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Abstract

The homeobox gene Noto is expressed in the node and its derivative the notochord. Here we use a
targeted Noto-GFP reporter to isolate and characterize node/notochord-like cells derived from
mouse embryonic stem cells. We find very few Noto-expressing cells after spontaneous
differentiation. However, the number of Noto-expressing cells was increased when using Activin
A to induce a Foxa2- and Brachyury-expressing progenitor population, whose further
differentiation into Noto-expressing cells was improved by simultaneous inhibition of BMP, Wnt,
and retinoic acid signaling. Noto-GFP* cells expressed the node/notochord markers Noto, Foxa2,
Shh, Noggin, Chordin, Foxj1, and Brachyury; showed a vacuolarization characteristic of
notochord cells; and can integrate into midline structures when grafted into Hensen’s node of
gastrulating chicken embryos. The ability to generate node/notochord-like cells in vitro will aid
the biochemical characterization of these developmentally important structures.

Introduction

Spemann and Mangold discovered that newt dorsal blastoporal lips (Spemann’s organizer)
can induce a secondary body axis when grafted to a host embryo [1]. Equivalent organizers
are found in other species like chicken (Hensen’s node) and mouse. The mouse node arises
from the anterior end of the primitive streak (PS) at the mid-to-late streak stages. At
embryonic day (E) 7.5 the pit of the node has formed and the final shape is established.
Node cells have a small apical surface with a monocilium, which plays a role in establishing
the left-right asymmetry in the embryo [2-4]. The node is the precursor of midline
structures, including floor plate and notochord [5]. Numerous studies have shown that the
notochord plays a critical role in patterning of surrounding tissues [6-10]. Formation of the
node depends on Nodal signaling [11] and is regulated by the transcription factors Foxa2,
Brachyury (T), and Noto [12-16]. Foxa2 null embryos fail to form the node and notochord
[14], whereas T and Noto are crucial for development of the trunk and tail notochord
[16,17]. Furthermore, Noto is required to maintain axial mesoderm identity most likely by
inhibition of paraxial mesoderm fate [16]. Noto and its orthologs [Xnot in Xenopus, floating
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head (flh) in zebrafish and Gnot1/Gnot2 in chicken] show similar expression patterns in the
notochord and are important markers to study notochord induction. Zebrafish studies
demonstrated that low concentrations of the Nodal homologs cyclops and squint are
essential for flh induction, whereas high concentrations favor goosecoid (gsc) expression
[18,19]. In Xenopus, Activin and Fgf may act as inducers of Xnot [20]. Additionally, the
nodalrelated factor Xnr1 can together with Noggin induce a complete secondary axis [21],
whereas co-repression of BMP4 and Whnt signaling is required for specification of the
notochord [22]. Retinoic acid (RA) may activate Gnot1 expression in the chicken [23].
Notch signaling is also involved in midline specification from organizer precursors where
activation of the Delta-Notch pathway favors a floor plate fate and inhibits contribution to
the notochord [24-29]. Mouse embryonic stem (ES) cells are excellent tools to study
development in vitro and reporter cell lines have served to monitor differentiation into all 3
germ layers. Directed differentiation of ES cells into rare cell types, for example, node and
notochord cells, can provide access to large numbers of such cells and thus facilitate
biochemical characterization of these. In this study we take advantage of an eGFP reporter
targeted to the Noto locus [12,16] to study node and notochord formation in vitro. We show
that formation of Noto-expressing cells is augmented when a Foxa2*T* double positive
progenitor population is first induced by a low concentration of Activin A. Further
differentiation toward a Noto-expressing fate is promoted by the simultaneous inhibition of
endogenous RA, BMP and Whnt signaling and the presence of Fgf2. In vitro derived Noto-
GFP* cells share marker expression and morphology with node and notochord cells in vivo.

Materials and Methods

Cell culture of Noto®fP/* and TGP+ cells

Noto®fP'+ and TEP'* mouse ES cells were described previously [12,30]. Mouse ES cells
were maintained in serum- and feeder-free cultures in the presence of BMP4 + LIF [31] or
2i + LIF [32]. To initiate differentiation cells were seeded at 2,000—4,000 cells/cm? on
gelatin-coated plastic ware (Nunc) in KO-DMEM supplemented with N2, B27, 0.1 mM
nonessential amino acids, 2 mM L-glutamine, Penicillin/Streptomycin (all from Invitrogen),
and 0.1 mM 2-mercaptoethanol (Sigma Aldrich). The following growth factors and small
molecule compounds were used: Activin A, Wnt3a, Nodal, BMP4, Noggin, DkkZ1, Shh (all
from R&D Systems), and Fgf2 (Invitrogen), SB431542 [33], SU5402 (Calbiochem), and
AGN193109 (synthesized by Novo Nordisk A/S) [34]. The total number of cells was
determined by the NucleoCounter (Chemometec A/S).

