
ARTICLE
doi:10.1038/nature10637

Self-formation of functional adeno-
hypophysis in three-dimensional culture
Hidetaka Suga1,2,3, Taisuke Kadoshima1, Maki Minaguchi1, Masatoshi Ohgushi2, Mika Soen1, Tokushige Nakano1, Nozomu Takata1,
Takafumi Wataya1, Keiko Muguruma1, Hiroyuki Miyoshi4, Shigenobu Yonemura5, Yutaka Oiso3 & Yoshiki Sasai1

The adenohypophysis (anterior pituitary) is a major centre for systemic hormones. At present, no efficient stem-cell
culture for its generation is available, partly because of insufficient knowledge about how the pituitary primordium
(Rathke’s pouch) is induced in the embryonic head ectoderm. Here we report efficient self-formation of
three-dimensional adenohypophysis tissues in an aggregate culture of mouse embryonic stem (ES) cells. ES cells
were stimulated to differentiate into non-neural head ectoderm and hypothalamic neuroectoderm in adjacent layers
within the aggregate, and treated with hedgehog signalling. Self-organization of Rathke’s-pouch-like
three-dimensional structures occurred at the interface of these two epithelia, as seen in vivo, and various endocrine
cells including corticotrophs and somatotrophs were subsequently produced. The corticotrophs efficiently secreted
adrenocorticotropic hormone in response to corticotrophin releasing hormone and, when grafted in vivo, these cells
rescued the systemic glucocorticoid level in hypopituitary mice. Thus, functional anterior pituitary tissue self-forms in
ES cell culture, recapitulating local tissue interactions.

The adenohypophysis, corresponding to the anterior and intermediate
lobes of the pituitary gland, contains several types of endocrine
cells, which secrete systemic hormones such as adenocorticotropic
hormone (ACTH), GH, LH/FSH, TSH and prolactin1–3 in response
to hypothalamus-derived releasing hormones. In contrast, the neuro-
hypophysis (posterior pituitary) consists of the axons and secretory
termini of hypothalamic vasopressin and oxytocin neurons. During
early mammalian development, the adenohypophysis anlage origi-
nates as a placode in the non-neural head ectoderm rostral and adja-
cent to the anterior neural plate4,5 (Supplementary Fig. 1a) (hereafter,
this part of non-neural ectoderm, expressing region-specific markers
Pitx1 and Pitx2, is simply referred to as rostral head ectoderm; this
includes the oral ectoderm as a large part). The thickened placodal
epithelium invaginates and subsequently detaches from the oral
ectoderm, becoming a hollowed epithelial vesicle, Rathke’s pouch
(Fig. 1a, b and Supplementary Fig. 1b, c). The development of
Rathke’s pouch depends on tissue interactions between the rostral head
ectoderm and the rostral hypothalamus3–8. We sought to recapitulate
this interactive microenvironment of the pituitary-forming morpho-
genetic field using three-dimensional ES cell culture.

Juxtaposing ectodermal layers formed in culture
Mouse ES cells can be induced to differentiate into rostral hypothalamic
tissues when cultured as floating aggregates (typically 3,000 cells per
aggregate) in a chemically defined medium lacking extrinsic growth
factors (including no insulin; hereafter referred to as SFEBq culture9).
However, quantitative polymerase chain reaction (qPCR) analysis
found only low expression levels of the rostral head ectoderm marker
Pitx2 in SFEBq-cultured ES cells (Fig. 1c). Because the embryonic
anlage for rostral head ectoderm and hypothalamic neuroectoderm
are adjacent (Supplementary Fig. 1a–c), we wondered if a slight shift
in positional information could promote the simultaneous genera-
tion of both tissues within the same aggregate in SFEBq culture. We
experimentally tested several culture conditions known to affect early

ectodermal patterning9–12, and found two that substantially
increased Pitx2 expression levels (Fig. 1d and data not shown): a large
cell-aggregation (LCA) culture (red; starting differentiation culture at
10,000 cells per aggregate, instead of 3,000; Supplementary Fig. 2a)
and bone morphogenetic protein 4 (BMP4) treatment (blue;
0.5mM, days 0–7). BMP4 plus LCA also increased Pitx2 expression,
but no clear additive effects were seen over LCA alone (Supplementary
Fig. 2b).

In the LCA culture, both Pitx1/21 rostral head ectoderm tissue and
Rx1 neural tissue formed continuous epithelia within the ES cell
aggregates (Fig. 1e–g; Supplementary Fig. 2c and data not shown).
The Rx1 tissues were Chx102 nestin1 (Chx10 also known as Vsx2;
Supplementary Fig. 2d), characteristic of rostral hypothalamic epithelia
(retinal epithelia are Rx1 but Chx101 nestin2)9,13. Importantly, a layer
of Pitx1/21 epithelium reproducibly formed on the surface of the ES cell
aggregates, adjacent and exterior to the Rx1 neuroepithelia, which
formed inner layers (Fig. 1f, g). In contrast, treatment with exogenous
BMP4, which is generally known to promote differentiation of non-
neural ectoderm at the cost of neural differentiation10,12, inhibited the
formation of hypothalamic tissues even at 0.5 nM, regardless of the
aggregation size (Supplementary Fig. 2e). Conversely, treatment with
the BMP antagonist dorsomorphin inhibited the generation of Pitx21

ectoderm, which was promoted in the LCA culture (Supplementary
Fig. 2f). Given that the expression of Bmp2 and Bmp4 (refs 8, 14) was
increased under LCA conditions (Supplementary Fig. 2g–i), the
moderate elevation of endogenous BMP signals in the LCA culture,
which was insufficient to inhibit hypothalamic differentiation, may
have contributed to the spontaneous formation of rostral head
ectoderm.

