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Abstract

In mouse, retinoic acid (RA) is required for the early phase of body axis extension controlled by a
population of neuromesodermal progenitors (NMPSs) in the trunk called expanding-NMPs, but not
for the later phase of body axis extension controlled by a population of NMPs in the tail called
depleting-NMPs. Recent observations suggest that zebrafish utilize depleting-NMPs but not
expanding-NMPs for body axis extension. In zebrafish, a role for RA in body axis extension was
not supported by previous studies on aldhlaZ (raldh2) mutants lacking RA synthesis. Here, by
treating zebrafish embryos with an RA synthesis inhibitor, we also found that body axis extension
and somitogenesis was not perturbed, although loss of pectoral fin and cardiac edema were
observed consistent with previous studies. The conclusion that zebrafish diverges from mouse in
not requiring RA for body axis extension is consistent with zebrafish lacking early expanding-
NMPs to generate the trunk. We suggest that RA control of body axis extension was added to
higher vertebrates during evolution of expanding-NMPs.

Graphical Abstract

“Correspondence should be addressed to: G.D. (duester@SBPdiscovery.org).

AUTHOR CONTRIBUTIONS

M.B. and G.D. designed the study, analyzed the data and wrote the paper. M.B., T.J.C., and J.J.L., performed the experiments. J.J.L.
and P.D.S.D. provided zebrafish for the studies. All authors discussed the results and commented on the manuscript.

DECLARATION OF INTERESTS
The authors declare no competing financial interests.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Berenguer et al.

Keywords

Page 2

= Corvargence & Extensian
Exparuding NMPs
Depleting NMPs (tailbud)

E14.5 mouse (65 somites)

Body axis extension; somitogenesis; neuromesodermal progenitors; NMPs; retinoic acid

1. Introduction

Retinoic acid (RA) functions as an essential signal required for several developmental
processes in vertebrate embryos (Cunningham and Duester, 2015; Rhinn and Dolle, 2012).
In mouse, studies on Aldhla2? (Raldh2) knockout embryos lacking endogenous RA synthesis
revealed that RA generated at E7.5-E8.5 is required to ensure normal body axis extension
(somitogenesis), forelimb bud initiation, and heart anterorposterior patterning (Mic et al.,
2002; Niederreither et al., 1999; Ryckebusch et al., 2008; Sirbu et al., 2008; Zhao et al.,
2009). Interestingly, all three of these defects are associated with a loss of Fgrgrepression
by RA, i.e. ectopic anterior expansion of the caudal Fg78expression domain that encroaches
into the developing trunk were somitogenesis occurs (Sirbu and Duester, 2006; Vermot et al.,
2005), and ectopic posterior expansion of the heart Fgf8expression domain that encroaches
into the forelimb field (Cunningham et al., 2013). In vivo mechanistic studies revealed that
mouse Fgf8 contains an upstream RA response element that recruits nuclear receptor
corepressors NCOR1/NCOR2, Polycomb Repressive Complex 2 (PRC2), and histone
deacetylase 1 (HDACL) in an RA-dependent fashion to repress caudal Fgf8so that its
expression does not encroach into the developing trunk during body axis extension (Kumar
etal., 2016; Kumar and Duester, 2014). The mechanism through which RA repression limits
the size of the heart Fgf8expression domain remains unknown.

The role of RA in other vertebrate embryos has revealed some conserved functions. For
instance, zebrafish a/dhia2 null mutants do not develop forelimbs (pectoral fins) similar to
mouse (Begemann et al., 2001; Grandel et al., 2002). Pectoral fin outgrowth is rescued in
zebrafish aldhia2 mutants expressing a dominant-negative FGF receptor, demonstrating that
RA antagonizes FGF similar to mouse (Cunningham et al., 2013). Also, zebrafish lacking
RA synthesis exhibit heart anteroposterior patterning defects due to ectopic heart Fgf8
expression similar to mouse (Sorrell and Waxman, 2011). However, zebrafish aldhia2
mutants exhibit normal body axis extension (Begemann et al., 2001) and caudal Fgf&
expression in zebrafish does not expand ectopically in the absence of RA (Sorrell and
Waxman, 2011), thus potentially revealing a difference with mouse during body axis
extension.

