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Retinoic acid (RA) is a central signaling molecule regulating multiple developmental
decisions during embryogenesis. Excess RA induces head malformations, primarily by
expansion of posterior brain structures at the expense of anterior head regions,
i.e., hindbrain expansion. Despite this extensively studied RA teratogenic effect, a
number of syndromes exhibiting microcephaly, such as DiGeorge, Vitamin A
Deficiency, Fetal Alcohol Syndrome, and others, have been attributed to reduced RA
signaling. This causative link suggests a requirement for RA signaling during normal head
development in all these syndromes. To characterize this novel RA function, we studied the
involvement of RA in the early events leading to head formation in Xenopus embryos. This
effect was mapped to the earliest RA biosynthesis in the embryo within the gastrula
Spemann-Mangold organizer. Head malformations were observed when reduced RA
signaling was induced in the endogenous Spemann-Mangold organizer and in the ectopic
organizer of twinned embryos. Two embryonic retinaldehyde dehydrogenases, ALDH1A2
(RALDH2) and ALDH1A3 (RALDH3) are initially expressed in the organizer and
subsequently mark the trunk and the migrating leading edge mesendoderm,
respectively. Gene-specific knockdowns and CRISPR/Cas9 targeting show that
RALDH3 is a key enzyme involved in RA production required for head formation.
These observations indicate that in addition to the teratogenic effect of excess RA on
head development, RA signaling also has a positive and required regulatory role in the early
formation of the head during gastrula stages. These results identify a novel RA activity that
concurs with its proposed reduction in syndromes exhibiting microcephaly.
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INTRODUCTION

Microcephaly is a condition in which the brain fails to achieve its
normal size (Abuelo, 2007; Toi et al., 2009; Mochida, 2009;
Dyment et al., 2013; Faheem et al., 2015; Duerinckx and
Abramowicz, 2018). Besides the wide variation in head size in
the human population (Natale and Rajagopalan, 2014),
individuals with head circumferences (occipitofrontal) smaller
by 3 standard deviations from the population mean (age, sex, and
ethnicity matched), exhibit what is known as clinical
microcephaly (Martini et al., 2018). These individuals
encompass up to 0.1% of the human population and most of
them suffer from significant intellectual disabilities (Abuelo,
2007). Microcephaly can be subdivided into primary, if
developed during embryogenesis and present at birth, or
secondary, if developed after birth, but this classification is not
universally accepted. To date, Online Mendelian Inheritance in
Man (OMIM.org) lists close to a thousand genes, diseases, or
syndromes associated with microcephaly in addition to
numerous environmental factors that can induce this
condition. To elucidate the etiology of primary or
developmental microcephaly we need to achieve a better
understanding of the signals and processes that regulate the
induction, patterning, and differentiation of the rostral
neuroectoderm and subsequently the forebrain in the embryo
(Abuelo, 2007; Mochida, 2009; Toi et al., 2009; Dyment et al.,
2013; Faheem et al., 2015; Duerinckx and Abramowicz, 2018)
which in turn will affect the size of the head (Koyabu et al., 2014;
Ranke et al., 2015; Martini et al., 2018). In Xenopus embryos, the
group of cells responsible for anterior neuroectoderm induction
and patterning, the head organizer, forms as part of the Spemann-
Mangold organizer (Spemann andMangold, 1924; Inui et al., 2012;
Kiecker and Lumsden, 2012; Yanagi et al., 2015). Very early during
embryogenesis, the leading edge mesendoderm (LEM)/prechordal
mesoderm (PCM) cells migrate to the rostral region beneath the
prospective cranial neuroectoderm, and at this position, they will
perform their inductive and patterning functions (Kaneda and
Motoki, 2012; Huang and Winklbauer, 2018).

In humans, in utero exposure to alcohol (ethanol, EtOH) is the
environmental disturbance that induces Fetal Alcohol Spectrum
Disorder (FASD). Individuals suffering from the severe form of
FASD, Fetal Alcohol Syndrome (FAS), suffer from a multitude of
developmental malformations including microcephaly
(Roussotte et al., 2012; Gautam et al., 2015; Popova et al.,
2016; Del Campo and Jones, 2017; Jarmasz et al., 2017; Treit
et al., 2017; Petrelli et al., 2019). In FAS, cognitive disabilities,
behavioral and social problems, reduced executive functioning,
and social withdrawal accompany the microcephaly (Niccols,
2007; Spohr and Steinhausen, 2008; Guerri et al., 2009; Gautam
et al., 2014; Popova et al., 2016). In recent years, we established
and characterized a Xenopus-based experimental model that
recapitulates many of the developmental malformations
characteristic of FAS following alcohol exposure, including
microcephaly (Yelin et al., 2005; Yelin et al., 2007; Kot-
Leibovich and Fainsod, 2009; Fainsod and Kot-Leibovich,
2018; Shabtai et al., 2018). We have shown that many of the
developmental malformations arising from embryonic alcohol

