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SUMMARY
The neural crest is a transient embryonic tissue that gives rise to a multitude of derivatives in an axially restricted manner. An in vitro

counterpart to neural crest can be derived from human pluripotent stem cells (hPSCs) and can be used to study neural crest ontogeny

and neurocristopathies, and to generate cells for therapeutic purposes. In order to successfully do this, it is critical to define the specific

conditions required to generate neural crest of different axial identities, as regional restriction in differentiation potential is partly cell

intrinsic. WNT and FGF signaling have been implicated as inducers of posterior fate, but the exact role that these signals play in trunk

neural crest formation remains unclear. Here, we present a fully defined, xeno-free system for generating trunk neural crest from hPSCs

and show that FGF signaling directs cells toward different axial identities within the trunk compartment while WNT signaling is the pri-

mary determinant of trunk versus cranial identity.
INTRODUCTION

Human pluripotent stem cells (hPSCs) can be differentiated

in vitro into awide variety of specific cell types. Research into

this process has broadened our understanding of disease

(Miller et al., 2013; Okuno et al., 2017), has been used to

model developmental processes (Funa et al., 2015), and

has made the derivation of cells for therapeutic use a reality

(DaCruz et al., 2018). One cell type that can be generated in

this manner is the in vitro counterpart to embryonic neural

crest. After formation at the border of the neural plate, neu-

ral crest cells migrate throughout the developing embryo,

differentiating into a wide variety of terminal derivatives

(His, 1868; Le Lievre and Le Douarin, 1975; Marshall,

1878; Simões-Costa and Bronner, 2015). Any disruption to

this process can lead to a myriad of diseases, disorders, and

syndromes with divergent characteristics that are collec-

tively known as neurocristopathies (Bolande, 1974). For

this reason, the study of hPSC differentiation into neural

crest has received a great deal of attention. The methods

by which hPSCs can be differentiated into neural crest

have evolved considerably from co-culture-based strategies

(Pompet al., 2005) andprotocols containinganimal-derived

components (Lee et al., 2010) or mechanical purification

steps (Menendez et al., 2011) to highly defined approaches

that can generate cells in a short period of time (Hackland

et al., 2017; Leung et al., 2016; Tchieu et al., 2017).

In the embryo, the differentiation potential of neural

crest is regionally restricted along the rostral-caudal axis

(Chibon, 1967; Le Douarin et al., 2004; Lwigale et al.,

2004; Nakamura and Ayer-le Lievre, 1982; Rothstein

et al., 2018). The exact nature of this restriction is still
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poorly understood, and it is possible that cells from some

regions may retain the ability to form otherwise restricted

derivatives if they are subjected to the correct signals

(Le Douarin et al., 2004; Le Douarin and Teillet, 1974;

McGonnell and Graham, 2002). HOX genes are key molec-

ular regulators of this process, and the HOX code of a cell is

a good indicator of axial identity (Deschamps and Du-

boule, 2017; Parker et al., 2018). In vitro, the lack of HOX

gene expression (or presence of anterior HOX expression),

coupled with an ability to differentiate into osteocytes

and chondrocytes, suggests that hPSC-derived neural crest

have a cranial identity by default (Hackland et al., 2017; Lee

et al., 2010; Leung et al., 2016;Mica et al., 2013). Treatment

with retinoic acid can be used to induce the expression of

vagal HOX genes, but expression of posterior, trunk HOX

genes cannot be induced in this manner (Fattahi et al.,

2016; Frith et al., 2018; Mica et al., 2013).

In vivo, caudal tissues are derived from a bipotent axial

progenitor cell type that exists within the node-streak

border (NSB) and caudal lateral epiblast (CLE). This axial

progenitor expresses both SOX2 and Brachyury (T), has

the potential to form either neural or mesodermal deriva-

tives (Cambray andWilson, 2002; Gont et al., 1993; Tzoua-

nacou et al., 2009; Wymeersch et al., 2016), and can be

generated in vitro from both mouse and human embryonic

stem cells (hESCs) (Gouti et al., 2014; Lippmann et al.,

2015; Tsakiridis et al., 2014; Tsakiridis and Wilson, 2015;

Turner et al., 2014). There is evidence to suggest that neural

crest cells can also be derived via this route (Catala et al.,

1995; Denham et al., 2015; Frith et al., 2018; Tzouanacou

et al., 2009; Wymeersch et al., 2016), although this is not

the only potential source of neural crest in the trunk. A
ors.
ns.org/licenses/by/4.0/).
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groundbreaking publication by Denham et al. (2015)

described a protocol by which neural crest aggregates can

be generated that lack expression of anterior markers and

pass through a SOX2/Brachyury positive intermediate

state. Although these cells remain capable of differenti-

ating into osteocytes and chondrocytes, and expression

of posterior HOX genes was not presented, it is likely that

the cells generated in this way exhibit a trunk neural crest

identity. There have been further publications describing

trunk neural crest induction using similar cell aggregation

techniques (Abu-Bonsrah et al., 2018; Kirino et al., 2018),

and recently it has been shown by Frith et al. (2018) that

axial progenitors derived from hPSCs in a WNT and FGF-

dependent manner using a previously published system

(Gouti et al., 2014) can be directed toward a neural crest

fate. Despite this, the exact roles played by WNT and FGF

signaling in inducing a posterior identity in the neural crest

are still poorly understood, and there remains a need to

generate trunk neural crest in a way that does not involve

passaging or aggregation steps and in a medium that is

free from BSA.

