
Grow-your-own organs may not be so far off 
“If you could use iPSCs to generate a truly functioning organ, then you 
would have this unlimited suitcase of spare parts that would be 
genetically matched to individuals,”  

Stephen Duncan (director of the Regenerative Medicine Center at the Medical College of Wisconsin)
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Model systems in life sciences

Lack of cell-cell and cell-matrix 
interactions

Lack stem and progenitor cells to 
sustain the culture

Lose their phenotype and difficult to 
maintain for long

Very high complexity

Limitations

Moderate complexity, cell-cell 
interaction, cell-matrix interaction, 

long term cultures 
Representative of in vivo physiology



Organoids:  

A collection of organ-specific cell types 
that develops from stem cells or organ 
progenitors and self-organizes through cell 
sorting and spatially restricted lineage 
commitment in a manner similar to in vivo 

Organoid formation recapitulates both major 
processes of self-organization during 
development:  

- cell sorting out 
- spatially restricted lineage 

commitment

organoids: Resembling an organ 



2- proper spatially restricted progenitor fate 
decisions 

1- “cell sorting out” 
capacity of cells to reorganize and 
segregate to form structures with 
much the same histogenic 
properties as those in vivo 

thermodynamically stable pattern 

organ self-assembly seems to arise from segregation of 
cells with similar adhesive properties into domains that 
achieve the most thermodynamically stable pattern  

Two approaches to understand the tissue patterning



What have been done until now?

of PSCs (48, 49). Because neural rosettes re-
capitulate apical-basal polarity and exhibit
spontaneous radial organization similar to
that of the neural tube, they are more capable
of recapitulating many aspects of brain devel-
opment. These include the production of inter-
mediate progenitor types, as well as the timed
production of layer identities similar to those
in vivo (50). However, because of the 2D na-
ture of the method, it has many limitations in
modeling the overall organization of the devel-
oping brain.
Therefore, alternative 3D culture methods with

the potential to recapitulate brain tissue organ-
ization have been used extensively for investiga-
tions in the past several years. In particular, work
from the lab of Yoshiki Sasai has focused on
developing various isolated brain regions in 3D
from mouse or human PSCs (51). Beginning with
EB formation, particular brain region identities
can be generated from neuroectoderm. Specifi-

cally, forebrain tissues are generated by plating
mouse (52) or human (53) EBs in 2D and ex-
amining adherent cells. However, aggregates de-
velop more complex structures when allowed to
continue growing in 3D (54), eventually generat-
ing dorsal forebrain. This method has further
been improved in a recent study (55) that also
showed neuronal layering reminiscent of early
cerebral cortical development.
Other regions can also be generated by mimick-

ing endogenous patterning with growth factors.
For example, Hedgehog signaling drives ven-
tral forebrain tissue (56). In addition, cere-
bellar identities can be generated by treatment
with either Bmp4 and Wnt3a to generate gran-
ule neurons (57) or Hedgehog inhibition to gen-
erate Purkinje neurons of the cerebellum (58).
Conversely, minimizing exogenous bioactive fac-
tors, such as serum proteins, promotes hypo-
thalamic identity (59). Thus, by stimulating
neuroectoderm through an EB stage followed

by the application of specific growth factors,
organoids can be generated for a variety of in-
dividual brain regions.
More recently, heterogeneous neural organ-

oids were established, termed cerebral organ-
oids, that contain several different brain regions
within individual organoids (28) (Fig. 3). The
approach similarly begins with EBs, but growth
factors are not added to drive particular brain
region identities. Instead, the method is influ-
enced by the intestinal organoid protocol, name-
ly, by embedding the tissues in Matrigel. The
extracellular matrix provided by the Matrigel
promotes outgrowth of large buds of neuroepi-
thelium, which then expand and develop into
various brain regions. Cerebral organoids can
reach sizes of up to a few millimeters when grown
in a spinning bioreactor, which improves nu-
trient and oxygen exchange. This expansion al-
lows the formation of a variety of brain regions,
including retina, dorsal cortex, ventral forebrain,
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Table 1. Current state of the art for in vitro self-organizing tissues of various organs. mESCs, mouse embryonic stem cells.

Organ Early reaggregation
experiments

Identity derivation
from PSCs

3D self-organizing structure
or organoid

Endoderm Thyroid Embryonic chick thyroid
(90), adult rat thyroid (91)

Thyroid progenitors from
mESCs (92)

Functional thyroid organoid from
mESCs (70)

Lung Embryonic chick lung (93) Lung progenitors from mESCs
and hiPSCs (92, 94)

Bronchioalveolar structures from
mouse adult lung stem cells (71)

Pancreas Mouse embryonic
pancreas (95)

Pancreatic endocrine cells
from mESC (96) and
hESCs (97)

Pancreatic organoids from
mouse embryonic pancreatic
progenitors (72)

Liver Chick embryonic liver (9) Hepatocytes from mESCs
and hESCs (98)

Liver organoids from adult
stem cells (40); liver buds
from human iPSCs (41)

Stomach Chick embryonic gizzard and
proventriculus (99)

None Stomach organoids from adult stem
cells (36, 37)

Intestine Rat embryonic intestine (100) Intestinal cells from mESCs
(101) and hPSCs (33)

Intestinal organoids from human
PSCs (33)

Mesoderm Heart Chick (102) and rat (103)
cardiac tissue

Spontaneous and directed
differentiation of mESCs
and hESCs (104)

Vascularized cardiac patch from
hESCs (105)

Skeletal muscle Embryonic chick leg
skeletal muscle (76)

Mesoangioblasts from human
iPSCs (106)

Anchored contracting skeletal muscle
in 3D matrix derived from myoblast
progenitors (107)

Bone Skeletal bone of chick
embryonic leg (77)

Osteoblasts from mESCs (108)
and hESCs (109)

Bone spheroids from human osteogenic
cells (110)

Kidney Chick embryonic kidney (9) Intermediate mesoderm from
mouse (111) and human
(112) PSCs

Ureteric bud (68) and metanephric
mesenchyme (29) renal organoids
(69) from human and mouse PSCs

Ectoderm Retina Embryonic chick retina (61) Retinal progenitors from
mouse (113) and human
PSCs (114)

Optic cup organoids from mouse
(64) and human (65) PSCs

Brain Embryonic chick
brain cells (45)

Neural rosettes from mouse
and human PSCs (48, 49)

Cerebral organoids from mouse
and human PSCs (28, 55)

Pituitary Chick anterior pituitary (115) None Adenohypophysis organoids
from mouse PSCs (73)

Mammary gland Mammary gland from
adult virgin mice (75)

None 3D breast epithelia embedded
in Matrigel (116)

Inner ear Embryonic chick otocysts (117) Inner ear hair cells from
mESCs (118)

Inner ear organoids from mESCs (74)

Skin Embryonic chick skin and
feather follicles (9)

Keratinocytes from mESCs (119) Stratified epidermis from keratinocytes
derived from mESCs (119)
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What can be done using iPSC-derived organoids



Organoids more appropriate than 
animal models:  

- First tool to test:  
 if successful, animal models 

- In case of human liver: 

metabolizes drugs in a manner distinct 
from animals 
—> Drugs can be removed at early 
stages of screening when they could 
otherwise be functional in humans 

—> toxic metabolites can be produced 
specifically in humans but not in tested 
animals 

Drug testing



Earliest process of organogenesis:  
cellular interactions during organ-bud development



Generation of liver bud from iPSC by mimicking 
early organogenesis

LETTER
doi:10.1038/nature12271

Vascularized and functional human liver from an
iPSC-derived organ bud transplant
Takanori Takebe1,2, Keisuke Sekine1, Masahiro Enomura1, Hiroyuki Koike1, Masaki Kimura1, Takunori Ogaeri1, Ran-Ran Zhang1,
Yasuharu Ueno1, Yun-Wen Zheng1, Naoto Koike1,3, Shinsuke Aoyama4, Yasuhisa Adachi4 & Hideki Taniguchi1,2