exposure (EAE) are the result of reduced retinoic acid (RA)
signaling (Yelin et al., 2005; Kot-Leibovich and Fainsod, 2009;
Shabtai et al., 2018; Shabtai and Fainsod, 2018; Fainsod et al.,
2020). During early embryogenesis, alcohol clearance and
Vitamin A (retinol, ROL) metabolism are performed in part
by the same enzymes or enzyme families (Crabb et al., 2004;
Shabtai and Fainsod, 2018). Biosynthesis of RA from Vitamin A
(retinol, ROL) proceeds through two consecutive oxidation steps,
the first performed mainly by short-chain dehydrogenase/
reductases (SDR) oxidizing ROL to retinaldehyde (RAL), and
the subsequent oxidation step from RAL to RA performed by
aldehyde dehydrogenases (ALDH) also known as retinaldehyde
dehydrogenases (Kedishvili, 2013; Cunningham and Duester,
2015; Shabtai and Fainsod, 2018). EtOH detoxification in the
embryo makes use of some of the same enzymes, sometimes
redirecting them from their involvement in RA biosynthesis and
other metabolic processes (Duester, 1991; Pullarkat, 1991; Kot-
Leibovich and Fainsod, 2009; Shabtai et al., 2018; Shabtai and
Fainsod, 2018; Fainsod et al., 2020). As it has extensively been
shown, RA is crucial for normal embryonic development and
tissue homeostasis (Ross et al., 2000; See et al., 2008; Clagett-
Dame and Knutson, 2011; Kin Ting Kam et al., 2012; Rhinn and
Dollé, 2012; Cunningham and Duester, 2015; Draut et al., 2019;
Nolte et al., 2019), and abnormally high or low levels are
extremely teratogenic giving rise to a complex and severe set
of developmental malformations (Collins and Mao, 1999; Mark
et al., 2006; Ghyselinck and Duester, 2019).

It is widely accepted that increased RA levels adversely affect
the formation of the head and in particular, inhibit forebrain
development by promoting hindbrain expansion resulting in a
microcephalic phenotype (Durston et al., 1989; Sive et al., 1989;
Koide et al., 2001; Halilagic et al., 2003; Crandall et al., 2011). On
the other hand, reduced RA signaling levels have been linked to
an increasing number of developmental syndromes that exhibit
microcephaly including FAS, DiGeorge, Smith-Magenis,
Matthew-Wood, and Vitamin A Deficiency (VAD)
Syndromes, and others (Twal et al., 1995; Collins and Mao,
1999; Maden, 2000; Clagett-Dame and DeLuca, 2002; Vermot
et al., 2003; Yelin et al., 2005; Kot-Leibovich and Fainsod, 2009;
Chassaing et al., 2009; Elsea and Williams, 2011; Shabtai et al.,
2018; Fainsod et al., 2020; Fainsod et al., 2022). This link between
microcephaly and reduced RA levels suggests that RA signaling is
required during early head induction and forebrain
establishment. In agreement, retinaldehyde dehydrogenase 2
(Raldh2; Aldh1a2) mutants die very early during development
exhibiting malformations of the anterior head region
(Niederreither et al., 1999; Begemann et al., 2001; Perz-
Edwards et al., 2001; Halilagic et al., 2007) and dorsal knock-
down of the RA nuclear receptor, RARα2 results in head
truncation and malformations (Shiotsugu et al., 2004).

To further characterize the role of RA signaling during
gastrulation and in particular, in the process of head
formation, we experimentally manipulated its levels. We show
that localized reduction of RA levels within the embryonic
organizer results in a high incidence of embryos with
abnormally small heads. RA biosynthesis inhibition or
signaling knockdown in induced secondary axes also reduces
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the efficiency of head formation in the twinned embryos. These
observations support the suggestion that RA signaling is required
for normal head development. In Xenopus embryos, the aldh1a2
gene is initially expressed within the organizer domain but soon
thereafter its expression becomes lateralized and is absent from
the dorsal midline (Chen et al., 2001). This pattern of expression
prompted us to search for additional RA biosynthetic enzymes
that could produce the RA required for head induction. Aldh1a3
(raldh3) transcripts were detected in the early organizer (Lupo
et al., 2005), and subsequently in the rostrally migrating LEM/
PCM cells. We show that aldh1a3 knockdown with antisense
morpholino oligonucleotides or by gene targeting with CRISPR/
Cas9 efficiently hampers the formation of head structures,

resulting in microcephaly in both the endogenous and induced
secondary axes. These results indicate that RA signaling is
required in the LEM/PCM cells for normal head formation.
Further, we show that ALDH1A3 is the main enzyme involved
in producing the RA needed for this process.

MATERIALS AND METHODS

Embryo Culture and Treatments
Xenopus laevis embryos were obtained by in vitro fertilization,
incubated in 0.1% Modified Barth’s Solution and Hepes (MBSH)
and staged according to Nieuwkoop and Faber (1967). All

TABLE 1 | Primers for PCR expression analysis, genomic amplification and expression knockdown.

Gene Forward primer Reverse primer

RT-qPCR

admp.S GCCTTCCGAGCAAGCTTACTT CCTTGTGGCAACTGTATCTTATTTTTA
cer1.S CTGGTGCCAAGATGTTCTGGAA CGGCAAGCAATGGGAACAAGTA
chrd.1.L/S ACTGCCAGGACTGGATGGT GGCAGGATTTAGAGTTGCTTC
cyp26a1.S CGATTCCTCAAGGTTTGGCTTCA ATTTAGCGGGTAGGTTGTCCACA
dhrs3.L CAGGCGCAAGAAATCCTAAG CAAAGGCCACGTTACAGGAT
dkk1.S TGCCTACCCGCTCTACAGTT AACCAGAGAGTTGCCGTTTC
frzb1.L CCAATGCTTACTGTGCTTCGT AGTGCTGTGGTGGAGATGGT
gapdh.S GCTCCTCTCGCAAAGGTCAT GGGCCATCCACTGTCTTCTG
gsc.L/S TTCACCGATGAACAACTGGA TTCCACTTTTGGGCATTTTC
hoxa1.L CCGCTCACTATATCCACCATTC TGGCAGGAGAACGACAAAC
hoxb1.L TTGCCCCAGTGCCAATGAC TCCCCCTCCAACAACAAACC
hoxb4.S CCAAGGATCTGTGCGTCAA GCAGGATGGAGGCGAACT
myod1.S CCCTGTTTCAATACCTCAGACAT CGTGCTCATCCTCGTTATGG
otx2.L AAGCCGCAATATAGAAAGGAACA GGGATTCCTTGTCGCAATTAATA
aldh1a1.L GAACTTTCCGTTGTTGAT GATAGCAGTCAGTGGAGTTTG
aldh1a2.L ATGTTTGCCTGGAAGA GAGAGCAGTGAGCGGA
aldh1a3.L TAAAGCCCTGTCTGTTTCT CATACTCTCCAAGTTCCCTT
rdh10.L/S CCCAGAGTAACGAGGAGACG ATTGCAGCACGGCAGAACT
szl.L/S AACAAGGTCTGCTCCTTCCA CTGTGGGTCTGGTCCG
ventx1.2.S AGGCAGGAGTTCACAGGAAA TGCCTGTTCCAGTTTGCTT

