderm. The
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induced corticotrophs efficiently secreted adrenocorticotropic hormone when engrafted

in vivo, which rescued hypopituitary hosts.

For future regenerative medicine, generation of hypothalamic and pituitary tissues from
human PSCs is necessary.We and other groups succeeded in establishing a differentiation
method with the use of human PSCs. Researchers could use these methods for models
of human diseases to elucidate disease pathology or screen potential therapeutics.

Key Words: hypothalamus, pituitary, embryonic stem cells, induced pluripotent stem cells, differentiation, regenera-

tive medicine

The hypothalamus and pituitary gland have been con-
sidered as essential for controlling the somatic endocrine
system. They work by close interactions between hormone
secretion and feedback from the periphery. For example,
the hypothalamus-pituitary-adrenal axis is a powerful regu-
lator of physiological systems, which can respond to both
psychological and physical stressors. The anterior pituitary
(adenohypophysis) works by producing 6 important hor-
mones, including adrenocorticotropic hormone (ACTH),
growth hormone (GH), thyroid-stimulating hormone, lu-
teinizing hormone, follicle-stimulating hormone, and pro-
lactin. The posterior pituitary gland (neurohypophysis)
consists of axons and terminals of hypothalamic neurons,
ie, vasopressin and oxytocin neurons. Hypothalamic and pi-
tuitary functions can be impaired under various conditions,
including genetic disorders, tumors, inflammation, and sur-
gery. However, their regeneration remains largely unclear.

Recently, studies have focused on embryonic stem cells
(ESCs) and induced pluripotent stem cells (iPSCs). These
pluripotent stem cells (PSCs) can self-proliferate and dif-
ferentiate into all cell types and tissues. Therefore, regen-
erative medicine, such as the regeneration of cells or tissues
from these PSCs, could provide new alternative treatments
for intractable diseases.

The Need for Adenohypophysis Regenerative
Medicine

Hypopituitarism is one of the most serious pituitary gland
dysfunctions, which can cause life-threatening compli-
cations such as adrenal crisis due to insufficient gluco-
corticoid hormone secretion. Hypopituitarism can develop
from both congenital and acquired diseases. Postoperative
hypopituitarism is one of the most frequent dysfunctions
of acquired hypopituitarism. Patients require hormone
replacement therapy throughout their lives because the
dysfunction of hormone-secreting cells rarely seen to im-
prove. Currently, hormone replacement therapy is the
sole effective treatment; however, its therapeutic benefits
are sometimes limited. For example, exogenous hormone
treatment cannot mimic the drastic physiologic changes
that occur with the secretion of endogenous hormones in

response to circadian rhythms or various physical and psy-
chological stressors. One clinical research study showed
that even in educated patients with chronic adrenal insuf-
ficiency who received glucocorticoid replacement therapy,
there is still a high incidence of adrenal crisis. Furthermore,
in this study, mortality associated with adrenal crisis oc-
curred in approximately 6% of the patients [1].

Therefore, endocrine cells or tissue generated from
human PSCs that can respond to both releasing and feed-
back signals could provide better treatment alternatives to
current hormone replacement therapy.

Pituitary Gland Development

During early mammalian development, the pituitary anlage
(Rathke’s pouch) originates as a placode in the nonneural
oral ectoderm located immediately anterior to the rostral
neural plate. The first step in Rathke’s pouch formation
is when the thickened placode epithelium invaginates to-
ward the ventral diencephalon, which finally differentiates
into the ventral hypothalamus (Fig. 1). Subsequently, the
invaginated placode detaches from the oral ectoderm and
then forms a hollowed vesicle called Rathke’s pouch. The
invagination of the oral ectoderm has been determined to
depend on bone morphogenetic protein (BMP) 4, which is
expressed in the overlying ventral diencephalon at E8.5 and
later in the infundibulum [2]. Genetic deletion of BMP4
in some genetic backgrounds results in the failure of ecto-
dermal thickening and invagination during E9.5-9.75 [3].
The close interaction between the nonneural oral ecto-
derm and the ventral diencephalon is essential for Rathke’s
pouch development. Several signaling molecules from
both sides are involved in pituitary organogenesis. Sonic
hedgehog (Shh) is expressed in the ventral diencephalon
and oral ectoderm but is excluded from the invaginating
Rathke’s pouch as soon as it becomes morphologically vis-
ible [2,4, 5]. Shh signaling affects both proliferation and cell
type determination during pituitary gland development [5].
The opposing signaling molecules BMP4, fibroblast
growth factor (FGF) members, and Wnt5 are expressed
in the ventral diencephalon. FGF8 and FGF10 have been
found in the ventral diencephalon and subsequently in the
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Figure 1. Schematic of mouse pituitary development. Sagittal view of pituitary embryogenesis. Abbreviation: E, embryonic day.