Self-formation of Rathke’s pouches in vitro
In the embryo, Rathke’s pouch develops on the midline of the
rostral head ectoderm, which receives strong sonic hedgehog (Shh)
signals3–7,15 (Supplementary Fig. 1d). Accordingly, treatment with the
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hedgehog (Hh) agonist N-methyl-N9-(3-pyridinylbenzyl)-N9-(3-
chlorobenzo[b]thiophene-2-carbonyl)-1,4-diaminocyclohexane
(smoothened agonist; SAG, hereafter)16 (days 0–10) efficiently
increased expression of the Rathke’s pouch marker17,18 Lim3 (also
called Lhx3) in LCA-SFEBq culture (Fig. 1h). In a culture using
venus-reporter ES cells for Lim3 expression (Lim3venus/1; Supplemen-
tary Fig. 3a, b), SAG reproducibly induced Lim3::venus1 cells in
.90% of LCA-SFEBq aggregates (25–30% of total cells on day 10;
Fig. 1i, j and Supplementary Fig. 3c). Additional BMP4 treatment
(SAG1BMP4 under the LCA condition) had no additive effect
(rather, an inhibitory effect; Supplementary Fig. 3d) on Lim3::venus
expression.

In SAG-treated LCA-SFEBq aggregates, the Lim3::venus1 cells
formed multiple oval epithelial clusters (Fig. 1k and Supplementary
Movie 1; unlike Lim31 neurons in the brain, they were Tuj12; Fig. 1l).
No concomitant induction of the mesodermal markers brachyury and
Flk1 (also known as Kdr) or the neural crest marker Foxd3 was
observed in the aggregates (Supplementary Fig. 4a–d).

These Lim3::venus1 tissues first appeared as thickened placode
epithelium on the surface (,day 8), invaginated (days 9–10) and
formed hollowed epithelial vesicles (days 10–11), as in embryonic

Rathke’s pouch development (Fig. 2a–c and Supplementary Fig. 4e).
The Lim3::venus1 epithelium co-expressed Pitx1, Pitx2 and
E-cadherin, and was negative for neuroepithelial markers such as
nestin, Rx and Nkx2.1 or the surface ectoderm marker cytokeratin
(Fig. 2d–g and Supplementary Fig. 4f–h), reminiscent of the marker
profile of the pituitary primordium1–3,19 (Supplementary Fig. 4i).

The Lim3::venus1 epithelial vesicles were reproducibly located
between the hypothalamic (Rx1) and the rostral head ectodermal
(Pitx11/Lim32) tissues, and the atypical protein kinase C (aPKC)1

apical surface of the Lim3::venus1 epithelial vesicle was inside along
the apical–basal axis (Supplementary Fig. 4j, k), consistent with the
topographical development of Rathke’s pouch in vivo. The pouch
epithelia consisted of tall columnar epithelial cells with apical cilia
and junctions (Fig. 2h and Supplementary Fig. 5), and the late-onset
Rathke’s pouch marker1,6,20 islet1/2 (Fig. 2i) was expressed in a differ-
entiating cell population located basally on day 13 (see Fig. 2h,
bracket). On days 13–14, the long axis of the Lim31 pouch typically
reached a diameter of 150–200mm, comparable to that of early
Rathke’s pouch in vivo.

Thus, in the presence of high Hh signals, the ES-cell-derived rostral
head ectoderm adjacent to the hypothalamic neuroepithelium initiates
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Figure 1 | Adjacent formation of head ectoderm and hypothalamic epithelia
in ES cell culture. a, Schematic of pituitary development, sagittal view. A,
anterior; D, dorsal; P, posterior; V, ventral. b, In vivo expression of Pitx1 and Rx
on embryonic day 13 (E13). c, Little expression of Pitx2 in SFEBq/CDM-
cultured ES cells (qPCR; n 5 3 experiments). d, day. d, Pitx2 expression in
aggregates cultured under the LCA condition (red) or treated with 0.5 nM
BMP4 (blue) (n 5 3). e, f, Immunostaining of day-6 LCA aggregates for Pitx1
(red), and Rx (green, f). g, Schematic of the result. h, Induction of Lim3

expression by SAG (qPCR; n 5 9). i, FACS analysis of the Lim3::venus1

population in day-10 LCA aggregates with SAG treatment (green). Grey, day-1
aggregate. j, Lim3::venus expression in LCA aggregates with SAG treatment.
k, Clusters of Lim3::venus1 vesicles (arrowheads) in day-13 SAG-treated LCA
aggregates. Arrows, vesicles forming on the other side. l, Lim31 pouch is Pitx11

but Tuj12. Scale bars, 100mm (b, e, f, k, l); 500mm (h). The values shown on
graphs represent the mean 6 s.e.m. NS, not significant. *, P , 0.05; **, P ,

0.01; ***, P , 0.001.
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Rathke’s pouch development in three-dimensional culture (Fig. 2j).
The interactions between the two juxtaposed tissues seemed to be
critical, as Pitx1/21 surface epithelia lacking Rx1 neural tissues in
BMP4-treated aggregates (Fig. 1d and Supplementary Fig. 2e) did
not exhibit visible pouch development, regardless of Hh signals (data
not shown). In addition, surface ectoderm isolated alone from day-6
aggregates exhibited low Lim3 expression by qPCR when cultured until
day 13, unless combined with hypothalamic neuroepithelium (Sup-
plementary Fig. 6a–c).