Genomic nested PCR

Outer genomic PCR

aldh1a2.L CTGGGATCTGCTCATTCAGTGT ACGTTGATTGATCCGTGGTG
aldh1a2.S CAACAAGTTCATTTTTCCTGCTGAA ATAGGCAGGTCTCTTGGGGA
aldh1a3.L TCAAAGGAGAAAAGGCTCAGGT TAGAAATTCACCAGCAGGAAAGC
aldh1a3.S ACCCCATAAAATGTGTGCTACTCT TTCTAACAGACTGGGTTGGGATG

Inner genomic PCR

aldh1a2.L GTGTACCCTTTGTATGTTGGCAT GCCATTGTGCTACGGTTTTG
aldh1a2.S GTCACACACCTTTCAGTTTTTGG AGGTCTCTTGGGGAAACTGTG
aldh1a3.L TTACCAGTGCAGGGCAACAG TCTAACAGACTGGGTTGGGGAT
aldh1a3.S AGAACAATTGTGGGGCAGCA TGCTGCATCTAGCTATAGAAACCC

Antisense morpholino oligonucleotides

ALDH1A2.L/S CTATTTTACTGGAAGTCATGTCTGG —

ALDH1A3.L/S TAGTGGTTGTCATGTTGATAGAGGC —

Control MO CCTCTTACCTCAGTTACAATTTATA —

CRISPR (crRNA)

aldh1a2.L/S GAATGGATGCCTCAGAAAGG —

aldh1a3.L/S CAGCAGTCTCCCTCGGCCAT —
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experiments were performed after obtaining ethics approval and
under the supervision of the Institutional Animal Care and Use
Committee (IACUC) of the Hebrew University (Ethics approval
no. MD-17-15281-3). Treatments with 4-
Diethylaminobenzaldehyde (DEAB, Sigma) or 3,7-Dimethyl-
2,6-octadienal (citral, Aldrich), were performed in 0.1% MBSH
from the mid-blastula transition (MBT, stage 8) until the desired
stage for analysis.

Embryos were injected at the 1-4 cell stage with in vitro
transcribed capped RNA, expression plasmids, antisense
morpholino oligonucleotides, or CRISPR/Cas9 single guide
RNAs (sgRNAs). Capped RNAs were prepared using the
appropriate RNA polymerase. Cap analog [m7G(5′)ppp(5′)G;
New England Biolabs, United States] was added to the reaction
mixture using a cap:GTP ratio of 5:1. Expression plasmids were
linearized and transcribed as previously described: wnt8a
(Christian and Moon, 1993), tALK3 (Graff et al., 1994),
cyp26a1 (Hollemann et al., 1998), bmp4 (Fainsod et al., 1994),
dkk1 (Glinka et al., 1998). Antisense morpholino oligonucleotides
(Table 1) were obtained from Gene Tools LLC (United States).

Generation of CRISPant Embryos
For gene-specific single guide RNA design (sgRNA), genomic
DNA sequences were selected from Xenbase.org (Nenni et al.,
2019) for the L and S homoeologs when present and used
CRISPRdirect (Naito et al., 2015) and CRISPRscan (Moreno-
Mateos et al., 2015) for target site search. Computational
estimation of the sgRNA efficiency was determined using the
inDelphi software (Shen et al., 2018; Naert et al., 2020). sgRNA
target sequences used are listed in Table 1. For the generation of
F0 CRISPant embryos, we injected one-cell stage embryos with
Cas9 ribonucleoprotein (RNP) complexes employing the two-
RNA component (crRNA:tracrRNA) approach (Hoshijima et al.,
2019). Briefly, chemically synthesized and modified for stability
(Alt-R) RNAs (crRNA and tracrRNA; IDT, United States)
(Table 1) were annealed to generate the double guide
complexes (crRNA:tracrRNA), and were incubated (10 min at
37°C) with S. pyogenes Cas9 protein (IDT, United States) to
generate RNP complexes. Eight nanoliters of the RNP complex
solution were injected into the cytoplasm of one-cell stage
embryos.

To determine the efficiency of indel induction, genomic DNA
was extracted from 5 individual embryos at mid-gastrula (st. 11)
or later, employing the GenElute Mammalian Genomic DNA
Miniprep Kit (SIGMA). The genomic region containing the
CRISPR/Cas9 targeted region was PCR amplified using a
nested PCR approach (Table 1) and the size-selected and
cleaned product was sequenced. Genome editing efficiency was
analyzed by decomposition analysis (Brinkman et al., 2014) using
the Synthego ICE algorithm (Hsiau et al., 2018).

