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A major limitation in developing applications for the use of human
embryonic stem cells (HESCs) is our lack of knowledge of their
responses to specific cues that control self-renewal, differentia-
tion, and lineage selection, HESCs are most commonly maintained
on inactivated mouse embryonic fibroblast feeders in medium
supplemented with FCS, or proprietary replac ts such as
knockout serum-repl gether with FGF-2. These unde-
fined culture conditions hamg lysis of the hani that
control HESC behavior, We have now developed a defined serum-
free medium, hESFY, for the culture of HESCs on a type |-collagen
substrate without feeders. In contrast to other reported media for
the culture of HESCs, this medium has a lower osmolarity (292
mosmol/liter), --ascorbic acid-2-phosphate (0.1 pg/ml), and hepa-
rin. Insulin, transferrin, albumin conjugated with oleic acid. and
FGF-2 (10 ng/ml) were the only protein components. Further, we
found that HESCs would proliferate in the absence of exogenous
FGF-2 if heparin was also present. However, their growth was
enhanced by the addition of FGF-2 up to 10 ng/ml although higher
ions were deleterious in the p e of heparin.

defined serum-free culture | feeder-free

H uman embryonic stem cells (HESCs) were originally de-
rived from the inner cell masses of early embryos explanted
onto inactivated mouse embryo fibroblast (MEF) feeder cells, in
a medium comprising a 50:50 mix of DMEM and Ham's F12
(DMEM:F12), supplemented with fetal calfl serum (FCS) (1, 2).
Subscquently, a proprictary basal medium, KO-DMEM supple-
mented with proprictary ‘Knock-Out Serum Replacement’
(KSR) (Invitrogen), initially developed for murine ES cells
(MESCs), has become widely used both for maintenance and
derivation of HESCs, However, the precise formulation of KSR
is not in the public domain and, although ‘serum-free’, it is likely
to contain a varicty of animal products (PCT/USI8/0046T:
WO98/30679).

Culture without feeder cells in defined media has proved more
problematic, although culture in the absence of feeders but with
feeder-conditioned medium is effective (3). Addition of Leuke-
mia Inhibitory Factor (LIF) to FCS-containing medium was
sufficient to allow the culture of MESCs without feeders (4, 5).
However, LIF docs not prevent the differentiation of HESCs (1,
2), although it does activate the STAT3 pathway in these cells (6,
7). Indeed, together with a variety of other differences in their
expression of surface antigen markers of the undifferentiated
state (8) and capacity for differentiation (9), HESCs appear to
differ markedly from MESCs in their responses to activation of
signaling pathways associated with FGF and the TGFB/BMP
family of cytokines. For example, activin and Nodal inhibit
differentiation of HESCs (10-12), wherecas BMP induces their
differentiation to trophoblasts (9) or extraembryonic endoderm
cells (13). By contrast. BMP signaling inhibits the differentiation

www . pnas.org/cgi/doi/ 10.1073/pnas. 0806136105

of MESCs (14). It is also evident that HESCs have a strong
requirement of FGF-2 (15, 16), whereas MESCs do not appear
to respond to this growth factor (17). However, pluripotent
‘Epiblast Stem Cells’ with similar growth factor requirements to
HESCs have recently been derived from gastrula stage mouse
and rat embryos (18, 19).

Several methods for the culture of HESCs in more defined
media, and in the absence of feeders have been reported. Some
require culture on Matrigel (Becton-Dickinson) but this contains
a variety of extracellular matrix (ECM) components, most likely
associated with an ill-defined mixture of growth factors (20-22).
Others use fully chemically defined media together with specific
ECM attachment factors (23). Nevertheless, there is no consen-
sus as to the optimal formulation, or the nature of the cytokine
requirements of HESCs to promote their self-renewal and
inhibit their differentiation. One puzzle is the reported require-
ment for very high concentrations of FGF-2 (up to 100 ng/ml)
(24): this suggests that ¢ither FGF-2 is operating through an
unidentified receptor for which it has a low affinity, or that it is
relatively unstable or inefficiently presented to the cells in the
culture conditions used.

We have now investigated the culture of HESCs under fully
defined culture conditions and have developed a medium that
permits their prolonged culture in an undifferentiated state.
Although this medium shares a number of features with those
described by others, including culture on defined ECM attach-
ment factors, it differs in a number of important respects. In
particular, we have used a base medium, ESF (25) that we
previously developed for use with MESCs, in contrast to
DMEM:F12 commonly used in other formulations (25). This
medium also excludes Hepes, but includes heparin, a cofactor for
FGF-2, which i required for HESC maintenance.

Results

We first tested the ability of ESF7 medium [supporting infor-
mation (SI) Table S1], which we had developed for use with
MESCs (25), to support the growth of two HESC lines, HUES-1
(Fig. 14) (26) and Shefl (Fig. 18) (8). These cells were harvested
using collagenase, or trypsin/EDTA, respectively, as previously
described, from cultures on MEFs, and transferred to type 1

Author contributions: MCF. and PW.A. designed research; MUCF, LN LPJ. MU, and

0.8, performed ressarch; AL-LH. and H.DM. b new 1eag Tools DB
snalyzed data; T.0. and LD to medium and and
M.EF. and PW A wrote the paper.

Tha authors dedare no conflict of interest.

Fraaly available online through the PNAS open acceil option.

T whom should be E-mail: p.w.and field.ac.uk

This article contains supporting information online #t www.pnas orgiegicontentrfulll
G806 1 361050 CSupplemental.
© 2008 by The National Acadenmy of Sciences of the USA

PNAS | September9, 2008 | vol 105 | no 36 | 13409-13474




2
7 |
=

Fig. 1. Phase contrast photomicrograph of HUES-1 (A) and Shef 1 (8) HESCs
cultured on feeders in KSR-based medium, (Scale bar, 200 um )

collagen-coated flasks in ESF7 medium. However, the cells died
after one day. On further study we found that Hepes is detri-
mental 10 even one day of HESC culture in the absence of serum,
that LIF provided no advantage in 6-day culture, bul that
L-ascorbic acid-2-phosphate and FGF-2 enhanced HESC sur-
vival and growth over 3 passages (data not shown). From this
initial study we developed a variant of the ESF7 formulation,
designated hESFB (Tables S1 and 52). In this medium, on type
1 collagen-coated flasks, both HUES-1 (rig S14) and Shefl
cells (Fig. $1.4) grew to form densel ked colonies consi

with the cells retaining an undifferentiated HESC maorphology.

To determine the optimal concentration of FGF-2 for HESC
growth, HUES-1 cells were seeded without f(eeders, on a type
I-collagen substrate, in KO-DMEM/KSR. or hESF8 medium
containing varying concentrations of FGF-2. In addition, in
some experiments, heparin, a cofactor known to stabilize FGF-2,
was also added. When HUES- 1 cells were cultured in KSR-based
medium without feeders on collagen-coated plates, few cells
survived and no undifferentiated, alkaline phosphatase-positive
colonies were observed with or without FGF-2 in the presence
or absence of heparin (data not shown). However, small undif-
ferentiated colonies were observed in hESF8 medium lacking
FGF-2, while increasing the dose of FGF-2 up 1o 50 ng/ml
promoted the growth of larger colonies in this medium (Fig. 24).
High SSEA-3 expression and low SSEA-1 expression were seen
in all cultures, irrespective of the FGF-2 concentration (Fig. 28).
However, at 100 ng/ml FGF-2, the colony sizes were again
smaller, with apparently differentiated cells identified morpho-
logically, also present.