A critical shortage of donor organs for treating end-stage organ failure
highlights the urgent need for generating organs from human induced
pluripotent stem cells (iPSCs)1. Despite many reports describing func-
tional cell differentiation2–4, no studies have succeeded in generating a
three-dimensional vascularized organ such as liver. Here we show the
generation of vascularized and functional human liver from human
iPSCs by transplantation of liver buds created in vitro (iPSC-LBs).
Specified hepatic cells (immature endodermal cells destined to track
the hepatic cell fate) self-organized into three-dimensional iPSC-LBs
by recapitulating organogenetic interactions between endothelial and
mesenchymal cells5. Immunostaining and gene-expression analyses
revealed a resemblance between in vitro grown iPSC-LBs and in vivo
liver buds. Human vasculatures in iPSC-LB transplants became func-
tional by connecting to the host vessels within 48 hours. The forma-
tion of functional vasculatures stimulated the maturation of iPSC-LBs
into tissue resembling the adult liver. Highly metabolic iPSC-derived
tissue performed liver-specific functions such as protein production
and human-specific drug metabolism without recipient liver replace-
ment6. Furthermore, mesenteric transplantation of iPSC-LBs rescued
the drug-induced lethal liver failure model. To our knowledge, this is
the first report demonstrating the generation of a functional human
organ from pluripotent stem cells. Although efforts must ensue to
translate these techniques to treatments for patients, this proof-of-
concept demonstration of organ-bud transplantation provides a
promising new approach to study regenerative medicine.

Since the discovery of embryonic stem cells in 1981, decades of
laboratory studies have failed to generate a complex vascularized organ
such as liver from pluripotent stem cells, giving rise to the prevailing
belief that in vitro recapitulation of the complex interactions among
cells and tissues during organogenesis is essentially impractical7. Here
we challenge this idea by focusing on the earliest process of organo-
genesis, that is, cellular interactions during organ-bud development.

During early liver organogenesis, newly specified hepatic cells delami-
nate from the foregut endodermal sheet and form a liver bud8, a condensed
tissue mass that is soon vascularized. Such large-scale morphogenetic
changes depend on the exquisite orchestration of signals between endo-
dermal epithelial, mesenchymal and endothelial progenitors before blood
perfusion5. These observations led us to propose that three-dimensional
liver-bud formation can be recapitulated in vitro by culturing hepatic
endoderm cells with endothelial and mesenchymal lineages (Fig. 1a). To
examine this hypothesis, we first prepared hepatic endoderm cells from
human iPSCs (iPSC-HEs) by directed differentiation, producing approxi-
mately 80% of the treated cells expressed the hepatic marker HNF4A,
which is involved in cell fate determination (Supplementary Fig. 1).

Next, to recapitulate early organogenesis, human iPSC-HEs were cul-
tivated with stromal cell populations; human umbilical vein endothelial
cells (HUVECs) and human mesenchymal stem cells (MSCs) unless sta-
ted otherwise, because of their primitive nature (Supplementary Fig. 2a
and Supplementary Discussion). Notably, although cells were plated in

two-dimensional conditions, human iPSC-HEs self-organized into
macroscopically visible three-dimensional cell clusters by an intrinsic
organizing capacity up to 48 h after seeding (Fig. 1 b, c, Supplementary

1Department of Regenerative Medicine, Yokohama City University Graduate School of Medicine, 3-9 Fukuura, Kanazawa-ku, Yokohama, Kanagawa 236-0004, Japan. 2Advanced Medical Research Center,
Yokohama City University, Yokohama, Kanagawa 236-0004, Japan. 3Department of Surgery, Seirei Sakura Citizen Hospital, 2-36-2 Ebaradai, Sakura, Chiba 285-8765, Japan. 4ADME & Tox. Research
Institute, Sekisui Medical Company Ltd., Tokai, Ibaraki 319-1182, Japan.
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Figure 1 | Generation of human liver buds from human iPSCs. a, Schematic
representation of our strategy. b, Self-organization of three-dimensional human
iPSC-LBs in co-cultures of human iPSC-HEs with HUVECs and human MSCs (see
also Supplementary Video 1). The time-lapse fluorescence imaging of human iPSC-
HEs is shown here. Scale bar, 5 mm. c, Gross observation of human iPSC-LBs (top
panel) and conventional two-dimensional cultures (bottom panel). Scale bar, 1 mm.
d, Presence of human iPSC-HEs and nascent endothelial networks inside human
iPSC-LBs. Green, human iPSC-HE or HUVEC; red, HUVEC or human MSC. Scale
bars, 100mm. e, Quantitative PCR analysis of hepatic marker gene expression in
human iPSC-LBs at day 6 of culture. Control samples were iPSC-HE:HUVEC:
humanMSC cells that had been grown as separate cell types and not cultured
together, then for control gene expression analysis the cells were mixed together at the
same ratio of cell types as in human iPSC-LBs. Results represent mean6 s.d., n 5 8.
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Hepatic specification:  

1.human iPSC cells to endoderm: 
RPMI media + B27 supplement + 
Activin A 

2. Endoderm to hepatocytes:  
BMP4 + FGF2 (Growth factors 
important for hepatic 
specification) 



hepatic endoderm cells from human iPSCs (iPSC-HE)

DAY 6

DAY 9

W W W. N A T U R E . C O M / N A T U R E  |  1

SUPPLEMENTARY INFORMATION
doi:10.1038/nature12271

Markers for definitive endoderms

Markers for liver development 



various co-cultures

various matrix 
proteins

matrix protein 
concentrations

Matrigel

live-bud formation from iPSC + HUVEC + MSC on a 
Matrigel matrix 

MSC: human mesenchymal stem cell ; HUVEC: human umbilical vein endothelial cell 



live-bud formation from iPSC + HUVEC + MSC on a 
Matrigel matrix 



Formation of endothelial network and 
homogeneously distributed iPSC-HE



Expression of hepatic markers in liver bud

measured at day 6 of culture 
control: mixture of separated cultures of iPSC-HE , MSCs, HUVEC 

FOXA2: Fokhead-box-protein A2, AFP: alpha-fetoprotein, RBP4: retinol biding protein 4, TTR: transthyretin, HNF4a: 
hepatocyte nuclear factor 4 alpha,  ALB: albumin, CYP3A7: cytochrome 450 family of proteins, G6PC: glucose-6-

phosphatase 



iPSC-liver bud vs. murine liver bud

CK8/18 (cytokeratin8):marker for epithelial cells, AFP (alpha-fetoprotein): early hepatic marker, CD31: marker for 
endothelial cells, Desmin:, PCNA: proliferation marker, Flk1: a VEGF receptor 

human iPSC-LB is composed of proliferative AFP-positive hepatocytes as well as 
mesenchymal and endothelial progenitors



iPSC-liver bud express ALB and AFP

Fig. 2b, c and Supplementary Video 1). The presumed human iPSC-
derived liver buds (iPSC-LBs) were mechanically stable and could be
manipulated physically. We visualized a formation of endothelial network
and homogenously distributed human iPSC-HEs by using fluorescent-
protein-labelled cells (Fig. 1d). Although human iPSC-LBs are a tri-lineage
mixed tissue and difficult to compare directly with human iPSC-HEs,
quantitative polymerase chain reaction (PCR) analysis revealed that cells
in human iPSC-LB had significantly increased expression of early hepatic
marker genes such as alpha-fetoprotein (AFP), retinol binding protein 4
(RBP4), transthyretin (TTR) and albumin (ALB) (Fig. 1e)4. Microarray
profiling showed that FGF and BMP pathways were upregulated highly in
human iPSC-HEs when co-cultured with stromal cells, suggesting the
involvement of stromal-cell-dependent factors in liver-bud formation
(Supplementary Fig. 3a). Consistent with this, loss- and gain-of-function
experiments suggested that, in addition to the direct cell-to-cell interac-
tions, stromal-cell-dependent paracrine support is essential for three-
dimensional liver-bud formation through the activating FGF and BMP
pathways (Supplementary Fig. 3b–i and Supplementary Discussion)9.