Fgf signals such as Fgf10 are implicated in Rathke’s pouch develop-
ment6–8,21. Consistent with this idea, the Fgf receptor inhibitors
SU5402 and PD173074 reduced the percentages of Lim3::venus1 cells
in culture (Supplementary Fig. 6d). Fgf10 expression was gradually
induced in the Rx1 tissues of the aggregate during days 7–10, and Fgf8
expression was observed in both Rx1 and Rx2 populations
(Supplementary Fig. 6e, f). phosho-Erk (pErk), which is indicative
of Fgf signalling, predominantly accumulated in the Pitx11 surface
epithelia (Supplementary Fig. 6g). This preferential pErk accumula-
tion may be relevant to the localized expression of FgfR2b (Fgf10-
specific receptor gene22) and FgfR4 (receptor gene for Fgf8) in the Rx2

tissues (Supplementary Fig. 6h, i). These observations indicate that
endogenous Fgf signals also have a role in Lim3 induction, at least in
part, in this three-dimensional ES cell culture.

Generation of multiple endocrine lineages
During early pituitary development23, Lim31 pituitary progenitors
become committed to several hormone-type-specific lineages1–6

(Fig. 3a; Supplementary Fig. 7a for details). Among them, the
ACTH-producing corticotroph lineage requires the transcription
factor Tbx19 (ref. 24), the expression of which is inhibited by Notch
signalling25,26 (Fig. 3a). Consistent with this idea, whereas Tbx19
expression in SAG-treated LCA-SFEBq aggregates was low, it was
strongly increased by treatment with the Notch inhibitor (2S)-N-
[N-(3,5-Difluorophenacetyl)-L-alanyl]-2-phenylglycine tert-butyl
ester (DAPT) (Fig. 3b and Supplementary Fig. 7b). Substantial
numbers of large-sized ACTH1 cells reproducibly accumulated in
the Tbx191 domains of DAPT-treated pouch tissue (day 21; Fig. 3d
and Supplementary Fig. 7c); ACTH1 cells comprised ,35% of
N-cadherin2 non-neural cells (Fig. 3c), which themselves represented
,11% of total cells on day 21. The ACTH1 cells were negative for
Ki67 (not shown) and E-cadherin (Supplementary Fig. 7d), unlike the
early progenitors in the pouch (for example, Supplementary Fig. 4h).
The ES-cell-derived ACTH1 cells were negative for the neuronal
markers neurofilament and NSE (Fig. 3e and Supplementary Fig. 7e)
and the melanotroph-lineage marker24 PC2 (Fig. 3f and Sup-
plementary Fig. 7f), consistent with the corticotroph nature of marker
expression.

Lim3 is essential for early pituitary specification17,18,27. Knockdown
of Lim3 (short hairpin RNA (shRNA)-based; Supplementary Fig. 7g)
specifically reduced expression of Tbx19 and Pomc (mouse homologue
of human ACTH, hereafter referred to as the latter) in culture (Fig. 3g;
Supplementary Fig. 7h for controls). Similarly, when Tbx192/2 ES cells
(Supplementary Fig. 7i) were used, ACTH expression was significantly
reduced (Fig. 3h). Thus, LCA-SFEBq culture with SAG treatment
faithfully recapitulates in vivo corticotroph development, which is
inhibited by Notch and driven by Lim3 and Tbx19 (Fig. 3i).

In the developing pituitary, Tbx192 progenitors give rise to Pit11

intermediate precursors, which subsequently differentiate into GH-,
prolactin- and TSH-producing cell lineages3–6,28 (Fig. 3a). Unlike
Tbx19 expression, Pit1 expression in the SAG-treated aggregates
was not increased by DAPT treatment (Fig. 3j). In contrast, consistent
with previous reports that canonical Wnt signalling promotes Pit1
expression28, its expression was specifically augmented by treatment
with the Wnt agonist 6-bromo-3-[(3E)-1,3-dihydro-3-(hydroxyimino)-
2H-indol-2-ylidene]-1,3-dihydro-(3Z)-2H-indol-2-one (BIO) (GSK3b
inhibitor) on days 16–18 (Fig. 3j; see also Fig. 3b, c). Further differ-
entiation of these intermediate precursors into GH1 and prolactin1

cells was observed (Fig. 3k–n) when cultured in media containing
glucocorticoid and oestradiol, respectively (Supplementary Fig. 8a, b),
which enhance the differentiation of these lineages29,30.

Head mesenchyme has been suggested to have a promoting role in
pituitary development31. With this in mind, we treated LCA-SAG
aggregates with conditioned medium of PA6 stromal cells (derived
from skull bone-marrow mesenchyme) (Supplementary Fig. 8c). This
treatment enabled the generation of LH1 and FSH1 cells (also some
TSH1 cells; Fig. 3o–r), which was otherwise very rare (data not
shown).

These findings demonstrate the competence of ES-cell-derived
adenohypophysis progenitors to generate multiple endocrine lineages
in culture.

In vitro functionality as endocrine tissue
To investigate the in vitro hormone-secretion ability of adenohypophysis-
like tissue generated in vitro, we focused on corticotrophs, which were
most efficiently generated in this three-dimensional ES cell culture.
Substantial ACTH release from SAG1DAPT-treated LCA aggregates
was induced after a 10-min stimulation with corticotrophin releasing
hormone (CRH) on day 21 (Fig. 4a, b and Supplementary Fig. 9a), but
not from those without SAG treatment (Fig. 4c). The aggregates treated
with SAG but not with DAPT showed ACTH secretion upon CRH
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stimulation, but significantly less than SAG1DAPT-treated aggre-
gates did (Fig. 4c).