The addition of heparin to hESF8 medium, in the absence of
FGF-2, also promoted HUES-1 cell proliferation in a dose-
dependent manner; the greatest effect was seen at 100-200 ng/ml
heparin, whereas 1000 ng/ml was markedly deleterious (Fig. 2 D
and E). These cells also retained expression of SSEA-3 with low
expression of SSEA-1 (Fig. 2F). Finally, we tested the combined
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Fig.1. Effect of FGF-2 and heparin on the HUES-1 cell growth. HUES-1 cells were cultured on type | collagen in hESFB with varying concentrations of FGF-2 or
heparin, (A) Phase contrast photomicrograph of HUES-1 cells with various concentration of FGF-2 withaut heparin. (Scale bar, 200 um.) (8) Numbser cells harvestad
after 6 days of culture in KSR-based medium (open circles) or hESFB (closed circles). Values are the mean = 50 for three measurements. The absence of error bars
is due to the small 5D in the results. (C) FACS profiles for SSEA-1 and SSEA-3 expression of cells cultured with 10 ng/mi FGF-2. Antigen histogram (black); control
histogram (gray); the horizontal bar indicates the gating used to score the percentage of cells antigen positive. Similar profiles were obtained for cells from
cultures grown with all concentrations of FGF-2 from 0 to 100 ng/mi (data not shown). (D) Phase contrast photomicrograph of HUES- 1 cells cuhtured without FGF-2
but supplememted with various concentration of heparin, (Scale bar, 200 um.) (£) Number cells harvested after 6 days of culture in KSR-based medium (open
cirches) or hESFS (dlosed cirdles) with varying concentrations of heparin but no FGF-2. Values are the mean = SD for three measurements. The absence of error
bars is due to the small SO in the results. (F) FACS profiles for SSEA-1 and SSEA-] expression of cells cultured with 100 ng/mi heparin. Antigen histogram (black);
control histogram (gray); the horizontal bar indicates the gating used to score the percentage of cells antigen positive. Similar profiles were obtained for cells
from cultures grown with all concentrations of heparin from 0 to 100 ng/mi (data not sthown), (G) Phase contrast photomicrograph of HUES-1 cells cultured with
various concentration of heparin in hESFB containing 10 ng/mi FGF-2. (Scale bar, 200 um.) (H) Number cells harvested after & days of culture in KSR-based medium
{open circles) or hESFB (closed circles) containing varying concentrations of FGF-2 and 100 ng/mi heparin, Values are the mean = 50 for three measurements.
The absence of error bars is due to the small SD in the resuits. () FACS profiles for S58A-1 and S5EA-3 expression of cells cultured hESF8 containing 100 ng/mi
heparin and 10 ng/mi FGF-2 (hESF9). Antigen histogram (black); control histogram (gray); the horizontal bar indicates the gating used to score the percentage
of antigen-positive cells. Similar profiles were obtained for cells from cultures grown with all concentrations of FGF-2 from 0 to 100 ng/mi (data not shown).
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Fig.3. The effect of heparin on FGF signaling. HUES-1 celly were stimulated
with different concentrations of heparin after 48-h starvation of FGF-2 and
heparin. [A) Seven minutes after heparin addition, the cells were lysed and
followed by western blot using an antibody detecting the phosphorylation of
FGF receptors. (8) After 2 days of culture in the presence of heparin, the cells
were lysed and subjected to western blot of cyclin D1, Actin is used as loading
control

effects of heparin and FGF-2. In hESF8 medium containing 100
ng/ml hepanin, maximal cell densities were achieved with 10
ng/ml FGF-2, with high SSEA-3 and low SSEA-1 expression;
=20 ng/ml FGF-2, maximal cell densities decreased (Fig. 2 G-).

To confirm the effect of heparin on FGF signaling, we
analyzed its effect on phosphorylation of the FGF receptor.
Rapid phospharylation of the FGF receptors was induced by
heparin in a dose-dependent manner (Fig. 34). Further, expres-
sion of cyelinDl was also induced by heparin, confirming a
potential effect on cell eycle regulation (Fig. 38). Based on these
observations we supplemented hESFS8 medium with 10 ng/ml
FGF-2 and 100 ng/ml heparin, and designated this, hESF9,

To determine whether different substrates might affect HESC
growth, HUES-1 cells were cultured in hESEY separately on type
| mllugm (10 pg/em® ), ﬁhrnm:clm (5 pg/em?), laminin (5
pg/em?), or gelatin (10 pg/em?®). In cach case the cells produced
typical undifferentiated colonies (Fig. 4 A4-0D) with similar
profiles of SSEA-3, TRA-1-60, and SSEA-1 (data not shown).
However, subjectively, we judged the colony morphologies more
uniform on type | collagen, which we continued to use as the
standard substrate in subsequent experiments with hESF9 me-
dium. By contrast, when HUES-1 cells were cultured on Matrigel
in hESFY medium (Fig, 4E), or on these ECM components in
KSR-based medium (Fig. 4F), extensive dilferentiation was
observed.

The hESFY medium proved capable of supporting the culture
of other HESC lines, Shefl, Shefd, Shef5, and H7, alter plating
on type 1 collagen. In cach case, the expression of the marker
antigens SSEA-1, SSEA-3, and TRA-1-60 was similar to cells
grown in KSR-based medium on feeders (Fig. 5). Also, we
measured the growth rates of Shefl and Shef5 cells and, as for
HUES-1 (Fig. 6). The growth rate and maximum cell densities
reached by HUES-1 and Shefl were higher when the cells were
grown in hESFY. However, in the case of Shef5, although the
final cell density was higher when grown in hESFY, the initial
growth rate was lower.

We subsequently tested long-term culture of HUES-1 o 25
passages and Shefl to 15 passages on type 1 collagen in hESF9
medium without feeders, Although a few fibroblastic or neural
cells appeared in the cultures at early passages, morphologies of
undifferentiated HESC colonies were maintained as those cul-
tured on feeders (Fig. 74). The growth rates of these HESCs
after five passages was similar to to those at passage 1 (Fig. 7B),
The cells retained a normal karyotype (Fig. S2A). They also

Furue et af

Fig. 4. Effect of ECM on HUES-1 culture, (A-E) Phase contrast photomicro-
graphs of HUES-1 cells cultured in hESF9 medium, in flasks coated with
collagen (A), gelatin {8), fibronectin (C), laminin (D), and Matrigel (£). (A Cells
were cultured in K5R-based medium on type | collagen. (Scale bar, 200 wm.)

retained expression of SSEA-3, and OCT3/4, NANOG, SOX-2
and REX-1 (Fig. 7C, Fig. $2 B and C). Further, the HUES-1 and
Shefl cells retained the capacity for extensive differentiation as
indicated by analysis of ectoderm, mesoderm, and endoderm
marker gene expression, NeuroD, Oligo 2, MyoD, Nkx2.5, CD31,
AFP, Cdx2, and GATA6 following embryoid body formation
(Fig. 7D).

Discussion

Our current results indicate that it is possible to culture HESCs
in a defined medium, hESFY, in which insulin, transferrin, a low
level of fatty acid-free albumin conjugated with oleic acid, and
low levels of FGF-2 are the only protein components, together
with a substrate composed only of type 1 collagen. In these
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Fig.5. FACS profiles for SSEA-1, 55EA-3, and TRA-1-60 expression by HUES-1,
Sheft, Shetd, ShefS, and H7 HESC lines cultured on type | collagen in hESFY, In
comparison with cells grown on feeders In KSR-based medium, Antigen
histogram (black); control histogram (gray); the horizontal bar indicates the
gating used 1o score the percentage of antigen-positive cells.
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were counted every 2 days.

studics we have grown two HESC lines, HUES-1 and Shefl,
through multiple passages while they retained stable expression
of undifferentiated markers of HESCs, and a capacity to differ-
entiate. The medium we describe dilffers in several key respects
from media already reported by others.

First, the base medium, ESF (25), which we developed for
MESC culture, has a substantially different formulation from
DMEM and DMEM:F12, which are widcly used in other reports.
Thus, the ESF basal medium includes lipoic acid, glutathione,
p-aminobenzoic acid, which are absent from DMEM:F12. Also,
the coneentration of biotin, pyridoxine, tyrosineg, and phosphute
are higher than in DMEM:F12, and the osmolarity of ESF is
lower (292 mosmol/liter). Further, we found that Hepes is

A
B ang' S iiignd L1+ P —,

1«ml:f‘ g

iz;m' . 200"

3

0 0
L] L . L] L ] L L} L
[ Deye

A comparison of the growth of different HESCs in hESFS and K5R-bated media. HUES-1, Shef1, and ShefS cells were seeded on feeders in K5R-based
medium (closed circles) or on type | collagen in hESFA (open circles) ot a cell density of 1 x

107 calls por wall: maan and 5D of three sxperiments. Call numbers

relatively toxic for HESCs, and we have excluded it. In addition,
as in an eatlicr scrum-free that we designed for human
EC cells (27), we found that inclusion of ascorbic acid was
strongly beneficinl. However, rather than ascorbic acid itsell,
which is relatively unstable, we used a long-acting vitamin C
derivative, L-ascorbic acid-2-phosphate (28). Ascorbic acid is
well known as a scavenger of free oxygen radicals, and its value
may relate to these anti-oxidant properties, However, it is not
required by MESCs, and another possibility is that the require-
ment reflects the inability of humans, unlike most other mam-
mals, to synthesize this vitumin.

Second, some other reported media for HESCs have cither
included particularly high concentrations of FGF-2 (up to 100
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Fig. 7. xmmmausohmmmm1mw| L serially d on type | in hESFS, The cells were spiit at 1:3
every week. [A) Phase contrast graph of HUES-1 3t p 2lm9nﬂululpwu (Scale bar, 200 um.) () Growth of HUES-1 (passage 10)
and shef1 (passage 5) cells in the defi dium. {€) | g of HUES-1 (g 24) and Shet1 (passage 14) tor SSEA-1, $SEA-3, and

ocTIM mmmdmwmmmﬂwnmmnmwmmmmem {passage 24) and Shef1 (passage 14)
on collagen in hESFS medium (ESF) during fn vitro differentiation (EB). The name of the gene of differentiation is noted in each bar graph. Expression levelswere
normalized against GAPDH. The relative level of each gene in undifferentiated cells was defined as “1."