Transfection of Noto-GFP cells

At day 2 of differentiation NotoCfP/* cells were transfected with plasmid DNA using
Lipofectamine2000 (Invitrogen) according to the manufacturer’s protocol.

Flow cytometry

The FACScalibur (BD Biosciences) flow cytometer was used for analytical quantification of
GFP* cells in at least 3 independent experiments. Sorting of Noto-GFP* cells for RNA
extraction was performed on a FACSAria (BD Biosciences).

Quantitative real-time reverse transcriptase—polymerase chain reaction

The extraction of the total RNA with the Invisorb Spin Cell RNA Mini kit (Invitek) was
done according to the manufacturer’s instructions. cDNA was prepared from 100 ng RNA
using MMLYV Reverse Transcriptase (Invitrogen). Quantitative real-time reverse
transcriptase-polymerase chain reaction (QRT-PCR) was performed using Brilliant®
SYBR® Green QPCR Master Mix (Stratagene) and the standard SYBR Green program with
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dissociation curve of the Mx3005P (Stratagene). Quantified values for each gene were
normalized against the housekeeping gene G6pdh. The results are expressed as the relative
expression level compared with the expression in undifferentiated cells. For primer
sequences see Supplementary Table S1 (Supplementary Data are available online at
www.liebertonline.com/scd).

Immunocytochemistry

Immunocytochemistry (ICC) was done as described previously [35]. The following
antibodies were used: goat anti-Foxa2 (Santa Cruz Biotechnology), goat anti-T (R&D
Systems), rat anti-FIk1 (BD Pharmingen), goat anti-Sox17 (R&D Systems), Alexa 488
conjugated rabbit anti-GFP (Molecular Probes/Invitrogen), and goat anti-Shh (R&D
Systems). The cells were incubated with Cy2-, Cy3-, or Cy5-conjugated species-specific
secondary antibodies (Jackson Immuno-Research Laboratories) and 4/,6-diamidino-2-
phenylindole (MP Biomedicals). The slides were analyzed using an LSM 510 META laser
scanning microscope (Carl Zeiss).

EdU incorporation

Noto-GFP ES cells were differentiated with or without Fgf2 in step 2. At day 5 EdU
(Invitrogen) was added directly to the medium resulting in a final concentration of 10 puM.
After 15 min of incubation cells were fixed in 4% formaldehyde solution for 15 min at RT.
EdU staining was performed according to the manufacturer’s instructions using Alexa 594
as fluorescent dye. EdU staining was followed by ICC against GFP as described above. The
slides were analyzed using an LSM 510 META laser scanning microscope (Carl Zeiss). In 3
independent experiments between 40 and 46 GFP* cell clusters for each condition were
documented and within each GFP* cell cluster the number of GFP* and EdU™ cells were
counted manually.

Transmission electron microscopy

Clumps of Noto-GFP™* cells were manually scraped off the culture dish and fixed in 3%
glutaraldehyde in 0.1 M sodium phosphate buffer (pH 7.2) for 1 h at 4 °C. Dehydration,
embedding in Epon, and sectioning was done as described previously [36]. Transmission
electron microscopy was performed on a Phillips CM100 transmission electron microscope,
and digital image processing was applied.

Hensen's node grafting in chicken embryos

Statistics

Fertilized eggs from white leghorn chicken were purchased from Triova and incubated at 39
°C in a humidified incubator. Node grafting at Hamburger and Hamilton stage (HH st) 4
chicken embryos was done as described previously [29]. Grafting lateral to the neural tube
was done in early chick cultures at HH st 8-10 [37]. Clumps of Noto-GFP* cells were
scraped off, labeled with fluorescent CellTracker™ Orange CMTMR dye (Molecular
Probes/Invitrogen), and grafted into chicken embryos. After 20-48 h the embryos were
isolated, fixed in 4% PFA, and stored in methanol at =20 °C for further staining. Whole-
mount immunofluorescent analyses of manipulated chicken embryos were performed as
previously described [38]. The following antibodies were used: goat anti-Foxa2 (Santa Cruz
Biotechnology) and Alexa 488 conjugated rabbit anti-GFP (Molecular Probes/Invitrogen).
Embryos were embedded into 4% agar for vibratome sectioning.