ACTH secretion from the pituitary is negatively regulated by the
downstream hormone glucocorticoid32 (Fig. 4d, inset). Consistent
with this in vivo regulation, the in vitro release of ACTH by CRH
was greatly suppressed by pre-treating with glucocorticoid (Fig. 4d),
but not with oestrogen (Supplementary Fig. 9b). These findings
demonstrate that the ES-cell-derived pituitary endocrine cells actively

secrete ACTH and respond normally to both positive and negative
regulators that work for endocrine homeostasis in vivo.

Functional rescue in hypopituitary mice
Lastly, we evaluated ACTH secretion in vivo using hypophysectomized
mice33 (Fig. 5a; see the reduction of blood ACTH levels in Sup-
plementary Fig. 9c, d). In mouse, the pituitary is located at a tiny space
in the skull base, called the sella turcica3–6. Because its local circulatory
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network including hypophyseal portal veins is easily destroyed by
hypophysectomy, we performed ectopic transplantation of aggregates
under the kidney capsules in this study (Fig. 5a; see grafted ACTH1

cells stained in red).
A week after transplantation, CRH loading induced a substantial

elevation of blood ACTH levels in the mice grafted with SAG1DAPT-
treated aggregates (Fig. 5b) but not in control hypophysectomized mice
that had received aggregates without SAG/DAPT treatment (Fig. 5c).
Accordingly, the blood glucocorticoid (corticosterone) levels were
increased upon CRH loading in the mice grafted with SAG1DAPT-
treated aggregates but not in controls (Fig. 5d), indicating that ACTH
from the graft sufficiently induced the downstream hormone.

Even without CRH loading, the basal levels of ACTH were higher in
the mice that received SAG1DAPT-treated aggregates than in controls
(Fig. 5e). Importantly, the corticosterone levels were also increased
(Fig. 5f), suggesting that this partial recovery of blood ACTH has a
moderate but biologically significant effect (note that the median effec-
tive dose (ED50) of the ACTH receptor MC2R for glucocorticoid pro-
duction is around 9 pg ml21; ref. 34). In accordance with this idea, the
hypophysectomized mice receiving SAG1DAPT-treated aggregates
showed higher spontaneous locomotor activity in their home cages
than controls (infrared-monitored 24-h tracking in Fig. 5g; also
examined by the running wheel test; Fig. 5h and Supplementary
Movie 2; Supplementary Fig. 9e, f for controls), and survived signifi-
cantly longer (P , 0.01, Kaplan–Meyer method; Fig. 5i).

Conclusion and perspective
Although the adenohypophysis is relatively small in size, it is an inde-
pendent endocrine organ with indispensable systemic functions. Using
a synthetic approach at the multi-cellular level, we demonstrated that a
functional organ bud, the development of which requires intricate

tissue interactions, can be reproducibly generated by self-formation
when the spatial arrangement of a few interacting tissues is recon-
stituted in three-dimensional culture. In terms of mechanistic com-
plexity, this idea represents a further conceptual advance beyond our
recent report of optic-cup self-organization, which sufficiently occurs
within retinal epithelium alone13.

Hypopituitarism is a major category of endocrinological disorders,
including empty sella syndrome, Sheehan syndrome, hypophyseal
apoplexy and post-operative pituitary damage1,2. In addition, in-
sufficiencies of specific hormones (for example, GH insufficiency in
infants and adults) also cause various systemic problems. The
successful generation of pituitary endocrine cells shown here opens
new avenues for the application of pluripotent stem cells to treat non-
diabetic endocrine diseases, which have so far received relatively little
attention in regenerative medicine. A future challenge will be ortho-
topic transplantation of adenohypophysis derived from human ES/
induced pluripotent stem cells into the sella of a larger mammal,
together with local reconstitution of vascular networks.

0

2

4

6

8

10

A
C

T
H

 (
p

g
 m

l–
1
)

CRH loading test

LCA + SAG + DAPT

CRH (ng ml–1) 0 1 10 100 1,000

0

2

4

6

8

10

A
C

T
H

 (
p

g
 m

l–
1
)

12

SAG – – + + + +

DAPT – – – – + +

CRH
(100 ng ml–1)

– + – + – +

0

2

4

6

8

10

A
C

T
H

 (
p

g
 m

l–
1
)

Load - CRH TRH GHRH LHRH

LCA + SAG + DAPT

0

2

4

6

8

10

A
C

T
H

 (
p

g
 m

l–
1
)

12

14

SAG – + + + + +

DAPT + + + + + +

F (ng ml–1) 0 0 1 10 100 1,000

CRH + + + + + +

*

**
***

* *

CRH loading test + Glucocorticoid

a b

c d

*** ******

**

*

Hypo-
thalamus

Anterior
 pituitary

Adrenal
  cortex

CRH

ACTH

Corticosterone

–

–

+

+

Figure 4 | CRH-induced ACTH release from ES-cell-derived pituitary
tissues. a, CRH efficiently induced ACTH secretion (n 5 4 experiments).
b, ACTH secretion at different CRH doses (n 5 4). c, ACTH secretion from
aggregates cultured in different conditions (n 5 3). d, Pre-treatment with
hydrocortisone (n 5 3) suppressed the CRH-stimulated ACTH secretion from
aggregates. The values shown on graphs represent the mean 6 s.e.m. *, P ,

0.05; **, P , 0.01; ***, P , 0.001.