13412 | www pnas.org ‘cgl/dol/10. 1073, /pnas 0BDE 136105 Furue eral



Bas

1w

ng/ml) (24), and/or members of the TGF-g family of growth
factors (12, 23), andlor Wni3A (20) and APRIL/BAFF (29).
However, for hESF9 we have found that FGF-2 alone, at a
concentration of 10 ng/ml, is sulficient. This requirement for low
rather than high levels of FGF-2 may be due to our inclusion of
heparin. Heparin, a soluble derivative of heparan sulfate, is a
well known cofactor for FGF-2, but its use in defined HESC
culture media has not been described. In many cases, a require-
ment for heparin might be sausfied by the production of heparan
sulfate by the ES cells themselves, or by their differentiated
derivatives. Several reports have strongly indicated a role for
FGF signaling in the t e of HESGs. in contrast to
MESCs, and have suggested that HESCs produce FGF-2 as an
autocrine factor (30, 31). Our observation that the addition of
heparin in the absence of exogenous FGF resulis in the phos-
phorylation of FGF receptors in HESCs is consistent with a role
instabilizing endogenously produced FGF. Likewise, our finding
of substantiully lower optimal concentrations of exogenous FGF
than reported elsewhere might also reflect the stabilizing effect
of heparin on this growth factor. Nevertheless, other mecha-
nisms cannot be excluded. For example. heparin has been
reported to enhance the activity of Wnt signaling and FGF
signaling in HESCs (32),

In the absence of feeders, HESCs require attachment factors
to promote their survival and proliferation (8), Matrigel, a
basement membrane preparation from the Engelbreth-Holm-
Swarm mouse tumor, is often used. However, it contains a
complex and ill-defined mixture of fibronectin, laminin, type 1V
collagen, entactin, and heparan sulfate proteoglycans, and var-
ious growth factors such as FGF-2, EGF, PDGF, NGF, and
TGF-g (16), Previous reports have described the use of NY/B27
with 20 ng/ml FGF-2 and Matrigel for feeder free culture of
HESC growth (33). Some components such as heparin in
Matrigel may support HESC growth with FGF-2. Some authors
have replaced Matrigel with purified components, such as type
IV collagen, fibronectin, laminin, and vitronectin, alone or in
combination (8, 23, 34). In previous studies we found that
laminin and fibronectin, but not type 1 collagen. tended to
promote the differentiation of MESCs in defined medium (35).
By contrast, in the present study we found that each of these
factors was effective in supporting attachment and proliferation
of HESCs, although type I collagen appeared the best.

The reasons for the apparent differences in effectiveness of
the various formulations for defined HESC culture media are
unclear. One possibility is that in some cases the substrate used
for attschment of the HESCs, such as Matrigel, has been
undefined and might contain extrancous growth factors that
confound the analysis. Another possibility is that the lines used
by different authors differ in their requirements, either because
the undifferentiated stem cells themselves differ intrinsically in
their response to, or their autocrine production of specific

. Thamason 1A, et al. (1998) Embryonic stem cell lines derived from human blastocysts
Science 282:1145-1147.

1. Reubinoff BE, Pera MF, Fang CY, Trounson A, Bongso A (2000) Embryonic stem cell lines

hmmummmmmmmm thm)\m’ltm-m

XuC, etal, (2001)F at

Nat Biotechnol 19:971-874.

4. Smith AG, ef al. (1988) of ph bry
by purified polypeptides. Nature 336.:688-690.

5. Williams RL, of al. (1988) Mysloid leukaemia inhibitory factor maintains the develop-
mental potential of embryonic stem celh. Nature 336:684-687.

& Daheron L, ef al. (2004) LIF/STATY signaling fails to olf
embryonic rtem cells. Stem Ceils 22:770-778.

7. Humphrey RK. et al. (2003) Ct ! f fi

WMMWWWWMHEH -I525.

Draper IS, Moore HD, Ruban LN, Gokhale P, Andrews PW (2004) Culture and charac-

terization of human embryonic stem cells. Stem Cells Dev 13.325-136.

Xu AH, et al. (2002) BMP4 initiates human yonic stem cell diff o

stem cell diff

i of human

w

factors, or because they generate varying amounts of differen-
tiated derivatives that produce factors acting back on the stem
cells to promote or inhibit their proliferation. Until speafic
media formulations are tested by different laboratories on
different HESC lines. these issues cannot be casily resolved. An
ongoing program of the International Stem Cell Initiative (18)
is currently addressing this problem by comparing a number of
defined media on different HESC lines in different laboratories.

Materials and Methods

Cells. Stock cultures of HESC lines HUES-1 and Sheft were maintained in
Knockout (KO}-DMEM (Invitrogen) supplemented with Knockout Serum Re
placement (KSR, Invitrogen) on inactivated mouse embryo fibroblast feeder
cells as described (8, 15, 26). In addition, a subline of H7, H7 56 (1, 36), and two
new HESC lines, Shefd and Shef5, derived and maintained in our laboratory
according tothe same protocols as Shef 1 were ako used. For culture in defined
media without feeders, cells were harvested with 0.5 mM EDTA.

Cell Culture Media. FGF-2 was purchased from Peprotech Inc. (Rocky Hill, NZ).
Type | tollagen was from Nitta Gelatin, Co. (Osaka, Japan). The basal ESF
medium was provided by the Cell Science & Technology Institute (Sendal,
lapan), according to the formulation described (Table 52 and ref. 25). 1
ascorbic acid-2-phosphate was obtained from Wako Pure Chemical Ltd.
(Osaka, Japan). All other reagents were from Invitrogen and Sigma Aldrich.

Antigen Expression. Cell surface antig wat determined by flow
cytometry (37). For in situ imunuhh!ndlemmy. the cells were fixed with 4%
paraformaldehyde and then incubated with first and second antibodies as
described in ref. 37. The following monocional antibodies to surface marker
antigens were prepared and used as described in ref, 37: MCAB0 (anti-SSEA1)
(38), MCE31 (antl-SSEAJ) (39), and TRA-1-60 (40). Further antibodies to
OCTV4 (1 pg/ml; Santa Cruz) and NANOG (0.4 ug/ml, R&D Systems) were also
used.

Reverse Transcription PCR (RT-PCR) and Quantitative RT-PCR. Total RNA was
extracted from HESCs using a kit (Qlagen) actording to the kit instruction.
RT-PCR was performed as described in ref. 41, Q-PCR was carried out using the
SYBR Green lumpStartT™M Kit on a Blo-Rad ICycler. Primer pairs used are listed
in Table $3. Expression levels were all normalized against GAPDH. The relative
level of each gene in undifferentiated cells was defined as "1.”

Western Blot Analyses. Cells were lysed in SDS lysis butfer [50 mM Tris-HCL, pH
6.8, 2% SD5, 10% glycerol, with protease and phosphotase inhibitars Com-
plete and phosSTOR (Roche)]. Antibodies used were anti-phospho-FGF Recep-
tor (AF3ZBS, RED systems), mouse monocional anti-human cyclinD1 DCS-6
(DAKQ], and mouse monacional anti-actin (Abcam].
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ABSTRACT Formation of the primitive streak (PS) is
the initial specification step that generates all the
mesodermal and endodermal tissue lineages during
early differentiation. Thus, a therapeutically compati-
ble and efficient method for differentiation of the PS is
crucial for regenerative medicine. In this study, we
developed chemically defined serum-free culture con-
ditions for the differentiation of embryonic stem (ES)
cells into the PS-like cells. Cultures supplemented with
Wnt showed induction of expression of a PS marker,
the brachyury gene, followed by induction of the ante-
rior PS markers goosecoid and foxa2, a posterior PS
marker, evx], and the endoderm marker soxI7. Similar
differentiation of PS by Wnt was also observed in
human ES cells. Moreover, we revealed that the activa-
tion of the Wnt canonical pathway is essential for PS
differentiation in mouse ES cells. These results dem-
onstrated that Wnt is an essential and sufficient factor
for the induction of the PS-like cells in vitro. These
conditions of induction could constitute the initial step in
generating therapeutically useful cells of the definitive
endoderm lineage, such as hepatocytes and pancreatic
endocrine cells, under chemically defined conditions.—
Nakanishi, M., Kurisaki, A., Hayashi, Y., Warashina, M.,
Ishiura, S., Kusuda-Furue, M., Asashima, M. Directed
induction of anterior and posterior primitive streak by
Wnt from embryonic stem cells cultured in a chemically
defined serum-free medium. FASERE [. 23, 000000 (2009)
Key Words: mesendoderm + endoderm

+ regenerative medicine
« brachyury + soxl17

DURING GASTRULATION, A SPECIFIC subgroup of epiblast
cells ingresses into the primitive streak (PS) and subse-
quently generates the mesoderm and  definitive
endoderm (1, 2). PS contins the progenitors of these
cells at the early- and mid-PS stages of gastrulation (3-5).
Therefore, PS formation is an essential specification step
in the generation of all the mesodermal and endodermal
tissue lineages, including the pancreas, liver, and heart.
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Recent studies using knockout mice suggested that Wnt
signaling is indispensable for the differentiation of the PS.
In Wnt3ahomozygous knockout embryos, epiblast cells
that are ingressing into the PS are diverted to a neuroc-
todermal fate rather than forming paraxial mesodermal
cells (6). Double-homozygous mutants of coreceptors for
the transduction of Wnt signals Lip5:Lip6 also fail 10
establish the PS (7). Moreover, ablation of B-catenin in
embryonic endoderm changes cell fate from endoderm
to precardiac mesoderm (8). These reports support the
imponance of Wnt signaling in the differentiation of the
PS, mesoderm, and endoderm in vivo.