posterior lobe of the pituitary and play important roles in
pituitary development [2, 5, 6].These opposing interactions
between the ventralizing and dorsalizing gradients convey
the proliferative and positional cues of Rathke’s pouch [2].

Three-Dimensional
Culture

Embryonic Stem Cell

Currently, studies that focus on the induction of multiple
types of cells or tissues from mouse and human pluripotent
cells are actively ongoing. Our colleagues established a 3D
culture method for ESCs, which is now termed as serum-
free culture of embryoid body-like aggregates with quick
reaggregation (SFEBq) [7, 8]. In brief, maintained pluripo-
tent ESCs are dissociated into single cells by trypsin treat-
ment and pipetting. Then, the dissociated single ESCs are
autonomically and quickly aggregated when they are dissem-
inated into low-cell adhesion well plates in differentiation
medium (Fig. 2A). Our colleagues initially developed the
SFEBq culture to generate telencephalic anlage from mouse
[7] and human ESCs [8]. Subsequently, this culture method
is considered appropriate for the induction of various ecto-
dermal derivatives from ESCs. In SEFBq cultures, aggregates
formed from ESCs exhibit self-organization and spontaneous
formation into a highly ordered structure or pattern [9]. This
floating culture has revealed intrinsic programs that drive lo-
cally autonomous modes of organogenesis and homeostasis.
Using the SFEBq method, mesencephalic dopamine neurons
[10, 11], cortical neurons [8, 12, 13], the optic cup [14-16],
cerebellar neurons [17], and hippocampal neurons [18] have
been generated from mouse and human ESCs.

Induction of Hypothalamic Neurons from
Mouse Pluripotent Stem Cells

Wataya et al proposed that mouse ESCs differentiate into
rostral hypothalamic tissues when cultured as floating ag-
gregates in a chemically defined medium lacking growth
factors such as insulin [19] (Fig. 2B). They noted that the

absence of high insulin signals at the early differentiation
period (during days 4 and 5) is a key condition for the
retina and anterior neural fold homeobox (Rax) expres-
sion, which is considered an early hypothalamic progenitor
marker in SFEBg-cultured ES cells and generation of rostral
hypothalamic neurons in vitro (Fig. 2C and 2D). In mice,
Rax is specifically expressed in the rostral hypothalamic
neuroepithelia and retinal neuroepithelia [20].

Shh is actively expressed in the ventral region of the em-
bryonic hypothalamus [21]. Without Shh treatment, mouse
ESCs differentiate into hypothalamic progenitors that
have the characteristics of dorsal hypothalamic progen-
itors (Rax*/Pax6*/Nkx2.1") (Fig. 2D), whereas Shh treat-
ment promotes ventral hypothalamic differentiation (Rax*/
Pax6/Nkx2.1%). This indicates that Shh signaling promotes
the specification of rostral-ventral hypothalamic progen-
itors at the cost of rostral-dorsal progenitors in vitro.
Around day 25, mouse ESC-derived dorsal hypothalamic
progenitors can generate arginine-vasopressin (AVP) pro-
ducing neurons, presumably via OTP*/Brn2* intermediate
precursors [22] (Fig. 2E and 2F). Using AVP-release ana-
lysis upon high K* stimulation, these induced AVP*
neurons secrete a substantial amount of neuropeptide AVP.
Conversely, in the presence of exogenous Shh, Rax" hypo-
thalamic progenitor cells differentiate into SF1*/VGLUT2*
ventral hypothalamus neurons, TH*/Nkx2.1* dopamin-
ergic neurons, and AgRP*/NPY" neurons which are typic-
ally found in the arcuate nucleus of the hypothalamus.