Other studies demonstrated that maternal a/dhZa2 mRNA in zebrafish embryos prevents
complete loss of RA synthesis during the early stages of embryogenesis (Alexa et al., 2009).
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In those studies, aldhia2 mutants exhibited a pancreas defect, but treatment with the
Aldhla2 inhibitor 4-diethylaminobenzaldehyde (DEAB) reduced RA activity more than
aldhlaZ mutants and a more severe pancreas defect was observed; the focus of this paper
was pancreas development, but body axis extension still appeared relatively normal although
somite staining was not reported (Alexa et al., 2009). With the use of an aldhia2
morpholino, it was reported that zebrafish requires RA for somite bilateral symmetry
(Kawakami et al., 2005) similar to mouse (Sirbu and Duester, 2006; Vermot et al., 2005) and
chick (Vermot and Pourquié, 2005), although the reported effect in zebrafish was relatively
mild and there was no effect on somite size or body axis length; as this result contrasts with
studies on aldhiaZ2 mutant zebrafish which do not exhibit somite left-right asymmetry, it is
possible that the morpholino caused a non-specific laterality side-effect. The zebrafish 7/Bra
homolog nt/was reported to activate caudal expression of an RA-degrading enzyme cyp26al
(Martin and Kimelman, 2010) similar to mouse where Fgf8has been found to activate
caudal Cyp26alto ensure that RA generated in the trunk does not interfere with outgrowth
during body axis extension (Wahl et al., 2007). However, the presence of caudal cyp26al
expression does not necessarily mean that RA is required for zebrafish body axis extension,
just that RA diffusing from the posterior trunk (where it is needed for spinal cord
development) disrupts some aspect of caudal outgrowth. Thus, most evidence suggests that
zebrafish does not require RA for body axis extension, but some doubt may remain.

Recent studies on body axis extension in mouse and zebrafish embryos revealed that
bipotential neuromesodermal progenitors (NMPs) serve as the source of both spinal cord
neural progenitors and somitic mesodermal progenitors (Henrique et al., 2015; Kimelman,
2016; Kondoh and Takemoto, 2012; Wilson et al., 2009). During body axis extension,
differentiation of NMPs to either neuroectodermal or presomitic mesodermal progeny is
coordinated to enable generation of a spinal cord surrounded by somites to form the
posterior body axis (Martin and Kimelman, 2009; Nowotschin et al., 2012; Tzouanacou et
al., 2009). RA is required for balanced NMP differentiation in amniote embryos. Studies on
mouse Aldhla2-/- embryos showed that loss of RA activity resulted in reduced appearance
of the spinal cord lineage and increased appearance of the presomitic mesoderm lineage
associated with segmentation defects leading to small somites (Cunningham et al., 2015).
RA-deficient quail embryos also exhibit delayed appearance of spinal cord neural
progenitors and small somites (Diez del Corral et al., 2003). Loss of RA in mouse or quail
results in ectopic expression of caudal Fg78that expands into the developing trunk
(Cunningham et al., 2015; Diez del Corral et al., 2003; Sirbu and Duester, 2006; Vermot et
al., 2005; Vermot and Pourquié, 2005), leading to the hypothesis that a major conserved role
of RA is antagonism of caudal FGF signaling to control body axis extension in amniotes
(Cunningham and Duester, 2015; Henrique et al., 2015).