0

10

20

30

40

A
C

T
H

 (
p

g
 m

l–
1
)

CRH – +

S+D+

0

10

20

30

40

A
C

T
H

 (
p

g
 m

l–
1
)

0

100

200

300

400

C
o

rt
ic

o
s
te

ro
n
e
 (
n
g

 m
l–

1
)

CRH loading CRH loading

***

*** ***

0

1

2

3

4

A
C

T
H

 (
p

g
 m

l–
1
)

5
*

0

1

2

3

C
o

rt
ic

o
s
te

ro
n
e
 (
n
g

 m
l–

1
) **

0

20

40

60

80

100

120

140

160

180

A
c
ti
v
it
y
 (
m

 d
a
y

–
1
)

Spontaneous
locomotor

Running wheel

0

2,000

4,000

6,000

8,000

10,000

A
c
ti
v
it
y
 (
re

v
 d

a
y

–
1
)

Basal
secretion

Basal
secretion

* **

CRH loading test CRH loading test

b

c d e f

g h

a

Sham S–D– S+D+ Sham S–D– S+D+

WT S–D– S+D+ WT S–D– S+D+

Sham S–D– S+D+ Sham S–D– S+D+

Survival

Sham

S–D–

S+D+

*** vs S–D–

*** vs Sham

CAG::venus
 ACTH
 DAPI

Surface

Graft

Kidney

10

20

30

40

50

60

70

80

90

100

(%)

i

0
0 1 2 3 4 5 6 7 8

(Week)

gfCDM
40% O2

SAG DAPT

SFEBq

d0 d10 d18 d19 d21

Mouse ES cells
labelled with
CAG::venus

Hypophysectomy

Hypopituitarism

confirmed

7d 7d

Kidney

subcapsular

transplantations

7d

CRH loading test

basal levels

Figure 5 | Increased systemic ACTH and glucocorticoid levels by grafting
ES-cell-derived pituitary tissues. a, Schematic of transplantation procedures.
Inset, ACTH1 cells (red) in grafted tissue (labelled with GFP; post-
transplantation day 7) under the renal capsule. b, Blood ACTH levels in grafted
mice with (right) or without (left) CRH loading (n 5 3). S2D2, aggregates
without SAG or DAPT treatment; S1D1; aggregates with SAG1DAPT
treatment. c, d, Blood ACTH (c) and corticosterone (d) levels upon CRH
loading (sampled two hours after loading; 7 days after transplantation; n 5 3).
Sham, subcapsular saline injection. e, f, Basal blood levels of ACTH (e) and
corticosterone (f) 7 days after transplantation (n 5 3). No CRH loading. Blood
sampling at 20:00 in the evening. g, Spontaneous locomotor activity (moving
distance) in the home cage measured for 24 h by the infrared monitoring
system. WT, wild type. Control (n 5 8) versus S1D1 (n 5 7), P , 0.05,
Bonferroni’s test. Wild type (no hypophysectomy), n 5 4. h, Locomotor
measured by running wheels. Control (n 5 9) versus S1D1 (n 5 7), P , 0.01.
Wild type, n 5 4. i, Improved survival of transplanted hypopituitary mice.
S2D2, n 5 12; S1D1, n 5 14. Sham, n 5 12. The values shown on graphs
represent the mean 6 s.e.m. *, P , 0.05; **, P , 0.01; ***, P , 0.001. Scale bar,
100 mm (a).

ARTICLE RESEARCH

1 D E C E M B E R 2 0 1 1 | V O L 4 8 0 | N A T U R E | 6 1

Macmillan Publishers Limited. All rights reserved©2011



METHODS SUMMARY
The SFEBq culture was performed as described previously except that cells were
aggregated at 10,000 cells per aggregate in 96-well plates and cultured in growth-
factor-free chemically defined medium (gfCDM) medium supplemented with
400 nM SAG on days 0–10 unless otherwise stated. For endocrine cell differenti-
ation, culture was continued under 40% O2. Surgical hypophysectomy was per-
formed by the transaural approach33.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
ES cell culture for maintenance and differentiation. Mouse ES cells (EB5,
Rx::EGFP, Sox1::GFP) were maintained as described, in G-MEM supplemented
with 1% fetal calf serum, 10% KSR, 2 mM glutamine, 0.1 mM non-essential amino
acids, 1 mM pyruvate, 0.1 mM 2-mercaptoethanol and 2,000 U ml21 LIF. For
SFEBq culture, ES cells were dissociated to single cells in 0.25% trypsin-EDTA,
and quickly reaggregated in differentiation medium (10,000 cells per 100ml per
well unless otherwise stated) using 96-well low-cell-adhesion plates (Lipidure
Coat, NOF Corp). The differentiation medium was growth-factor-free CDM
(gfCDM), which contains Iscove’s modified Dulbecco’s medium/Hams F12 1:1,
1 3 chemically defined lipid concentrate, monothioglycerol (450mM) and 5 mg
ml21 purified bovine serum albumin (.99% purified by crystallization; Sigma).
Growth factors were purchased from R&D Systems and used at the concentration
indicated in the text and legends. The concentrations and durations of the
reagents applied to differentiation culture were as follows: DAPT (10 mM, days
18–19), SAG (400 nM, days 0–10), BIO for Fig. 1 (250 nM, days 0–7) and Fig. 3
(250 nM, days 16–18), BMP4 (0.5 nM, days 0–7), dorsomorphin (1 mM, days
0–7), Wnt4 and Wnt5 (50 ng ml21, days 0–7, each), Fgf8 (200 ng ml21, days
0–7), Nodal (1 mg ml21, days 0–7) and IWP2 (2mM, days 16–18). The day when
SFEBq culture was initiated was defined as day 0. For LCA culture, aggregation of
different numbers of ES cells on day 0 was tested as follows: 3,000, 5,000, 10,000,
15,000 and 20,000 cells per well. Among them, efficient generation of Pitx11

surface ectoderm was reproducibly observed in aggregates with 10,000, 15,000
and 20,000 cells. However, culture of too large aggregates (in particular, 20,000-
cell aggregates) tended to be less healthy and Lim3::venus induction in them was
less efficient than in those with 10,000 ES cells. Therefore, the condition of 10,000
cells per well was used in this study. In the aggregate with this starting cell
number, the innermost portion was either a cavity or mass of cell debris (more
frequently the latter) on day 10 (Fig. 1g).