Human liver-bud formation is initiated on the third or fourth week of
gestation, and this corresponds to embryonic day 9.5 (E9.5) to E10.5 for
mouse liver-bud formation10. Similar to E10.5 mouse liver bud, immuno-
histochemistry showed that human iPSC-LB is composed of proliferating
AFP-positive hepatoblasts11 as well as mesenchymal and endothelial

progenitors (Fig. 2a). Hepatic cells in human iPSC-LBs were as prolif-
erative as E10.5 mouse liver buds (Fig. 2b). Flow cytometric character-
ization revealed that 42.7 6 7.5% (n 5 6) of cells in human iPSC-LBs
were identified as iPSC-HEs using fluorescence-labelled HUVECs and
MSCs. Among these, approximately 71.9 6 7.3% (n 5 6) of human iPSC-
HEs expressed ALB and 29.96 2.8% expressed AFP, and 19.3 6 4.5%
were positive for both ALB and AFP (Fig. 2c).

To characterize the expression profiles of human iPSC-LBs and to
compare with those of a corresponding developmental stage, we carried
out microarray analysis of 83 selected genes that are serially upregulated
during liver development. Hierarchical clustering analyses suggested
that the expression profiles of human iPSC-LBs at day 4 of culture
resembled those of mouse E10.5 and E11.5 liver buds rather than
advanced fetal or adult livers (Fig. 2d). These expression profiles were
relatively similar to those of human fetal liver cell-derived liver buds
(FLC-LBs) (Fig. 2d), which also have an ability to form LBs (Sup-
plementary Figs 2a and 4). The 83-gene expression profile of human
iPSC-LBs showed closer signatures to more advanced human liver
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Figure 2 | In vitro characterization of human iPSC-LBs. a, Immunostaining
of CK8/18, AFP, PECAM1 (CD31), FLK1, desmin, PCNA and BrdU
(5-bromodeoxyuridine). Scale bars, 100mm. b, Proportions of proliferating
hepatic cells, as assessed by dividing the number of PCNA-positive or
BrdU-positive cells by the number of CK8/18-positive cells (shown as a
percentage). Results represent means6 s.d., n 5 3. c, Representative flow cytometry
profile showing the average number of AFP-positive and/or ALB-positive human
iPSC-HEs at day 4 of culture in six independent differentiation experiments.
Human iPSC-HEs were separated from stromal populations by the use of
fluorescence labelled cells. Average percentages of the total cells and s.e.m. are given
in brackets. d, Comparison of liver developmental gene signatures among human
iPSC-LB, human FLC-LB, human adult (30 years old) liver tissue (ALT) and mouse
liver tissue (LT) of various developmental stages (from E9.5 to 8 weeks after birth).
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Figure 3 | Generation of human liver with functional vascular networks in
vivo. a, Macroscopic observation of transplanted human iPSC-LBs, showing
perfusion of human blood vessels. Dotted area indicates the transplanted human
iPSC-LBs. b, Intravital tracking of human iPSC-LBs, showing in vivo dynamics of
vascularization. c, Dextran infusion showing the functional human vessel
formation at day 3. Scale bar, 500mm. d, Visualization of the connections (arrows)
among HUVECs (green) and host vessels (blue). Scale bar, 250mm. e, f, Localization
of human MSCs or human iPSC-derived cells at day 15. Scale bars, 100 and 250mm.
g, Quantification of human vessels over time (mean6 s.e.m., n 5 3). Error bars
attached to the bars relate to the left axis (vessel length), error bars attached to
squares relate to the right axis (branch points). h, Comparison of functional vessel
length between human iPSC-LB and HUVEC human MSC transplants (Tx)
(mean6 s.e.m., n 5 5,*P , 0.01). i, Vascular networks of human iPSC-LB-derived
tissue is similar to that of mouse adult livers (mean6 s.e.m., n 5 5, *P , 0.01).
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Liver developmental gene signatures in iPSC-LB 

• 83 genes upregulated during liver development 
• iPSC-LB similar to mouse E11.5 and human FLC-LB 

Fig. 2b, c and Supplementary Video 1). The presumed human iPSC-
derived liver buds (iPSC-LBs) were mechanically stable and could be
manipulated physically. We visualized a formation of endothelial network
and homogenously distributed human iPSC-HEs by using fluorescent-
protein-labelled cells (Fig. 1d). Although human iPSC-LBs are a tri-lineage
mixed tissue and difficult to compare directly with human iPSC-HEs,
quantitative polymerase chain reaction (PCR) analysis revealed that cells
in human iPSC-LB had significantly increased expression of early hepatic
marker genes such as alpha-fetoprotein (AFP), retinol binding protein 4
(RBP4), transthyretin (TTR) and albumin (ALB) (Fig. 1e)4. Microarray
profiling showed that FGF and BMP pathways were upregulated highly in
human iPSC-HEs when co-cultured with stromal cells, suggesting the
involvement of stromal-cell-dependent factors in liver-bud formation
(Supplementary Fig. 3a). Consistent with this, loss- and gain-of-function
experiments suggested that, in addition to the direct cell-to-cell interac-
tions, stromal-cell-dependent paracrine support is essential for three-
dimensional liver-bud formation through the activating FGF and BMP
pathways (Supplementary Fig. 3b–i and Supplementary Discussion)9.

Human liver-bud formation is initiated on the third or fourth week of
gestation, and this corresponds to embryonic day 9.5 (E9.5) to E10.5 for
mouse liver-bud formation10. Similar to E10.5 mouse liver bud, immuno-
histochemistry showed that human iPSC-LB is composed of proliferating
AFP-positive hepatoblasts11 as well as mesenchymal and endothelial

progenitors (Fig. 2a). Hepatic cells in human iPSC-LBs were as prolif-
erative as E10.5 mouse liver buds (Fig. 2b). Flow cytometric character-
ization revealed that 42.7 6 7.5% (n 5 6) of cells in human iPSC-LBs
were identified as iPSC-HEs using fluorescence-labelled HUVECs and
MSCs. Among these, approximately 71.9 6 7.3% (n 5 6) of human iPSC-
HEs expressed ALB and 29.96 2.8% expressed AFP, and 19.3 6 4.5%
were positive for both ALB and AFP (Fig. 2c).

To characterize the expression profiles of human iPSC-LBs and to
compare with those of a corresponding developmental stage, we carried
out microarray analysis of 83 selected genes that are serially upregulated
during liver development. Hierarchical clustering analyses suggested
that the expression profiles of human iPSC-LBs at day 4 of culture
resembled those of mouse E10.5 and E11.5 liver buds rather than
advanced fetal or adult livers (Fig. 2d). These expression profiles were
relatively similar to those of human fetal liver cell-derived liver buds
(FLC-LBs) (Fig. 2d), which also have an ability to form LBs (Sup-
plementary Figs 2a and 4). The 83-gene expression profile of human
iPSC-LBs showed closer signatures to more advanced human liver
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Figure 2 | In vitro characterization of human iPSC-LBs. a, Immunostaining
of CK8/18, AFP, PECAM1 (CD31), FLK1, desmin, PCNA and BrdU
(5-bromodeoxyuridine). Scale bars, 100mm. b, Proportions of proliferating
hepatic cells, as assessed by dividing the number of PCNA-positive or
BrdU-positive cells by the number of CK8/18-positive cells (shown as a
percentage). Results represent means6 s.d., n 5 3. c, Representative flow cytometry
profile showing the average number of AFP-positive and/or ALB-positive human
iPSC-HEs at day 4 of culture in six independent differentiation experiments.
Human iPSC-HEs were separated from stromal populations by the use of
fluorescence labelled cells. Average percentages of the total cells and s.e.m. are given
in brackets. d, Comparison of liver developmental gene signatures among human
iPSC-LB, human FLC-LB, human adult (30 years old) liver tissue (ALT) and mouse
liver tissue (LT) of various developmental stages (from E9.5 to 8 weeks after birth).