Mean% GFP* cells [fluorescence-activated cell sorting (FACS)] + standard deviation or
mean relative expression (QRT-PCR) + standard error of the mean was calculated and
statistical analyses were performed using a 2-tailed Student’s t-test.
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Results

Induction of a Noto-GFP* population via a Foxa2*T* precursor population

We first examined the influence of Activin A/nodal signaling on the differentiation of
Noto®™/* cells when grown in adherent culture in serum- and feeder-free medium.
Approximately 1% of the cells activated GFP expression spontaneously after 5 days of
differentiation and addition of Activin A in various concentrations did not increase the
number of Noto-GFP* cells above that observed during spontaneous differentiation (Fig.
1A). Increasing the concentration of Activin A above 1 ng/mL had an inhibitory effect on
the number of Noto-GFP* cells, and a similar effect was seen using high concentrations of
Nodal (Fig. 1A, B). Previous observations in Xenopus demonstrated that inhibition of BMP
and Whnt signaling is required for notochord development [20,22] and that Fgf signaling can
induce Xnot expression [20]. These observations led us to test the influence of Wnt, BMP,
and Fgf signaling upon differentiation of Noto®fP'* cells. We found that BMP4 suppressed
the induction of Noto-GFP™ cells (P < 0.05) and that the inhibitory effect was reversed by
adding the BMP antagonist Noggin. Nevertheless, inhibition of endogenous BMP signaling
by Noggin was not able to increase the differentiation into Noto-GFP* cells (Fig. 1C).
Stimulation or inhibition of Wnt and Fgf signaling alone did not change Noto-GFP
expression (Fig. 1D, E).

Since the node develops from a Foxa2*T* population in the anterior PS and mouse knock-
out studies have shown that Noto expression is completely lost in Foxa2 and T null embryos
[12], we devised a differentiation protocol to induce a Foxa2 and T double-positive cell
population before attempting to differentiate such cells further to a Noto™ stage. Low
concentrations of Activin A are known to induce T expression in mouse ES cells, whereas
high Activin A concentrations inhibit T induction [35]. We therefore used a TS™P/* reporter
mouse ES cell line to titrate the Activin A concentration that resulted in the highest number
of T-GFP* cells as assayed by FACS analysis. We found that 1 ng/mL Activin A present for
4 days yielded in the highest induction of T-GFP™ cells (22.2% + 5.0%, P < 0.02;
Supplementary Fig. S1A). ICC showed that increasing concentrations of Activin A induced
increasing numbers of Foxa2™ cells and that a high number of T-GFP*Foxa2™ double-
positive cells formed only when the cells were differentiated in 1 ng/mL Activin A
(Supplementary Fig. S1B). We next determined if Foxa2*T™ cells could be differentiated
further toward a Noto-expressing node/notochord-like cell fate by manipulating Wnt, BMP,
and RA signaling. After incubation of Noto®fP'* cells with 1 ng/mL Activin A for 3 days the
medium was supplemented with relevant growth factors or their inhibitors for another 2 days
(Fig. 2A). While treatment with Wnt3a did not change the number of Noto-GFP* cells, we
found that inhibition of canonical Wnt signaling using Dkk1 tended to increase the
percentage of Noto-GFP* cells, but the effect was marginal and did not reach statistical
significance (Fig. 2A). Addition of BMP4 or RA reduced the number of Noto-GFP* cells
from 1.5% + 0.5% to 0.9% = 0.2% not significant (n.s.) and 0.4% + 0.2% (P < 0.03),
respectively (Fig. 2A). This effect could be reversed by addition of Noggin or the RA
inhibitor AGN193109, respectively. Notably, inhibition of endogenous BMP or RA
signaling, by addition of Noggin or AGN193109, increased the number of Noto-GFP* cells
to 2.7 £ 0.6% (n.s.) and 3.7% £ 1.1% (P < 0.05), respectively (Fig. 2A).

