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SUMMARY

The pituitary is a major hormone center that secretes
systemic hormones responding to hypothalamus-
derived-releasing hormones. Previously, we reported
the independent pituitary induction and hypothalamic
differentiation of human embryonic stem cells (ESCs).
Here, a functional hypothalamic-pituitary unit is
generated using human induced pluripotent stem
(iPS) cells in vitro. The adrenocorticotropic hormone
(ACTH) secretion capacity of the induced pituitary
reached a comparable level to that of adult mouse pi-
tuitary because of the simultaneous maturation with
hypothalamic neurons within the same aggregates.
Corticotropin-releasing hormone (CRH) from the hy-
pothalamic area regulates ACTH cells similarly to
our hypothalamic-pituitary axis. Our induced hypo-
thalamic-pituitary units respond to environmental
hypoglycemic condition in vitro, which mimics a life-
threatening situation in vivo, through the CRH-ACTH
pathway, and succeed in increasing ACTH secretion.
Thus, we generated powerful hybrid organoids by
recapitulating hypothalamic-pituitary development,
showing autonomousmaturation on the basis of inter-
actions between developing tissues.

INTRODUCTION

Pituitary hormones are essential to support a wide variety of

physiological functions. Dysfunctions of these hormones cause

various systemic symptoms. For example, adrenocorticotropic

hormone (ACTH) deficiency causes secondary adrenal insuffi-

ciency that can be fatal. Steroid replacement is the standard

therapy for ACTH deficiency, but even treated patients are at

high risk for acute adrenal insufficiency and death (Burman

et al., 2013; Hahner et al., 2015; Sherlock et al., 2010). Such pa-
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tients are alsomore likely to develop diabetes, hypertension, and

depression, mainly because steroid replenishment tends to be

excessive (Stewart et al., 2016). It is difficult to replace the appro-

priate amount of hormones, largely because the levels of ACTH

and downstream cortisol vary greatly depending on the time and

surrounding environments (Sherlock et al., 2010; Cooper and

Stewart, 2003; Vermes et al., 1995).

Currently, regenerative medicine using pluripotent stem cells

is progressing in various fields (Schwartz et al., 2016; Doi et al.,

2014; Nakamura and Okano, 2013). If we can generate human

anterior pituitary tissue that is adequately responsive to the sur-

rounding environment, such an approach can be applied to

regenerative medicine for pituitary disorders and will likely be su-

perior to the current replacement therapy.

Several studies have reported methods to differentiate human

pluripotent stem cells into anterior pituitary in vitro (Ozone et al.,

2016; Dincer et al., 2013; Zimmer et al., 2016). We have also suc-

ceeded in generating a functional anterior pituitary from mouse

and human embryonic stem cells (ESCs) (Ozone et al., 2016;

Suga et al., 2011). Our method places emphasis on reproducing

developmental processes using three-dimensional (3D) culture.

Specifically, we used 3D culture called SFEBq (serum-free

floating culture of embryoid body-like aggregates with quick

reaggregation) (Eiraku et al., 2008), which induces ectodermal

tissue with high quality.

RESULTS

Inducing Human iPS Cells to Differentiate into the
Anterior Pituitary
As the first step, we verified human induced pluripotent stem

(iPS) cell differentiation into the anterior pituitary using the

same method applied to human ESCs (Ozone et al., 2016), as

shown in Figure 1A. We refer to this differentiation method as

the ‘‘original condition’’ in this report. The differentiation experi-

ments were performed using a common iPS cell line, 201B7. On

day 30, two layers of RX+ hypothalamic precursor-like tissue

in the interior and pan-cytokeratin+ oral ectoderm-like tissue
commons.org/licenses/by/4.0/).
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Figure 1. Induction of Human iPS Cells to

Differentiate into Anterior Pituitary

(A) Culture conditions to induce human ESCs to

differentiate into anterior pituitary (original condition).

(B–F) Induction of the human iPS cell line 201B7 to

differentiate into anterior pituitary using the same

method used for human ESCs.

(B) Two layers of RX+ hypothalamic precursor-like

tissue in the interior and pan-cytokeratin+ oral

ectoderm-like tissue in the periphery.

(C) Oral ectoderm-like tissue expressed pituitary

progenitor markers (LHX3, PITX1, and E-cadherin).

(D and E) ACTH+ cells were present in the oral

ectoderm-like tissue.

(F) LHX3 expression in ACTH+ cells was attenuated

on day 100.

(G) Modified condition for the human iPS cell line

201B7.

(H) Expression of LHX3 and ACTH, as determined

by immunostaining, was extensive under the

modified conditions.

Scale bars: 50 mm (B–E and H) and 20 mm (F).
were formed at the periphery (Figure 1B). On day 40, expression

of the early pituitary marker LHX3 was intensified. LHX3+ oral

ectoderm-like tissue also expressed PITX1 and E-cadherin,

which are markers of pituitary progenitor cells (Figure 1C). RX+

and NKX2.1+ ventral hypothalamus-like tissue was present in

the interior, adjacent to oral ectoderm-like tissue. ACTH+ cells

were observed on day 60 (Figure 1D). With continuous incuba-

tion, more ACTH+ cells were observed on day 100 (Figure 1E).