In addition to Wnt signaling, transforming growth
factor-p (TGF-B) signaling is important for PS differen-
tiation. Mouse embryos deficient for one of the trans-
forming growth factor-B members, Nodal, fail to form
both the mesoderm and the definitive endoderm after
implantation (9). Moreover, animals that lack one
allele of Smad2 and Smad3 exhibit defects in the defin-
itive endoderm (10). Loss of Smad3 in the context of
one wild-type allele of Smad2 results in impaired pro-
duction of the anterior axial mesendoderm, while
Smad2-Smad3 double-homozygous mutants completely
lack mesoderm and fail to gastrulate (11). Collectively,
these results suggest that dose-dependent TGF- signal-
ing via Smad2/3 mediates cell fate in the early stage of
mesoderm and endoderm formation.

In vitro differentiation of PS from both human and
mouse embryonic stem (ES) cells using activin A, which is
a member of the TGF-f superfamily, has been reported
(12-15). In conuast, the role of Wnt signaling in the
differentiation of ES cells o PS is not well-documented,
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although Wnt signaling has been shown to maintain
pluripotency in human and mouse EScells (16).

In this study, we developed a simple culturing method
using a chemically defined medium (ESF) to induce
specifically the PSike cells from mouse ES cells. Previ-
ously, we established that this medium could be used o
propagate mouse ES cells without feeder cells (17, 18).
Here, we demonstrate that treaunent with Wit efficiently
induces directed induction of tissue culture analogs of the
PS from both mouse and human ES cells. Furthermore,
we show that Wnt selectively activates canonical signaling
during PS differentation of ES cells. Our results verified
that Wnt signaling is essential and sufficient for PS differ-
entiation from ES cells m witro. Moreover, our method
could be used as a basic protocol for the preparation of
endodermal and mesodermal tissues under chemically
defined conditions.

MATERIALS AND METHODS
Cell culture

The mouse ES cell D3 line (American Type Culture Collec-
tion, Manassas, VA, USA) was routinely cultured in a tissue
culture dish coated with rype T collagen (Nitta Gelatin Inc.,
Osaka, Japan) in a humidified atmosphere of 5% CO, at 37°C
in a chemically defined medium, designated ESF7, as de-
scribed previously (17, 18). For subculturing, mouse ES cells
were dissociated with 0.2 mg/ml EDTA in PBS and seeded at
1.7 % 10* cells/cm® every 4 days.

For the induction of PS differentiation, mouse ES cells were
dissociated with 20 pg/ml EDTA + 4Na in PBS and seeded onto
tissue culture dishes coated with laminin (Sigma, St. Louis, MO,
USA) ar 0.75-2.5 x 10" cells/em®. The ES cells were cultured in
a chemically defined differentiation medium A [ESF basal
medium (Cell Science & Technology Institute, Sendai, Japan)
that contains 10 pg/ml insulin, 5 pg/ml apo-transferrin, 10 uM
Z-mercaptoethanol. 10 pM ethanolamine, 10 pM sodium selen-
ite, and 0.5 mg/ml BSA (Sigma)] supplemented with the
indicated concentration of Wnt-3a (R&D Systems, Minneapolis,
MN, USA) or activin A. Besides these supplements, recombinant
mouse Dkkl (R&D Systems) was supplemented where indi-
cated, The culture medium was renewed every 2 days.

Human ES cells (KhES-1) were obtained from the Institute
for Frontier Medical Science, Kyoto University (Kyoto, Japan),
with approval for human ES cell use granted by the Minister of
Education, Culture, Sports, Science, and Technology of Ja-
pan. The Review Board of the University of Tokyo approved
this research. The entire study was conducted in accordance
with the Declaration of Helsinki. Human ES cells were
maintained on a feeder layer of mouse embryonic fibroblasts
pretreated with 10 pg/ml mitomycin C (Sigma) for 3 h.
Human ES cells were maintained in Dulbecco modified Eagle
medium (DMEM) /F-12 supplemented with 0.1 mM 2-mer-
captoethanol, 0.1 mM nonessential amino acids, 2 mM -
glutamine, penicillin/streptomycin, 20% knockout serum
replacement (KSR: Invitrogen, Carlsbad, CA, USA) and 5
ng/ml bFGF (Upstate Biotechnology, Lake Placid, NY, USA)
in a humidified atmosphere of 3% CO, and 97% air at 37°C.
ES cells were partially dissociated with human ES cell disso-
ciation solution [0.25% trypsin and 0.1 mg/ml collagenase IV
(Gibco, Carlsbad, CA, USA) in PBS that contained 1 mM
CaCl, and 20% KSR] and subcultured every 3 or 4 days.

For the induction of PSdike cells, human ES colonies were
partially dissociated into clumps with the above-mentioned
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human ES cell dissociation solution; this was followed by gentle
trituration. The human ES clumps (300 cells/clump) were then
cultured for 3 days in a laminin-coated tissue culture test plate
(2-2.5 clumps/cm®) in hESF-dif medium (Nipro, Osaka, Japan)
that was supplemented with 10 pg/ml insulin, 5 pg/ml apo-
transferrin, 10 pM 2-mercaptoethanol, 10 pM ethanolamine, 10
pM sodium selenite, 0.5 mg/ml BSA (Sigma), and 50 ng/ml of
Wnit-3a (R&D Systems) or activin A. The chemical components
of hESF-dif are same as those of mouse ESF except HEPES.
HEPES is excluded from hESF-dif medium.

Embryoid body assay for mouse ES cells

We performed two kinds of embryoid body (EB) assays in this
study. For the differentiation of mouse ES cells into an
ectodermal lineage (see Fig. 3), mouse ES cells treated with
Wnit-3a for 3 days as described above or with undifferentiated
ES cells were dissociated with 10 pg/ml trypsin and 20 pg/ml
EDTA + 4Na in PBS and cultured in round-bottom low<ell-
binding plates (Nunc, Roskilde, Denmark) (2000 cells/50 pl)
using a fetal bovine serum (FBS) -containing differentiation
medium B [DMEM supplemented with 15% FBS (Gibco) and
penicillinstreptomycin] for 24 h to prepare EBs, The EBs
were then transferred o gelatin-coated 24-well test plates and
cultured for 12 days in differentiation medium B, which was
replenished every 4 days.

For the experiment shown in Fig. 1/, mouse ES cells were
dissociated with 10 pg/ml trypsin and 0.2 pg/ml EDTA in
PBS and cultured in round-bottom low-cell-binding plates
(2000 cells/50 pl) using the chemically defined differentia-
tion medium A without Wnt-3a or activin for 24 h. The next
day, 150 pl of differentiation medium A was added to each
well, and the EBs were further cultured for 2 days.

Real-time quantitative polymerase chain reaction (PCR)

Total RNA was isolated from duplicated samples using the
RNeasy Plus Mini kit (Qiagen, Hilden, Germany), and 500-2000
ng of RNA was used for reverse-transcription with the Super-
Script First-Strand System (Invitrogen), PCRs were carried out
using 1/50-1/100 dilutions of the cDNA per reaction, 500 nM
of the forward and reverse primers, and the Quantitect SYBR
Green master mix (Qjagen). The following PCR conditions were
used: 95°C for 15 min, followed by 45 cycles of 95°C for 30 s,
55°C for 30 s, and 72°C for 30 s. Alternatively, Tagman gene
expression assays (Applied Biosystems, Foster City, CA,
USA) were used according to the manufacturer’s instruc-
tions. Real-time PCR was performed using the ABI PRISM
7700 Sequence Detector (Applied Biosystems). Relative
quantification was performed against a standard curve and
the values were normalized against the input determined
for the housekeeping gene, gapdh. The primer sequences
used in this study are described in Table 1.