Based on the ability of RA and BMP antagonists to augment differentiation of Noto-GFP*
cells and on Xenopus data showing that co-repression of BMP and Whnt signaling is essential
for Xnot induction [22], we next tested if the simultaneous inhibition of these signaling
pathways could stimulate development of Noto-GFP™ cells. We performed these
experiments in the absence or presence of 100 ng/mL Fgf2 to test if Fgf signaling would
influence the differentiation of Noto-GFP* cells. Different combinations of Noggin, Dkk1,
and AGN193109 showed that a combination of AGN193109 and either Noggin or Dkk1
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resulted in induction of Noto-GFP* cells as did the simultaneous inhibition of all 3 pathways
(Fig. 2B). Additional treatment with Fgf2 was found to enhance the development of Noto-
GFP* cells (Fig. 2B). However, in some experiments the combination of AGN193109 and
Noggin gave better induction than AGN193109 and DkkZ1, but in other experiments the
opposite result was seen, likely due to variability in endogenous signaling. Further
experiments were therefore performed in the presence of Activin A and Fgf2 and with
simultaneous inhibition of the BMP, Wnt and RA pathways (Fig. 2C).

Studies in several species suggest that inhibition of Notch signaling drives differentiation of
midline precursor cells into notochord at the expense of floor plate/hypochord formation
[24-29]. Addition of the y-secretase inhibitor Compound XVII1, which inhibits the
proteolytic cleavage of the Notch receptor, tended to increase the number of Noto-GFP*
cells when differentiated with the 2 step protocol, but the effect did not reach statistical
significance (Supplementary Fig. S2A).

During early development different types of Fgfs are expressed and knockout studies have
demonstrated their important role in mesoderm formation and gastrulation movements
(reviewed by ref. [39]). Therefore, we tested whether the application of Fgf4 or Fgf8 instead
of Fgf2 could increase the induction of Noto-GFP expression. Fgf4 yielded results
comparable to Fgf2, whereas Fgf8 had no positive effect on Noto-GFP induction
(Supplementary Fig. S2B).

Since the zebrafish Noto homolog flh appears to positively regulate its own expression [40],
we investigated whether transfection of Noto®™P/* cells with an expression vector encoding
Noto-IRES-dTomato could influence development of Noto-GFP* cells. FACS analysis of
the GFP signal in dTomato™ cells showed a significant increase in Noto-GFP* cells in the
presence of 1 ng/mL Activin A from 5.2% + 1% to 10.7% + 2.8% (P < 0.05; Fig. 2D),
indicating that Noto can induce its own expression even in the absence of the inhibitors that
were applied during the second step of the differentiation protocol. Still, the earliest that a
GFP signal could be detected was at day 4 to 5 of differentiation, demonstrating that the
expression of Noto itself cannot accelerate differentiation and that the differentiation process
might have to pass through the Foxa2*T™* precursor state.

Characterization of in vitro derived Noto-GFP* cells

To characterize the Noto-GFP* cells, we FACS sorted GFP* and GFP~ populations after 5
days of differentiation with the 2-step protocol. FACS sorting at day 5 enriched the Noto-
GFP* population from 10% to above 90% purity. QRT-PCR analysis showed a 25-fold
upregulation of Noto mRNA in Noto-GFP* cells compared with GFP~ cells (Fig. 3A). The
node and notochord markers Foxa2 and T were also enriched in the GFP* population. ICC
for GFP (Noto), Foxa2, and T confirmed the co-expression of Noto and Foxa2 as well as
Noto and T in day 5 cultures (Fig. 3B). The notochord secretes Shh to pattern adjacent
tissues, including the neural tube and the myotome [6,8,41]. mRNA levels of Shh were
strongly enriched in Noto-GFP* cells (Fig. 3A) and Shh protein could be detected in Noto-
GFP* cells by ICC (Fig. 3B, lowest panel). Since a grafted notochord can induce ectopic
floor plate development in chicken neural tube [7] and since Shh is the mediator of neural
tube patterning [42,43], we tested if grafting of Noto-GFP* cells could induce an ectopic
floor plate. When Noto-GFP™ cells were grafted lateral to the neural tube into HH st 8-10
chicken embryos [44], whole-mount immunostaining revealed an expansion of the floor
plate marker Foxa2 toward the side where the graft is placed (2/21 embryos; Fig. 3C).