A recent comparison of NMPs in various vertebrate embryos suggested the existence of two
different types of NMPs, with mouse utilizing both types but zebrafish utilizing just one type
(Steventon and Martinez Arias, 2017). According to this hypothesis, mouse utilizes a
population of early NMPs called expanding-NMPs that generate somites/spinal cord in the
trunk, then a later population of NMPs in the tailbud called depleting-NMPs that generate
somites/spinal cord in the tail until these NMPs are completely depleted and body axis
extension ends. In contrast, due to differences in gastrulation with mouse, zebrafish generate
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both head structures and trunk somites/spinal cord during gastrulation convergence and
extension, following by utilization of depleting-NMPs in the tailbud to generate tail somites/
spinal cord. Thus, zebrafish lack the expanding-NMP population (Steventon and Martinez
Arias, 2017). Intriguingly, studies on mouse A/dhla2-/- embryos demonstrated that RA is
required for caudal Fg78repression in the developing trunk (somites 1-25) but not afterward
during formation of tail somites (Cunningham et al., 2011). Thus, during mouse body axis
extension, RA function correlates with expanding-NMPs but not depleting-NMPs.

2. Loss of RA does not perturb zebrafish body axis extension or

somitogenesis

Previous studies on zebrafish a/dhla2 mutants have not reported defects in body axis
extension (Begemann et al., 2001). As zebrafish embryos possess maternal a/dhiaZ mRNA,
the zebrafish a/dhia2 mutant may show less severe defects than mouse Aldhia2-/- embryos
(Alexa et al., 2009). However, treatment of zebrafish embryos with DEAB to inhibit
Aldhla2 enzyme activity eliminates RA synthesis and results in defects similar to mouse
Aldhia2-1- embryos (Alexa et al., 2009); also, as the loss of pectoral fin and heart defects
observed in aldhlaZ mutant zebrafish are phenocopied in DEAB-treated zebrafish, DEAB
treatment has been demonstrated to be a reliable method of eliminating RA activity in
zebrafish (Alexa et al., 2009; Gibert et al., 2006; Sorrell and Waxman, 2011).

Here, we treated zebrafish embryos from 5 hours post-fertilization (hpf), which is prior to
somitogenesis that begins at 10 hpf, until 15 hpf (10-12 somite stage) with solvent control, 4
UM DEAB, or 10 uM DEAB. Embryos were examined at 15 hpf for myoD expression which
marks somites. We found that all three groups of fish had similar size somites with no
significant difference in body length along the anteroposterior axis over an 8-somite stretch,
and no defects in left-right bilateral symmetry; solvent control (= 62), 4 uM DEAB (n=
108), and 10 uM DEAB (n=101) (Fig. 1A, D);. In contrast, previous studies on mouse
Aldhia2knockout embryos reported that somite size is greatly reduced such that the
anteroposterior axis along the trunk is shortened to approximately half its normal length
(Cunningham et al., 2015; Mic et al., 2002; Niederreither et al., 1999).

Some embryos treated from 5-15 hpf were returned to normal growth medium at 15 hpf and
allowed to grow until 32 hpf. At 32 hpf we noticed that all embryos treated from 5-15 hpf
with 4 yM DEAB or 10 uM DEAB exhibited cardiac edema; solvent control (n7=49), 4 uM
DEAB (n=71), and 10 uyM DEAB (7= 66) (Fig. 1B). As DEAB inhibition of RA synthesis
has well-documented effects on heart development including cardiac edema (Sorrell and
Waxman, 2011), it is clear that our DEAB treatment was effective. Also, to verify that our
DEAB treatment has an effect on pectoral fin outgrowth as previously reported, zebrafish
embryos were treated with 4 uM DEAB from 9.5 hpf (bud stage) to 15 hpf (10-12 somites),
then returned to normal growth medium until 72 hpf as previously reported (Gibert et al.,
2006). All embryos treated with 4 uM DEAB were found to lack pectoral fins (7= 30)
whereas all solvent controls had normal pectoral fins (7= 30) (Fig. 1C). Altogether, our
studies confirm the view that zebrafish does not require RA for body axis extension.
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3. Discussion