Here, we describe a new system, termed W2B3, for the

differentiation of hPSCs into an in vitro counterpart to

trunk embryonic neural crest. The system is fully defined,

xeno-free, and robust across five different hPSC lines. In

addition to this, we identify distinct roles for both WNT

and FGF signaling during the first 2 days of differentiation:

WNT directs cells toward a cranial or trunk identity in a

binary, dose-dependent manner, and FGF modulates

HOX gene expression within the trunk compartment.

This allows for easy generation of cells corresponding to a

wide range of axial subtypes, including anterior (cervical)

or posterior (thoracic) trunk neural crest via manipulation

of the FGF signaling environment during this period. High

levels of FGF can even induce the expression of sacral HOX

genes, although SOX10 expression is lost. Axial identity is

demonstrated by distinct gene expression profiles as well

as functional analysis in comparison with an established

cranial neural crest induction protocol (Gomez et al.,

2019a; Leung et al., 2016). In agreement with the studies

highlighted above, we also report the existence of an inter-

mediate cell type that expresses Brachyury and SOX2 and as

such resembles the axial stem cell population that resides

in the NSB and CLE of the developing embryo.
RESULTS

To develop a robust neural crest induction system that is

effective across multiple different hPSC lines, we set out

to combine elements of other approaches that allow for

speed and efficiency, but achieve it in a fully defined and

xeno-free environment. To this end, we combined early
restricted WNT activation and sustained inhibition of the

ROCK pathway (Gomez et al., 2019a; Leung et al., 2016)

with tightly controlled BMP activation using top-down in-

hibition (TDi) in a fully defined environment (Hackland

et al., 2017). During this process, it was determined that

BMP control using TDi was only required for the second

portion of neural crest induction (days 2–5; Figure 1A)

and that TGF-b inhibition was not required as reported in

Leung et al. (2016) (data not shown). Thus, this new hybrid

approach utilizes WNT stimulation for the first 2 days and

controlled BMP stimulation for the following 3 days, lead-

ing us to refer to it as the ‘‘W2B3’’ protocol. When we

applied this approach using a fully defined, xeno-free me-

dium based on DMEM F12 supplemented with N2, we

were able to achieve highly efficient (80%–90% SOX10+)

neural crest induction across five different hESC and hiPSC

lines (Figure 1B). After 5 days of induction, all cell lines

tested exhibited expression of neural crest-associated

factors (TFAP2A, SNAI2, FOXD3, PAX3, PAX7, SOX10),

while expression of the neural-associated transcription

factor PAX6 remained low (H1-DcT pluri 15.5; NC 13.0)

and the pluripotency marker POU5F1 was downregulated

(Figure 1C).

In vivoneural crest cells have the potential to differentiate

into a wide variety of different cell types. Some of these de-

rivatives are restricted to specific axial locations; such as the

mesenchymal derivatives of the cranial neural crest, or the

sympatho-adrenal derivatives of the trunk neural crest

(Chibon, 1967; Lwigale et al., 2004; Le Douarin et al.,

2004). To functionally characterize the W2B3-derived neu-

ral crest-like cells from all five hPSC cell lines (three hESC,

two hiPSC), we subjected them to a series of different con-

ditions designed to direct them toward terminal deriva-

tives. As with previously published protocols, W2B3-

derived neural crest cells are capable of differentiating

into sensory neurons that express peripherin, b-tubulin,

ISL1, and BRN3a, as well as glia that express SOX10 and

S100B (Figure 2). They are also able to differentiate into

smooth muscle, expressing vimentin and SMA, and osteo-

cytes that deposit calcium and can be stained with alizarin

red and Von Kossa (Figure 2). However, unlike previous

approaches, we were unable to generate chondrocytes.

Further to this, neither of our previously published proto-

cols reported the successful formation of terminally differ-

entiated, pigmentedmelanocytes (Leung et al., 2016; Hack-

land et al., 2017), and the only published example of this

required cell sorting for a small (10%) c-kit positive sub-

population of cells (Mica et al., 2013). Here, we show that

W2B3-derived neural crest responds to a simple melano-

cyte induction protocol with no cell-sorting step by differ-

entiating into pigmentedmelanocytes (Figure 2) via aMITF

and SOX10 positive intermediate (Figure S1). Cranial neu-

ral crest generated using a previously published approach
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Figure 1. Robust Neural Crest Induction in Fully Defined Conditions
(A) Schematic depicting neural crest induction with the W2B3 protocol.
(B) Immunofluorescence microscopy demonstrating expression of neural crest-associated transcription factors SOX10 and PAX7 in five
different hPSC lines. Quantification is calculated from three independent experiments and presented below each image. S, SOX10
positive; P, PAX7 positive; SP, SOX10/PAX7 positive. Scale bar represents 100 mm.
(C) qPCR data showing change in expression of neural crest-associated genes SOX10, TFAP2A, SNAI2, FOXD3, PAX3, PAX7, neural-associated
gene PAX6, and stem cell marker OCT4 (POU5F1). Gene expression is presented relative to initial undifferentiated hPSCs (RQ). Examples of
the difference in cycle threshold with housekeeping gene (DcT) are presented for FOXD3 and PAX6 in H1, marked * and **, respectively.
(Leung et al., 2016) also responded in this manner,