Immunostaining

ES cells were seeded onto laminincoated Lab-Tek chamber
slides (Nunc). The cells were washed with PBS and fixed in cold
acctone for 5 min. After washing with PBS, the cells were
blocked with 3% BSA in PBS for 30 min at room temperature
and incubated with the primary antibody for 16 h at 4°C. The
cells were washed twice with PBS, incubated with secondary
antibody that was labeled with Alexa Fluor 488 or Alexa Fluor
594 (Invitrogen) for | h at room temperature, and mounted in
VectaShield Hardset Mounting Medium with 4',6"diamino-2-
phenylindole (DAPL Vector Laboratories, Burlingame, CA,
USA). The cells were observed under a fluorescence microscope
and photographed with the ORCA-3 CCD camera controlled by

NAKANISHI ET AL



TABLE 1. ligodeoxynucleotide frimers used for real-time PCR

Gene Ohrganisin Primers (forward /reverse: 5" 10 3°)

brachyury Mouse TACCCCAGCCCCTATGCTCA/GEGCACTCCGAGGCTAGACCA
brachyury Human GCAAAA TTCCTTGATGC/ ATGAGGATTTGCAGGTGGAC

euxl Mouse AACTGGCAGCAGCCTTAAAC/CGTGGCTCATCATGTAGGTG

foxa2 Mouse AGTTAAAGTATGCTGGGAGCCGTGA/ TTCATGTTGCTCACGGAAGAGTAGC
foxa2 Human CTGGAGCAGCTACTATGC/ CCGCGCTCATGTTGC

gapdh Mouse GCTACACTGAGGACCAGGTTGTC/AG TATTCATTGTCATACCAGG
gapdh Human CTCTGCTCCTCCTGTTCGAC/ACGACCAAATCCGTTGACTC

goosecoud Mouse ABI TaqMan gene expression assays (assay ID: MmOO650681_g1)
soxl Mouse GTCATGTCCGAGGCCGAGAA/AGCAGC

sox7 Mouse GCCACGGCCACGTATTACAA/TGACCTCTTGCCACCAAGGA

soxl7 Mouse AGGGCCAGAAGCAGTGTTACACA/TCTCGTGTAGCCCCTCAACTGTTC

the Luminavision software (Mitani, Fukui, Japan). The primary
antibodies used were goar anti-brachyury (4 pg/ml; R&D Sys-
tems), mouse anti-f-catenin (125 pg/ml; BD Biosciences,
Franklin Lakes, NJ, USA), mouse anti-Ecadherin (2.5 pg/ml;
BD Biosciences), mouse anti-GSC (10 pg/ml; Abnova, Taipei,
Taiwan), goat anti-HNF-38/FOXA2 (2 pg/ml; R&D Systems),
and goat anti-SOX17 (5 pg/ml; Neuromics, Edina, MN, USA).

For immunofluorescent staining of the differentiated EBs,
they were fixed in 4% paraformaldehyde in PBS for 25 min.
After washing with PBS, the fixed cells were permeabilized with
0.1% Triton X-100 in PBS for 30 min, blocked with 3% BSA in
PBS for 30 min, and incubated with the mouse antiB3-tubulin
monoclonal antibody (Chemicon, Temecula, CA, USA) diluted
in 1% BSA, 0.1% Tween-20 in PBS for 16 h at 4°C, followed by

goosecoid
foxa2
brachyury

2 washes with PBS. Then, the samples were incubated with the
secondary antibody labeled with Alexa Fluor 594 (Invitrogen)
diluted in 1% BSA, 0.1% Tween- 20 in PBS for 1 h at room
temperature. After washing with PBS, cell nuclei were stained
with DAPI for 7 min. The EBs were observed under a fluores-
cence microscope and  photographed  with  AquaCosmos
(Hamamatsu Photonics, Hamamatsu, Japan) connected to the
ORCA-3 CCD camera.

Immunoblotting

Cells were Iysed in a minimal volume of icecold lysis buffer
[20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 1%

=

J

-
(=1
(=]

Endoderm

sox17, foxa2

g 8o &

=)
=
i r foxa2
Mesoderm
e brachyury, foxa2 & |
o 0
% 1.0 sox1
Ectoderm ® os}
sox1 [
~ 500 —1 e,
% 400 1stE goosecoid F foxa2 |
= 1 5 10 25 50100 10 25 50100200 (ng/mi)
= 1o} _ __Wnt3a
S 200 st Day 0 Day 3
100 ~
0 0 <H Figure 1. Specific induction of the PS and
g 10 G sox17 aoIH carly endoderm marker genes by Wnt-3a
© 8 60 in mouse ES cells. A) Undifferentiated
= 6 40 mouse ES cells cultured in ESF medium
= 4 with LIF. B) ES cells differentiated into PS
d-:n 2 20 : cells by Wnt-3a for 3 days. Scale bars =
0 0 0 - 100 pm. €) Summary of specific markers
0 23456 01 345 01234586 for PS, mesoderm, and endoderm. D-1)
ay Day Day Quantitative analysis of marker gene ex-
=& 50 ng/ml Wnt-3a pression. Mouse ES cells were cultured
=0-50 ng/ml Activin A | with 50 ng/ml Wnt-3a or activin A from

day 0 to day 6. Duplicates of the cultures

were harvested at the indicated times, and the expression levels of the indicated genes were analyzed by quantitative
RT-PCR. Values were normalized to gapdh mRNA, and the control values were arbitrarily set to day 0 (undifferentiated ES
cells). ) Titration of Wnt-3a and activin coneentration for the differentiation to PS-ike cells. Duplicate cultures were
harvested on day 3, and the expression levels of the indicated genes were analyzed by quantitative RT-PCR as described
above. EB indicates the spontancously differentiated cells by forming EB in a chemically defined serum-free differentiation

medium for 3 dayvs as described in Materials and Methods.

Writ INDUCES PRIMITIVE STREAK FORMATION FROM E5C



5 ng/mi
Wnt-3a

50 ng/mi
Whnt-3a

Brachyury
DAPI

50 ng/ml
Activin

c
E-cadherin
DAPI
Goosecoid
DAPI
G . -

50 ng/ml Wnt-3a
Day 3 Day 5

-

Figure 2. Proportions of PS marker-positive cells
in the Wnt-3a treated cell population. A-J) Im-
munofluorescence staining of mouse ES cells
treated with 5 ng/ml (left panels) or 50 ng/ml
(middle panels) Wnt-3a or 50 ng/ml activin A
(right panels) from day 0 1o day 3, Cells were
immunostained (red) with antibodies against

Sox17
DAPI

Foxa2

DAPI
J K
= Brachyury 3 Goosecoid
3100 ——— oo
E 8o | gao L
2 4
geof Goof

8

L4} 40 f
4
a2t 20 f
8
m 0 0

ang Activin (ng/mi)

Nonidet P-40, protease inhibitor cocktail (Roche, Basel, Swilzer-
land), PhosSTOP (Roche), 1 mM Na,VO,, 25 mM NaF, and 25
mM B-glycerophosphate]. After rotating at 4°C for 1 h, the
supernatant was collected by centrifugation at maximum speed
for 15 min at 4°C. The proteins were separated by SDS-PAGE
and detected by Western blotting with horseradish peroxidase
(HRP) wonjugated anti-mouse or antiggoat immunoglobulin G
(IgG) as the secondary antibody. For signal detection, Super!
nal West Femto substrate (Pierce, Rockford, IL, USA) was
applied, and the membranes were visualized with the LAS-
1000plus lumino-image analyzer (Fuji Film, Tokyo, Japan).

I'he following primary antibodies were used in this study
Mouse anti-actin was purchased from Sigma, and mouse
anti-B-catenin was from BD Biosciences. Mouse anti 3 was
obtained from Upstate Biotechnology. Rabbit anti-phospho-
GSKE-3 58/521 and rabbit anti-phospho-PRC (pan) were from
Cell Signaling (Danvers, MA, USA). Rabbit anti-c-Jun, rabbit
'.1|11i-phflspll(H'_[llli. and rabbit anti-PRC were all from Santa
Cruz Biotechnology (Santa Cruz, CA, USA).

RESULTS

Mouse ES cells were cultured in the chemically defined
serum-free medium, ESF7. Under these conditions, ES
colonies formed without feeder cells (Fig. 14). Using this
culture medium, we examined the effects of Wnt-3a and
activin on the differentiaton of ES cells to PS in vitro.
Treaument of mouse ES cells with Wnt-3a induced effi-
cient diffeventation into flatened monolayer cells (Fig.
1B). The expression levels of marker genes for the PS,
mesoderm, and endoderm in these cells were analyzed by
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| Brachyury (A-C), Goosecoid (D-F), or Foxa?2
(G=0). Nuclei were stained with DAPI (blue \f K)
Bar graphs show ratios of Brachyury-positive ()
and (hum-('1_1i(11xn|l|\1_- (K) cells to the total number
of cells. L) Immunofluorescence staining (red)
with anti-E<cadherin (L, M) or anti-Sox17 (N, O)
antibody of ES cells treated with 50 ng/ml Wnt-3a
from day 0 to day 3 (I, N) or day 5 (M, 0J). Nucle
are stained with DAPI (blue). Scale bars = 10 pm.
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quantitative reverse transcriptase-PCR  (RT-PCR). The
specific markers used in this study are summarized in Fig.
1€ In the ES cells, Wnt-3a induced up o 3704old the
expression of the PS-and mesodermsspecific transcription
factor, brachyury (19, 20), with induction starting on day 3
(Fig. 1D). Activin treatment also induced the expression
of brackyury mRNA, albeit at an extremely lower level and
more slowly. The expression of the anterior PSenriched
Lransc I‘i]l!illn lactor ';_‘nmwr:mf (21, 22) was induced by
Wnit-3a treatment, and activin A treaunent again showed
weaker induction of this gene (Fig. 1£). Another anterior
PS marker foxa2 (23-25) was dramatically induced up to
1200-fold by Wnit-3a, and an endoderm marker sox] 7 was
also induced (Fig. 1F, G). The expression levels of foxa2
and sexl7 peaked on Day 6. However, activin A did not
show significant effect on the expression of foxa2 and
soxl7. As shown in Fig. 1H, Wni-3a wansiently induced
early posterior PS marker, svxl (26). In contrast to the PS
markers, the expression levels of the ectodermal marker
soxI and the primitive endoderm marker sox7 were down-
regulated by Wnt-3a or activin A before the onset of
brachyury and foxa2 induction (Fig. 1J, data not shown)
I'hese results indicate that Wnt, but not activin, specifi-
cally induces the PSlike cells under chemically defined
culture conditions.