LHX3 expression in ACTH+ cells was attenuated on day 100

(Figure 1F). These data indicate that human iPS cell line 201B7

is capable of differentiating into anterior pituitary cells under

the same conditions used for human ESCs.

We next attempted to improve the efficiency of differentiation.

Because LHX3 has been correlated with subsequent ACTH

expression, we optimized the efficiency of LHX3 expression on

day 40 bymodifying the initial (days 0–30) culture conditions. Spe-

cifically, we examined five factors: the initial number of cells per

well, the concentration of KSR added to growth factor-free chem-

ically defined medium (gfCDM), bone morphogenetic protein 4

(BMP4) concentration, smoothened agonist (SAG; for activation

of the Sonic hedgehog pathway) concentration, and the timing
of BMP4 addition (Figure S1A). The aggre-

gates became cystic and morphologically

defective when SAG was added later than

BMP4. Therefore SAG addition was started

at the same time as BMP4 addition. We

optimized each factor separately and then

combined the individual parameters as the

‘‘modified condition.’’ Although no statisti-

cally significant difference was observed

for each factor (Figures S1B–S1F), LHX3

expression appeared to be higher using

10,000 cells per well, 10% KSR, 10 nM

BMP4 during days 6–15, and 2 mM SAG.

We determined the ‘‘modified condition’’

as shown in Figure 1G by combining the
factors. As shown in Figure 1H, LHX3+ cells and ACTH+ cells

were abundant, although there were no significant differences

during days 40–60. Finally, on day 100, the proportion of ACTH+

cells was significantly elevated under the modified condition (Fig-

ures S1G–S1K, S2A, and S2B). qPCR analyses did not detect any

differences between the original and modified conditions (Figures

S1L–S1P), but the final ACTH concentration in culture superna-

tants on day 100 was significantly higher under the modified con-

dition (Figures S1Q and S1R).

Next, we performed similar experiments using other iPS cell

lines, 409B2 and 454E2. In 409B2 cells, LHX3 expression was

confirmed on day 40, and ACTH+ cells were detected on days

60 and 100 under the original condition (Figure S3A). We next

decided the modified condition in the same manner as 201B7

(Figure S3B). However, neither LHX3+ nor ACTH+ cells showed

any differences under the modified condition compared with

the original condition (Figures S3C–S3H). In 454E2 cells, expres-

sion of LHX3 and ACTH was also confirmed under the original

condition (Figure S3I). We tried to modify the differentiation

condition (Figure S3J), but there were no differences (Figures

S3K–S3P).
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Figure 2. Both Anterior Pituitary and Hypo-

thalamic Neurons Were Developed Simulta-

neously

(A) Hypothalamic precursor tissue (RX+, NKX2.1+)

was adjacent to anterior pituitary tissue (ACTH+,

LHX3+, E-cadherin+).

(B–D) ACTH+ cells and CRH+ cells coexisted in the

same aggregates. The whole image of the aggre-

gate is (B). Anterior pituitary area which is pher-

iphery of aggregate is (C), and hypothalamic area

which is inner layer of aggregate is (D).

(E–L) Hypothalamic hormone-positive cells. AVP (E),

TRH (F), AGRP (G), NPY (H), POMC (I), MCH (J),

oxytocin (K), and GHRH (L).

Scale bars: 500 mm (B), 50 mm (A), and 20 mm (C–L).
These data show that all three types of human iPS cells are

capable of differentiating into anterior pituitary cells under the

same conditions as human ESCs, although the low efficiency

and large variations remain problems to be resolved in the future.

Simultaneous Development of Both Anterior Pituitary
and Hypothalamic Neurons
Because tissue interactions with the hypothalamus are consid-

ered important for the development of the anterior pituitary in

embryos (Takuma et al., 1998; Rizzoti and Lovell-Badge, 2005;

Zhu et al., 2007; Scully and Rosenfeld, 2002), we next focused

on hypothalamic tissue in human iPS cell aggregates. The

following experiments were performed using 201B7 human iPS

cells under the modified condition shown in Figure 1G. At the

early stage of anterior pituitary induction, hypothalamic precur-

sor-like tissue was also induced in the same aggregates. RX+

and NKX2.1+ hypothalamic precursor-like tissue was adjacent

to the anterior pituitary tissue on day 60 (Figure 2A). Around

the time that ACTH+ cells appeared on day 60, we investigated

whether the hypothalamic tissue in the inner layer had matured.

We did not detect hypothalamic hormone-positive cells in

the hypothalamic area at this time. Therefore, we continued

long-term culture. At around day 200, CRH+ cells appeared in

the inner layer of aggregates (i.e., the hypothalamic area) (Fig-

ures 2B–2D and S4A). Maturation of hypothalamus-like cells

also appeared to proceed, as reflected by the presence of cells

positive for other hormones (e.g., AVP, NPY, and TRH) in the

hypothalamus (Figures 2E–2L). Hereafter, we refer to aggregates

that contain co-existing tissues as ‘‘hybrid aggregates.’’