Formation of the vertebrate body axis begins with generation of the head during gastrulation
convergence and extension movements, followed by body axis extension in which NMPs
generate a major portion of the posterior body axis, i.e. spinal cord and surrounding somites.
Recent studies suggest that mouse and zebrafish body axis extension occurs differently in
that mouse utilizes a population of NMPs called expanding-NMPs that extend the trunk
body axis immediately after the head has formed, whereas the zebrafish trunk is formed by
continued gastrulation convergence and extension movements after the head forms;
following formation of trunk spinal cord and somites, mouse and zebrafish both use another
population of NMPs called depleting-NMPs to generate the tail spinal cord and somites
(Steventon and Martinez Arias, 2017). Previous studies have also demonstrated that the RA
requirement for mouse body axis extension is limited to control of the trunk somites and not
required for tail somites (Cunningham et al., 2011). Together with our studies here
confirming that zebrafish does not require RA for body axis extension and somitogenesis,
we propose a model for body axis extension that supports two different populations of
NMPs in which RA controls the expanding-NMP population but not the depleting-NMP
population (Fig. 2).

In mouse, RA repression of caudal Fgf8is required for proper differentiation of NMPs to
ensure balanced production of neural and somitic tissues during body axis extension
(Cunningham et al., 2015), but this role is limited to trunk NMPs as tail NMPs do not
require RA to repress caudal Fg78 (Cunningham et al., 2011). Similar to mouse tail NMPs,
zebrafish tail NMPs do not require RA to repress caudal fg78as loss of RA does not result in
anterior expansion of caudal fgf8expression (Sorrell and Waxman, 2011). Whether RA
plays other roles in NMP biology in addition to differentiation is less convincing. For
instance, RA does not appear to be needed for maintenance of NMPs as mouse and zebrafish
tail NMPs do not require RA. There exists convincing evidence that RA is not required for
establishment of NMPs as mouse A/dhla2-/- embryos, that completely lack RA activity
when NMPs are first established at E8.0, still produce at least 20 somites (albeit small) and
spinal cord (albeit with altered differentiation) (Cunningham et al., 2015). In contrast, loss of
T/Braor Cdx genes does result in a failure of NMP establishment with no body axis
extension beyond the hindbrain (Amin et al., 2016). However, a recent report examining
mouse embryonic stem cell-derived NMPs in vitro suggested that RA may play a role in
NMP establishment, and it was proposed that the presence of NMPs in mouse Aldhia2-/-
embryos may be due to maternal RA reaching the embryo via extraembryonic tissues (Gouti
et al., 2017). However, this proposed mechanism is not supported by in vivo studies showing
that several RA-degrading enzymes (Cyp26al, Cyp26b1, and Cyp26ci) are expressed in
mouse extraembryonic tissues beginning at E6, thus preventing maternal RA from entering
the embryo proper and limiting the source of embryonic RA to embryonic cells that
synthesize endogenous RA (Uehara et al., 2009). Thus, the most parsimonious model for RA
action during vertebrate body axis extension is one in which RA repression of caudal Fgf8
controls differentiation of expanding-NMPs in vertebrate embryos that possess this type of
NMP including mouse, chick, and perhaps other amniotes.
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In fish, RA control of pectoral fin (forelimb) initiation and heart anteroposterior patterning
demonstrates that RA signaling evolved early to control some developmental pathways
common to all vertebrates, but not other pathways such as body axis extension. With our
observations here and those reported previously (Steventon and Martinez Arias, 2017) we
suggest that RA control of body axis extension was added to higher vertebrates during
evolution, coincident with evolution of trunk expanding-NMPs that so far have been
reported only in amniotes.

4. Materials and methods

4.1. Generation of zebrafish embryos and treatment protocol

Zebrafish embryos were obtained from standard matings of wild-type fish. All zebrafish
studies conformed to the regulatory standards adopted by the Institutional Animal Care and
Use Committee at the Sanford Burnham Prebys Medical Discovery Institute which approved
this study under Animal Welfare Assurance Number A3053-01 (permit #15-104).