I'o eliminate the possibility that these effects were
compared under nonoptimal conditions, titraton of
these ligands was verified by quantitative RT-PCR (Fig. 1))
The expression of brachyury mRNA was highest when the
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Figure 3. Reduced potential of Wnt-3a-treated mouse ES cells
to differentiate into non-PS ectodermal lineages, EBs gencr-
ated from undifferentiated mouse ES cells or ES cells cul-
wred with 50 ng/ml Wni-3a for 3 days were spontancously
differentiated. After 12 days of culture, EBs were immuno-
stained with an antibody against P3-tubulin (red). Nuclei
were stained with DAPL (blue). A) B3-Tubulin-positive neu-
rons in the EBs formed from the undifferentiated ES cells.
B) Differentiated cells from Wni-8a-ureated ES cells, €) Ratio
of B3-tubulin-positive cells. The ratios are expressed as the
percentage of B3-tubulin-positive EBs to the total number of
EBs. Scale bars = 10 pm.

ES cells were weated with 100 ng/ml of Wnt-3a. In
contrast, 25-50 ng/ml of activin induced the highest
expression of the brackywry gene. The expression induced
by activin, however, was much weaker than that by Wnt-
3A. Higher concentrations of Wnt3a and activin than
these resulted in decreased expression of this gene.
When the titration was performed with the foxa2 or soxl
genes, the optimal concentration was similar to those with
brachyury gene, and 50-100 ng/ml of Wnt-3a produced
the highest effect. The optimal concentration of activin
was also 50-100 ng/ml for these genes. These results
indicated that the concentration of Wnt-3a and activin
(50 ng/ml) used for the analyses, as shown in Fig. 10-/,
was appropriate, and the effects of these factors on the
differentiation into PS were properly analyzed. In ad-
dition, we compared the efficiency of differentiation by
Wnt-3a reatment and random differentiation by EB for-
mation in a chemically defined medium. Treatment with
Wni-3a increased the expression of the PS marker genes

Wit INDUCES PRIMITIVE STREAK FORMATION FROM ESC

1o greater extent than random EB differentation did
(Fig. 1/, right edge); this further supported the fact that
Whnt-3a is indeed a specific inducer of PS formation.

To examine further the differentaed PSlike cells,
Wnt-3a- or activin A-treated ES cells were immunostained
with specific antibodies for Brachyury, Goosecoid, and
Foxa2 at day 3 of differentiation. Intense immunostaining
for Brachynry was detected in both the nuclei and cyto-
plasm of the cells (Fig. 2B). When the strongly immu-
nopositive cells (Fig. 28) were counted, 80% of the Wni-3a
(50 ng/ml) -treated ES cells were found to be Brachyury-
positive (Fig. 2/). The anterior PS marker Goosecoid was
detected mainly in the cell nuclei after reatment with 50
ng/ml Wnt-3a (Fig. 2F), and 61% of the cells were
Goosecoid-positive (Fig. 2K). However, treatment with
either activin A or a low concentration of Wnt-3a (5
ng/ml) resulted in very weak expression of Brachyury
(Fig. 24, C, /). Similarly, the number of Goosecoid-
positive cells was small in ES cells treated with a low
concentration of Wnt-3a (5 ng/ml) or activin A (50
ng/ml) (Fig. 2D, F, K). In the absence of Wit or activin
A, the ES cells did not attach to the laminin-coated dish
and did not grow at all (data not shown). These data
further confirmed that Wnt efficiently induces PS differ-
entation, including the anterior PS, in mouse ES cells.

In addition to the strong expression of brachyury and
goosecoid in the PS and the axial mesoderm in vive (19—~
22), E~cadherin also expresses in the PS during develop-
ment, although the expression level decreases during the
mesoderm differentiation (27). In our system, E-cadherin
was detected in all the cells treated with 50 ng/ml Wnt-3a
on day 3 (Fig. 2L), and 30-40% of cells became E-
cadherin-negative on day 5 (Fig. 2M). Concurrently with
this change, an early differentiation marker of definitive
endoderm, Sox17, started to express on day 5 (Fig. 2N,
(). These data further support our finding that Wnt-3a
induces within 3 days a significant number of cells that
correspond to the tissue culture analogs of the PS in
developing mouse embryos, which subsequenty differen-
nate into the mesoderm and endoderm.

To evaluate the developmental potential of Wnt-3a-
induced PS-like cells, mouse ES cells reated with 50
ng/ml of Wnt-3a for 3 days were allowed to form EBs
and to differentiate spontaneously in serum-containing
medium for 12 days. Control ES cells differentated into
a significant number of B3-tubulin-positive axon-ex-
tending neurons (Fig. 34), demonstrating the ability to
differentiate into the ectodermal lineages. In contrast,
EBs differentiated from Wnt-3a-treated ES cells con-
tained few B3-ibulin-positive cells (Fig. 38). In the
quantification of this immunofluorescence analysis, B3-
tubulin-positive cells were detected in 63% of the
control EBs, whereas the number of B3-tubulin-positive
EBs was significantly decreased 1o 27% after Wnt-3a-
treatment (Fig. 3C). These results indicate that Wnt-3a-
treated ES cells have a markedly reduced ability 1o
differentiate into non-PS ectodermal lineages.

Next, we analyzed the signal specificity of PS differ-
entiation induced by Wnt-3a. Since the initial 2 days of
culture at any concentration of Wnt-3a did not induce
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alone or with the combination of the indicated concentration of Dkk1.

the expression of PS markers (Fig. 1, and dawia not
shown), we analyzed the activation of Wnt signaling
pathways after 2 days of preculturing of the ES cells in
the presence of 5 ng/ml of Wnt-3a. Treatment of the
ES cells with 50 ng/ml Wnt-3a after the preculture
period markedly increased the expression levels of the
PS marker genes brachyury and foxa2 within 24 h
(Fig. 44). Under these conditions, phosphorylation of
GSK-3a/p almost disappeared 6-12 h after Wnt-3a
stimulation. Concomitantly, there was a significant in-
crease in the level of f-catenin protein (Fig. 45), whereas
the control cells retained the initial levels of B-catenin and
GSK-3a/ B phosphorylation. Immunofluorescence analy-
sis clearly showed the accumulation of B-catenin protein
in ES cells 12 h after Wnt-3a stimulation (Fig. 4C). We also
examined the actvaton of PKC and c-Jun, which are
implicated in the signal vansduction of noncanonical
Wnt signaling (28, 20), However, no significant activation
of PKC or cJun was detected (Fig. 48, and daa not
shown). Dkkl has been used as an inhibitor of the Wnt
canonical signaling pathway (30). Treaunent of ES cells
with DKkl strongly inhibited the expression of the
brachyury and foxa2 genes induced by exogenous Wnt-3a
(Fig. 4D), indicating that PS differentation of ES cells by
Wnt-3a is dependent on Wnt canonical signaling.
Finally, to determine whether Wnt signaling could
also induce PS differentiation in human ES cells in a
chemically defined serum-free medium, we cultured
human ES cells for 3 days in medium that was supple-
mented with 50 ng/ml Wnt-3a, and analyzed the spe-
cific marker genes for PS by quantitative RT-PCR
(Fig. 5A, B). For the differentiation of human ES cells,
a comunercially available hESF-dif medium for human
ES cells was used. KSR and bFGF were not included in
the differentiation medium. Although the effects of
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activin in human ES cells were superior to those in
mouse ES cells, Wnt-3a induced a significantly higher
expression of several PSspecific markers. In addition to
these quantitative data, immunofluorescence analysis
was performed using specific antibodies for PS markers.
The result of this analysis showed that significant num-
bers of immunopositive cells expressing Brachyury,
Goosecoid, and Foxa? were observed in the flattened
cells that grew out from the clump of ES cells (Fig.
5(-F). In most of these cells, Brachvury and Goosecoid
were colocalized 1o the nucleus (data not shown).
Semiquantitative analysis by counting immunopositive
cells revealed that Wnt-3a-treatment induces quite effi-
cient differentiation of human ES cells into PS-like cells
(29-53%) as shown in Fig. 5/~H. On the basis of these
data, we conclude that Wni-3a is also an effective and
specific inducer of PS differentiation in human ES cells
when cultured in a chemically defined medium.