Equivalent Capacity for ACTH Secretion as Adult Mouse
Pituitary Cells
ACTH secretion values continued to increase as the culture

period was extended at least until day 300 (Figure 3A). Ultra-
20 Cell Reports 30, 18–24, January 7, 2020
structurally, the majority of endocrine cells

were angular shaped with ovoid nuclei

and filled with well-developed Golgi

complexes, rough endoplasmic reticulum,

and free ribosomes. Cytoplasmic storage

secretory granules were numerous. These

granules measured 300–1,000 nm,

showing characteristic teardrop or heart
shapes. The bundle of intermediate filaments, which is one of

the specific markers of mature corticotrophs, was not prominent

but existed (Figures 3B and 3C). Immunogold labeling revealed

ACTH on secretory granules (Figure 3D). Hybrid aggregates

were also induced during long-term culture under the original

condition (Figures S4B and S4C), suggesting that the ACTH

secretion capacity of the aggregates was increased along with

hypothalamic maturation.

Next,weevaluated theeffectof thehypothalamusonmaturation

of the anterior pituitary in long-term culture. To this end, wemanu-

ally separated day 70 aggregates into the anterior pituitary and

hypothalamus portions, cultured each portion for 150 days under

several conditions, and then measured ACTH values (Figure 3E).

Single culture of the isolated anterior pituitary portion resulted in

very little ACTH secretion. In contrast, ACTH secretion was

partially but significantly recovered when the anterior pituitary

and hypothalamus portions were re-combined and cultured adja-

cent to each other. ACTH secretion was also partially recovered

when cultures of the anterior pituitary portion were supplemented

with FGF, a hypothalamic factor (Figures 3F, S4D, and S4E). Addi-

tion of another hypothalamic factor, BMP4 (Figure 3G), partially

recovered ACTH secretion in the same manner. Excessive

BMP4 (10 nM) resulted in cystic oral ectodermal tissue (Figure 3H).

These results suggested that the presence of the hypothalamus is

important in not only the early stage of anterior pituitary differenti-

ation but also the maturation stage.

Next, we determined the level of ACTH secretion from the

hybrid aggregates. To compare our aggregates with the in vivo

pituitary gland, we performed a cell immunoblot assay (CIBA)

(Arita et al., 1993) to measure ACTH secretion from single cells.

ACTH secretion from 201B7-derived pituitary cells on day 150

was 0.507 ± 0.039 pg/mL per cell versus 0.499 ± 0.040 pg/mL

per cell from adult (12-month-old) mouse pituitary (Fig-

ure 3I). These data indicated that the hybrid aggregates were
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(A) ACTH value in the culture medium of long-term

cultures (n = 17 experiments).

(B–D) Electron micrograph (B and C) and im-

munoelectron micrograph (D) of human iPS cell-

derived corticotrophs on day 500. Arrows in (C)

indicate intermediate filament bundles.

(E–H) Culture in which the anterior pituitary and

hypothalamic portions were separated.

(E and G) Schematic of the culture process.

(F and H) ACTH level in the culture medium (n = 3

experiments).

(I) ACTH secretion from single cells in aggregates

derived from human iPS cells or the anterior pituitary

gland from adult mice (n = 3 experiments).

(J) Schema of culture conditions for both pituitary

and hypothalamus maturation after day 51.

(K) Expression of CRH and POMC on day 300

(qPCR; n = 5 experiments).

(L) ACTH secretion from aggregates on day 350 (n =

5 experiments).

Scale bars: 5 mm (B) and 0.5 mm (C and D). Values

shown on graphs represent means ± SEM. *p <

0.05, **p < 0.01, and ***p < 0.001.
comparable with the in vivo pituitary gland, at least with regard to

their ACTH secretion capacity. Furthermore, we modified the

culture medium for hypothalamic differentiation (Figure 3J) on

the basis of our previous study (Ogawa et al., 2018). As a result,

increased CRH induction (Figure 3K) appeared to promote ACTH

maturation (Figure 3L).

Functional Hypothalamic-Pituitary Axis in Hybrid
Organoids
The simultaneous maturation of anterior pituitary and hypotha-

lamic neurons led us to examine whether these two tissues

cooperate, because the hypothalamic-pituitary axis is a very

important cascade.

First, we evaluated the functionality of ACTH cells in aggre-

gates in which both anterior pituitary and the hypothalamus

were induced under the modified condition shown in Figure 1G.