The node and the notochord also produce the BMP antagonists Chordin and Noggin. Both
markers showed a high mRNA expression level in Noto-GFP* cells (Fig. 3A). Nodal was
also expressed, but not enriched, in the Noto-GFP* cell population and could be detected
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during the entire differentiation process (Fig. 3A). In contrast, expression of the node marker
Foxj1 was highly enriched in the Noto-GFP* cell fraction (Fig. 3A). As the node can give
rise to both notochord and floor plate, we further tested whether the floor plate marker Arx
was expressed in our cell culture system. Indeed, Arx expression was enriched in the Noto-
GFP* cell fraction at day 5 (Fig. 3A), indicating that some Noto-GFP* cells might be able to
further give rise to floor plate. Gsc, Liml, Otx2, and Cerberus-like 1 (Cer1) are important
regulators in the gastrulating embryo and are, besides other tissues, expressed in the anterior
most part of the PS that will give rise to the node. All 4 genes are induced during the 2-step
differentiation protocol but show no specific enrichment within the Noto-GFP* cell
population (Supplementary Fig. S3).

During development the notochord has, besides patterning the surrounding tissues, also an
essential function as structural support for the embryo. Its extracellular matrix and the
vacuolarized cells make the notochord a rigid organ that functions as skeletal element in
lower vertebrate embryos important for embryo elongation and locomotion. In mouse
embryos, the notochord cells present an abundant presence of cytoplasmic vacuoles around
embryonic day 14 caused by excessive dilation of the endoplasmic reticulum and
mitochondria [45]. Transmission electron microscopy analysis of in vitro derived Noto-
GFP* cells showed enlarged, dilated mitochondria comparable to those described in mouse
embryos (Fig. 3D) [45]. Together, these data demonstrate that in vitro derived Noto-GFP*
cells express node, notochord, and floor plate markers and that some Noto-GFP* cells
exhibit a vacuolarization typical of the notochord. The presence of these markers indicates
that the ES cell-derived Noto-GFP* cells may represent a heterogeneous mix of node-like
cells and their immediate progeny: notochord and floor plate cells. Evidently, a large
population of Noto-GFP™ cells is present in our cultures. In order to determine the identity
of these cells, we analyzed for the mesodermal markers Mespl and FIk1 as well as the
endodermal markers Sox17 and Cer 1. Expression of all markers could be detected in the
GFP~ fraction of the day 5 cultures as well as in the vehicle-treated controls (Supplementary
Fig. S3A). Triple ICC demonstrated that many of the GFP~ cells were either FIk1* or
Sox17* (Supplementary Fig. S3B), indicating that significant amounts of non-axial
mesoderm as well as some endoderm are formed in our cultures.

and maintenance of Noto-GFP™ cells

A closer inspection of the Noto-GFP expression over time showed that the percentage of
Noto-GFP* cells was maintained over time, whereas the absolute number of Noto-GFP*
cells increased (Fig. 4A, B). This observation raised the question whether the increasing
pool of Noto-GFP™ cells came from newly differentiated Noto-GFP* cells or through
proliferation of the existing Noto-GFP* pool. Initially, Fgfs were discovered as having
mitogenic effect on fibroblast cells and could therefore be candidates of inducing a
mitogenic response in Noto-GFP* cells [46,47]. Hence, we determined the number of
proliferating Noto-GFP* cells in the presence or absence of Fgf2 by EdU incorporation. No
significant difference between the proliferation rates with or without Fgf2 could be detected
(Fig. 4C, D). Still, there is a tendency that in the presence of Fgf2 more of the Noto-GFP*
cells incorporated EdU. Overall, these data indicate that most of the Noto-GFP™* cells are
derived from newly differentiated cells but that the existing pool of Noto-GFP* cells also
had the ability to proliferate.

Studies in mouse have shown that both Shh and canonical Wnt signaling are important in the
maintenance, but not the formation, of the notochord. Knockout of Shh as well as
notochord-specific ablation of beta-catenin initially lead to a reduction of T expression in the
posterior end of the notochord and eventually resulted in a loss of T expression and
subsequently of the notochord in the tail after €9.5 and €10.5, respectively [48,49].
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Therefore, we investigated whether Shh and Wnt3a as well as Fgf2 could augment
proliferation and maintenance of the differentiated Noto-GFP* pool by culturing them in a
third step for up to 3 days in the presence of a single growth factor or in combinations of
them (Fig. 5A). As a control we continued culture in step 2 medium. FACS analysis
demonstrated that the percentage of Noto-GFP* cells dropped over time in all conditions
(Fig. 5B). The presence of Fgf2 had a positive effect on the Noto-GFP expression but the
continuation with the step 2 medium resulted in the highest percentage of Noto-GFP™ cells
up to day 8. All conditions increased the total cell number over time with a combination of
Fgf2 and Wnt3a, yielding the highest total cell numbers (Fig. 5C). Based on percentage
Noto-GFP* and total cell number per well the absolute cell number of Noto-GFP* cells per
well was calculated. When the growth factors had been applied alone the absolute cell
number dropped from day 6 on. In the presence of combinations of 2 of the growth factors
the absolute number of Noto-GFP* cells peaked at day 6 and started to decline only from
day 7. If Fgf2, Wnt3a, and Shh were combined together, the absolute number of Noto-GFP*
cells increased until day 7 and started to decline slowly at day 8. Similar results were seen in
the presence of the step 2 medium (Fig. 5D). These results suggest that both Wnt3a and Shh
together with Fgf2 have the potential to increase and maintain the Noto-GFP* cell
population for a limited time in vitro. An obvious experiment would be the application of
these growth factors to a pure Noto-GFP* population instead of a heterogenous cell culture
with its undefined endogenous signaling, but unfortunately, all attempts to isolate Noto-
GFP* cells failed as the cells did not survive FACS-based cell sorting and re-plating.