although extended culture in melanocyte maturation con-

ditions was required (Figure S2). Finally, unlike our previ-
922 Stem Cell Reports j Vol. 12 j 920–933 j May 14, 2019
ous cranial neural crest protocol, the W2B3 system pro-

duces neural crest that can generate cells of the

sympatho-adrenal lineage. Precursors expressing ASCL1



(legend on next page)
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and PHOX2B were generated, as well as peripherin+/tyro-

sine hydroxylase+ neurons (Figure 2). Differentiation of

cranial neural crest in the same conditions resulted in cells

negative for ASCL1 and PHOX2B that died upon transfer

to maturation conditions rather than forming neurons

(Figure S2).

The distinct functional potential of the cells generated

using theW2B3 systemwhen compared with that of previ-

ously published protocols is intriguing. Specifically, the ca-

pacity to make sympatho-adrenal cells, albeit with variable

efficiency, but the lack of chondrocyte formation suggests

that they correspond to trunk neural crest rather than

cranial neural crest as has been previously published

(Hackland et al., 2017; Lee et al., 2010; Leung et al., 2016;

Menendez et al., 2011; Mica et al., 2013; Tchieu et al.,

2017). In support, the trunk markers CDX2 and HOXC9

are widely co-expressed with SOX10 on day 5 of induction

(Figures 3A and 4D), and qPCR shows thatHOXB4,HOXC5,

and HOXC9 are all upregulated by day 5, although to vary-

ing degrees between replicates (Figure 3B).

There is evidence to suggest that trunk neural lineages,

unlike those of the cranial region, pass through an inter-

mediate progenitor state that exists at the border of the

primitive streak and has the potential to form both neural

and mesodermal derivatives (Cambray and Wilson, 2002;

Gont et al., 1993; Gouti et al., 2014; Tzouanacou et al.,

2009; Wymeersch et al., 2016). In vivo these axial progen-

itors are known to express the neural marker SOX2 and

the mesodermal marker Brachyury (T) in a heterogeneous

fashion (Wymeersch et al., 2016). To determine if the neu-

ral crest cells generated using the W2B3 system pass

through such a state, we analyzed cultures at day 2 of in-

duction and found that most cells were positive for both

SOX2 and Brachyury (Figure 3C). There was also a signif-

icant increase in PAX7 transcripts at this stage (Figure S3),

although these levels are approximately two-thirds of

those found consistently at day 3 when robust PAX7

immunofluorescent signal can be detected for the first

time (data not shown). In an effort to assess the capacity

of the cells to differentiate into mesodermal derivatives,

the controlled BMP conditions used between days 2 and

5 were replaced by sustained WNT (CHIR99021) and

FGF (FGF2) exposure. In these conditions, expression of

the mesodermal marker Brachyury was observed at day 5
Figure 2. Terminal Differentiation of Putative Neural Crest Gener
Evidence is presented for the differentiation of W2B3-derived neural cr
including melanocytes (pigmentation), peripheral neurons (peripherin
PHOX2B, tyrosine hydroxylase and peripherin), glia (S100B and SOX10)
(vimentin and SMA). Percentage of cells positive for ASCL1 (A) and P
follows: H1: A, 61.2 ± 16.7; P, 57.1 ± 24.9; AP, 48.7 ± 20.9. H9: A, 3
P, 26.2 ± 11.9; AP, 14.1 ± 9.9. Miff-1: A, 19.8 ± 21.2; P, 26.9 ± 9.1; A
Scale bar represents 100 mm. See also Figures S1 and S2.
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(Figures 3D and 3E). In contrast to this, maintenance of

WNT and FGF signaling during cranial neural crest forma-

tion did not lead to Brachyury expression after 5 days of

culture (Figure 3E). However, qPCR data demonstrated

that SOX2 is also highly expressed in this condition, while

other mesoderm markers MSGN1 and TBX6 are not

(Figure 3F).

In the developing embryo, FGF and WNT signals are re-

ported to play key roles in induction of neural crest, coordi-

nation of posterior identity, and formation of axial progen-

itors. To our surprise, we found that treatment of induction

cultures with the FGF inhibitor PD17 (200 nM) during the

first 2 days of induction did not have a significant effect on

SOX10 expression at day 5 (Figures 4B and 4D). FGF inhibi-

tion also did not result in a significant change in SOX2

expression at day 2 of induction but did cause a decrease

in Brachyury expression. Conversely, treatment during

the same period with FGF2 (10 ng mL�1) prevented

SOX10 induction by day 5, resulted in a dramatic downre-

gulation of SOX2 at day 2, and promoted Brachyury expres-

sion to very high levels on day 2, although the latter was

not retained to day 5 (Figures 4A–4C).