For isolation culture of surface ectoderm (Supplementary Fig. 6a–c), outer
epithelium of day-6 aggregates were manually detached by forceps and a tungsten
needle and cultured alone or together with inner neuroepithelium in SAG-
containing differentiation medium. Fgf10 treatment alone (regardless of SAG
treatment) was not sufficient to induce Lim3 expression in the surface epithelium
from aggregates, indicating the necessity of additional unknown inductive signals.
Generation of knock-in ES cell lines. The gene-targeting strategy and vector
construction for Lim3::venus is as illustrated in Supplementary Fig. 2a. ES cells
(EB5) were cotransfected with the targeting vector and an expression vector
carrying the zinc-finger nuclease (ZFN) for exon 1 of Lim3b (Lim3 has two
mRNA subtypes, each using a different exon 1; ZFN targets 59-GACCTGCT
GCTG-39 and 59-TTGGCGCGAAGGGCTGAC-39), and subjected to G418
selection. Colonies knocked-in at one allele were genotyped with PCR,
Southern blotting and genomic sequencing. To generate the targeting construct,
we used the MultiSite Gateway Technology (Invitrogen). Briefly, the att site-
flanked PCR products of the 59 arm (1.0 kbp) and 39 arm (1.0 kbp) were cloned
into pDONR vector. The venus cDNA was fused in-frame into exon 1b of the
Lim3 gene at the initial ATG by using Gateway LR clonase (Invitrogen). A PGK
promoter-driven neomycin-resistance selection cassette flanked by loxP sites was
inserted downstream of venus. Homologous recombinant ES cells were selected
with neomycin. Three targeted clones (#K2, #J2 and #J4) were confirmed by
genomic PCR and sequencing (Supplementary Fig. 2a and data not shown)
and exhibited indistinguishable abilities to differentiate into Lim31 progenitors;
subclone #J4 was mainly used for the experiments shown in this report. A similar
strategy was used for targeting Tbx19; the vector construction is illustrated in
Supplementary Fig. 5g. The ZFN target sequences for exon1 were
59-GTCTCGCCTGCTTAAC-39 and 59-GAAAGTGAGCTCCAG-39. The clone
in which both Tbx19 alleles were disrupted was used for the differentiation assay.
shRNA-mediated knockdown study. To suppress Lim3 expression in differenti-
ating cells, we used the Tet-inducible shRNA expression lentivirus vector system
(invented by H.M. at the RIKEN BioResouce Center). pENTR4-H1tetOx1, in
which the tet operator sequence (59-TCCCTATCAGTGATAGAGA-39) was
inserted between the TATA box in H1 promoter and the transcription start site,
was designed to express shRNA under the control of the Tet-inducible H1
promoter (H1tetO). The shRNA sequences targeting mouse Lim3 mRNA,
59-GCACATCTTGGACCGTTTCAT-39 (A), 59-CGGCAGTTCCAAGTCCG
ACAA-39 (B) and 59-CGCCTACAACACTTCGCCCAA-39 (C), were inserted
into pENTR4-H1tetOx1. As a negative control, the shRNA sequence targeting
E. coli lacZ mRNA, 59-GACTACACAAATCAGCGATTT-39 (D), was also
inserted. The Tet-inducible shRNA expression cassette in pENTR4-H1tetOx1
was transferred to the CS-RfA-ETR lentivirus vector, which contains an expres-
sion cassette for tetracycline repressor (TetR) and monomeric red fluorescent
protein (mRFP1) linked with a 2A-self-cleaving peptide sequence under the

control of the human EF1alpha promoter, by using Gateway LR Clonase
(Invitrogen).

To produce recombinant lentiviruses, the transfer vector was co-transfected
with pCAG-HIVgp and pCMV-VSV-G-RSV-Rev into 293T cells (on a 150-mm
dish) using the FuGENE HD reagent (Roche). Twelve hours after transfection,
the culture medium was replaced with fresh medium (30 ml) and the 293T cells
were cultured for another 36 h. The viruses in the supernatant from each 150-mm
dish were collected by ultracentrifugation and re-suspended in 1 ml of mainten-
ance medium. For infection, mouse ES cells were dissociated and seeded onto a
35-mm dish. Eight hours after seeding, the medium was replaced with one contain-
ing the virus (1 ml per dish) and the cells were cultured for 12 h in the presence of
8mg ml21 polybrene. After medium change, cells were further cultured for 7 days,
and mRFP1-positive cells were collected by FACS. Twenty targeted clones exhibited
indistinguishable abilities to differentiate into ACTH1 cells, and showed sup-
pressed Lim3 expression after Dox treatment from day 3 in SFEBq culture.
Differentiation culture for hormone-producing cells. SFEBq aggregates (10,000
cells per aggregate) were cultured in CDM medium 1 400 nM SAG on days 0–10,
and half the medium was changed with CDM medium on day 10. The oxygen
concentration was raised to 40% from day 10 onwards. For differentiation of
ACTH-lineage cells, the culture was treated with DAPT overnight on days 18–19
followed by half medium change with DAPT-free medium. For differentiation of
GH- and prolactin-lineages, the aggregates were treated with BIO on days 16–18 and
cultured in CDM containing 1 nM insulin and 200 ng ml21 hydrocortisone (GH) or
50 ng ml21 oestradiol (Prolactin) on days 20–30. Although these cell types showed
relatively moderate differentiation efficiencies (4–6% of non-neural cells; Fig. 3k, m)
as compared to corticotrophs (,35% of non-neural cells; Fig. 3c), GH1 and pro-
lactin1 cells also appeared as cell clusters (Fig. 3l, n). In addition to these cells, the
SAG-treated LCA-SFEBq aggregates also generated gonadotrophs and TSH1 cells
when cultured in CDM-based PA6-conditioned medium during days 10–30.
Microscopy and live imaging. Confocal imaging of fixed samples was performed
using the LSM710 system (Ziess). The live imaging of Rathke’s pouch formation was
performed using an inverted confocal microscope combined with a full-sized CO2/O2