Currently, we have improved the methods for the dif-
ferentiation of hypothalamic vasopressin neurons using
mouse iPSCs [23]. As in the case of mouse ESCs, the pre-
vious 3D floating culture was also effective for hypothal-
amic differentiation from mouse iPSCs. Fgf8 is reported to
be necessary to increase Ofp expression in the supraoptic
nucleus, and both are precursors of AVP [24]. Furthermore,
Fgf8-hypomorphic mice showed a reduction in AVP [25].
Therefore, in our system, we integrated Fgf8b and heparin
treatment and optimized the timing and concentration,
which resulted in the increased numbers of Otp-positive
and AVP-positive  neurons.

precursors subsequently
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Figure 2. In vitro hypothalamic differentiation from mouse ESCs. A, Diagram of serum-free culture of embryoid body-like aggregates with quick
reaggregation (SFEBq). B, Schematic of the culture protocol for hypothalamic differentiation from mouse ESCs. C, D, Immunostaining of early hypo-
thalamic progenitor cells. RAX (c and d, red), SOX2 (c, white), PAX6 (d, white). E, Immunostaining of intermediate precursor cells. OTP (red), TUJ1
(green). F, In the mature phase of hypothalamic differentiation, hypothalamic neurons were observed. AVP (red). For all relevant panels, nuclear

counterstaining was with DAPI (blue). Scale bars: 50um (c-e); 20um (f).

Moreover, K* stimulation tests showed that AVP secretion
of Fgf8b-treated aggregates has greatly increased compared
to aggregates in the conventional method.

The Need for Hypothalamus Regenerative
Medicine

Diabetes insipidus has been defined as a disorder character-
ized by the excretion of abnormally large volumes of diluted
urine, resulting in excessive urination (polyuria) and thirst
(polydipsia) [26]. Deficiency of the antidiuretic nonapeptide
hormone AVP in the blood leads to a disorder called cen-
tral diabetes insipidus (CDI). CDI is the result of a number
of somatic and central disorders, such as central nerve tu-
mors, metastases, inflammation, neurosurgical interventions,
and congenital disease. Desmopressin (DDAVP) is an AVP
analogue used in the treatment of CDI. Deficiency or ex-
cess of DDAVP could potentially lead to hypernatremia or
hyponatremia, which in turn can result in life-threatening
conditions. Moreover, some CDI patients are adipsic be-
cause not only the AVP neurons but also hypothalamic
osmoreceptors are dysfunctional, and these patients easily
become dehydrated unless properly treated [27, 28]. Adipsic
CDI patients reportedly cannot feel thirst and do not con-
sume appropriate amounts of water even when they have se-
vere hypernatremia and dehydration. Although most adipsic
CDI patients are educated to measure body weight every day
and to determine the amount of daily water intake based on
their body weight with a fixed amount of DDAVP, they are

still at high risk of death compared to those without adipsia
[29]. To overcome these limitations of current DDAVP
therapy, regenerative medicine involving hypothalamic AVP
neurons is warranted.

Induction of Hypothalamic Neurons from
Human Pluripotent Stem Cells

Both Wang et al and Merkle et al developed 2-dimensional
(2D) differentiation protocols to generate human hypothal-
amic neurons [30, 31]. A combination of early activation
of Shh signaling followed by timed NOTCH inhibition in
human ESCs or iPSCs has been determined to induce effi-
cient conversion into ventral hypothalamic NKX2.1" pre-
cursors [30]. The application of a NOTCH inhibitor and
brain-derived neurotrophic factor further directed the cells
into arcuate nucleus hypothalamic-like neurons that ex-
press hypothalamic neuron markers proopiomelanocortin
(POMC), neuropeptide Y (NPY), agouti-related peptide
(AGRP), somatostatin, and dopamine. Importantly, these
hypothalamic neural cells produce and secrete POMC
neuropeptides and increase p-AKT and p-STAT3 in re-
sponse to insulin and leptin.