Following CRH stimulation, the ACTH concentration in the me-

diumwas increase by�2-fold (Figure 4A). Immunohistochemical

analyses revealed that almost all ACTH-positive cells expressed
CRH-R1 (Nigawara et al., 2003; Figure 4B),

the primary receptor for CRH (Perrin and

Vale, 1999). These data demonstrated

that ACTH-positive cells responded nor-

mally to exogenous CRH stimulation and

secreted ACTH. We next investigated

negative feedback. When the glucocorti-

coid dexamethasone was added to the

medium, the ACTH level was decreased

by �2-fold halved (Figure 4C), indicating

that the aggregates retained negative

feedback properties (Figure 4D).
Second, we examined hypothalamic CRH control of pituitary

ACTH cells. To evaluate whether the anterior pituitary functioned

under the control of the hypothalamus in our induced aggre-

gates, we added the CRH receptor 1 inhibitor antalarmin

(Webster et al., 1996) or NBI 27914 (Hoare et al., 2003) to theme-

dium and then measured ACTH. The ACTH level was decreased

by�30% in response to antalarmin treatment (Figure 4E) and by

15% in response to NBI 27914 treatment (Figure 4F), suggesting

that ACTH+ cells in the anterior pituitary functioned under the

control of CRH-producing cells (Figure 4G). Next, we investi-

gated the effect of CRH neuron stimulation on the downstream

ACTH level. In general, ACTH is secreted from the anterior

pituitary through hypothalamic neurons such as CRH under hy-

poglycemic stimulation (Plotsky et al., 1985). Therefore, we

applied low glucose exposure as the stimulating signal for

CRH neurons and compared ACTH secretion into low-glucose

medium (10 mg/dL glucose) and normal-glucose medium

(100 mg/dL glucose). The ACTH level increased by about

3-fold in low-glucose medium compared with normal-glucose
Cell Reports 30, 18–24, January 7, 2020 21
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(A) CRH efficiently induced ACTH secretion (n = 5

experiments).

(B) All ACTH+ cells expressed CRH-R1.

(C) Dexamethasone suppressed ACTH secretion

(n = 3 experiments).

(D) Suppression of ACTH by glucocorticoid sug-

gested that these aggregates retained negative

feedback properties.

(E and F) CRH-R1 inhibitors (antalarmin or NBI27914)

suppressed ACTH secretion (n = 6 experiments).

(G) Suppression of ACTH secretion by CRH-R1 in-

hibitors suggested that ACTH-positive cells func-

tioned under the control of CRH-producing cells.

(H) Low glucose (10 mg/dL) stimulation induced

ACTH secretion (n = 3 experiments).

(I) CRH inhibitor decreased elevation of ACTH

secretion by low-glucose stimulation (n = 6 experi-

ments).

(J) Change in ACTH in response to low-glucose

stimulation or CRH-R1 inhibition suggested the

stimulation by low glucose was transmitted through

the CRH-ACTH pathway.

(K) Induction of differentiation into hypothalamic-

pituitary functional units using human iPS cells.

Scale bars: 20 mm (B). Values shown in graphs

represent means ± SEM. *p < 0.05, **p < 0.01, and

***p < 0.001.
medium (Figure 4H). This result suggests that pituitary ACTH+

cells were under the control of the hypothalamus. Finally, we per-

formed low-glucose stimulation after pretreatment with the

CRH-R1 inhibitor. Although the ACTH increase in response to

low-glucose stimulation was observed even when the CRH

receptor 1 inhibitor was present, the degree of the increase

was significantly smaller than when the CRH receptor 1 inhibitor

was not added (Figure 4I). These data suggested that the stimu-

lation by low glucose was transmitted through the CRH-ACTH

pathway (Figure 4J). This result supports the idea that the ante-

rior pituitary gland functioned under the control of the hypothal-

amus in our hybrid aggregates.

DISCUSSION

Several studies have induced pituitary cells from human pluripo-

tent stem cells using two-dimensional adherent culture methods

(Dincer et al., 2013; Zimmer et al., 2016). In contrast, we chose a

3D floating culture for our system. The advantage of our 3D cul-

ture is that anterior pituitary and hypothalamic neurons are juxta-

posed similarly to the in vivo condition. Developmental biology

has shown that the hypothalamus is important for induction
22 Cell Reports 30, 18–24, January 7, 2020
andmaturation of the anterior pituitary (Ta-

kuma et al., 1998; Rizzoti and Lovell-

Badge, 2005; Zhu et al., 2007; Scully and

Rosenfeld, 2002). The results of our study

support this idea. We succeeded in gener-

ating mature hypothalamic tissue (hor-

mone-positive neurons) by maintaining

contact with pituitary tissues in continuous
long-term culture. The coexistence of the hypothalamus and pi-

tuitary dramatically improved the ACTH secretion capacity and

enabled regulation of ACTH by hypothalamic CRH. However,

wide variation in the induction efficiency remains to be resolved

in a future study.

One of the major problems in regenerative medicine has been

that induced tissues are functionally inferior to normal tissues.

For example, insulin secretion from induced pancreatic beta

cells has been improved dramatically but still remains low

(Pagliuca et al., 2014). In our method, human iPS cell-derived

ACTH cells compared favorably with adult mice anterior pituitary

cells, which represents an important benchmark in this field.