Manipulation of FGF signaling during the first 48 h of in-

duction also affected the expression of axial markers. The

trunk marker CDX2 was upregulated to levels approxi-

mately 10,000-fold higher than in pluripotent cells at

day 2 of induction using the W2B3 protocol. Although

expression of CDX2 was not significantly different at day

2 in the presence of FGF2, by day 5, CDX2 expression

had been significantly retained in the FGF-treated condi-

tion compared with the untreated control (Figure 4B). In

contrast to this, treatment with PD17 appeared to switch

off CDX2 faster than in the control. The axial progenitor

marker NKX1.2 was expressed early during induction but

expressionwas lost by the time neural crest identity was ac-

quired, as has been previously observed (Figure 4B; Frith

et al., 2018). Expression ofOTX2was not observed in either

condition, in contrast to the cranial neural crest induction

system published by Leung et al. (2016) (Figures 4B and

4D). Assessment of HOX gene expression found that those

associated with the cervical and thoracic regions of the em-

bryo were all upregulated in the W2B3 system, but sacral

HOX genes were not expressed. However, in the FGF con-

dition, expression of the sacral HOX genes HOXA10,
ated Using the W2B3 System
est from five different hPSC lines into multiple terminal derivatives,
, b-tubulin, ISL1, and BRN3a), sympatho-adrenal lineages (ASCL1,
, osteocytes (alizarin red and Von Kossa stains), and smooth muscle
HOX2B (P) for each cell line after sympatho-adrenal priming are as
5.1 ± 19.6; P, 67.7 ± 6.2; AP, 32.3 ± 16.7. Shef6: A, 23.4 ± 17.4;
P, 10.5 ± 7.2. Yale6: A, 77.6 ± 13.2; P, 88.4 ± 8.9; AP, 73.2 ± 12.1.



Figure 3. Characterization of Day 2 Neural Crest Progenitors
(A) Immunofluorescence microscopy showing co-expression of the caudal marker HOXC9 with SOX10 at day 5 in the W2B3 system across
five hPSC lines but not after cranial neural crest induction using H1. Quantification calculated from one independent experiment per cell
line. S, SOX10 positive, H, HOXC9 positive.

(legend continued on next page)

Stem Cell Reports j Vol. 12 j 920–933 j May 14, 2019 925



HOXA11, and HOXD13 was observed. In all cases, PD17

treatment repressed HOX gene expression (Figure 4E).

Finally, because WNT signaling was found to modulate

trunk versus cranial fate in Gomez et al. (2019b), we inves-

tigated the effect of different levels of WNT stimulation in

the W2B3 system. It was found that only with a reduction

in the concentration of the WNTmimic CHIR99021 could

expression of the rostral marker OTX2 be seen (Figure 4F).

This suggests that within the first 2 days of neural crest

induction, WNT signaling dictates whether a cranial or

trunk fate is adopted, while FGF signaling modulates axial

identity within the trunk compartment (Figure 4G).
DISCUSSION

Here, we present a system for the in vitro generation of

trunk neural crest from hPSCs. The fully defined and

xeno-free nature of the W2B3 protocol makes it ideal for

studying the differentiation of hPSCs into trunk neural

crest, as well as generating cells for use clinically. Strikingly,

this system is highly robust across multiple hPSC lines,

both ESCs and induced PSCs. This is in contrast to previ-

ously published protocols for neural crest induction, which

appear to be cell-line specific and therefore difficult to

implement across different cell lines. Despite this, there is

still a small degree of variability in outcome across all cell

lines (e.g., ±10% SOX10-positive cells in H1), which may

be due to a variable GSK3b inhibition response caused by

cell-cycle profiles of hPSCs prior to induction (Laco et al.,

2018). Thismay also be the reasonwhy leaving cultures un-

til they are highly confluent prior to induction enhances

efficiency. Expression of the neural marker PAX6 remained

very low after induction in all five cell lines (H1-DcT pluri

15.5; NC 13.0) suggesting very little contamination of cul-
(B) qPCR data depicting HOX gene expression across five hPSC lines at
color, and each independent experiment is shown as a different shape
not expressed in pluripotent cells, rendering fold change inappropria
(C) Immunofluorescence microscopy showing co-expression of neural m
W2B3 neural crest induction. When using an established cranial neu
detected. Quantification calculated from two independent experime
B, Brachyury positive; S2, SOX2 positive; BS2, Brachyury/SOX2 positi
(D) Schematic depicting in vitromesoderm potential assay whereby cul
FGF2 (50 ng mL�1) at day 2 of induction using the W2B3 system or da
protocol (Leung et al., 2016).
(E) Immunofluorescence microscopy showing detection of the mesode
system, a previously published cranial protocol, or the first 2 days of ea
is broadly expressed after day 2 W2B3 neural crest precursors are subje
crest precursors.
(F) qPCR corresponding to the in vitro mesoderm potential assay; Brac
the cranial neural crest system but other mesoderm markers are not. M
cranial, 8.5. Bra(T): W2B3, 6.5; cranial, 11.4. MSGN1: W2B3, 11.9; cr
Scale bars represent 100 mm. *p < 0.05, **p < 0.01. ns, not significa

926 Stem Cell Reports j Vol. 12 j 920–933 j May 14, 2019
tures with neural cell types. Although FOXD3 expression is

only upregulated by approximately 10-fold in most cell

lines, this is in large part due to fairly high levels of tran-

scripts detected in pluripotent cell cultures (H1-DcT pluri

6.8; NC 4.7).