3 d 7 d 14 d 

Va
sc

ul
ar

 a
re

a 
(%

) 

g

b

a

0 d 
Human iPSC-HE HUVEC human MSC

ih
Dextran

Dextran

ed f

*

Fu
nc

tio
na

l v
es

se
l l

en
gt

h 
(m

m
)

H
um

an
 v

es
se

l l
en

gt
h 

(μ
m

)

5,000 60

HUVEC M
SC

Hum
an

 iP
SC-L

B Tx

HUVEC M
SC

Hum
an

iP
SC-L

B Tx Adult
 liv

er

7

6

5

80

70

60

50

40

30

20

10

0

4

3

2

1

0

40

20

10

0

4,000

3,000

2,000

1,000

0 d 3 d 7 d 15
 d

45
 d

60
 d

0

B
ranch points

~~

*

NS

0 d 2 d 3 d

Human iPSC-HE
HUVEC

human MSC Dextran

c

Human iPSC-HE
HUVEC human MSC

mouse CD31

Human iPSC-HE
HUVEC

human MSC

Human iPSC-HE
HUVEC

human MSC

H
um

an
iP

S
C

-L
B

 T
x

M
ou

se
 a

du
lt

liv
er

 

Figure 3 | Generation of human liver with functional vascular networks in
vivo. a, Macroscopic observation of transplanted human iPSC-LBs, showing
perfusion of human blood vessels. Dotted area indicates the transplanted human
iPSC-LBs. b, Intravital tracking of human iPSC-LBs, showing in vivo dynamics of
vascularization. c, Dextran infusion showing the functional human vessel
formation at day 3. Scale bar, 500mm. d, Visualization of the connections (arrows)
among HUVECs (green) and host vessels (blue). Scale bar, 250mm. e, f, Localization
of human MSCs or human iPSC-derived cells at day 15. Scale bars, 100 and 250mm.
g, Quantification of human vessels over time (mean6 s.e.m., n 5 3). Error bars
attached to the bars relate to the left axis (vessel length), error bars attached to
squares relate to the right axis (branch points). h, Comparison of functional vessel
length between human iPSC-LB and HUVEC human MSC transplants (Tx)
(mean6 s.e.m., n 5 5,*P , 0.01). i, Vascular networks of human iPSC-LB-derived
tissue is similar to that of mouse adult livers (mean6 s.e.m., n 5 5, *P , 0.01).
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haemodynamic stimulation of iPSC-LB

Fig. 2b, c and Supplementary Video 1). The presumed human iPSC-
derived liver buds (iPSC-LBs) were mechanically stable and could be
manipulated physically. We visualized a formation of endothelial network
and homogenously distributed human iPSC-HEs by using fluorescent-
protein-labelled cells (Fig. 1d). Although human iPSC-LBs are a tri-lineage
mixed tissue and difficult to compare directly with human iPSC-HEs,
quantitative polymerase chain reaction (PCR) analysis revealed that cells
in human iPSC-LB had significantly increased expression of early hepatic
marker genes such as alpha-fetoprotein (AFP), retinol binding protein 4
(RBP4), transthyretin (TTR) and albumin (ALB) (Fig. 1e)4. Microarray
profiling showed that FGF and BMP pathways were upregulated highly in
human iPSC-HEs when co-cultured with stromal cells, suggesting the
involvement of stromal-cell-dependent factors in liver-bud formation
(Supplementary Fig. 3a). Consistent with this, loss- and gain-of-function
experiments suggested that, in addition to the direct cell-to-cell interac-
tions, stromal-cell-dependent paracrine support is essential for three-
dimensional liver-bud formation through the activating FGF and BMP
pathways (Supplementary Fig. 3b–i and Supplementary Discussion)9.

Human liver-bud formation is initiated on the third or fourth week of
gestation, and this corresponds to embryonic day 9.5 (E9.5) to E10.5 for
mouse liver-bud formation10. Similar to E10.5 mouse liver bud, immuno-
histochemistry showed that human iPSC-LB is composed of proliferating
AFP-positive hepatoblasts11 as well as mesenchymal and endothelial

progenitors (Fig. 2a). Hepatic cells in human iPSC-LBs were as prolif-
erative as E10.5 mouse liver buds (Fig. 2b). Flow cytometric character-
ization revealed that 42.7 6 7.5% (n 5 6) of cells in human iPSC-LBs
were identified as iPSC-HEs using fluorescence-labelled HUVECs and
MSCs. Among these, approximately 71.9 6 7.3% (n 5 6) of human iPSC-
HEs expressed ALB and 29.96 2.8% expressed AFP, and 19.3 6 4.5%
were positive for both ALB and AFP (Fig. 2c).

To characterize the expression profiles of human iPSC-LBs and to
compare with those of a corresponding developmental stage, we carried
out microarray analysis of 83 selected genes that are serially upregulated
during liver development. Hierarchical clustering analyses suggested
that the expression profiles of human iPSC-LBs at day 4 of culture
resembled those of mouse E10.5 and E11.5 liver buds rather than
advanced fetal or adult livers (Fig. 2d). These expression profiles were
relatively similar to those of human fetal liver cell-derived liver buds
(FLC-LBs) (Fig. 2d), which also have an ability to form LBs (Sup-
plementary Figs 2a and 4). The 83-gene expression profile of human
iPSC-LBs showed closer signatures to more advanced human liver
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Figure 2 | In vitro characterization of human iPSC-LBs. a, Immunostaining
of CK8/18, AFP, PECAM1 (CD31), FLK1, desmin, PCNA and BrdU
(5-bromodeoxyuridine). Scale bars, 100mm. b, Proportions of proliferating
hepatic cells, as assessed by dividing the number of PCNA-positive or
BrdU-positive cells by the number of CK8/18-positive cells (shown as a
percentage). Results represent means6 s.d., n 5 3. c, Representative flow cytometry
profile showing the average number of AFP-positive and/or ALB-positive human
iPSC-HEs at day 4 of culture in six independent differentiation experiments.
Human iPSC-HEs were separated from stromal populations by the use of
fluorescence labelled cells. Average percentages of the total cells and s.e.m. are given
in brackets. d, Comparison of liver developmental gene signatures among human
iPSC-LB, human FLC-LB, human adult (30 years old) liver tissue (ALT) and mouse
liver tissue (LT) of various developmental stages (from E9.5 to 8 weeks after birth).
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Figure 3 | Generation of human liver with functional vascular networks in
vivo. a, Macroscopic observation of transplanted human iPSC-LBs, showing
perfusion of human blood vessels. Dotted area indicates the transplanted human
iPSC-LBs. b, Intravital tracking of human iPSC-LBs, showing in vivo dynamics of
vascularization. c, Dextran infusion showing the functional human vessel
formation at day 3. Scale bar, 500mm. d, Visualization of the connections (arrows)
among HUVECs (green) and host vessels (blue). Scale bar, 250mm. e, f, Localization
of human MSCs or human iPSC-derived cells at day 15. Scale bars, 100 and 250mm.
g, Quantification of human vessels over time (mean6 s.e.m., n 5 3). Error bars
attached to the bars relate to the left axis (vessel length), error bars attached to
squares relate to the right axis (branch points). h, Comparison of functional vessel
length between human iPSC-LB and HUVEC human MSC transplants (Tx)
(mean6 s.e.m., n 5 5,*P , 0.01). i, Vascular networks of human iPSC-LB-derived
tissue is similar to that of mouse adult livers (mean6 s.e.m., n 5 5, *P , 0.01).
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Vascularisation of the transplant

z stack images of patent human vasculatures inside the hiPSC-LB transplants at day 4 
FITC-conjugated dextran