incubator (see its alignment in supplementary figure 2k of ref. 13; specially assembled
by kind cooperation of Olympus), which enabled stable three-dimensional culture
under long-term confocal imaging. The position of the ES cell aggregate was fixed in a
drop of Matrigel, which was then immersed in culture medium on a 3.5-cm glass-
bottom dish. Optical section images were obtained using a 320 objective lens
(Olympus), a spinning disk confocal system (CSU-X1, Yokogawa) and an EM-
CCD camera (Andor, 512 3 512 pixels).
Immunohistochemistry, qPCR and FACS. Immunohistochemistry was per-
formed as described previously. Antibodies against the following proteins were
used at the indicated dilutions: Lim3 (rabbit, 1:500; Chemicon), N-cadherin
(mouse monoclonal, 1:2,000; BD Pharmingen), E-cadherin (rat, 1:50; TaKaRa),
Pax6 (mouse, 1:1,000; R&D, mouse monoclonal, 1:100; DSHB), Chx10 (sheep,
1:1,000; Exalpha), Rx (rabbit, 1:3,000)9, Laminin (rat, 1:500; Chemicon; rabbit,
1:500; Abcam), PKCf/aPKC (rabbit, 1:100; Santa Cruz), CD133 (Prominin-1)
(rat, 1:500; Chemicon), nestin (mouse, 1:400; BD Pharmingen; rabbit, 1:2,000;
Biopad), TUJ (mouse, 1:1,000; Covance; rabbit, 1:500; Covance), neurofilament
(rabbit, 1:80; Sigma), NSE (rabbit, 1:500; Chemicon), cytokeratin (mouse, 1:800;
Sigma), PC2 (rabbit, 1:400; Enzo), Nkx2.1 (mouse, 1:100; Zymed; mouse, 1:500;
Novocastra; rabbit, 1:2,000; Biopat), Sox1 (rabbit, 1:200, Cell Signaling; chicken,
1:500; Chemicon), NeuroD1 (rabbit, 1:200; Chemicon), Pit1 (mouse, 1:100; Santa
Cruz), Sf1 (rabbit, 1:400; ABR), ACTH (mouse, 1:200; Fitzgerald), GH (rabbit,
1:400; Dako), PRL (rabbit, 1:200; AbD),aSubunit (rabbit, 1:6; NHPP), LH (rabbit,
1:400; AbD), FSH (rabbit, 1:6; NHPP), TSH (mouse, 1:50; Dako), pERK (rabbit,
1:200; Cell Signaling), GFP (rat, 1:500; Nacalai), brachyury (goat, 1:1,000; R&D)
and Flk1 (rat, 1:100; BD Pharmingen). The ACTH antibody used here is specific
to fully processed ACTH. The antiserum against Pitx1 was raised in guinea pigs
against a synthetic peptide (DAFKGGMSLERLPEGLR1C; residues 2–18) and
was affinity purified. The antiserum against Pitx2 was raised in guinea pigs
against a synthetic peptide (EKDKGQQGKNEDVGAEDPSKKKRQRRQ1C;
residues 16–42) and was affinity purified. The antiserum against Tbx19 was raised
in rabbit against a synthetic peptide (MSELATQKAGEGTVSRLLNVVESELQ
AGREKGDPTEK1C; residues 1–37) and was affinity purified. The monoclonal
antibody for Foxd3 was raised in rats against GST-fused mFoxD3 protein
(residues 232–465) and its culture sup was used at 1/10 dilution. DAPI was used
for counterstaining the nuclei (Molecular Probes). The immunostaining specificity
of each antibody was confirmed by immunostaining with the appropriate
embryonic tissues as a positive control under the same conditions.

For FACS analysis, cells were counted with a FACSAria (Becton Dickinson),
and the data were analysed with the FACSDiva software (Becton Dickinson).