Merkle et al. differentiated human PSCs in the pres-
ence of inhibitors of the BMP and TGF/NODAL/activin
signaling pathways to promote neural differentiation and
used an inhibitor of the posteriorizing WNT pathway com-
bined with Shh signaling to induce ventral neural charac-
teristics [31]. They also adapted a previously described a
3D differentiation protocol for human PSCs. Unlike mouse
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ESCs, human PSCs died after several days even in the pres-
ence of the Rho kinase (ROCK) inhibitor Y27632 [32].
To overcome this cell death, they supplemented gfCDM
with insulin and Akt inhibitor since Akt signaling inhibited
hypothalamic differentiation under similar conditions [19].
The self-patterned cell aggregates adopted a hypothalamic
identity expressing Rax, Nkx2.1, OTP, and single-minded
homolog 1 [33]. On day 90, these hypothalamic progen-
itors have given rise to physiologically important popula-
tions of hypothalamic neurons, including aMSH/POMC,
AGRP, oxytocin, and AVP. Although human PSC-derived
cells display neuronal morphology with extensive arbors of
neurites and are immunopositive for hypothalamic neuro-
peptides, the capacity for neuropeptide secretion in this
culture method was not evaluated.

Currently, we have improved the efficiency of hypo-
thalamic neuron induction from human ESCs using a 3D
culture [34]. When we added a small amount of knockout
serum replacement into gfCDM, human ESCs successfully
aggregated. Subsequently, when both smoothened agonist
(SAG) and BMP4 were combined, these human ESC-
derived aggregates differentiated into RAX-positive hypo-
thalamic progenitor cells. Then, floating aggregates were
dissociated between days 30 and 90. As a result, few AVP
neurons were detected on days 80 to 150. To promote a
more rostral positional identity, we used an Akt inhibitor
from day 6 together with BMP4 and SAG. This Akt in-
hibitor treatment increased the number of human ESC-
derived AVP* neurons. The concentration of secreted AVP
was further increased when the neurons were stimulated
with KCl, suggesting that they were able to secrete AVP and

react to stimulation.

Induction of Pituitary Tissue from Mouse
Pluripotent Stem Cells

We previously reported self-formation of functional pitu-
itary tissues from mouse ESCs when we applied the method
described above [35]. Mouse ESCs treated with N-methyl-
N9-(3-pyridinylbenzyl)-N9-(3-chlorobenzo[b]thiophene-2-
carbonyl)-1,4-diaminocyclohexane (smoothened agonist,
or SAG), a hedgehog agonist, were stimulated to differ-
entiate into 2 different layers: an outer nonneural ecto-
derm (oral ectoderm) layer and an inner hypothalamic
neuroectoderm layer within the same aggregate. The outer
layer expressed LHX3 (also called LIM3) [36, 37], an early
Rathke’s pouch marker in SFEBq culture. LHX3 has been
determined to be essential for these hormone-producing
lineages. Knockdown of LHX3 inhibited subsequent dif-
ferentiation into hormone-producing cells, which sup-
ports altered pituitary development in LHX3 knockout
mice [37]. In these SAG-treated SFEBq aggregates, LHX3*

tissues appear as thickened placode epithelium on the sur-
face around day 8, invaginate on days 9 to 10, and form
hollow epithelial vesicles on days 10 to 11, as in embryonic
Rathke’s pouch development. They differentiated further
into various endocrine cell types including corticotrophs
and somatotrophs (GH-producing cells). The corticotrophs
efficiently produced ACTH in response to corticotrophin-
releasing hormone (CRH), a hypothalamic hormone that
stimulates ACTH secretion of pituitary corticotrophs.
ACTH secretion from the pituitary is negatively regulated
by the downstream hormone glucocorticoid. Consistent
with this in vivo regulation, the in vitro release of ACTH
by CRH was greatly suppressed by glucocorticoid pretreat-
ment. These results indicate that the mouse ESC-derived
corticotrophs can respond normally to both positive and
negative regulators that function in the hypothalamus-
pituitary-adrenal axis in vivo. When these cells were
grafted, they rescued the phenotype of the hypopituitary
model mice by producing ACTH. The grafted mice can
then survive without corticosterone replacement.