Functional vessel formation in transplanted iPSC-
LB

z stack images of patent human vasculatures inside the hiPSC-LB transplants at day 4 
Texas red-conjugated dextran



haemodynamics in iPSC-LB

Fig. 2b, c and Supplementary Video 1). The presumed human iPSC-
derived liver buds (iPSC-LBs) were mechanically stable and could be
manipulated physically. We visualized a formation of endothelial network
and homogenously distributed human iPSC-HEs by using fluorescent-
protein-labelled cells (Fig. 1d). Although human iPSC-LBs are a tri-lineage
mixed tissue and difficult to compare directly with human iPSC-HEs,
quantitative polymerase chain reaction (PCR) analysis revealed that cells
in human iPSC-LB had significantly increased expression of early hepatic
marker genes such as alpha-fetoprotein (AFP), retinol binding protein 4
(RBP4), transthyretin (TTR) and albumin (ALB) (Fig. 1e)4. Microarray
profiling showed that FGF and BMP pathways were upregulated highly in
human iPSC-HEs when co-cultured with stromal cells, suggesting the
involvement of stromal-cell-dependent factors in liver-bud formation
(Supplementary Fig. 3a). Consistent with this, loss- and gain-of-function
experiments suggested that, in addition to the direct cell-to-cell interac-
tions, stromal-cell-dependent paracrine support is essential for three-
dimensional liver-bud formation through the activating FGF and BMP
pathways (Supplementary Fig. 3b–i and Supplementary Discussion)9.

Human liver-bud formation is initiated on the third or fourth week of
gestation, and this corresponds to embryonic day 9.5 (E9.5) to E10.5 for
mouse liver-bud formation10. Similar to E10.5 mouse liver bud, immuno-
histochemistry showed that human iPSC-LB is composed of proliferating
AFP-positive hepatoblasts11 as well as mesenchymal and endothelial

progenitors (Fig. 2a). Hepatic cells in human iPSC-LBs were as prolif-
erative as E10.5 mouse liver buds (Fig. 2b). Flow cytometric character-
ization revealed that 42.7 6 7.5% (n 5 6) of cells in human iPSC-LBs
were identified as iPSC-HEs using fluorescence-labelled HUVECs and
MSCs. Among these, approximately 71.9 6 7.3% (n 5 6) of human iPSC-
HEs expressed ALB and 29.96 2.8% expressed AFP, and 19.3 6 4.5%
were positive for both ALB and AFP (Fig. 2c).

To characterize the expression profiles of human iPSC-LBs and to
compare with those of a corresponding developmental stage, we carried
out microarray analysis of 83 selected genes that are serially upregulated
during liver development. Hierarchical clustering analyses suggested
that the expression profiles of human iPSC-LBs at day 4 of culture
resembled those of mouse E10.5 and E11.5 liver buds rather than
advanced fetal or adult livers (Fig. 2d). These expression profiles were
relatively similar to those of human fetal liver cell-derived liver buds
(FLC-LBs) (Fig. 2d), which also have an ability to form LBs (Sup-
plementary Figs 2a and 4). The 83-gene expression profile of human
iPSC-LBs showed closer signatures to more advanced human liver
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Figure 2 | In vitro characterization of human iPSC-LBs. a, Immunostaining
of CK8/18, AFP, PECAM1 (CD31), FLK1, desmin, PCNA and BrdU
(5-bromodeoxyuridine). Scale bars, 100mm. b, Proportions of proliferating
hepatic cells, as assessed by dividing the number of PCNA-positive or
BrdU-positive cells by the number of CK8/18-positive cells (shown as a
percentage). Results represent means6 s.d., n 5 3. c, Representative flow cytometry
profile showing the average number of AFP-positive and/or ALB-positive human
iPSC-HEs at day 4 of culture in six independent differentiation experiments.
Human iPSC-HEs were separated from stromal populations by the use of
fluorescence labelled cells. Average percentages of the total cells and s.e.m. are given
in brackets. d, Comparison of liver developmental gene signatures among human
iPSC-LB, human FLC-LB, human adult (30 years old) liver tissue (ALT) and mouse
liver tissue (LT) of various developmental stages (from E9.5 to 8 weeks after birth).
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Figure 3 | Generation of human liver with functional vascular networks in
vivo. a, Macroscopic observation of transplanted human iPSC-LBs, showing
perfusion of human blood vessels. Dotted area indicates the transplanted human
iPSC-LBs. b, Intravital tracking of human iPSC-LBs, showing in vivo dynamics of
vascularization. c, Dextran infusion showing the functional human vessel
formation at day 3. Scale bar, 500mm. d, Visualization of the connections (arrows)
among HUVECs (green) and host vessels (blue). Scale bar, 250mm. e, f, Localization
of human MSCs or human iPSC-derived cells at day 15. Scale bars, 100 and 250mm.
g, Quantification of human vessels over time (mean6 s.e.m., n 5 3). Error bars
attached to the bars relate to the left axis (vessel length), error bars attached to
squares relate to the right axis (branch points). h, Comparison of functional vessel
length between human iPSC-LB and HUVEC human MSC transplants (Tx)
(mean6 s.e.m., n 5 5,*P , 0.01). i, Vascular networks of human iPSC-LB-derived
tissue is similar to that of mouse adult livers (mean6 s.e.m., n 5 5, *P , 0.01).
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mesenteric transplantation of iPSC-LB in mice
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metabolism activity of transplanted iPSC-LB

• transplanted mice were challenged with ketoprofen or debrisoquine 
(both metabolised differently in mouse and human) 

• formation of human-specific metabolites in serum and urine of 
transplanted mice
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• detection of small-molecule metabolites via metabolome 
• predicting drug metabolite profiles of humans



Usage of iPSC-LB in liver injury 

Transplantation:  

1- Liver injury: 
induction of murine hepatocytes 
ablation via injection of gancyclovir 
to TK-NOG mice  

2- comparison between mesenteric  
transplantation of iPSC-LB, FLC-LB, 
adult hepatocytes and sham-operated



1.Generation of a three-
dimensional 
vascularised liver-bud 

2.treating organ failure 
using organ-bud 
transplants 

3.prediction of drug 
efficacy  

Using organoids in regenerative medicine



Modeling diseases using iPSC-derived organoids





brain development 

1. radial glial stem cells (RG): 

• derived from neuroepithelium 
• divide and generate neurons and progenitors 

2. Microcephaly: 

• neurodevelopmental disorder where the brain size is reduced 
• several autosomal genes being mutated 
• mouse mutants unable to recapitulate the severely reduced brain 

size in human disease 



neuroepithelial tissue can be generated using 
hPSCs

Differentiation of neuroepithelia from human embryonic stem

cells

Xiaofeng Xia and Su-Chun Zhang*
Departments of Anatomy and Neurology, School of Medicine and Public Health, Waisman Center,
University of Wisconsin-Madison, Madison, Wisconsin 53705, USA

Abstract
We describe the method for in vitro differentiation of neuroepithelial cells from human embryonic
stem cells under a chemically defined condition. The protocol is established following the
fundamental principle of in vivo neuroectodermal specification. The primitive neuroepithelial cells
generated by this protocol can be further induced into neuronal and glia cells with forebrain, mid/
hind brain, and spinal cord identities.