ES cell-derived Noto-GFP™ cells can contribute to midline structures when grafted to
chicken embryos

Previous work has demonstrated that when the medial sector of Hensen’s node from a quail
or GFP-expressing chicken is grafted into the same region of the node of a host chicken
embryo, it can contribute to midline structures such as floor plate and notochord in the host
embryo [5,29]. To test the ability of our in vitro derived node/notochord-like cells to
contribute to derivatives of the node, we grafted Noto-GFP* cells into the node of explanted
HH st 4 chicken embryos. Many of the embryos had a truncated body most likely due to the
removal of node cells and the limited ability of the mouse ES cells to proliferate and
contribute to the chicken embryo. Nevertheless, a few embryos showed a partial
contribution of the grafted ESC-derived cells to the midline structures of the host embryos
(Fig. 6A). After grafting Noto-GFP* cells at HH st 4, we could detect ES cell progeny in the
notochord (3/13 embryos; Fig. 6B), indicating that the grafted Noto-GFP* cells can
contribute to the notochord in the host embryo. Some grafted cells, including GFP* and
GFP~ cells, were further found in the endoderm (Fig. 6C), which has been observed
previously and been shown to be caused by the grafting procedure [5]. The GFP™ cells might
represent the rare endodermal cells that also formed in our culture and even with manual
picking of GFP-positive cell clusters, a contamination with GFP-negative cells could not be
excluded.

Discussion

Here we have isolated and charaterized a node/notochord-like cell population derived from
mouse ES cells using a Noto®™/* reporter cell line. Consistent with knockout studies in the
mouse [12] in vitro differentiation toward an axial midline fate was stimulated when a
Foxa2*T* precursor population was first induced by a low concentration of Activin A. Ina
second step, continued low Activin A together with Fgf2 and the inhibitors AGN193109,
Dkk1, and Noggin was able to boost the numbers of Noto-GFP-expressing cells that co-
expressed Foxa2 and T. Studies in Xenopus showed that a co-repression of BMP and Wnt
signaling is required for notochord development [22]. Strikingly, in our in vitro mouse

Sem Cells Dev. Author manuscript; available in PMC 2014 February 19.



syduasnue|A Joyiny siapun4 JIAd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Winzi et al.

Page 8

system we could further show that RA at physiologically levels inhibits node/notochord
differentiation and that inhibition of endogenous RA signaling had a beneficial effect on the
formation of Noto-GFP* cells. This appears to conflict with data from the chicken embryo,
where RA has been shown to act as inducer of Gnot1 expression [23]. However, even
though Raldh2 is expressed in E6.75 node cells and the RARE-LacZ reporter suggests active
RA signaling at this stage in node cells, the functional significance of this signaling is
uncertain. It may act inhibitory to notochord formation as Raldh2 mutants have an enlarged
notochord [50]. Also, high concentrations of Activin A or Nodal inhibited Noto induction
and this result correlates well with studies from other species where low Nodal
concentrations induce flh, whereas high concentration favors gsc induction [18,19,51].
Increasing concentrations of Activin A induced increasing numbers of Foxa2™ cells, whereas
T expression was strongly inhibited by high Activin A and had its maximum at the low
Activin A concentration of 1 ng/mL. At the same concentration the most cells co-expressing
Foxa2 and T were detected. Thus, high levels of Activin A lowered the number of Noto-
GFP* cells by inhibiting T induction and driving the Foxa2* cells toward a definitive
endoderm fate as this has been shown in different ES cell differentiation studies [35,52] and
where Foxa2 is known to be expressed [53,54].