The robustness exhibited in induction of neural crest

extends to the in vitro derivation of a wide range of

terminal derivatives normally formed by neural crest

in vivo, including melanocytes, peripheral neurons, and

glia among others. For this project, we adapted themelano-

cyte differentiation protocol reported in Mica et al. (2013)

so that a cell-sorting step is not required. Using this

improved approach, it was possible to generate pigmented

melanocytes with both theW2B3 trunk neural crest induc-

tion system and a previously published cranial neural crest

protocol. During this process, it took longer for the cranial

neural crest to achieve pigmentation, but whether this

indicates a functional difference at the cellular level is

unclear. Most notable was the generation of sympatho-

adrenal lineages from neural crest cells derived using the

W2B3 system and the contrasting inability of cranial neu-

ral crest to do the same in these conditions, supporting

an identity corresponding to trunk neural crest.

Interestingly, when examining the potential of W2B3-

derived neural crest to form classic cranial ectomesenchy-

mal derivatives, we were unable to generate cells of a

chondrogenic fate, but smoothmuscle and osteogenic fates

were readily obtained. This result only partially supports

the trunk character of these neural crest cells. However,

the restricted potential of trunk neural crest to form ecto-

mesenchymal derivatives after heterotopic grafts as shown

by Le Douarin et al. (1977) and Nakamura and Ayer-le

Lievre (1982) does not appear to be reflected in vitro

where explanted chick trunk neural crest exposed to

specific growth conditions can generate smooth muscle,
day 5 of W2B3 neural crest induction. Each hPSC line is denoted by
(see key). Data are presented as 1/DcT as HOX genes are essentially
te.
arker SOX2 and mesodermal marker Brachyury (BRA) after 2 days of

ral crest induction protocol (Leung et al., 2016), Brachyury is not
nts per cell line. Quantification is presented below each image.
ve.
tures were switched into medium containing CHIR99021 (3 mM) and
y 2 of induction using an established cranial neural crest induction

rm marker Brachyury in day 5 cultures subjected to either the W2B3
ch protocol followed by sustained WNT and FGF exposure. Brachyury
cted to mesodermal conditions but not in the case of cranial neural

hyury is significantly more upregulated in the W2B3 system than in
ean DcT values for each condition are as follows: SOX2: W2B3, 5.7;
anial, 14.7. TBX6: W2B3, 11.4; cranial, 12.2.
nt. See also Figure S3.
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osteocytes, and even chondrocytes (Abzhanov et al., 2003;

McGonnell and Graham, 2002). This highlights a need to

identify the minimal signaling requirements for induction

of specific derivatives, so that in vitro experiments can

inform on the relevant differences in cellular potential at

play during in vivo development. We anticipate that future

work will define theminimal signaling (culture) conditions

that differentially enable the proper terminal differentia-

tion of cranial or trunk neural crest in vitro.

During embryonic development, caudal extension of the

embryo is achieved by the proliferation and differentiation

of an axial stem cell pool that exists at the border of the

primitive streak. These cells express SOX2 and Brachyury

in a heterogeneous fashion and have the capacity to differ-

entiate into either neural ormesodermal tissue in amanner

that is largely dependent on their locationwithin the prim-

itive streak border region (Wymeersch et al., 2016). There is

evidence to suggest that inmice and in avians, trunk neural

crestmay at least in part be derived from these axial progen-

itors (Catala et al., 1995; Rodrigo Albors et al., 2018; Tzoua-

nacou et al., 2009; Wymeersch et al., 2016), and a recent

publication shows that hPSC-derived axial progenitors

are able to generate trunk neural crest (Frith et al., 2018).