Keywords

Human embryonic stem cells; Embryoid body; Neuroepithelia; Neuronal differentiation; Chemically
defined condition

1. Introduction
Directed differentiation of human embryonic stem cells (hESCs) is key to dissecting early
human development as well as producing lineage and stage specific cells for pharmaceutical
screening and potentially cell therapy. To that end, we have devised a generic protocol for
directing hESCs to synchronized neuroepithelial cells efficiently in a chemically defined
system. This protocol is built upon the fundamental principle of neuroctodermal specification
and the basic timeline of human embryo development. Technically, it avoids the harsh cell
dissociation approach employed in mouse ESC differentiation technique which is not amenable
for hESCs. It also stays away from a co-culture with stroma cells to prevent biasing the
differentiated cells to a particular regional progenitor (e.g., mid/hind brain progenitors) and
being contaminated by carryover of tumorigenic stroma cells (1). The protocol described below
is chemically defined and typically yields over 90% of neuroepithelial cells among total
differentiated progenies, defined by immunostaining for the neuroepithelial transcription
factors Pax6, Sox1 and Sox2 (2). More importantly, this method allows control of
developmental stages and generation of primitive neuroepithelial cells which can be further
induced to neuronal and glial progenitors with forebrain, mid/hind brain, and spinal cord
identities (3,4). Thus, this neuroepithelial differentiation method can be used as generic
approach for generating neural progenitors and mature neural subtypes, as well as adapted to
the needs of individual investigators who intend to differentiate hESCs to specific classes of
neurons and glial cells (5).

The protocol is a simplified and optimized version of a previous reported adherent colony
culture (6). It comprises three major steps: aggregation of ESCs (“embryoid body” formation),

*address correspondence to: Su-Chun Zhang, Waisman Center, University of Wisconsin, Madison, 1500 Highland Avenue, Madison,
WI 53705, Phone: (608)265-2543, Zhang@waisman.wisc.edu.

NIH Public Access
Author Manuscript
Methods Mol Biol. Author manuscript; available in PMC 2010 October 1.

Published in final edited form as:
Methods Mol Biol. 2009 ; 549: 51–58. doi:10.1007/978-1-60327-931-4_4.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Neural induction media: 

DMEM + N2 supplement,  
MEM-NEAA, heparin  

Differentiation media: 
DMEM + N2 and B27 supplement 
+ insulin + MEM-NEAA 



Generation of neuroepithelium after 15-20 days

1. N-cadherin:  
• neural-specific cell adhesion molecule 
• play an important role in migration 

2. SOX2: 
• marker for neural progenitors 

3. TUJ1: 
• expressed in neurons of the PNS and CNS 
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neuroepithelium fluid-filled cavities Retinal pigmented epithelium

Immunohistochemistry:  

Formation of heterogenous tissue 
similar to cerebral cortex, choroid plexus, 
retina, meninges 



human cerebral organoids recapitulate various 
brain regions

Forebrain/midbrain markers: 
FOXG1, SIX3 ,PAX6 

Hindbrain markers: 
KROX20, ISL1, PAX2 

Regional specification:  
FOXG1: forebrain 
EMX1: dorsal cortical 
AUTS2: prefrontal cortex 

Retina- different layers: 
retinal pigment epithelium 
outer nuclear membrane 
inner nuclear membrane 

Conclusion: 

cerebral organoid developed 
variety of brain identities 
organised into discrete, although 
interdependent domains 

Subspecification of the cortical region



Test for inter kinetic nuclear migration (IKNM): 

• Mitotic divisions occur at ventricular zone (VZ) 
• Nuclei of cells in S phase located at the basal side of VZ 

• Injection of GFP plasmid in to fluid-filled cavities of 
cerebral organoid  

• electroporated the RG adjacent to the cavities 
• Live imaging of GFP electroporated RGs  

Recapitulation of dorsal cortical organization 
The region for most dramatic changes in brain evolution from rodent to human 
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Extended Data Figure 3 | RG organization and morphology. a, Staining for
the chromatin remodelling BAF components BAF53A (also known as
ACTL6A) (green, top panels) and BAF53B (also known as ACTL6B)
(green, bottom panels) in serial sections of the same tissue showing the
neural-progenitor-specific BAF53A expressed in VZ RGs, whereas the neuron-
specific BAF53B is expressed in DCX1 (red) neurons outside the VZ. b, Higher
magnification image of p-vimentin staining (green) of a dividing radial glia
revealing the long basal process typical of radial glial morphology. c, Schematic
of electroporation technique. Plasmid DNA was injected into fluid-filled
cavities within the organoid and an electric pulse was applied to electroporate

cells (radial glial progenitors) adjacent to the cavity. This resulted in several
regions of electroporation (top right, GFP in green) and high efficiency of
electroporation of RGs (bottom, GFP in green). d, GFP-electroporated
progenitors (arrows) in an early stage tissue (18 days) revealing neuroepithelial
morphology. e, GFP-electroporated tissue at 30 days, revealing RG (arrows)
with typical bipolar morphology (arrowheads). f, GFP-electroporated tissue at
36 days revealing more advanced thicker cortical region with RG (arrow)
exhibiting long apical and basal processes (arrowheads). g, p-Vimentin (green)
staining revealing a mitotic cell at the apical surface during anaphase (arrow)
with a horizontal orientation of division.
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Furthermore, staining for markers of the hippocampus (Fig. 2f) and
ventral forebrain (Fig. 2g) revealed specification of these regions, although
they did not organize to form the overall structure seen in vivo. Notably,
interneurons produced in ventral forebrain regions exhibited a mor-
phology and location consistent with migration from ventral to dorsal
tissues (Extended Data Fig. 2d). Within the dorsal cortex, these neurons
displayed neurites parallel to the apical surface, reminiscent of the mig-
ratory extensions seen in tangential migration in vivo (Fig. 2h). Notably,
calretinin1 interneurons were absent from the dorsal cortex of orga-
noids lacking a ventral region (4 out of 4 NKX2-1-negative organoids),
suggesting that interneurons originate in the ventral forebrain to migrate
to the dorsal cortex. This suggests that distant regions can influence
one another in developing cerebral organoids.

Finally, other brain structures could be observed, namely choroid
plexus (Fig. 2i) and even immature retina (Fig. 2j). Overall, all tissues
examined displayed regions with dorsal cortical morphology (35 out
of 35; 100%), most displayed choroid plexus (25 out of 35; 71%) and
several displayed ventral forebrain identity as determined by NKX2-1
immunoreactivity (12 out of 35; 34%), whereas only a few displayed
retinal tissue (determined by presence of retinal pigmented epithe-
lium; 4 out of 35; 11%). These results indicate that cerebral organoids
developed a variety of brain region identities organized into discrete,
although interdependent, domains.

Recapitulation of dorsal cortical organization
The most dramatic changes in brain evolution from rodent to human
affect the dorsal cortex. Therefore, we analysed the organization of
dorsal cortical regions within cerebral organoids. Staining for markers
of RGs and newborn neurons (Fig. 3a) revealed typical organization
into a layer reminiscent of the VZ with neurons located at the basal
surface. Staining for TBR1 (Fig. 3b) revealed proper development of
neural identity and radial migration to the developing preplate (pre-
cursor to the cortical plate). Furthermore, staining for neural progenitor
and neural-specific BAF (mammalian SWI/SNF chromatin-remodelling
complex) components revealed the characteristic switch in chromatin-
remodelling complexes during neural fate specification27,28 (Extended
Data Fig. 3a). Finally, staining for the intermediate progenitor marker
TBR2 (also known as EOMES) (Fig. 3c) revealed the presence of inter-
mediate progenitors adjacent to the VZ. Thus, dorsal cortical tissues
displayed typical progenitor zone organization.

In both mice and humans, cortical progenitors undergo a stereoty-
pical nuclear movement called interkinetic nuclear migration (IKNM).
Mitotic divisions occur at the apical surface of the VZ whereas the nuclei
of cells in S phase are located on the basal side of the VZ29. We stained
for the mitotic marker phospho-histone H3 (Fig. 3d) and observed most
of the cells dividing at the apical surface. Similar observations were
evident when we stained for phospho-vimentin (p-vimentin, Fig. 3e),
a marker of mitotic RGs. In addition, as this marker labels the entire
cell, we could observe basal cellular processes typical of RGs, which
extended to the outer surface of these tissues (Extended Data Fig. 3b).
Thus, RGs of cerebral organoids exhibited typical behaviour and mor-
phological features.