Induction of Pituitary Tissue From Human
Pluripotent Stem Cells

The application of this mESC culture method to human
ESCs has been considered to be necessary for therapeutic
application and disease modeling. We recently developed
the self-organizing 3D culture of human ESCs to generate
regulator-responsive anterior pituitary tissue in vitro [38].
As in mouse ESCs, we found that adding SAG robustly in-
duced RAX- and NKX2.1-positive ventral hypothalamic
tissue. In contrast to observations in mouse ESCs, SAG
plus BMP4 has led to the generation of pan-Cytokeratin®
Ecad® nonneural oral ectoderm. Thus, with the combined
application of hedgehog and BMP4 signals, human ESCs
differentiate into both oral ectoderm and hypothalamic
neuroepithelia in adjacent layers within the aggregate. By
days 26 to 28, parts of the oral ectoderm were thickened
and expressed LHX3. These pituitary placodes subse-
quently differentiated into pituitary hormone-producing
cells. We identified all types of pituitary hormone—pro-
ducing cells. Among them, we confirmed that the human
ESC-derived ACTH" corticotrophs and GH* somatotrophs
were able to respond normally to releasing and feedback
signals in vitro. Grafted human ESC-derived ACTH" cells
rescued physical activity levels and survival of the hosts
with hypopituitarism for 14 weeks. Notably, these grafted
cells exhibited a substantial induction of ACTH release
in response to CRH-loading despite ectopic transplant-
ation. Other groups have reported methods using 2D
adherent culture to differentiate human PSCs into the an-
terior pituitary [39, 40]. Zimmer et al demonstrated that
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4 types of pituitary cells producing ACTH, GH, prolactin,
and FSH can be induced from human PSCs. They also
showed a part of these cells respond to releasing signals
in vitro [40]. These human PSC-derived anterior pituitary
cells produce hormones at basal levels when grafted into
hypophysectomized rats. We do not believe that either 3D
or 2D culture is necessarily better than the other. The most
important point is how to make completely mature pitu-
itary cells. Each way has its own strengths; therefore, we
will perfect development of differentiating technologies by
taking advantage of each other’s strengths in the future.
In the next step, we attempted to improve the efficiency
of differentiation using human induced PSCs (iPSCs) [41].
The optimized culture conditions (ie, the initial number
of cells per well, the concentration of knockout serum re-
placement added to gfCDM, BMP4 concentration, SAG
concentration, and the timing) enabled us to increase the
proportion of ACTH" cells and final ACTH concentration
in the culture medium (Fig. 3A-3E). We observed the mat-
uration of hypothalamic tissues adjacent to the anterior pi-
tuitary tissue in human iPSC aggregates (Fig. 3F and 3G).
As a result of the juxtaposition of the pituitary and hypo-
thalamus during the maturation stage, abundant LHX3*
cells and ACTH" cells were determined (Fig. 3H). These
induced corticotrophs had numerous cytoplasmic storage
secretory granules (Fig. 3I). Moreover, our aggregates ac-
quired the ability to secrete ACTH in response to CRH in
a self-regulating manner. In vivo, ACTH cells were able
to function under various types of regulation. One of the
most important stimulants is hypothalamic CRH, whereas
the inhibitory system is mediated by glucocorticoids [42,
43]. In addition, ACTH is secreted from the anterior pitu-
itary through hypothalamic neurons such as CRH under
hypoglycemic stimulation [44]. In our in vitro aggregates,
inner hypothalamic tissues expressed CRH, whereas outer
ACTH" cells expressed CRH receptor (Fig. 3] and 3K).
Both the CRH-loading test and low-glucose test efficiently
induced ACTH secretion in our aggregates. ACTH levels
decreased in response to CRH receptor 1 inhibitor treat-
ment and dexamethasone. These results show that human
iPSC-derived aggregates respond to both positive and nega-
tive regulators. Therefore, we proposed that a functional
hypothalamic-pituitary axis existed within those hybrid

organoids as in vitro.

Hypothalamic Neural Stem/Progenitor Cells

Recently, the existence of neural stem/progenitor cells has
been reported to be present in the floor and lateral walls
of the hypothalamic third ventricle [45-50]. These cells
are called tanycytes, and they play an important role in
adult neurogenesis in the hypothalamus. Tanycytes also

regulate feeding, weight, and energy balance. Disruption
of tanycytes can lead to impaired neuronal differentiation
and ultimately the development of obesity and prediabetes
[45]. These hypothalamic neural stem/progenitor cells exist
abundantly at the neonatal stage, but they gradually di-
minish with increasing age [50].

In the early development period, Rax is broadly ex-
pressed in hypothalamic progenitors. By the mature stage
of hypothalamic development, Rax expression is limited in
tanycytes and is absent from all other hypothalamic regions
[51]. Therefore, tanycytes are considered the only area in the
adult hypothalamus that expresses Rax. Based on this idea,
we isolated Rax-EGFP” cells from mouse ESCs in vitro using
cell sorting at the mature phase of hypothalamic differen-
tiation. These cells self-renewed and formed neurospheres
when cultured with exogenous FGF2. Additionally, these
Rax" neurospheres differentiated into all 3 neuronal lin-
eages (neurons, astrocytes, and oligodendrocytes) including
hypothalamic NPY neurons. Thus, Rax"® residual cells in
the late stage of hypothalamic differentiation culture were
multipotent neural stem/progenitor cells.