In the embryo, PAX7 expression labels the entirety of

both neural folds. This includes the most posterior, and

presumably newly formed, open neural plate border that

surrounds the node, anterior primitive streak, and the

SOX2+/Brachyury+ axial progenitor zone (HH stage 4+ to

6 chicken embryos; Basch et al., 2006; Otto et al., 2006; Va-

dasz et al., 2013). This suggests that neural crest derived

from axial progenitors in vivo would either be from contri-

butions to already formed, PAX7 positive, neural folds by

moving laterally from the NSB or anterior CLE, or alterna-

tively axial progenitors could be the source of cells that

generate the neural folds at their most posterior end. It is
Figure 4. Axial Identity Is Modulated by FGF and WNT Signaling
(A) Schematic depicting FGF modulation during the first 2 days of W2
(B) qPCR analysis of gene expression associated with neural (SOX2), m
rostral (OTX2) cell identity. Samples were taken at day 2 and day 5 of n
the FGF inhibitor PD17 (200 nM) for the first 48 h of induction. Expres
shown.
(C) Immunofluorescence microscopy showing detection of SOX2 and
cation calculated from three independent experiments. B, Brachyury
(D) Immunofluorescence microscopy demonstrating expression of SOX
PD17 for the first 48 h. Quantification is calculated from three indepen
positive; H, HOXC9 positive; C, CDX2 positive.
(E) qPCR analyses of HOX gene expression at day 5 of induction in res
presented as 1/DcT.
(F) qPCR showing transcription of caudal gene CDX2, rostral gene OTX
3.0 mM or 0.8 mM CHIR99021 during the first 48 h.
(G) Schematic demonstrating the manner in which WNT and FGF sig
concert with one another rather than in series.
Scale bars represent 100 mm. *p < 0.05, **p < 0.01, ***p < 0.001. n
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unclear whether there are cells in the CLE that express

SOX2, Brachyury, and PAX7 simultaneously, but it is

possible that the modest upregulation of PAX7 transcripts

seen at day 2 of induction using our system could be a

reflection of this. Other possibilities are that the neural

crest in this region of the embryo could be derived from

outside the SOX2 and Brachyury expressing region. Evi-

dence from various groups and model organisms has

demonstrated the potential that the non-neural ectoderm

has to contribute to neural crest (Mancilla and Mayor,

1996; Moury and Jacobson, 1990; Pieper et al., 2012; Sell-

eck and Bronner-Fraser, 1995; Streit and Stern, 1999; Yard-

ley and Garcı́a-Castro, 2012), and SOX2 negative, caudal

epiblast has not been ruled out as a potential source for

neural crest. None of these sources are mutually exclusive

from one another, and it is possible that all contribute to

the formation of trunk neural crest.

Co-expression of SOX2 and Brachyury at day 2 of induc-

tion using the W2B3 protocol, as well as the presence of

NKX2.1 transcripts (Rodrigo Albors et al., 2018), suggests

that the trunk neural crest progenitors present in vitro at

this stage may correspond in some way to the axial pro-

genitors of the embryo. This is further supported by the

absence of Brachyury expression at the corresponding

stage in cranial neural crest induction. These trunk neural

crest progenitors have the ability to respond to continued

WNT and FGF signaling by retaining Brachyury expres-

sion to day 5 of induction, but SOX2 is also expressed

and other mesoderm markers are not. It is likely that in

these conditions, the cells continue to exist in an early

progenitor state rather than differentiating toward meso-

derm. It is possible that different conditions might

achieve mesoderm induction, or alternatively the day 2

progenitors may be functionally distinct from those re-

ported by others that retain mesoderm potential, despite
B3 neural crest induction.
esodermal (BRA), neural crest (SOX10), caudal (CDX2, NKX1.2), and
eural crest induction after exposure to either FGF2 (10 ng mL�1) or
sion at equivalent point during cranial neural crest induction is also

BRA at day 2 of induction after exposure to FGF or PD17. Quantifi-
positive; S2, SOX2 positive; BS2, Brachyury/SOX2 positive.
10, HOXC9, and CDX2 at day 5 of induction when treated with FGF or
dent experiments and presented to the right of the panel. S, SOX10

ponse to treatment with FGF or PD17 during the first 48 h. Data are

2, and neural crest marker SOX10 at day 5 of induction with either

naling direct cells toward different axial identities. Signals act in

s, not significant. Experiments carried out using H1.



co-expression of Brachyury and SOX2. Another possibil-

ity is that by day 2, they have lost the ability to differen-

tiate into mesoderm but that they have this capacity at

an earlier time point. Interestingly, manipulation of

FGF signaling during the first 48 h of induction has a dra-

matic effect on the balance of expression between Bra-

chyury and SOX2. This raises the possibility that in vitro

FGF is the primary factor determining to which zone of

the primitive streak border region these cells most closely

correspond. It is also in keeping with evidence that high

FGF promotes Brachyury expression in the tailbud (Oli-

vera-Martı́nez et al., 2012). Finally, it should be stated

that, although in this case it appears that we are gener-

ating trunk neural crest via an axial progenitor-like inter-

mediate, this does not rule out the possibility that trunk

neural crest may also be derived from hPSC via an alter-

native route.

The data presented here implicate FGF signaling as a ma-

jor determinant in axial-specific gene expression within

the trunk compartment. Cell-line-independent variation

was observed in the expression of HOX genes at day 5 of

trunk neural crest induction and, because of the reported

role of FGF in inducing a caudal fate, the effect of FGF

manipulation on HOX gene expression was analyzed. The

inhibitory effect of the small-molecule FGFR1/3 inhibitor

PD17 on caudal HOX gene expression and the promoting

effect of FGF specifically on posterior HOX genes indicate

that the variable HOX expression across independent ex-

periments could be due to variation in endogenous FGF

output within the culture.