Whole-Mount in Situ Hybridization
Whole-mount in situ hybridization and double in situ
hybridization were performed as previously described (Epstein
et al., 1997). Probes were prepared by in vitro transcription using
Digoxigenin or Fluorescein labeling mix (Roche). Double staining
was performed by either 5-Bromo-6-chloro-3-indolyl phosphate

FIGURE 1 | Retinoic acid is required for normal head development. Embryos
were injected with RNA encoding CYP26A1 and treated with DEAB to reduce the
endogenous levels of RA. (A) Control embryo (st. 30) processed for in situ
hybridization with pax6 (eyes, pink) andmuc2 (cement gland, purple) specific
probes. (B) Embryo injected dorsally with cyp26a1 RNA exhibiting mild
microcephaly. Turquoise staining is theLacZ lineage tracer. (C)Severemicrocephaly
in an embryo injected with cyp26a1 mRNA in the dorsal region. (D) Frequency of
microcephaly inductionby combinedRAknockdown in embryos injecteddorsally or
ventrally with cyp26a1 RNA and treated with DEAB. (E) Control st. 14/15 embryo
processed for in situ hybridization with pax6 (eyes) and ncam (neural plate). (F)
Embryo ventrally injected with wnt8a RNA to induce a secondary axis analyzed for
eye and neural plate formation. (G) Loss of anterior head structures (eyes, pax6) in
the induced secondary axis by co-injection of cyp26a1 RNA with the wnt8mRNA.
The primary and secondary axes are labeled (1st, 2nd). (H) Inhibition of anterior head
formation in twinned embryos induced by ventralwnt8a injection or parallel inhibition
of BMP (tALK3) and Wnt (DKK1) signaling and reduction of RA levels (DEAB
treatment or CYP26A1 overexpression). The overall number of embryos injected or
manipulated is shown (n =). *, p < 0.05; **, p < 0.01; ****, 0.0001; ns, not significant.
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p-Toluidine salt (Magenta phosphate, Sigma) or BM purple
(Roche) for the first probe and 5-Bromo-4-chloro-3-indolyl
phosphate p-Toluidine salt (BCIP, Roche) for the second
probe. Probes were transcribed as previously described: pax6
(Li et al., 1997), ncam1 (Krieg et al., 1989), muc2 (XCG-1) (Sive
et al., 1989), chrd.1 (chordin) (Sasai et al., 1994), gsc (goosecoid)
(Cho et al., 1991), cyp26a1 (Hollemann et al., 1998), aldh1a2
(raldh2) (Chen et al., 2001), aldh1a3 (raldh3) (Lupo et al., 2005),
otx2 (Smith et al., 1993).

Quantitative Reverse Transcription
Real-Time PCR (qPCR)
Total RNA from embryos was extracted with the Aurum™ Total
RNA Mini Kit (Bio-Rad) and cDNA was synthesized using the
iScript cDNA Synthesis Kit (Bio-Rad). The real-time PCR
reactions were performed using the CFX384 Real-Time System
(Bio-Rad) and iTaq Universal SYBR Green Supermix (Bio-Rad).
Each experiment was repeated at least three independent times
and each time the samples were run in triplicate. GAPDH was
used as the housekeeping reference gene. The primers used are
listed in Table 1.

ß-Galactosidase Activity Assays
Chemiluminescent quantification of the reporter pRAREhsplacZ
plasmid (Rossant et al., 1991) activity was performed using ß-gal
Juice Plus (PJK, Germany) as previously described (Yelin et al.,
2005). Chemiluminescence activity was measured on a TD-20/20
Luminometer (Turner Designs). LacZ RNA was prepared from a
clone containing a nuclear localization signal (pSP6nuc ß-gal) in
pGEM-3Z (Promega). The staining of embryos for ß-
galactosidase activity was performed with 5-bromo-4-chloro-3-
indolyl-β-D-galactopyranoside (Xgal).

Statistical Analysis
All statistical comparisons were carried out using the Prism
software package (Graph Pad Software Inc., San Diego, CA).
Results are given as the mean ± standard error of the mean
(SEM). Tests used were the 2-tailed t-test for two-sample
comparisons, Dunnett’s (ANOVA) multiple comparisons test,
or Fisher test. Differences between means were considered
significant at a significance level of p < 0.05.

RESULTS

Retinoic Acid Signaling Reduction Induces
Microcephaly
To support the requirement for RA signaling in the formation of the
head, we reduced the endogenous RA levels by localized dorsal or
ventral injection of mRNA encoding CYP26A1. The CYP26A1
enzyme is a RA hydroxylase rendering it biologically inactive, thus
reducing the activity of this signaling pathway (Catharine Ross and
Zolfaghari, 2011). RNA encoding ß-galactosidase (LacZ) was co-
injected as a lineage tracer to monitor and verify the injection site. To
study the effect on anterior head structure formation and to
determine whether the embryos exhibit normal, mild, or severe

microcephaly, we analyzed the development of the eyes (pax6)
and cement gland (muc2) by in situ hybridization (Figures
1A–C). Dorsal CYP26A1 overexpression induced microcephaly
with high efficiency (80%), with the majority of the embryos
exhibiting severe microcephaly (61.1%; Figures 1B–D). Ventral
cyp26a1 RNA injections resulted in a distribution of head
phenotypes similar to control embryos (13.9% very mild
microcephaly; Figure 1D). To support the requirement for
normal RA signaling levels in head development, we also
performed systemic RA biosynthesis inhibition with 4-
diethylaminobenzaldehyde (DEAB; 150 μM) (Russo et al., 1988;
Morgan et al., 2015; Shabtai et al., 2016). The DEAB treatment
induced mild microcephaly in 40.3% of the embryos (Figure 1D).
Combined ventral cyp26A1 mRNA injection with DEAB treatment
had no significant additive effect compared to the DEAB treatment
alone, increasing only slightly the proportion of mild microcephalic
embryos to 43.5%. In contrast, the addition of DEAB to dorsally
cyp26a1 RNA injected embryos increased the incidence of
microcephaly to 100% of the embryos (Figure 1D), showing that
most of the RA signaling activity required for normal head
development is localized dorsally.