As a result of the juxtaposition of the pituitary and hypothala-

mus during the maturation stage, our aggregates acquired the

ability to secrete ACTH in response to CRH in a self-regulating

manner. In vivo, ACTH cells function under various types of

regulation. One of themost important stimulants is hypothalamic

CRH, whereas the inhibitory system is mediated by glucocorti-

coids (Vale et al., 1981; Keller-Wood and Dallman, 1984). Our

aggregates responded appropriately to both regulators. Further-

more, investigations using CRH-R1 inhibitors have suggested

that ACTH cells in a hybrid aggregate function under the control



of autonomous CRH cells. In vivo, hypothalamic hormones

sense environmental information and regulate anterior pituitary

hormones to strictly maintain homeostasis. The results of this

study suggested that ACTH+ cells functioned under the control

of CRH+ cells in the same hybrid aggregate. Therefore, we suc-

ceeded in simultaneously generating ‘‘hypothalamic-pituitary

units’’ using human iPS cells (Figure 4K). Compared with the

method for simple induction of the anterior pituitary, this hybrid

induction method may reveal more complex relationships be-

tween tissues.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human iPS Cells
Human iPS cell lines (201B7, 409B2, and 454E2) were established from female cells and provided by RIKEN BRC. For maintenance

culture, iPS cells were cultured onmitomycin C-treated mouse embryonic fibroblasts as feeder cells. Themaintenance medium con-

sisted of DMEM-F12, 0.1 mM non-essential amino acids, 2 mM L-glutamine, 20% KSR, 0.1 mM 2-mercaptoethanol, and 5 ng/ml

recombinant human basic FGF. Passaging was performed every 6–8 days at split ratios of 1:3–1:5 using a dissociation solution con-

sisting of 0.25% trypsin, 1 mg/ml collagenase type IV, 20% KSR, and 1 mM CaCl2 in PBS.

METHOD DETAILS

Human iPS Cell Differentiation Culture
The SFEBq method was used for differentiation culture. Human iPS cells were dissociated into single cells using TrypLE Express

containing 0.067 mg/ml DNase I and 67 mM Y-27632, and then seeded in a V-bottom 96-well plate. Differentiation medium was

growth factor-free Chemically Defined Medium (gfCDM) plus a fixed concentration of KSR. gfCDM consisted of Iscove’s modified

Dulbecco’s medium/Ham’s F12 (1:1), 1% chemically defined lipid concentrate, 450 mM 1-thioglycerol, and 5 mg/ml purified bovine

serum albumin (BSA). The culture start date was defined as day 0.

On day 0, 5,000 human iPS cells were seeded in 100 mL differentiation medium (gfCDM + 5% KSR) in each well. Y-27632 was

added at a concentration of 20 mM. On day 3, 100 mL differentiation medium was added to each well. From day 6 to 27, half of

the differentiation medium was replaced every 3 days. From day 6, BMP4 and SAG were added at final concentrations of 5 nM

and 2 mM, respectively. After 18, BMP4 was not added, and the concentration decreased gradually. The concentration of SAG

was maintained at 2 mM even after day 18. From day 18, the culture was maintained in a high oxygen concentration (40%). On

day 30, aggregates were collected from 96-well plates and transferred to an EZ sphere. From day 30, the differentiation medium

was changed to gfCDM + 10% KSR. SAG continued to be added at the same concentration even after day 30. From day 33, the

differentiation medium was completely replaced every 3 days. From day 51, the differentiation medium was switched to gfCDM +

20% KSR. This method is based on a previous report describing differentiation culture of human ES cells. Efforts to improve the

differentiation efficiency focused on varying the following parameters (as described in the main text and figures): number of cells

per well, KSR concentration, BMP4 concentration, SAG concentration, and timing of BMP4 and SAG addition.

In Figures 3J–3L, to prepare the DFNBmedium, the DFGmediumwas first prepared by adding 500mLDMEM-F12, 3.85 g glucose,

1.2 g sodium hydrogen carbonate and 5 mL penicillin/streptomycin to MilliQ water. The pH was adjusted to 7.6. DFNB medium was
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prepared by combining 485 mL DFG medium, 5 mL of 13 N2 supplement, 10 mL of 13 B27 supplement, and 5 mL of recombinant

human CNTF. Recombinant human CNTF was reconstitute at 0.1 mg/mL in filtered PBS (-) containing 0.1% BSA.