Zebrafish embryos were treated with 4-diethylaminobenzaldehyde (DEAB) to inhibit RA
synthesis as previously described with a few modifications (Alexa et al., 2009; Gibert et al.,
2006; Sorrell and Waxman, 2011). DEAB (Sigma Chemical Co., inc.) was dissolved in
dimethylsulfoxide (DMSO0) and 1000x stock solutions were stored at —20C in single-use
tubes for no more than one month. For studies on body axis extension, embryos were treated
from 5 hpf to 15 hpf with growth medium containing 0.1% DMSO control solvent, 4 uM
DEAB, or 10 uM DEAB, after which embryos were collected for whole-mount in situ
hybridization or placed in normal growth medium until 32 hpf. For analysis of pectoral fins,
embryos were treated from 9.5 hpf to 15 hpf with growth medium containing 0.1% DMSO
control solvent or 4 uM DEAB, after which embryos were placed in normal growth medium
until 72 hpf.

4.2. Gene expression analysis

Embryos were fixed in paraformaldehyde at 4°C overnight, dehydrated into methanol, and
stored at —20°C. Detection of mMRNA was performed by whole mount in situ hybridization
as previously described (Thisse and Thisse, 2008).

4.3. Measurements and statistical analysis

ImageJ software (https://imagej.net) (Schneider et al., 2012) was used to measure body axis
length along an 8-somite region at 15 hpf, with each specimen photographed at the same
magnification. Statistical analysis was performed using one-way ANOVA (non-parametric
test) to compare across all treatment conditions with data presented as mean + standard
deviation (SD) and with p > 0.05 indicating non-significance.
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Highlights
. In mouse, but not zebrafish, body axis extension requires retinoic acid (RA)
signaling.
. Mouse requires RA to control expanding-NMPs in trunk but not depleting-
NMPs in tail.

. Zebrafish lacks expanding-NMPs in trunk but does possess depleting-NMPs

in tail.

. Lack of expanding-NMPs in zebrafish is consistent with RA-free body axis

extension.

Dev Biol. Author manuscript; available in PMC 2019 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Berenguer et al.

Page 10

A
15 hr - myoD

DMSO
control

4 uM
DEAB

10 uM
DEAB

60

40

20

DMSO 4uM 10 uM
Control DEAB DEAB

Length of 8 somites (AU)

Fig. 1.

Lc?ss of RA synthesis does not perturb zebrafish body axis extension. (A) Embryos treated
with DMSO (control), 4 uM DEAB, or 10 uM DEAB from 5-15 hpf, followed by analysis
of myoD expression. Brackets mark an 8 somite region in each embryo that is unchanged in
length along the anteroposterior axis following DEAB treatment used to inhibit RA
synthesis. (B) Embryos treated as described above from 5-15 hpf followed by a return to
normal growth medium until 32 hpf. Arrows point to the heart region showing cardiac
edema in embryos treated with DEAB. (C) Shown are embryos treated with DMSO (control)
or 4 uM DEAB from 9.5-15 hpf followed by a return to normal growth medium until 72 hpf
when it can be observed that DEAB treatment results in failure of pectoral fin outgrowth
(arrows). (D) Comparison of body axis length along an 8-somite region in embryos at 15 hpf
across the indicated treatment conditions; data are expressed as mean + SD. For all
comparisons, p > 0.05 (not significant difference) using one-way ANOVA non-parametric
test (DMSO control, n=62; 4 uM DEAB n=108; 10 uyM DEAB n= 101, each are
biological replicates). AU, arbitrary units.
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Fig. 2.
Model comparing mechanisms of body axis extension in zebrafish and mouse. Mouse and

zebrafish body axis extension occurs differently in that mouse utilizes expanding-NMPs that
extend the trunk body axis (spinal cord and somites), whereas the zebrafish trunk is formed
by continued gastrulation convergence and extension movements after the head forms; both
mouse and zebrafish utilize depleting-NMPs to generate the tail spinal cord and somites
(Steventon and Martinez Arias, 2017). Our studies here show that zebrafish body axis
extension does not require RA, whereas previous studies demonstrated that the mouse RA
requirement for body axis extension is limited to the trunk somites (Cunningham et al.,
2011), suggesting that RA controls expanding-NMPs but not depleting-NMPs.
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