These data also show that FGF manipulation can be used

to derive trunk neural crest that corresponds to different

axial identities, something that could be useful in the gen-

eration of specific terminal derivatives such as endocrine

cells or sacral neural crest-derived enteric neurons. In the

embryo, cells within the progenitor zone responsible for

embryonic extension exhibit a temporally controlled acti-

vation of HOX genes in the 30-50 direction within each

HOX cluster (Deschamps and Duboule, 2017; Limura and

Pourquié, 2006; Neijts et al., 2016). This so-called ‘‘HOX

clock’’ ensures that cells exiting the primitive streak early

during extension exhibit an anterior HOX code, whereas

those that are retained within the primitive streak for

longer exhibit a progressively posterior HOX code. In

both mouse and chicken embryos, Fgf8 is highly expressed

at the primitive streak and node but tapers off anteriorly

from this position (Wilson et al., 2009). Manipulation of

FGF signaling in the system described here may be

mimicking this process and directing cells toward an iden-

tity that corresponds to different positions within this

embryonic region, thus explaining the effect on both axial

position markers (HOX genes, CDX2) and axial progenitor

markers (SOX2, Brachyury). If this is the case, then it may be
that timed treatment with FGF could be used to elicit a

similar response. While expression of the most posterior

HOX genes was only achieved in the absence of SOX10

expression, this was after treatment with high levels of

FGF2 (10 ng mL�1). We predicted that titration of FGF2

during the first 48 h of inductionmight reveal a concentra-

tion where sacral HOX expression is induced in the pres-

ence of SOX10, however this was not the case (data not

shown). Instead, it may be necessary to extend the period

of time cells are exposed to CHIR and endogenous FGF sig-

nals (i.e., 3 days instead of 2 days), or alternatively treat cul-

tures with GDF11 as has been done in a different system

(Lippmann et al., 2015).

Although expression of markers associated with a caudal

cell fate could be modulated through manipulation of FGF

signaling, expression of the cranial marker OTX2 did not

significantly change in the presence of FGF or PD17. A

switch in identity from trunk to cranial neural crest could

only be achieved with a reduction in the concentration of

the WNT mimic CHIR99021 from 3 mM to 0.8 mM. This

suggests that FGF signaling is not involved in the decision

between a cranial and trunk fate. It is also in keeping with

studies in amphibians that show Wnt signaling represses

otx2 (Otx-A) expression and promotes expression of poste-

rior neural genes (McGrew et al., 1995) as well as a recent

study that describes howWNT directs cells toward a poste-

rior identity in a manner that is time dependent and relies

onCDX2 (Metzis et al., 2018). It also explains why titration

of CHIR99021 results in amuch-discussed ‘‘double peak’’ of

neural crest induction efficiency (Gomez et al., 2019b).

Thus, our data suggest that through careful control of

these two factors early during neural crest induction (and

with addition of retinoic acid if vagal identity is required

as has been previously published; Fattahi et al., 2016; Mica

et al., 2013; Frith et al., 2018), it is possible to generateneural

crest corresponding to awide range of axial positionswithin

the embryo. The concentration of CHIR99021 required for

cranialneural crest induction in this system(0.8mM) is lower

than that reported for cranial neural crest induction proto-

cols that utilize BSA-containing medium (3.0 mM; Mica

et al., 2013; Leung et al., 2016) but equivalent to published

protocols that are BSA free (Hackland et al., 2017; Tchieu

et al., 2017), suggesting that BSA suppresses the potency of

this smallmolecule, or the sensitivity of cells to it. Although

anymajor deviations from 3 mMCHIR99021 result in a loss

of SOX10 expression (data not shown; excepting the lower,

cranial neural crest induction SOX10 expression peak), it is

possible that small changes in the WNT signaling environ-

ment may also have an effect on axial identity within the

trunk compartment without loss of neural crest identity. It

may also be the case that changes in the FGF environment

feed back into expression of WNT ligands and vice versa.

To investigate this further, it will be necessary to look at
Stem Cell Reports j Vol. 12 j 920–933 j May 14, 2019 929



expression of known WNT and FGF effector genes ideally

with simultaneous control of the signaling environment

in a manner equivalent to the TDi control of BMP utilized

in this protocol and described in Hackland et al. (2017).

Here, we present an extensively robust system that can be

easily adapted to generate a range of different axial sub-

types of human neural crest in vitro. ThisW2B3 protocol al-

lowed for the identification of distinct roles for both WNT

and FGF signaling in hPSC-derived neural crest identity,

which is not only an essential step in understanding the

process by which neural crest induction occurs but also

demonstrates the advantages conferred by a fully defined,

BSA-free system.
EXPERIMENTAL PROCEDURES

Pluripotent Stem Cell Culture
All cell lines were cultured inmTESR (STEMCELLTechnologies) on

Matrigel. Passaging was carried out using EDTA (Versene, Thermo

Fisher Scientific no. 15040066).
Neural Crest Induction
W2B3 neural crest induction was achieved by treating hPSC cul-

tures (4–5 days post passage; >95% confluency) with Accutase

(STEMCELL Technologies no. 07920) at 37�C until cells were

visibly detaching (<5min). Cells were triturated to a single-cell sus-

pension (�103) and seeded at 20,000 cells cm�2 onto Matrigel-

coated dishes (Corning no. 354234) in DMEM F12 (Thermo Fisher

Scientific no. 11320-033) with N2 (Thermo Fisher Scientific no.