These tanycyte-like neural stem/progenitor cells from
PSCs could represent a new treatment approach for dys-
function of the hypothalamic homeostatic mechanism or
energy regulation caused by disease and aging. As a next
step, transplantation experiments will be necessary in order
to determine whether these cells can proliferate and differ-

entiate in vivo.

Conclusion and Future Perspectives

Clinically applicable pituitary and hypothalamic tissue gen-
erated from human ESCs or iPSCs is crucial for regenerative
medicine that uses PSCs in treating intractable endocrino-
logical diseases. Currently, functional corticotrophs can
be efficiently induced from human ESCs and iPSCs. When
grafted into the kidney subcapsular, they can rescue ad-
renal insufficiency of hosts and allow long-term survival
in rodents. Importantly, these grafted corticotrophs do not
function autonomously, but they can reportedly respond to
both positive and negative regulators. This is crucial, be-
cause endocrine hormone-producing cells have to respond
to circadian rhythms or various stress-induced changes,
which cannot be perfectly achieved by current oral hor-
mone replacement therapy. For clinical applications, there
are still many challenges remaining. It is necessary to elim-
inate undifferentiated cells or immature precursor cells in
pituitary differentiation to avoid tumorigenesis. We have to
use fully safe materials and components which can be used
clinically [40]. Therefore, our future aim is to establish new
culture protocol for efficient pituitary induction using clin-
ically applicable materials. Furthermore, location of tissue
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Figure 3. In vitro hypothalamic-pituitary unit induced from human induced pluripotent stem cells (iPSCs). A, Modified condition for the human iPSC
line. B-E, Self-formation of hypothalamic and pituitary tissues from human iPSCs. Double-layered structure was observed in aggregates. F, G, Both
anterior pituitary and hypothalamic tissues were developed. LIM3 (f, red), PITX1 (g, red), RAX (f, green), NKX2.1 (g, green), pan-cytokeratin (f, white),
E-cadherin (g, white). H, LHX3" cells and ACTH" cells were found to be abundant on day 100. LIM3 (red), ACTH (green). I, Electron micrograph of
human iPSC-derived corticotrophs on day 500. J, ACTH* cells and CRH" cells coexisted in the same aggregates. ACTH (red), CRH (green). K, ACTH*
cells expressed CRHR. CRHR (red), ACTH (green). For all relevant panels, nuclear counterstaining was with DAPI (blue). Scale bars: 500pm (b-e), 50pm

(f-h, j, k), 2pm (i).

transplantation has to be well considered. Ectopic trans-
plantation (eg, subcutaneous transplantation) is easy and
safe approach because we can eliminate the grafts if serious
side effect or rejection occurs. However, ectopic transplant-
ation is not perfect because physiological CRH released
from the hypothalamus does not directly affect these grafted
ACTH" cells. Orthotopic transplantation, which means
transplantation of pituitary cells into the sella turcica, might
be one of the future candidates for complete therapy. In the
future, it will be necessary to perform transplantation into
large mammals like nonhuman primates to confirm the effi-
cacy and safety of the generated pituitary tissues.

Another important use for human pluripotent cells
is the induction of tissues or organs from a patient’s
own iPSCs in vitro, specifically from patients who have

congenital diseases due to gene mutations. Our colleagues
recently established an iPSC-based congenital pituitary
hypoplasia model [52]. They established iPSCs from a
patient with pan-hypopituitarism with a heterozygous
mutation in OTX2 that plays an important role in the
development of the forebrain, eye, and pituitary [53-55].
The patient’s iPSCs showed increased apoptosis in pitu-
itary progenitor cells, and the differentiation into pitu-
itary hormone-producing cells was severely impaired.
This method has uncovered underlying mechanisms
of congenital pituitary hypoplasia involving an OTX2
mutation that remains largely unknown. These disease-
specific iPSCs can be used to elucidate intractable disease
pathology or for use in therapy screenings as an in vitro
human disease model.
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