DISCUSSION

In this study, we demonstrate that mouse ES cells
cultured in a serum-free chemically defined medium,
ESF7, and treated with Wne-3a produce a highly en-
riched culture of anterior and posterior PS. Recently,
there have been reports that Wnt-3a can induce the
differentiation of the posterior PS and mesoderm from
ES cells (15, 31, 32). However, i vitre induction of the
anterior streak or definitive endoderm has not been
achieved with Wnt (12-15). In our unique culture
system, robust expression of PS marker genes, includ-
ing anterior PS markers, was readily observed in Wnt-
Ja-treated cells. Initially a whole PS and the mesoderm
marker brachyury were induced, followed by expression

NAKANISHI ET AL
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Figure 5. Directed differentiation of human ES cells into PS by Wnt treatment. A, B) Quantitative analysis of marker gene
expression of human ES cells reated with 50 ng/ml of Wnt-3a or activin A for 3 days. Duplicate cultures were analyzed by
quantitative RT-PCR. C-£) Immunofluorescent staining of Wnt-3a treated human ES cells. Cells treated withWni-3a for 3 days
were immunostained with antibodies against Brachyury (€), Goosecoid (D), and Foxa2 (E). Nuclei were stained with DAPI

(blue). Scale bars
Wnt-3a-treated cells were counted in 5 independent fields.

of the anterior PS markers goosecord and foxa2, The
endoderm marker sox!7 was induced within 6 days. In
contrast, genes not expressed in the PS in vive, such as
the ectoderm marker sox/ and the primitive endoderm
marker sox7, were suppressed by Day 3. These resulis
indicate that Wnt-3a induces directed differentation
into PSlike cells, including its anterior subdivision,
which could be expected to further differentiate into
both the mesoderm and definitive endoderm.

Immunofluorescence analysis revealed that a large
proportion of the Wnt-3a-treated cells expressed both
Brachyury and Morcover, E-cadherin,
which is expressed in the PS but not in the mesoderm,
was detected in all the cells treated with Wnrt-3a for 3
days. The expression of these markers in the Wnt-3a-
treated Day 3 cells was consistent with the expression
patterns in the anterior PS. Furthermore, Wnt-3a treat-
ment significantly reduced the potential of ES cells to
differentiate into non-PS lineages, such as neural ecto-
dermal cells. These results support our conclusion that
Wnit-3a treatment commits ES cells to the PS lineage in
the chemically defined medium

Goosecoid.
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50 wm. F-H) Quantitative analysis of the immunofluorescent staining in C-E Immunopositive cells in

We also analyzed the Wnt signaling pathways during
the anterior and posterior PS differentiation. In this
study, we demonstrate that Wnt-3a specifically inhibits
the phosphorylation of GSK-3a/p and induces a signif-
icant increase in the level of B-catenin protein in ES
cells cultured in chemically defined medium.
Moreover, a Wnt canonical pathway-specific inhibitor,
Dkkl, abrogated Wni-dependent induction of brachyury
and foxa2 gene expression. A recent study suggested the
importance of canonical signaling in the differentiation
of mesoderm from ES cells using complex EB forma-
tion, although in that study, Wnr activity alone was not
sufficient to induce the mesoderm-specific gene expres-
sion (32). Our daa clearly demonstrate for
time that Wnt-3a is sufficient for the induction of both
the anterior and posterior PS, [rom which the definitive
endoderm and mesoderm are produced, and that Wnt
canonical signaling is essential for this differentiation.

Previous studies have shown that high doses of activin
promote the differentiation of endoderm from ES cells
(12, 15). However, under our culture conditions, culti
vation with activin alone had litde effect on the expres-
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sion of sox17, which suggests that the ability of activin to
induce the PS and endoderm is quite limited in our
system. This discrepancy may reflect differences in the
induction methods used. Some of the previous studies
used EB formation as the initial step in the differenti-
ation into PS (13, 15). EB formation causes changes in
the cellular microenvironment, such as high concen-
trations of locally produced cytokines and various in-
teractions between different cell types within the EB
structures  (33-36). These complex conditions may
enable unexpected crosstalk between different signal-
ing pathways. In addition, serum (14) and serum
replacement supplements of undisclosed compositions
(12) were used to induce mesendodermal differentia-
tion from ES cells. In contrast 1o these previous studies,
we used a completely defined medium that does not
contain any inducing factors, with the exception of
minimal supplements, such as insulin and wransferrin.
Our results suggest that unknown factors derived from
serum or serum replacement or complex conditions,
such as cell-cell interactions in the EB, are required for
endoderm induction by activin,

In this study, we demonstrate that Wnt treatment also
induces PS differentation in human ES cells. These
results suggest that Wnt is a common inducing factor
for both the anterior and posterior PS in mammalian
ES cells. Our method can be an innovative approach to
obtain enriched cultures of PS cells in a serum-free
chemically defined medium. Our method does not
eniail procedures that might affect reproducibility,
such as EB formation, coculturing with other cells, or
gene targeting. Although the potential of these in-
duced cells for the generation of terminally differenti-
ated PS derivatives is currently under investigation,
further studies are likely to show that this method is an
essential step in generating therapeutically useful cells
derived from the PS, such as cardiomyocytes, vascular

endothelial cells, hepatocytes, and pancreatic Bcells.
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dorfTEGEN EMERNEA £HREWEEr &
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B ESf@ia. &k iPS #fa. 7r—5—#ila

BOTIR0M4FEIHESDSL—-F 2L )Y &
b ES $EHatRAHE T St e OMEN L% ¢
OFFREA L b ES ML L THRL g Ty
ALVARBTIE v, 2006 EIZIIPLED T N —
FIiZ&0, vy ANLEERSR GPS) MREORMRE
BRSNS, £ OMEEEITE - iPS MO
FRETIRELETAZRHMIANL/I5H ETFH
LTwi, LAdL, FOFHELE (K- T,
20074EIZE b iPS MlRO(ER SRR E N £O
fidke LERp S LV E kPSS #lERD
s hTwa™Y, BERERIZBVWTYH, HiF%R
ZTHHEO ips MROENRITTHI, 4 JCRB
iy y (HEGFMEFRTHEPR) CHROE
b iPS HifaAREE S T, HE, TROEMETT-
Twa, £ ESH#HEITEMOEILEVI L%
ERTwa, —2ORETH LS ALHMBT
HoTh., BT Lo THRIMME S LEE O R
Lh, 27, #RHELEALLENHINE



Bl A RE

L&, BEY = 74— LK Andrews BIEH
J—#—Ek L TH##L T2 International human
ES cell initiatives (ISCI) 7o ¥z FTiE, B&
EEOHERNABROWEE S 473 E Te0kiE <
Ok b ES fMlEkOSR A ML, b ES M
ORI LA ML SN TVAE"Y ) e | iPS fllals
 kES #lgomREA LT 0. ([ Lk
LEREN-iPSHIlRTH-TEL, 20— MO
EHROLNDL, ES MLV ERTOFT—
LDIEE A% iPS HMIZIERT 4 2 EATTHET
5. &b ES#RFES—RHTLho BRI
BTk b ips @il E AV AR AT ) 20121,
b b ES flfR % M L L Ao LR 2R AT O LB
HAH1EHY. ¥, € MES, iPS HlEOVWTERX
R SR AWE D LN L HO TIRRN 253
HiEIZO2WTHAT S,

1. Z4—4—Hika

ES #ifa % A LIRIIZ R+ 2 010, —i
Zig= AR R B OEEEREFME (mouse
embryonic fibroblast: MEF) #¢7 1 — ¥ — g & L
THWHLRTWLY, MEFERE V- T LR
LM TS . ERIZIRE C oMizsR
FoTwd, v AORKE, FHMROHLE
PERHLbOR@I0NEE Ly, MEFIZ¥ 1
Ay Chividy REBGCEINHRIRE
i L<RAT 2, R, 151 b

24 v HDVIE y WEHLAEL O MEF it
ShTwd (#1), FETMEERELTT>TMEF
L A Al £ S ICE LA ES #llaak
LB TEEN Y A EDF2 2 728
Hak, o FERIZHL D TFMA L. MEF
Tldh{, By 2h/: STO L AT 208
L& 5™, STO ML (ATCC. CRL-1503) |&, Dr
Alan Bernstein (=& D 578 S 7: SIM < 7 A#E
FEMBOF+ Ty B T, YRR
FT. #EME (EC) < A ESHIfAD 7 1 —
F—ELTHWHRTWE, STO #IlIZES IZ#
fEed = EATRETH D . (T2 MEF & [ajfkiz
A7 (T A AME L H A A5 ES HilLs 0
pEoOMENrH-7-0, sHMU EOEEIZIZNL
bhhvky, BLuWELHD, Lol HlkE
CHWTELHEIZE, WAL CEMT
Hh, +A7A L A (neor) BEAY §—
BLULFREAY2 ¥ — L HEMIZHIGAAL
STO #if (SNL . 3 &\ (& SNL 76/7 STO #fl
Hi. ECACC 07032801) (&, SO X L—TF |2
rae b ips fifAERCHAZATYS. 75,
o R & (A, v USRS iR
LTl L il @RI A6nTY
%I!.lllc

2. 18 ® R

Thomson & (2 & 087 & 117548513 Dulbecco’s

®) JCRB ICBLWTEALTWLS I «—5 —HEEOER

i n = AFEE hyOJEs IR /25 em’
Primary mouse embryo fibroblast
Strain CF-1 VA hTA Y NER SUKT? PMEF-CF* 24x10°
Hyaro Resistant Strain CS7/BLE A b2 2/ 0EE STURTP PMEF-HL* 2 x10°
ICR XA bR AR yZotiv RCHEFCO003® 2 x10°
STO #Hia ATCC CAL-1503
SNL 76/7 STO #88 ECACC 07032801

‘OBZe0E. WIUITERTRTSIE LERRED.