The ability of transfected Noto cDNA to induce endogenous Noto expression is consistent
with data from zebrafish that showed loss of flh MRNA in flh mutants [40]. However, in the
mouse loss of Noto function results in persistent Noto expression, suggesting that it is
required for its own repression [12]. It has been suggested that an unknown factor is
responsible for the anterior notochord development seen in mouse Noto mutants [12] and it
is possible that this putative factor could also be responsible for the apparently normal Noto
expression (as assayed by GFP expression) in Noto®P/G™ embryos. Thus, our gain-of-
function data may reveal a positive role for mouse Noto in its own expression that is not
readily apparent from loss-of-function studies.

Noto expression is exclusively detectable in node and notochord tissue [12]. Marker analysis
as well as morphology indicated that cells similar to both tissues were present within our
Noto-GFP* population. This is further supported by the grafting experiments where progeny
of grafted Noto-GFP* cells can be found in the notochord. Moreover, expression of the floor
plate marker Arx suggested that a node-like subpopulation might not only be able to further
differentiate into notochord but also to give rise to floor plate-like cells. Alternatively, we
may derive a homogenous population of progenitors that express markers of the node as
well as its progeny. This question cannot be resolved from our qPCR data and would require
the identification of cell surface markers that potentially could be used to isolate distinct
subpopulations within the Noto-GFP* population.

Together with Foxa2 and T, the homeobox genes Gsc, Lim1, and Otx2 are co-expressed in
the early gastrula organizer of the mouse at the anterior end of the PS were the node will
form (reviewed by ref. [55]). Lim1 has further been shown to co-localize with Foxa2 in the
node [56]. Also, Cerl is a marker of the anterior half of the mouse embryo. Even though
Cerl expression is excluded from the node its mRNA can be detected in the anterior
mesendoderm as well as the prechordal and the notochordal plate [57]. As expected their
expression was not particularly upregulated in the Noto-GFP™ cells but indicated that an
environment similar to that in the anterior embryo was created, which is required for the
node formation and further notochord development. The application of extrinsic factors
might be required for the node/notochord formation as well as cell-cell contacts with
supporting mesodermal and endodermal tissues. We cannot exclude that some of the non-
axial cell populations formed in our cultures express inhibitory factors that prevents further
differentiation or proliferation of Noto-GFP* cells. Such inhibitory signals might also limit
proliferation and maintenance of Noto-GFP* cells within this heterogeneous cell mixture.

Sem Cells Dev. Author manuscript; available in PMC 2014 February 19.
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The node and the notochord secrete growth factors and signaling molecules with inductive
activities. Most intensely studied is Shh and the dorso-ventral patterning of the neural tube
[6,41] and the BMP antagonists Chordin and Noggin, which are important in forebrain
development [58], vessel formation [59,60], and left-right axis establishment [61]. The
presence of these factors within the Noto-GFP* cell population suggests that in vitro derived
node/notochord-like cells could pattern adjacent cells in a culture dish. A node/notochord-
like cell population as described here represents an interesting tool: not only for its potential
ability to induce patterning in other ES cell-derived populations, but also for the biochemical
characterization of axial midline cells that will benefit from the unlimited availability of in
vitro derived cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Inhibition of Noto-GFP expression by high Activin A concentration and BMP4. FACS
analysis of Noto-GFP expression after 4 days of culture in the presence of (A) 0.1-100 ng/
mL Activin A and 10 pM SB431542, (B) 10-1000 ng/mL Nodal, (C) 10 ng/mL BMP4 and
50 ng/mL Noggin, (D) 50 ng/mL Wnt3a and 320 ng/mL Dkk1, and (E) 10-500 ng/mL Fgf2
and 1 nM SU5402. The data represent the mean + SD of at least 3 independent experiments.
See also Supplementary Fig. S1. FACS, fluorescence-activated cell sorting; SD, standard

deviation.
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FIG. 2.