Based on the organizer-restricted expression of aldh1a2 and the
activation of RA signaling in the gastrula organizer (Chen et al., 2001;
Yelin et al., 2005), we expect activation of RA signaling in
supernumerary organizers induced on the ventral side of the
embryo. For this reason, we induced secondary axes by either
ventral activation of Wnt/ß-catenin signaling (wnt8a RNA
injection) (Sokol et al., 1991), or inhibition of BMP signaling by
smad6 (Marom et al., 2005) or a dominant negative BMP receptor
(tALK3) (Graff et al., 1994) mRNA injection. Activation of RA
signaling in the secondary organizer was monitored using the RA
reporter pRAREhspLacZ (RAREZ) plasmid (Rossant et al., 1991;
Yelin et al., 2005) which was co-injected with the axis-inducing RNA.
Expression from this reporter plasmid relies on an RA responsive
element (RARE), which in turn depends on the availability of the RA
ligand, the retinoic acid nuclear receptors, and their cofactors, i.e., an
active RA signaling pathway. During gastrula (st. 10.25) and early
neurula (st. 14/15) expression of the RAREZ reporter plasmid was
detected irrespective of the mode of secondary axis induction
employed (Supplementary Figure S1). During early gastrula, the
induced secondary organizers exhibited RAREZ activity in about 76%
of the embryos (Supplementary Figure S1C). This observation
shows that although secondary dorsal lips, organizers, are induced,
not all of them manage to activate the RAREZ reporter. It is
important to note that activity of this reporter plasmid is totally
dependent on the local biosynthesis of RA and expression of the RAR
and RXR nuclear receptors. These results show that the induced
secondary organizer also exhibits active RA signaling, although a
more effective and efficient induction might be needed to activate a
detectable RA signal trace.

As induced secondary organizers exhibit active RA signaling,
we studied the requirement for this signal in the head organizer
activity by studying the effect of reduced RA signaling on head
development in secondary axis head induction. Ventral wnt8a
mRNA injection was selected for axis induction as a large
percentage of the secondary axes form anterior head structures
(Sokol et al., 1991). Co-injection of cyp26a1mRNA together with
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the wnt8a RNA was used to reduce, in a localized manner, the RA
level in the induced secondary axes. Embryos were processed for
in situ hybridization with ncam1 as a marker of the neural plate to
score the secondary trunk, while anterior head formation was
determined using pax6 as an eye marker (Figures 1E–G). The
efficiency of secondary axis induction was not significantly
affected by the reduction in RA signaling compared to control
embryos (61.3%, n = 856 and 55.5%, n = 1,450, respectively;
Figure 1H). Analysis of the presence of anterior head structures
morphologically and by marker gene expression showed that in
the control group, 43.8% of the secondary axes had anterior head
structures (Figures 1F,H). In contrast, RA knock-down reduced
the proportion of secondary axes containing anterior head
structures to only 27.9% of all the injected embryos,
representing a reduction of 36.3% in full secondary axes
(Figures 1G,H). These results show that RA is also required
for the head organizer activity in induced secondary axes, similar
to the endogenous organizer.

Additional support for the requirement for RA during head
formation was obtained using additional means of secondary axis

induction and RA signaling inhibition. Embryos were injected
ventrally with wnt8a mRNA and subsequently treated with the
RALDH inhibitor, DEAB. The DEAB treatment reduced the
efficiency of head formation in the secondary axes by 59.6%
(n = 328; Figure 1H), further supporting that RA is required for
head formation. In addition, we induced head-containing
secondary axes by simultaneous inhibition of BMP and Wnt
signaling by co-injection of RNA encoding the dominant-
negative BMP receptor, tALK3, and the Wnt antagonist,
DKK1 (Glinka et al., 1998). Similar to the previous combined
treatments, DEAB-mediated inhibition of RA biosynthesis
resulted in a 41.1% decrease in head formation in the induced
secondary axes (n = 344; Figure 1H). We conclude that RA
signaling is required for efficient anterior head structure
development both in the endogenous and induced organizers.

Retinoic Acid is Required for Normal Head
Formation During Early Gastrula
To map the developmental window when RA signaling is
required for normal head development, we inhibited RA
biosynthesis by initiating the DEAB treatment at different
developmental stages and analysis of the resulting head
malformations at st. 32 (Figures 1A–C). Inhibition of RA
synthesis from mid to late blastula stages (st. 8-9) resulted in
62–78% of the embryos developing microcephaly (Figure 2A). In
the st. 8 sample, most embryos (57%) developed severe head
malformations and 21% of them had mild head defects
(Figure 2A). DEAB treatment from early gastrula (st. 10)
resulted in a similar frequency of affected embryos
(Figure 2A). Inhibition of RA biosynthesis from mid gastrula
(st. 10.5) onwards showed a significant decrease in the induction
of microcephaly, identifying a shift in the requirement for RA in
the head organizer; only 37% of the embryos exhibit some form of
microcephaly, 20% mild and 17% severe (Figure 2A). These
results show a requirement for RA signaling during late blastula-
early gastrula for normal head development.