qPCR was performed with 8 aggregates per sample using the 7500 Fast
Real Time PCR System (Applied Biosystems) and the data were normalized to
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the GAPDH expression. Primers used were as follows: GAPDH, forward
59-TGACCACAGTCCATGCCATC-39, reverse 59-GACGGACACATTGGGGG
TAG-39; Pitx2, forward 59-CGTGTGGACCAACCTTACG-39, reverse 59-AAGC
CATTCTTGCACAGCTC-39; Wnt3a, forward 59-GAACCGTCACAACAATG
AGG-39, reverse 59-CTTCACAGCTGCCAGATAGC-39; Wnt4, forward 59-GG
CCTTTGTATACGCCATCT-39, reverse 59-CACAGCCACACTTCTCCAGT-39;
Wnt5a, forward 59-ACGCTAGAGAAAGGGAACGA-39, reverse 59-ATACTGT
CCTACGGCCTGCT-39; Lim3, forward 59-ACAAGGACAGCATCCAGGAG-39,
reverse 59-GCTGCTGTACAGGCCATTAG-39; Fgf8, forward 59-GGGAAGCTA
ATTGCCAAGAG-39, reverse 59-TGTACCAGCCCTCGTACTTG-39; Fgf10,
forward 59-TGCTCTTTTTGGTGTCTTCG-39, reverse 59-GGAGGAAGAAGA
GCAGTTGG-39; Bmp4, forward 59-GCTGGAATGATTGGATTGTG-39, reverse
59-CATGGTTGGTTGAGTTGAGG-39; Bmp2, forward 59-CTCAAGTCCAGCT
GCAAGAG-39, reverse 59-ACTCCCCATGGCAGTAAAAG-39; Rx, forward
59-GTTCGGGTCCAGGTATGGTT-39, reverse 59-GAGAGGAGGGGAGAATC
CTG-39; NeuroD1, forward 59-TTGAAGCCATGAATGCAGAG-39, reverse
59-CCTCCTCTTCCTCTAGATCCTCA-39; Pit1, forward 59-ACCACAGTGC
CGCTGAGT-39, reverse 59-GTAATGAAGTCCTGTCGCTGTG-39; Tbx19,
forward 59-CTGTCTGTACCCCACAGCAA-39, reverse 59-TCCACAGGCAC
GGATAGG-39; ACTH/Pomc, forward 59-GGCCTTTCCCCTAGAGTTCA-39,
reverse 59-GACCTGCTCCAAGCCTAATG-39, Fgfr4, forward 59-CAGAGGCCT
TTGGTATGGAT-39, reverse 59-AGGTCTGCCAAATCCTTGTC-39, Fgfr2b,
forward 59-AGTAAATACGGGCCTGATGG-39, reverse 59-CCATCTCCGT
CACATTGAAC-39 and brachyury, forward 59-CTGGGAGCTCAGTTCT
TTCG-39, reverse 59-CCCTTCATACATCGGAGAA-39.
Statistical analyses. Statistical significance was tested using the Prism 4 program
(GraphPad) as follows: two-group comparison by Student’s t-test and multiple-
group comparison by the one-way ANOVA test with a post-hoc Bonferroni’s
(among each pair) or Dunnett’s test (versus control).
In vitro analysis of ACTH release by CRH loading. Eight SAG1DAPT-treated
aggregates were collected on day 23 in a 1.5-ml Eppendorf tube, rinsed with HBSS(1),
and pre-incubated in 500ml HBSS at 37 uC for 10 min. CRH was then added to the
given concentrations. The supernatant was collected after 10-min incubation at 37 uC
and subjected to ELISA using the ACTH ELISA kit (MD Bioproducts). In contrast to
ACTH, no enhanced secretion of GH, FSH, LH, TSH or prolactin was significantly

induced by CRH (not shown). In addition, although the basal secretion (without
releasing factor treatment) of ACTH was reproducibly observed (Fig. 4), the basal
secretion levels of mouse GH, PRL, FSH, LH and TSH from SAG1DAPT-treated
aggregates were below the detection limits of ELISA (SRL).
Transplantation of ES-cell-derived pituitary tissues. All animal experiments
were performed by following the institutional (RIKEN) guidelines for animal stud-
ies. Surgical hypophysectomy of mice (ICR background; 8-week-old males) was
performed by the transaural approach described previously33. Briefly, mice were
anaesthetized with intraperitoneal (i.p.) injection of pentobarbital (40 mg kg21),
and the pituitary tissues were aspirated from the sella turcica using a needle (KN-
390 needle, Natsume Seisakusyo) set to 1 ml syringe containing 0.2 ml saline, fol-
lowing its perforation via the auditory meatus. Seven days later (9-week-old), basal
and CRH-stimulated (2mg kg21, i.p.) blood levels of ACTH were analysed to con-
firm the hypopituitarism status. One week later (10-week-old), the hypopituitary
mice were anaesthetized and injected with ,40 SAG1DAPT-treated or control
day-21 aggregates (in 100ml phosphate-buffered saline) into the unilateral kidney
under the capsule using a 23G needle syringe (the kidney was exposed by skin/
muscle/peritoneum incision via the dorso-lateral approach). Prior to the operation,
the mice were injected with dexamethasone (0.3 mg, one shot, intramuscularly; this
glucocorticoid supplementation was essential for good post-operational survival of
hypopituitary mice, which are very weak against physical stress; for one-shot sup-
plementation, dexamethasone worked better than very short-life steroids such as
hydrocortisone). Following the operation, 100 mg ampicillin was administered
intramuscularly. Seven days later (11 week-old), the grafted mice were subjected
to a CRH-loading test (2mg kg21, i.p.) and blood sampling was done 2 h after the
CRH injection. The ‘basal’ secretion levels of ACTH and corticosterone (without
CRH loading) were examined at 20:00 in a stress-free environment. It remains to be
clarified at present whether this moderate ACTH release from the grafted S1D1

aggregates represented solely their spontaneous basal secretion or also included
some secretion weakly stimulated by peripheral CRH as well as vasopressin, which
is also known to evoke some ACTH release from corticotrophs.

The spontaneous-locomotor tests (11-week-old male mice) were performed
under a stress-free condition in the mice’s home cages using an infrared 24-h
monitoring system (MDC-W02; BrainScienceIdea) and a running-wheel device
(ENV-044; MedAssociates), respectively.
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