BXEICS(FSE bk ES, IPS MRS

modified Eagle’s medium, %% \2 1 DMEM £ FI12
101 CiRE L7z DMFI2, £20% M il Aot
EhTws", La L, mlsaizide b ES #ild
OFERTFLETATWAZ LA SN,
12, WHEFHEMMET (FGF-2) & KnockOut
Serum Replacement™ (KSR, Invitrogen) £ KnockOut
DMEM (Invitrogen) #5fEH S hTw 2", DM/
F12. & &\ i KnockOut DM/F12 (lnvitrogen) &
ARG L LTHH X TWS (1 ). KSR,
serum-free & 2N TV A, BHERTE &,
Oy FENBLEOIITY b Fx oy 2 ANEE L
Bo Bz, BAHL T2 MMM E o7 b DI
AMRIE STy, HEPES 2 & £ 2 a8
HATaZed%, HEPES id 6 & & & — iRy 5F
B L THES BN, Oy PELENWTE
AAMENTviA, —F, HEPES T L 22 Wi &
[CIZRMEERAEE A0, pH DT L KE &

Ao BRI, DRHEICIREOAT LA IR
OO T, FESLETHLY,

3. MRS EE

E k ES. iPS B2 I35 TRk
Lol bRBLWLEEAAMEA G, Y2 NENIC
LTLEAE, BEALOMBNTHE =AU
LthEFTELZVWYD, J0=—%50~ 1006
WO IZ L TR LTI, SRAROME
Siid, BN TELBRCLIZFEICKEN
L™, BEEIC LA, BT A, M
fithib., —h. FHAEECLIoTIRFELEL
La5, AV, RERNEELLZ LY, MRS
Moz k284 2B A e + ES fRRFREOM
TIREGHNTWS, o, BELEIZ LT
FREANELTTLES L MWEI2ED, #

#®2 EbES AEws"

B e am Ak w2 GIBCO &8
80% Knockout OMEM 10829-018
(BBE DMEMF12)* (Sigma D6421)
20% GIBCO Knockout SR 10828-028
1% non-essential amino acid soltulon 100 x MEM non-essential amino acid soltulon 11140-035
1 mM L-glutamine 0.146 g in 10 mi PBS 21-51-016
0.1 mM f-mercaptoethancl 14.3 M B-mercaptoethanol Sigma M-7154
4 mg/ml human bFGF** 2 pgiml in PBS with 0.1% BSA 13256-029

[F1E]
1. L-glutamine / f-mercaptosthanol FDTERL

10 ml @ CMF-PBS [T, 0.146 g @ L-glutamine % 15 ml Fa—JICANS.

7 pl @ B-mercaptoethanol ZEANT L LBESD.
2. Z4WF=01=y k. UTFEANSD.

Knockout DMEM 160 mi
GIBCO Knockout SR 40mil
L-giutamine / f-mercaptoethanol & 2mi
100 x non-essential amine acid solution 2mi
human bFGF 400 p

3. 2409 —T3.
4. 4°CICTHEL. 1 BMLAICERYT D,

*: JCRB KEBRJ (/2 Tt HEPES ZREML GIBCO11965, 11765 #RETERLTLS.
HOHRBICLSTERRERY L ORESTVNAOT, RBICIENEMEY ZMICIZ. FOERICEIENTVL

570 hO—ILEBROCE.
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#3. JCRB CBIFBE bk ES, iPS BEOBLOFIR
E " Bom

25 cm’ 2520V C01%ESF/EBAE 2m FOAND .
AT YFEAR—F—ICHE. 30 mun
MEF FHEME R " .

HSF/BWEWS|. PBS [CTHRS.

HISAJIC MEF AIBIEE aml TOAND.

M | 15 mi Fa—TIC MEF Bit%F 9 ml ANd.

N; ICAT\EEE MEF BOU—UXUFRELICH>TL .

1A PILOBES U—~UFRTRITTIA PILO N EEL,
O F—F—I(RICANTER, DLW SERETOU—RUFRANBIT . MEF BRITE~Ny | TEIRITHE
| 5 70nSER. MEF BlEE 15 m Fa1—TICAND. LB TS,
1000 rpm . o) 2 min
LU\ MEF FIEMIIC MEF ZFBEES.

MEF MERCTREE 1 m $OHEISAJCAND.
MEF % CO, f ¥ a~—F—CANT. SN 24n
MEF iSO SESHIER (FGF-2 BU) ICXRL. BR'. 24h

£ b ES. iPS SIREEELTLS 7S5 JDBERS|.

1 unit/mi Dispase” (Roche/ WRIR 3 BRIMICER) & 1 ml ANS.
370 - CO, A FANR—=9—ICANT A U¥a"—3, 3-10 min
Dispase #R3.

hES 18# 10 ml BANT, 10ml EAy FEDIFAEAY RIS K (MICTD) TEBERENIDLIIC
B | LTI0=-%2@307 (TEIRCDENEIECTD. 2EBEROEN YT« I TIO=—DZHNELE
SEEEE. BILAIL—/(—E@ALTID=—ER3HT).

SRR T OO0 —OOMREEWIZY S,

15 ml Fa—J(ICHEFEAEANT. 300 rpm [CTRAD (KEVIO0Z—-0OHEBRT D). 2 min
f | /LY hES B E ANTHIRFBRSTS (ERyF 2 JRLEWV).
MEF MIBMEMRSI.

HISAAICHEETRBEAND (S OBBEKICKD)

RS T OO0 - — ORISR,

CO, A ¥ aN—F—ICANTIER. 24h

EREIELROES. BACERFRRTOELEESED (24 h)
IBHAEMICHET hES BikEF 1 —TICHML. FGF-2 BAND.
ATCO == (ATHEMERBDS. 5 min
HMROGEEMRRTF v 2.

BB E I U — R IFICHTL D,
7S AIDIBMERS].
BOEBREANS.

EEOREEF v o',

CO, A YFa~—=F=ICANT. BR.
WENICHBENERETS .

0 A—H=IC& > THROERRCEABOT « 2/ (—OABBMEE6RDo T S, /(Y ITRI-ZVIEERLTUVS.

@ MWEME 9 —L PS MilRIZ, CS7/BLE ¥IAM MEF BHALTHIANTLS., MEDEOTIE. Hygro Aesistant Strain C57/
BLE (SUMP) HEREAETH D SEMELTULVS. MEF /T FIb 1| FE30MOD 25 om’ Z5ADICHELTVLS,. EEL. O
FEDEDLD. FLLOy FORCE. EREFEATEELTF I v 2T ILENSD.

@ high glucose, L-giuthaminem. 15%FRRMN (ES JL—F) 2#H DMEM

@) MEF ML TH S4B TIZHHICED > TULVELE D, 2 BERLURICERTIAIRELL. RIKTIMNIC. WHICE ~ES
RIEMICTEMELTE®. MEF EE - ES BMICHUERTB L

® Dispase OEEZHNE 3 QLESEZARICETTS. ERABONEHME—FICTIDICE. AREALTERTIONIEL
L B, #FENTLINEINSESTE - TE, SHICL - TRPICTOFRIINELD. ML/ (/P TI2 Roch - Dispase 1
unitm! TERATEIC EBMELTUVS.

@ Dispase ICHT 2MEMEFRICE > TRES. FHLLOY FOF ¢ A (-SRI LLBRKORSICE. ®F. 357337°CTR
BLTERRAT I0=-—ORBRERET S, £5. PS EEOI0=-—OIy V% oT. PLETALA=ILLTVVES, TLICF 1
ZN—HERC. DD BESHHFBLICA—LLTLSRAICZNBRMNRYFS. TO8E. MAICESULEZIZTI0
Z—HRFNTLESTREEDEI LD, T+ A—ERWSIETIC, BEENATADLTT « A/ (—ER<. 2~3BBET
FoANEMELRLY,

0 IBONST &< MBA S0 2-ME ORETH S, 2-ME OREFRLVES, BERUTT CICHEBIEATVC.

@ PRIZHEERSEMET S, SRIINErEREOLESSH 1 BOHICLTULS, L, TO8S. JYILIY FTEMR
BICLTHELAENSD,

B KE S
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