RA and its biosynthetic intermediates have been detected in the
gastrula organizer in vertebrate embryos (Chen et al., 1992; Hogan
et al., 1992; Creech Kraft et al., 1994; Chen et al., 1994; Kraft et al.,
1994; Niederreither et al., 1997; Chen et al., 2001; Yelin et al., 2005),
suggesting an active role for this signaling pathway in this central
embryonic regulatory structure. It is generally accepted that the
appearance of the retinaldehyde dehydrogenase activity with the
onset of aldh1a2 (raldh2) expression marks the completion of the
biosynthetic pathway and the onset of RA signaling (Ang and
Duester, 1999; Niederreither et al., 1999; Chen et al., 2001; Shabtai
et al., 2018). To obtain a better picture of the onset of RA signaling
in the embryo, we took advantage of the RA reporter plasmid,
RAREZ (Rossant et al., 1991), and determined the kinetics of
increase in ß-galactosidase activity by chemiluminescence for
maximal sensitivity. Embryos injected radially with the RAREZ
plasmid (Yelin et al., 2005) were analyzed at different
developmental stages from the midblastula transition (MBT; st.
8.5) to late gastrula (st. 12) (Figure 2B). This analysis shows that
the RA reporter plasmid becomes active at the onset of gastrulation
(st. 10-10.25) and its activity increases towards mid/late gastrula

FIGURE 2 | RA function is required during the early gastrula stages for
normal anterior head development. (A) Embryos were treated with DEAB
starting at different developmental stages and analyzed for the effect on head
development during tailbud stages (st. 32). (B) Untreated embryos were
injected with the RA reporter plasmid, RAREZ. At different gastrula stages,
groups of embryos (5) were collected and processed for chemiluminescent
analysis of the ß-galactosidase activity. Samples were normalized to the st. 10
sample. *, p < 0.05 **, p < 0.01; ****, p < 0.0001; ns, not significant.
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stages (st. 11.5-12). This temporal pattern of RAREZ activity places
the onset of RA signaling around the beginning of gastrulation and,
from then on, it increases towards late gastrula overlapping with
the expression of aldh1a2 (Chen et al., 2001; Shabtai et al., 2018)
and the proposed activity of the head organizer and the transition
to trunk organizer (Niehrs, 2004).

Retinoic Acid is Required for Normal Gene
Expression in the Head Organizer
Using transgenic embryos, we previously showed that the RA
pathway is active during early/mid gastrula mainly in the
organizer and subsequently along the dorsal midline (Yelin

et al., 2005). The early requirement for RA signaling for
normal head development led us to study the role of RA
within the organizer at a stage when both RA producing
enzymes, ALDH1A2 and ALDH1A3 are expressed in this
embryonic region. We manipulated the endogenous level of
RA in the embryo and determined the effect of such
manipulations on organizer-specific gene expression and, in
particular, genes important for the head organizer activity. To
decrease or increase the RA signaling levels, embryos were treated
with increasing concentrations of DEAB (30-250 μM), or all-
trans retinoic acid (atRA; 10 nM–10 μM) respectively, and
incubated to early gastrula stages (st. 10.25) for expression
analysis. To support the generation of different RA signaling

FIGURE 3 | Positive and negative regulation of organizer genes by RA. (A–G) Embryos were treated with increasing concentrations of atRA (10 nM–10 μM) or
DEAB (30–250 μM) from late blastula to early gastrula. Expression changes of hoxb1 (A), cyp26a1 (B), chrd.1 (C), admp (D), dkk1 (E), cer1 (F), and otx2 (G) were
studied by qPCR. Samples were normalized to control expression levels (gray bar). (H) Fine titration of RA biosynthesis inhibition using DEAB (1–30 μM). Expression
changes were determined for gsc, cyp26a1, chrd.1, admp, dkk1, cer1, and otx2 by qPCR.

Frontiers in Cell and Developmental Biology | www.frontiersin.org March 2022 | Volume 10 | Article 8446197

Gur et al. Reduced Retinoic Acid Induces Microcephaly

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


levels we monitored the expression of the RA-regulated genes,
hoxb1 and cyp26a1 by qPCR. This analysis revealed that our
manipulations efficiently created an RA activity gradient ranging
from a strong knockdown to gain-of-function (Figures 3A,B).
Under these conditions, we studied the effect of RAmanipulation
on the expression of the organizer-specific genes; cer1, admp,
dkk1, chrd.1, and otx2. The decrease in RA levels resulted in the
downregulation of all the genes studied (Figures 3C–G). The
downregulation ranged from about 40 to 60% from normal
expression levels, suggesting that RA is a required signal for
the normal expression of these organizer genes. Surprisingly,
increasing the RA levels also reduced the expression of all genes
studied by about 40–60% (Figures 3C–G). These results suggest
that the embryo has close to optimal amounts of RA in the early
gastrula organizer and any deviation results in reduced
expression of the organizer genes studied.

To obtain support of whether the organizer normally contains
almost optimal levels of RA to control the expression level of
genes like gsc, cer1, admp, dkk1, chrd.1, and otx2, we performed a
fine titration of the inhibition of RA biosynthesis using DEAB

(Figure 3H). For gsc, chrd.1, and dkk1, the lowest amount of
DEAB used (1 μM) resulted in upregulation of their expression,
whereas higher concentrations had either no effect or had an
opposite effect and downregulated their expression (Figure 3H).
For cer1, otx2, admp, and cyp26a1, low DEAB concentrations had
no effect, but higher concentrations induced lower expression
levels (Figure 3H). These results show that RA has a complex
gene regulatory role within the organizer, both positively and
negatively controlling the levels of gene expression in a
concentration and threshold-dependent manner to fine-tune
the expression of the organizer genes.