To examine this in more detail, we used a method to label indivi-
dual RGs for morphology and live imaging experiments. In the mouse
brain, individual cells can be labelled by in utero electroporation of
fluorescent-protein-expressing plasmids. Similarly, we injected green
fluorescent protein (GFP) plasmid into fluid-filled cavities of cerebral
organoids and electroporated RGs adjacent to these ventricle-like cavi-
ties (Extended Data Fig. 3c). This approach led to reproducible expres-
sion of GFP in RGs, revealing typical morphology at various stages of
development: early pseudostratified neuroepithelium (Extended Data
Fig. 3d) followed by later bipolar morphology with extended apical and
basal processes (Extended Data Fig. 3e, f).

To test for IKNM, we performed live imaging of GFP-electroporated
RGs in cerebral organoids and observed many examples of RGs that
displayed movement of the cell body along the apical and basal processes

(Fig. 3f and Supplementary Video 1). Furthermore, we performed pulse-
chase experiments with the S-phase marker BrdU (Fig. 3g) and could
observe a shift in RG nuclei from outer VZ localization towards the
apical surface with time (Fig. 3g).

RGs in the VZ of rodents exhibit biased spindle orientation, predo-
minantly horizontal, parallel to the ventricular surface30–33. To examine
whether RGs in human cerebral organoids exhibited a similar orienta-
tion bias, we used p-vimentin staining to examine the plane of division
in mitotic RGs (Extended Data Fig. 3g). We observed mainly horizontal
orientations (41%) (Fig. 3h), somewhat similar to the orientation bias
observed in other mammals. However, we also observed abundant oblique
(37%) and vertical (22%) orientations, which were more abundant in these
human tissues than has been described for rodent neocortex30,31,34,35.
Interestingly, these measurements reflected the same trend recently
described in the human brain36, suggesting that the cerebral organoids
could recapitulate aspects of human cortical development.

We examined further the fate potential of these divisions to test whether
organoid RGs could divide symmetrically and/or asymmetrically. We
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Figure 3 | Stereotypical organization and behaviour of progenitors.
a, Immunohistochemistry for neurons (TUJ1, green) and RGs (PAX6, red) in a
large dorsal cortical region. Note the additional PAX61 RGs located outside the
VZ (arrowheads), reminiscent of oRGs. b, Staining for the preplate marker
TBR1 (red) and neuronal marker MAP2 (green) revealing superficial preplate
(upper bracket) and underlying neuronal intermediate zone-like layer (lower
bracket). c, Staining for the intermediate progenitor marker TBR2 (red)
revealing SVZ localization of intermediate progenitors (arrows). d, Staining for
phospho-histone H3 (H3S10ph green) to mark RG (PAX61) in mitosis.
Arrows mark apical surface divisions; arrowheads mark SVZ divisions.
e, p-Vimentin (green) staining for mitotic RG, which primarily divide at the
apical surface (arrows). f, Frames from live imaging of GFP-electroporated RGs
showing cell body movement (arrows). Time shown in h:min. g, BrdU pulse-
chase revealing progressive IKNM of BrdU-labelled nuclei (green, arrowheads)
from basal VZ (1 h) to a more apical position (4–6 h). h, Quantification of RG
division orientation displayed in bins of 0–30 (horizontal), 30–60 (oblique) and
60–90 (vertical) degrees. n 5 27 anaphase cells from five cerebral cortical
tissues. i, Lineage tracing in GFP-electroporated and BrdU-pulsed tissues to
mark daughter cell pairs following 16-h chase revealing symmetric
(arrowheads) and asymmetric (arrows) fates indicated by SOX2 staining (blue).
Quantification for 18 cell pairs from three cortical tissues. Numbers above bars
are absolute cell numbers. Dashed line indicates apical surface (b, c, g, h, i).
Scale bars, 100mm (a–e, g), 10mm (f, h) and 20mm (i).
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Furthermore, staining for markers of the hippocampus (Fig. 2f) and
ventral forebrain (Fig. 2g) revealed specification of these regions, although
they did not organize to form the overall structure seen in vivo. Notably,
interneurons produced in ventral forebrain regions exhibited a mor-
phology and location consistent with migration from ventral to dorsal
tissues (Extended Data Fig. 2d). Within the dorsal cortex, these neurons
displayed neurites parallel to the apical surface, reminiscent of the mig-
ratory extensions seen in tangential migration in vivo (Fig. 2h). Notably,
calretinin1 interneurons were absent from the dorsal cortex of orga-
noids lacking a ventral region (4 out of 4 NKX2-1-negative organoids),
suggesting that interneurons originate in the ventral forebrain to migrate
to the dorsal cortex. This suggests that distant regions can influence
one another in developing cerebral organoids.

Finally, other brain structures could be observed, namely choroid
plexus (Fig. 2i) and even immature retina (Fig. 2j). Overall, all tissues
examined displayed regions with dorsal cortical morphology (35 out
of 35; 100%), most displayed choroid plexus (25 out of 35; 71%) and
several displayed ventral forebrain identity as determined by NKX2-1
immunoreactivity (12 out of 35; 34%), whereas only a few displayed
retinal tissue (determined by presence of retinal pigmented epithe-
lium; 4 out of 35; 11%). These results indicate that cerebral organoids
developed a variety of brain region identities organized into discrete,
although interdependent, domains.

Recapitulation of dorsal cortical organization
The most dramatic changes in brain evolution from rodent to human
affect the dorsal cortex. Therefore, we analysed the organization of
dorsal cortical regions within cerebral organoids. Staining for markers
of RGs and newborn neurons (Fig. 3a) revealed typical organization
into a layer reminiscent of the VZ with neurons located at the basal
surface. Staining for TBR1 (Fig. 3b) revealed proper development of
neural identity and radial migration to the developing preplate (pre-
cursor to the cortical plate). Furthermore, staining for neural progenitor
and neural-specific BAF (mammalian SWI/SNF chromatin-remodelling
complex) components revealed the characteristic switch in chromatin-
remodelling complexes during neural fate specification27,28 (Extended
Data Fig. 3a). Finally, staining for the intermediate progenitor marker
TBR2 (also known as EOMES) (Fig. 3c) revealed the presence of inter-
mediate progenitors adjacent to the VZ. Thus, dorsal cortical tissues
displayed typical progenitor zone organization.

In both mice and humans, cortical progenitors undergo a stereoty-
pical nuclear movement called interkinetic nuclear migration (IKNM).
Mitotic divisions occur at the apical surface of the VZ whereas the nuclei
of cells in S phase are located on the basal side of the VZ29. We stained
for the mitotic marker phospho-histone H3 (Fig. 3d) and observed most
of the cells dividing at the apical surface. Similar observations were
evident when we stained for phospho-vimentin (p-vimentin, Fig. 3e),
a marker of mitotic RGs. In addition, as this marker labels the entire
cell, we could observe basal cellular processes typical of RGs, which
extended to the outer surface of these tissues (Extended Data Fig. 3b).
Thus, RGs of cerebral organoids exhibited typical behaviour and mor-
phological features.

To examine this in more detail, we used a method to label indivi-
dual RGs for morphology and live imaging experiments. In the mouse
brain, individual cells can be labelled by in utero electroporation of
fluorescent-protein-expressing plasmids. Similarly, we injected green
fluorescent protein (GFP) plasmid into fluid-filled cavities of cerebral
organoids and electroporated RGs adjacent to these ventricle-like cavi-
ties (Extended Data Fig. 3c). This approach led to reproducible expres-
sion of GFP in RGs, revealing typical morphology at various stages of
development: early pseudostratified neuroepithelium (Extended Data
Fig. 3d) followed by later bipolar morphology with extended apical and
basal processes (Extended Data Fig. 3e, f).