Immunohistochemistry
Samples were incubated with primary antibodies (Key resource table) overnight at 4�C and then with secondary antibodies (Key

resource table) for 2 hours at room temperature. Primary antibodies were applied at the following dilutions: RX (1:3000), pan-cyto-

keratin (1:100), LHX3 (1:3000), PITX1 (1:2000), NKX2.1 (1:1000), E-cadherin (1:50), ACTH (1:200), CRH (1:100), AVP (1:2000), oxytocin

(1:100), AGRP (1:250), POMC (1:200), MCH (1:500), TRH (1:1000), NPY (1:1000), GHRH (1:100), FGF8 (1:100), and FGF10 (1:100). The

antiserum against RX was raised in guinea pigs using the synthetic peptide FTKDDGILGTFPAERGARGAKERDRRLGARPACPKA-

PEEGSEPSPPPAPAPAPEYEAPRPYCPKEPWEARPSPGLPVGPATGEAKLSEEE (N-terminal, 90 residues). The antiserum against

LHX3 was raised in guinea pigs using the synthetic peptide C-PSSDLSTGSSGGYPDFPASPASWLDEVDHAQF (residues 366–

397). The antiserum against PITX1 was raised in guinea pigs using the synthetic peptide DPREPLENSASESSDTELPEKERGGEPKG-

PEDSGAGGTG-C (residues 38–77). DAPI was used to counterstain nuclei. Differential induction efficiency was calculated by

measuring the number of LHX3+ cells or ACTH+ cells and dividing that value by the number of DAPI+ cells in the aggregate as awhole.

The cutoff in Figures S2A, S2B, and S4A was whether positive cells were included in the section with the maximum diameter.

Quantitative PCR
Quantitative PCR (qPCR) was performed on five or six aggregates per sample. RNAs were purified using RNeasy kit after treatment

with DNase. qPCR was performed using Power SYBR Green PCR Master Mix and analyzed with the MX3000P system. Data were

normalized against the corresponding levels of GAPDH mRNA. Primers are shown in the Key resource table.

ACTH Measurement in the Steady State
To assess autonomous secretion of ACTH from iPS cell-derived aggregates, we measured the ACTH concentration in conditioned

medium in the steady state. A full medium change (10ml per 30 aggregates) was performed and the culture supernatant was collected

after 24 hours of culture at 37�C. The collected culture supernatant was immediately frozen at �180�C and analyzed using electro

chemiluminescence immunoassay (ECLIA) kit (SRL), which is used clinically in Japan. The baseline ACTH values of the culture

medium without any aggregates (negative control) was 4.8 ± 0.12 pg/mL.

In Vitro Analysis of ACTH Release by a CRH Loading Test
A CRH loading test was performed on days 113–152. Eight to 16 aggregates were used for the test. A full medium change was per-

formed with gfCDM + 20% KSR + 2 mMSAG, and the culture supernatant was collected after 24 hours of culture at 37�C. The ACTH

values in culture supernatant were measured. Then, another full medium change was performed with gfCDM + 20% KSR + 2 mM

SAG + human CRH (5 mg/ml), and the culture supernatant was collected again after 24 hours of culture at 37�C. The ACTH values

in the culture supernatants were measured as described above.

In Vitro Analysis of ACTH Release by a Dexamethasone Loading Test
A CRH loading test was performed on days 141–229. Eight to 34 aggregates were used for the test. A full medium change was per-

formed with gfCDM + 20% KSR + 2 mM SAG, and the culture supernatant was collected after 24 hours of culture at 37�C. Then,
another full medium change was performed with gfCDM + 20% KSR + 2 mM SAG + dexamethasone (500 ng/ml), and the culture su-

pernatant was collected again after 24 hours of culture at 37�C.

In Vitro Analysis of ACTH Release by a CRH Receptor Inhibitor Loading Test
An antalarmin loading test was performed on days 193–273. Eight to 35 aggregates per group were used for the test. A full medium

change was performed with gfCDM + 20% KSR + 2 mM SAG, and the culture supernatant was collected after 24 hours of culture at

37�C. Then, another full medium change was performed with gfCDM + 20% KSR + 2 mM SAG + antalarmin (1 3 10�5 M), and the

culture supernatant was collected again after 24 hours of culture at 37�C.
An NBI27914 loading test was performed on days 163–243. Eight to 35 aggregates were used for the test. The NBI27914 loading

test was performed similarly to the antalarmin loading test using an NBI27914 concentration of 1 3 10�5 M.

In Vitro Analysis of ACTH Release by a Low Glucose Test
A low glucose test was performed on days 192–240. Ten to 20 aggregates for each groupwere used for the test. To apply low glucose

stimulation to the hypothalamus portion inside the aggregate, the aggregates were cut into several pieces a few days before the

experiment. Low glucose medium (10 mg/dl glucose) was prepared by adding 0.56 mM D-glucose and 9.44 mM D-mannitol to

DMEM without glucose. Normal glycemic medium (100 mg/dl glucose) was prepared by adding 5.56 mM D-glucose and

4.44 mMD-mannitol to DMEMwithout glucose. The culture supernatant was collected at 30 minutes after the medium was replaced

with normal glycemic medium, and then again at 30 minutes after the medium was replaced with low glucose medium. The ACTH

values in culture supernatant samples were compared.
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In Vitro Analysis of ACTH Release by a Low Glucose + CRH Receptor Inhibitor Loading Test
A low glucose + CRH-R inhibitor loading test was performed on days 222–270. Ten to 20 aggregates were used for the test. For the

low glucose test, ACTH secretion was confirmed in response to low glucosewithout the CRH receptor inhibitor, and then themedium

was replacedwith gfCDM+ 20%KSR+ 2 mMSAG+ antalarmin (13 10�5M) + NBI 27914 (13 10�5M), followed by overnight culture.