Noto induction requires simultaneous inhibition of BMP, Wnt, and RA signaling. FACS
analysis of Noto-GFP expression after 5 days of culture in the presence of different growth
factors. The data represent the mean + SD of at least 3 experiments. (A) Cells were cultured
for 3 days in the presence of 1 ng/mL Activin A. During days 4 and 5 the medium was
additionally to Activin A supplemented with growth factors and/or their inhibitors: 50 ng/
mL Wnt3a, 320 ng/mL Dkk1, 10 ng/mL BMP4, 50 ng/mL Noggin, 0.1 pM RA, and 10 pM
AGN193109. (B) Cells were cultured for 3 days in the presence of 1 ng/mL Activin A.
During day 4 and 5 the medium was in addition to 1 ng/mL Activin A or 1 ng/mL Activin A
plus 100 ng/mL Fgf2, supplemented with 10 nM AGN193109, 320 ng/mL Dkk1, and 50 ng/
mL Noggin and the different combinations of them. (C) Schematic view of the final
differentiation protocol. (D) FACS analysis of Noto-GFP expression after 5 days of
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differentiation with or without 1 ng/mL Activin A. After 1 day of differentiation cells were
transfected with a Noto-IRES-dTomato plasmid. Ninety-six hours after transfection FACS
analysis was performed. Therefore, GFP expression within the dTomato* cell population
was measured. See also Supplementary Fig. S2. RA, retinoic acid.
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FIG. 3.

Characterization of Noto-GFP * cells. (A) Quantitative reverse transcriptase-polymerase
chain reaction analysis of marker expression during differentiation of Noto®P/* ES cells.
The ratio of gene expression against undifferentiated Noto®™/* ES cells is shown. The data
represents the mean + standard error of the mean of at least 3 independent experiments. (B)
Immunocytochemistry of T, Foxa2, Shh (red), and GFP (green) in Noto®P/* cells was
performed at day 5 of the differentiation process. Cell nuclei were stained with DAPI
(white). Scale bar = 50 um. (C) Transverse section of a chicken embryo with the Noto-
GFP * graft lateral to the neural tube. The bracket indicates the expanded Foxa2* region
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toward the graft. nt, neural tube; nc, notochord; Scale bar = 50 pm. (D) Transmission
electron micrograph of Noto-GFP * cell clusters. Note the dilated mitochondria (M) adjacent
to the nucleus (N) and undilated rough endoplasmic reticulum (ER). Scale bars = 20 pm
(upper) and 1 um (lower). See also Supplementary Fig. S3. ES, embryonic stem.
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FIG. 4.

Proliferation of Noto-GFP* cells. (A) FACS analysis of differentiating Noto-GFP ES cells at
day 4 to 6. At the same time points the absolute cell number for each well was counted. (B)
Based on % Noto-GFP* and total cell number per well the absolute cell number of Noto-
GFP* cells per well was determined. (C) The proliferation of Noto-GFP* cells in the
presence or absence of Fgf2 was analyzed by EdU incorporation. Data represents the %
EdU*GFP™ cells within the Noto-GFP* cell population of 3 independent experiments (mean
+ standard error of the mean). (D) Immunocytochemistry of EdU (red) and GFP (green).
Cell nuclei were stained with DAPI (white). Arrow heads indicate EQU*GFP* double-
positive cells. Scale bar = 50 pm.
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FIG.5.

Maintenance of the Noto-GFP* cell population. Noto®P/* cells were differentiated using the
2-step differentiation protocol followed by a third step in the presence of 100 ng/mL Fgf2,
100 ng/mL Shh, or 25 ng/mL Wnt or combinations of them. Additionally, culture was
continued in step 2 medium. (A) Schematic view of culture procedure. (B) FACS analysis of
Noto-GFP expression was performed at day 5 to 8. (C) In the same setup the absolute cell
number per well was counted. (D) Based on percentage GFP* and absolute cell number per
well, the absolute number of Noto-GFP™ cells per well was determined. The data represent
the mean + SD of 3 independent experiments.
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CellTracker 5FP/Notc overlay

A

FIG. 6.

Contribution to the midline of Noto-GFP* cells grafted into chicken embryos. Noto-GFP*
cells were labeled with a CellTracker™ Orange and grafted into the medial sector of the
Hensen’s node in HH st 4 chicken embryos (A-C). The chicken embryos were further
cultured for 20-24 h and stained for GFP (A’—C’) and Foxa2 (A”—C”). (A”—C") represent
overlays. (A) Dorsal view of the midline where GFP* cells (bracket) have been laid down
within the Foxa2* midline. (B) Transverse section of chicken embryos grafted at HH st 4
showing contribution of GFP* cells to the notochord or (C) showing contribution of grafted
cells to the endoderm (arrow heads). All images are optical sections. a, anterior; p,
posterior; aip, anterior intestinal portal; nt, neural tube; nc, notochord; *, background; scale
bar =50 pm.
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