To test for IKNM, we performed live imaging of GFP-electroporated
RGs in cerebral organoids and observed many examples of RGs that
displayed movement of the cell body along the apical and basal processes

(Fig. 3f and Supplementary Video 1). Furthermore, we performed pulse-
chase experiments with the S-phase marker BrdU (Fig. 3g) and could
observe a shift in RG nuclei from outer VZ localization towards the
apical surface with time (Fig. 3g).

RGs in the VZ of rodents exhibit biased spindle orientation, predo-
minantly horizontal, parallel to the ventricular surface30–33. To examine
whether RGs in human cerebral organoids exhibited a similar orienta-
tion bias, we used p-vimentin staining to examine the plane of division
in mitotic RGs (Extended Data Fig. 3g). We observed mainly horizontal
orientations (41%) (Fig. 3h), somewhat similar to the orientation bias
observed in other mammals. However, we also observed abundant oblique
(37%) and vertical (22%) orientations, which were more abundant in these
human tissues than has been described for rodent neocortex30,31,34,35.
Interestingly, these measurements reflected the same trend recently
described in the human brain36, suggesting that the cerebral organoids
could recapitulate aspects of human cortical development.

We examined further the fate potential of these divisions to test whether
organoid RGs could divide symmetrically and/or asymmetrically. We
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Figure 3 | Stereotypical organization and behaviour of progenitors.
a, Immunohistochemistry for neurons (TUJ1, green) and RGs (PAX6, red) in a
large dorsal cortical region. Note the additional PAX61 RGs located outside the
VZ (arrowheads), reminiscent of oRGs. b, Staining for the preplate marker
TBR1 (red) and neuronal marker MAP2 (green) revealing superficial preplate
(upper bracket) and underlying neuronal intermediate zone-like layer (lower
bracket). c, Staining for the intermediate progenitor marker TBR2 (red)
revealing SVZ localization of intermediate progenitors (arrows). d, Staining for
phospho-histone H3 (H3S10ph green) to mark RG (PAX61) in mitosis.
Arrows mark apical surface divisions; arrowheads mark SVZ divisions.
e, p-Vimentin (green) staining for mitotic RG, which primarily divide at the
apical surface (arrows). f, Frames from live imaging of GFP-electroporated RGs
showing cell body movement (arrows). Time shown in h:min. g, BrdU pulse-
chase revealing progressive IKNM of BrdU-labelled nuclei (green, arrowheads)
from basal VZ (1 h) to a more apical position (4–6 h). h, Quantification of RG
division orientation displayed in bins of 0–30 (horizontal), 30–60 (oblique) and
60–90 (vertical) degrees. n 5 27 anaphase cells from five cerebral cortical
tissues. i, Lineage tracing in GFP-electroporated and BrdU-pulsed tissues to
mark daughter cell pairs following 16-h chase revealing symmetric
(arrowheads) and asymmetric (arrows) fates indicated by SOX2 staining (blue).
Quantification for 18 cell pairs from three cortical tissues. Numbers above bars
are absolute cell numbers. Dashed line indicates apical surface (b, c, g, h, i).
Scale bars, 100mm (a–e, g), 10mm (f, h) and 20mm (i).
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Organization of dorsal cortical region into 
a layer with neurons located at the basal 
surface 

TUJ1: neurons 
PAX6: RGs 



movement of nuclei along apical and basal 
processes of RG



Neural activity within cerebral organoid

Fluo-4-Calcium live imaging shows calcium surges 



exogenous glutamate application: more frequent calcium spikes  
—> glutamatergic receptor activity   tetrodotoxin: blockade of signal 

Calcium spikes depend on neural activity



cerebral organoid modelling of microcephaly

Patient iPSC: 

skin fibroblast + Yamanaka factors  

Pluripotent cells + cerebral organoid culture  

smaller neuroepithelial tissue 



cerebral organoid modelling of microcephaly

Patient-derived cerebral organoid: 

• smaller neural tissues with few 
progenitors 

DCX: marker for neurons 
SOX2: marker for progenitors 

• reduced RGs 
• increased neurons 

——-> premature neural differentiation 
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Loss of CDK5RAP2 leads to premature neural 
differentiation at the expense of progenitors

Over-expression of CDK5RAP2 in patient cerebral organoid:  

Larger neuroepithelium compared to control 

increased number in cells with RG morphology and decreased in 
neurons 

Down-regulation of CDK5RAP2 in cerebral organoid:  

increased in neurons (DCX marker) 

decreased of progenitors (SOX2 marker) 



What is shown in this paper

1. A three dimensional culture system for driving brain tissue in vitro 

2. These organoids develop a variety of regional identities capable of 
influencing one other 

3. Similar to human brain at early stages 
  
4. Cortical neurons mature and form pyramidal identities 

5. Patient derived iPS models the CDK5RAP2-dependent pathogenesis of 
microcephaly  



Achievements using organoids as model systems

cues in vitro poses a significant engineering challenge. Applying
cellular memory devices within niche cells can help to alleviate
this problem. Cellular memory is an essential function that en-
ables the storage of otherwise transient responses. A key devel-
opment in the field of synthetic biology has been the creation of
sophisticated memory devices, which are able to mimic cellular
memory via genomically integrated circuits. Certain synthetic
memory networks use positive feedback loops to achieve stable
states and switch between these states based on repressive or
activating inputs (Purcell and Lu, 2014). Other approaches
involve the recombinase-catalyzed reconfiguration of DNA
(recently demonstrated in E. coli), which can serve as both a
method of implementing logic and a way to record information
by embedding a memory of the received inputs into the DNA—
a stable storage medium that persists even after cell death (Siuti

et al., 2013). This platform can also be used for creating biosen-
sors that record the history of cellular exposure to either individ-
ual or a sequence of environmental signals (Siuti et al., 2013).
Such tools can be applied to niche engineering, as a way to re-
cord and analyze niche input or to program cellular response.
For example, by storing certain signaling cues in the cellular
memory, it is possible to simplify the delivery of exogenous sig-
nals and apply them in sequence rather than simultaneously.
Additionally, because organoid systems arise from clonal stem
cell populations, the details of circuit construction are simplified
to targeting the ‘‘driver’’ stem cells, and pairing circuitry with the
transcriptional programs that naturally drive differentiation within
organoids to obtain multiple circuits acting in synchrony. Also,
for large-scale culturing processes that require a continuous
supply of growth factors, memory devices can be used to

Figure 5. Bioengineering Approaches to Advance Organoid-Based Research and Therapy
With the right combination and sequence of input signals that the niche relays to the cell, it is possible to obtain the desired output (i.e., the in vitro disease model
or tissue-specific organoid) and there are multiple bioengineering tools that can be harnessed to modify these signals and monitor relevant responses. Based on
the same principle, following elucidation of organoid biology, there is potential to harness new knowledge to create synthetic niches. The niche can be engineered
by combining multiple bioengineering techniques that mimic specific niche components (e.g., biomimetic scaffolds, tunable stiffness, appropriate topography,
and spatio-temporally controlled signaling cues). The stem cells used to seed the organoid culture can also be engineered. In addition to exogenous signaling
mechanisms, cell activity can be controlled though genome editing and surface modifications including drug delivery nano/microparticles. Using these meth-
odologies, we can gain better control over the organoid to maximize functionality and sustainability in culture and ideally more closely mimic in vivo biology.
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1. Unclear in what extent they recapitulate in vivo development  
• retinal organoids nicely display typical laminar organization  
• outer segments fail to form  
• photoreceptors fail to fully mature to become light-sensitive 

2. Maturation level of organoids 
• Cerebral organoids recapitulate fairly early events in brain development 
• later features such as cortical plate layers, fail to fully form 

3. lack of vascularization  
• co-culture with endothelial cells 
• transplantation of these tissues stimulates invasion from host vasculature 

4. limited growth potential, which can also affect their maturation 
• spinning bioreactors can provide better nutrient exchange

Limitations of organoid systems



Thanks for your attention

Stomach organoid- McCracken et al, Nature, 2014 