Then, low glucose medium and normal glucose medium containing both antalarmin (1 3 10�5 M) and NBI 27914 (13 10�5 M) were

prepared, and secretion of ACTH was confirmed as described for the low glucose test. The ACTH values in the culture supernatants

were compared.

Electron Microscopy
To prepare specimens for electron microscopy, aggregates were fixed in 2.5% glutaraldehyde for 3 days at 4�C and postfixed in 1%

osmium tetraoxide for 1 hour. The tissue block was dehydrated in a graded series of alcohol solutions and embedded in Epon 812.

Semithin sections of the tissue blocks stained with toluidine blue. Ultrathin sections were then prepared, stained with 2% uranyl ac-

etate and 0.2% lead citrate, and examined under a Hitachi H-7500 electron microscope.

For immunoelectronmicroscopy, the sectionswere pretreatedwith NaIO4 and 10%hydrogen peroxide in ethanol. After etching, they

were incubated with a 1:2000 dilution of a mouse monoclonal antibody against ACTH for 1 hour at 37�C. After incubation, the sections

were washed with PBS and then incubated with a 1:10 dilution of mouse IgG conjugated with 10 nm gold particles for 1 hour at 37�C.

Cell Immunoblot Assay (CIBA)
The CIBAwas based on themethod of Arita et al. with somemodifications First, aggregates that had undergone pituitary differentiation

for 150 days were dispersed into single cells. The mouse pituitary gland was similarly dispersed into single cells. Minced tissue was

washed in HBSS and incubated for 40 minutes at 37�C in a solution containing 0.2% collagenase type I and 20 mM Y-27632 in HBSS.

The fragments were washed in PBS and further incubated at 37�C in a solution containing 0.25% trypsin/EDTA, 67 mM Y-27632, and

0.2 mg/ml DNase I for 10 minutes. After gfCDM + 20% KSR was added, the fragments were centrifuged for 5 minutes at 100 3 g.

The fragments were triturated with a pipette in medium consisted of gfCDM with 20% KSR, 20 mM Y-27632, and 0.01 mg/ml DNase

I until the cells were monodispersed. The dispersed cells were passed through a cell strainer (40 mm) and suspended at a density of

63 105 cells/ml.

A polyvinylidene difluoride membrane was cut to 5.23 2.2 cm, soaked in methanol for 20 s, and then washed in EBSS containing

20mMHEPES for 60minutes. Themembranewas then placed on a slide glass. Two small glass coverslips (183 24mm) were placed

on the membrane at approximately 20 mm apart. One large glass coverslip (603 24 mm) was placed on a small glass coverslip and

used as the ceiling of the chamber. The incubation chamber had an average volume of 54 ml.

One hundredmicroliters of cell suspension was poured into the incubation chamber. To prevent drying, the chambers were placed

in a water-tight plastic box and then cultured at 37�C in a 5% CO2 air incubator for 21 hours. As a standard for quantitation, various

amounts (0–500 pg) of human ACTHwere dissolved in 50 nL TBS containing 0.8% Tween-20, spotted on a transfer membrane with a

1 mLmicrosyringe and plastic capillary, and incubated in the samemanner as the cells. After incubation, the coverslips were removed

in PBS, the membrane was soaked in 10% BSA/PBS, and surplus portions of the membrane were removed. Membranes were incu-

bated in 10% BSA/PBS for 20 minutes, washed three times with 0.1 M phosphate buffer for 3 minutes, fixed with 4% paraformalde-

hyde in 0.1 M phosphate buffer for 10 minutes, washed three times with TBS for 10 minutes, and then blocked with 10% BSA in TBS

for 2 hours. Membranes were incubated in 10% normal sheep serum in solution A (500 mM NaCl, 50 mM Tris, 0.5% Tween-20, 1%

BSA, and NaN3) for 30 minutes, and then in mouse anti-ACTH (1:1000) in 10% normal sheep serum in solution A overnight, followed

by incubation with biotinylated anti-mouse IgG (1:500) in 10% normal sheep serum in solution A for 40 minutes and then in strepta-

vidin-alkaline phosphatase conjugate (1:3000) in solution A for 40minutes. After each incubation, membranes were washed with TBS

containing 0.1% Tween-20 for 20 minutes. Membranes were incubated in 1-step NBT/BCIP suppressor substrate solution contain-

ing 5 mM MgCl2 for 3 minutes, washed with distilled water for 15 minutes, dried, and then evaluated.