17502048), g-27632 (10 mM; Tocris no. 1254) and CHIR99021

(3 mM; Tocris no. 4423). After 2 days, cultures were switched into

DMEM F12 with N2, DMH1 (1 mM; Tocris no. 4126) and BMP4

(15 ng mL�1; R&D no. 314-BP). The culture medium was changed

daily. Cranial neural crest induction was carried out as described in

Gomez et al. (2019a), which is an adapted version of the protocol

first described in Leung et al. (2016).
Terminal Differentiation of Neural Crest
Differentiation of neural crest into melanocytes was achieved us-

ing a simplified version of the protocol described in Mica et al.

(2013) (Figure S1). After 5 days of neural crest induction, cultures

were switched into a ‘‘melanocyte priming’’ medium consisting

of DMEM F12, N2 supplement, BMP4 (15 ng mL�1) and Endothe-

lin 3 (100 nM) and cultured for a further 5 days. After this period,

cells were detached using Accutase and seeded back onto poly-L-

ornithine-treated plates coated with laminin and fibronectin in a

‘‘melanocyte maturation’’ medium consisting of 30% low-glucose

DMEM, 20% MCDB 201, 50% NeuroBasal medium, 0.53 N2 sup-

plement, 0.53 B27, linoleic acid (0.5 mg mL�1), ascorbic acid

(0.5 mM), cAMP (250 mM), TPA (25 nM), cholera toxin (10 pM),

CHIR99021 (1.5 mM), SCF (25ng mL�1), EDN3 (50 nM), FGF2

(2 ng mL�1), and BMP4 (12.5 ng mL�1). After 4–5 days, expression

ofMITF and SOX10was observed. Cultures were passaged a further

2–3 times to observe large numbers of pigmented cells. Appearance

of pigmented cells was dependent on both time and high conflu-
930 Stem Cell Reports j Vol. 12 j 920–933 j May 14, 2019
ency and as such, cultures may be left for up to 2 weeks without

passage in order to achieve the required confluency (this was

necessary in the case of cranial neural crest; Figures S1 and S2).

Passaging was required when cell numbers were in excess of that

needed for a dense monolayer or when budding of pigmented

spheroids occurred.

Differentiation into peripheral neurons and glia was achieved by

following the protocols described in Lee et al. (2010). Differentia-

tion into sympatho-adrenal lineages was carried out using a

method adapted from Oh et al. (2016). Cells were detached on

day 5 using Accutase and seeded onto Matrigel-coated plates at a

density of 200,000 cells cm�2 in SA priming medium consisting

ofDMEMF12, N2, B27, NEAA,Glutamax, BMP4 (50ngmL�1), pur-

morphamine (1.5 mM; Tocris no. 4551) and SHH (50 ngmL�1; R&D

no. 1845-SH) supplementedwith g-27632 (10 mM) for the first 24 h.

This mediumwas changed every 48 h for a total of 5 days at which

point PHOX2B and ASCL1 expression was observed. Expression of

tyrosine hydroxylase and peripherin was then achieved by again

detaching the cells using Accutase and seeding onto Matrigel-

coated plates at a density of 100,000 cells cm�2 in SA maturation

medium consisting of DMEM F12, N2, B27, non-essential amino

acid solution, Glutamax, GDNF (10 ng mL�1; Peprotech no. 450-

10), BDNF (10 ng mL�1; Peprotech no. 450-02), and NGF (10 ng

mL�1; Peprotech no. 450-01) supplemented with g-27632

(10 mM) for the first 24 h and refreshed every 48 h for 7 days.

Differentiation into osteocytes, chondrocytes, and smooth mus-

cle was achieved following the protocols described in Leung et al.

(2016). In cases where chondrocytic differentiationwas unsuccess-

ful, no data are shown because cohesive pellets did not form.
Immunofluorescence Microscopy
Immunofluorescence microscopy was carried out by fixing cells in

4% paraformaldehyde for 8 min followed by permeabilization in

0.4% Triton X-100 for 10min and blocking in 10% fetal calf serum

in PBS with Tween 20 (0.05%). Primary antibodies (Table S1) were

incubated overnight at 4�C in blocking buffer, and secondary anti-

bodies were incubated for 1 h at room temperature. Imaging and

image analysis were carried out using a Nikon Eclipse Ti and Nikon

Elements software, respectively. Image analysis was carried out us-

ing the bright spot detection algorithm, and in each experiment

a negative control without primary antibody was used to set the

positive/negative threshold.
qPCR
Total RNAwas extracted using Trizol reagent (Life Technologies no.

15596026), and cDNA was generated using a PrimeScript RT-PCR

Kit (Clontech no. RR014B). qPCR was carried out using SYBR Pre-

mix Ex Taq II (Takara no. RR820L). All qPCR data represent three

independent experiments, and DcT values were calculated using

a GAPDH control. Error bars represent standard deviation, and sta-

tistical analysis was carried out by unpaired t test. Primer pairs are

listed in Table S2.
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