Expression of aldh1a2, and aldh1a3 During
Gastrula Stages
The results show that RA signaling is required during late blastula
or early gastrula for normal organizer-specific gene expression
and this early function contributes to the activity of the head
organizer. We previously described the temporal pattern of
expression of the three retinaldehyde dehydrogenase-encoding

FIGURE 4 | Expression of aldh1a3 in the migrating LEM/PCM cells. (A)Mid-gastrula embryos (st. 11) were dissected into dorsal, lateral, and ventral regions, and
RNAwas extracted from each region. The relative abundance of aldh1a1, aldh1a2, and aldh1a3was studied by qPCR. The accuracy of the dissections was determined
by qPCR of chrd.1,myod1, and szl as dorsal, lateral, and ventral markers, respectively. In comparison to the szl transcript distribution, all other genes had a significantly
different distribution, p < 0.0001 using the Fisher exact probability test. Spatial expression pattern comparison between aldh1a3 and aldh1a2 (B,C), aldh1a3 and
cyp26a1 (D,E), and aldh1a3 and otx2 (F,G). (B–D,F,G) dorsal view, anterior to the top. (H,I) Embryos were injected with mRNA encoding WNT8a (H) or BMP4 (I) and
samples were collected during early and mid-gastrula, and early neurula stages (st. 10.5, 11, and 13). qPCR analysis was performed for aldh1a2 and aldh1a3, the dorsal
markers gsc and admp, and the ventral genes szl and ventx1.2. Relative expression was normalized to levels in control embryos. Groups of injected embryos were
incubated to tailbud stages to determine their dorsoanterior index (DAI) (Kao and Elinson, 1988). wnt8a, DAI = 5.67; bmp4, DAI = 3.64.
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genes, aldh1a1, aldh1a2, and aldh1a3 (raldh1, raldh2, and raldh3,
respectively) in early Xenopus embryos and their relative
transcript abundance (Shabtai et al., 2018; Parihar et al., 2021).
The results showed that all three genes exhibit similar temporal
expression patterns and are upregulated above background levels
with the onset of gastrulation, but aldh1a2 is the most abundant
transcript. Since transcripts of aldh1a2 and aldh1a3 have been
detected in the embryonic organizer (Chen et al., 2001; Lupo
et al., 2005) we compared their spatial expression patterns by
qPCR and double whole-mount in situ hybridization (dWISH)
later during gastrulation. The relative localization of the aldh1a1,
aldh1a2, and aldh1a3 transcripts was determined by dissecting
dorsal, lateral, and ventral marginal zones (DMZ, LMZ, and
VMZ, respectively) from embryos during mid-gastrula (st. 11).
The RNA from these regions was analyzed by qPCR to determine
the relative transcript distribution (Figure 4A). Although
expressed at very low levels (Shabtai et al., 2018), most of the
aldh1a1 transcripts are localized in the LMZ explants
(Figure 4A). With this type of analysis, aldh1a2 expression
appears ubiquitous with similar abundance in all three regions
in agreement with its wide expression domain during mid/late
gastrula stages as observed by WISH (Figures 4B,C, turquoise).
Expression of aldh1a3 is mostly localized to the DMZwith almost
no transcripts in other embryonic regions (Figure 4A). This
aldh1a3 transcript distribution is in agreement with the
expression being restricted to the organizer and to cells along
the dorsal midline, suggesting that this gene might be involved in
the head-promoting role of RA. The accuracy of the embryonic
dissections was corroborated by analyzing the expression of
chrd.1 as a dorsal marker, myod1 as a lateral marker, and szl
as a ventral marker (Figure 4A).

To better understand the pattern of aldh1a3 expression, we
studied its spatial expression in parallel to aldh1a2, cyp26a1, and
otx2. Comparative analysis of the aldh1a2 and aldh1a3 expression
patterns clearly shows that by mid/late gastrula (st. 11.5) both
genes are expressed in non-overlapping domains (Figure 4B).
While the aldh1a2 expression remains posterior, close to the
blastopore, aldh1a3 expression is restricted to a small cluster of
cells, probably representing the migrating LEM/PCM
(Figure 4B). By early neurula stages (st. 15) aldh1a3
expression becomes undetectable and only the expression of
aldh1a2 in the prospective trunk is observed (Figure 4C). The
rostral localization of aldh1a3 expression during late gastrula
prompted us to look at its position relative to other genes
expressed in the same region. First, we analyzed the spatial
localization relative to cyp26a1, another member of the RA
metabolic network known to be expressed in the
neuroectoderm of the prospective forebrain region (Hollemann
et al., 1998; de Roos et al., 1999). The dWISH results show that the
aldh1a3 expressing cells (purple) appear to overlap with the
cranial domain of cyp26a1 expression (turquoise; Figure 4D).
To better understand this apparent overlap between the aldh1a3
and cyp26a1 expression domains in the rostral region, embryos
were bisected sagittally for analysis. While the cyp26a1 expression
localizes to more superficial cells in the rostral as well as the
blastopore expression domain, the aldh1a3 expressing cells
localize just below the rostral cyp26a1 positive cells

(Figure 4E). Although we cannot rule out a slight overlap in
the future head domain, cyp26a1 is expressed in the ectodermal
cells whereas aldh1a3 is expressed in the migrating
mesendodermal cells. To better understand the relative
position of the aldh1a3-positive cells within the rostral domain
we compared it to the otx2 expression domain, another early
anterior head marker (Blitz and Cho, 1995; Pannese et al., 1995).
Analysis of the overlap shows a small group of aldh1a3 positive
cells (purple) migrating rostrally towards the prospective
midbrain/forebrain domain marked by otx2 expression during
mid gastrula (st. 11) (turquoise; Figure 4F). During late gastrula
(st. 12), the small cluster of aldh1a3 positive cells can be detected
beneath a larger otx2 expressing domain (Figure 4G). Also, in
this case, the aldh1a3 expressing cells localize ventrally to the otx2
expression domain. These results support the conclusion that
aldh1a3 is expressed in the anterior mesendodermal, LEM/
PCM cells.