Evaluation was performed using a BX63microscope and cellSens imaging software. Ten fields of viewwere chosen randomly, and

the density of the blot in the field of view was measured. The average density of the background around the blot was measured and

subtracted from the density of the blot. The amount of ACTH secretion was calculated based on a standard curve created using the

spots of ACTH standard solution, multiplying the density level by the area for each concentration.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism 6.0 software. Data are expressed as means ± s.e.m. Comparisons be-

tween two groups were performed by the Student’s t test. Comparisons between multiple groups were performed by the one-

way ANOVA test with post hoc Bonferroni’s method. n refers to number of independent experiments. Each experiment was done

in a different batch. P values of < 0.05 (*), < 0.01 (**), < 0.001 (***) were considered significant. P values are indicated in figure legends.

DATA AND CODE AVAILABILITY

This study did not generate/analyze datasets or code.
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Figure S1. Additional data of the modified condition using 201B7. Related to Figure 1.

(A–F) Optimization of the modified condition.

(A) Culture parameters that were changed. 

(B–F) Expression of LHX3 on day 40 in response to modification of each culture parameter (qPCR; n = 3 experiments).

(G–K) Proportion of LHX3+ cells and ACTH+ cells as determined by immunostaining (day 40 and 60, n = 14 

experiments; day 100, n = 12 experiments). 

(L–P) Expression of LHX3 and POMC as determined by qPCR (day 40 and 60, n = 14 experiments; day 100, n = 12 

experiments). 

(Q, R) ACTH values in the culture medium (day 60, n = 14 experiments; day 100, n = 20 experiments). 

Values shown on graphs represent means ± s.e.m. *P<0.05
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Figure S2. Expression of LHX3 and ACTH in day 60 aggregates cultured under the modified condition. Related 

to Figure 1.

(A-B) Additional data of Figures S1H and S1J.

(A) 201B7 cells were cultured under the modified condition. Aggregates were evaluated on day 60. All immunostaining 

images are shown. The cutoff was whether positive cells were included in the section with the largest diameter. 

(B) Number of aggregates containing both LHX3+ cells and ACTH+ cells in each batch. About 30% (22/71 aggregates) 

of the aggregates contained both LHX3+ cells and ACTH+ cells. About 60% (46/71) of the aggregates contained 

LHX3+ cells. Even among the aggregates determined to be negative ACTH, many aggregates contained LHX3 + cells, 

indicating that they were pituitary precursor cells. The rightmost column shows the amount of ACTH secretion on day 

60 (30 aggregates in 10 ml culture medium). The baseline ACTH values of the culture medium without any aggregates 

(negative control) was 4.8 ± 0.12 pg/mL. These data suggest that even batches defined as negative for ACTH by this 

criterion may contain differentiated ACTH cells. 

Scale bars: 50µm (A).
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Figure S3. Induction of human iPS cell line 409B2 and 454E2 to differentiate into anterior pituitary. Related to 

Figure 1.

(A–H) Data of human iPS cell line 409B2.

(A) Induction of differentiation of 409B2 cells under the original condition. LHX3+ cells and ACTH+ cells were 

observed in oral ectoderm-like tissue.

(B) Modified condition for 409B2 cells. The BMP4 concentration was changed to 10 nM. 

(C) LHX3 and ACTH immunostaining.

(D–H) Proportion of LHX3+ cells and ACTH+ cells, as determined by immunostaining (n = 5 experiments). LHX3+

cells and ACTH+ cells tended to be abundant under the modified condition but without statistical significance.

(I–P) Data of human iPS cell line 454E2.

(I) Induction of differentiation of 454E2 cells under the original condition. LHX3+ cells and ACTH+ cells were 

observed in oral ectoderm-like tissue.

(J) Modified condition for 454E2 cells. The KSR concentration was changed to 10 nM, and the number of cells per well 

was changed to 10,000. 

(K) LHX3 and ACTH immunostaining.

(L–P) Proportion of LHX3+ cells and ACTH+ cells, as determined by immunostaining (n = 3 experiments). LHX3+ cells 

and ACTH+ cells tended to be abundant under the modified condition, but without statistical significance.

Values shown on graphs represent means ± s.e.m. *P<0.05.

Scale bars: 50 µm (A, C, I, K).
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Figure S4. Additional data of hybrid aggregates. Related to Figures 2 and 3.

(A) Number of aggregates containing both ACTH+ cells and CRH+ cells on day 200 in each batch. 

201B7 cells were cultured under the modified condition. Aggregates were evaluated on day 200. 

(B, C) Hybrid aggregates are also induced in long term culture under the original condition. 

(B) Hybrid aggregates were also induced under the original condition.

(C) ACTH levels in the culture supernatant tended to be higher under the modified condition [modified condition, n = 

22 (day 100), 11 (day 200) experiments, original condition, n = 17 (day 100 and 200) experiments].

(D, E) FGF signals as hypothalamic factors.

(D) Expression of FGF8 and FGF10 in the inner layer of hybrid aggregates. 

(E) ACTH secretion ability on day 120 was suppressed by treatment with an FGF receptor inhibitor. PD-173074 was 

added at 10 nM (n = 4 experiments). 

Values shown in graphs represent means ± s.e.m. *P<0.05; **P<0.01; ***P<0.001.

Scale bars: 200 µm (B), 50 µm (D).
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