The enzymatic function of aldh1a3 as a producer of RA places a
dynamic, second RA signaling center in the dorsal region of the
gastrula embryo. The expression pattern of aldh1a3 during gastrula
and early neurula is characteristic of organizer genes that continue to
have dorsalmidline expression. To further study the dorsal identity of
aldh1a3-expressing cells, embryos were dorsalized by promoting
Wnt/ß-catenin signaling, or ventralized by increasing the BMP
signal. Embryos were injected with wnt8a or bmp4 mRNA to
induce dorsalization and ventralization, respectively, and samples
were collected during early/mid gastrula (st. 10.5), mid gastrula (st.
11), and early neurula (st. 13) to account for the dynamic nature of
the expression patterns. To verify the efficacy of the RNA injections,
we studied the responses of gsc and admp as dorsal genes and szl and
ventx1.2 as ventral genes by qPCR. In agreement with their dorsal
expression, gsc and admp were upregulated by wnt8a RNA injection
dorsalization and downregulated by bmp4 ventralization (Figures
4H,I). szl and ventx1.2, on the other hand, exhibited the expected
opposite responses as ventral targets of BMP4 signaling,
downregulation by wnt8a, and upregulation by bmp4
overexpression (Figures 4H,I). At all stages studied, aldh1a3 was
upregulated by wnt8a overexpression and downregulated by bmp4,
similar to gsc and admp (Figures 4H,I). These results show that
aldh1a3 responds like a typical organizer and dorsal midline gene to
the manipulation of dorsal-ventral patterning. In contrast, from stage
10.5, the aldh1a2 domain of expression expands laterally and its
transcripts are eliminated from the organizer or midline region
(Figures 4A–C) (Chen et al., 2001). In agreement, activation of
the earlyWnt/ß-catenin pathway has a very slight upregulatory effect,
and during later stages, it weakly represses aldh1a2 expression. The
changes induced by Wnt/ß-catenin activation emphasize the
dynamic changes in aldh1a2 expression with the progression of
gastrulation (Figure 4H) (Chen et al., 2001). Manipulation of the
BMP signal had no effect on the aldh1a2 expression (Figure 4I).

ALDH1A3 Produces Retinoic Acid Required
for Head Formation
Characterization of the aldh1a3 and aldh1a2 expression patterns
showed that while aldh1a2 expression begins in the organizer and
then expands and shifts laterally, aldh1a3 expression begins in the
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FIGURE 5 | ALDH1A3 is necessary for normal head development. Embryos were injected with the R2MOor R3MO to reduce the activity of ALDH1A2 or ALDH1A3,
respectively. (A) Analysis of the effect on the RA signaling level by co-injection of the RA reporter plasmid and chemiluminescent analysis of the ß-galactosidase activity.
(B–F) Embryos injected dorsally with the R2MO, R3MO, or coMO to induce ALDH1A2 or ALDH1A3 knockdown in the Spemann-Mangold organizer. Embryos were
sensitized for changes in RA levels by co-injection of low, non-teratogenic, amounts of cyp26a1 RNA. The extent of microcephaly induction was quantitated (B).
Examples of head development for control uninjected (C), coMO (D), R2MO (E), and R3MO (F) injected embryos are shown. (G–J) Analysis of head malformations in
secondary axes induced by ventral injection of wnt8a RNA together with ALDH1A2 or ALDH1A3 knockdown. (G) Control embryo. (H) ALDH1A2 knockdown. (I)
ALDH1A3 knockdown. (J) Quantitation of the effect of ALDH1A2 or ALDH1A3 knockdown on head development in the induced secondary axes. The overall number of
embryos injected or manipulated is shown (n =). *, p < 0.05 **, p < 0.01; ***, p < 0.001 ****, p < 0.0001; ns, not significant.
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organizer and until late gastrula remains restricted to the dorsal
midline, rostrally migrating LEM/PCM cells (Figures 4B,C).
From the shared expression patterns in the gastrula organizer
and the timing of the RA signal we were unable to identify
whether one of these enzymes has a more prominent role in
normal head development. To functionally determine which RA-
producing enzyme contributes to head formation, we designed
antisense morpholino oligonucleotides (MO) targeting either
aldh1a3 or aldh1a2 (R3MO or R2MO, respectively). To
determine the efficiency and specificity of R2MO and R3MO
we constructed GFP variants containing the aldh1a3 and aldh1a2
MO target sequences (R3GFP or R2GFP, respectively). RNAs
encoding the GFP variants were co-injected with the R3MO,
R2MO, or control MO (coMO) into Xenopus embryos
(Supplementary Figure S2). Only when R2GFP was co-
injected with the R2MO or R3GFP was co-injected with the
R3MO, was the GFP fluorescence strongly reduced
(Supplementary Figures S2D,I). Co-injection with the control
MO had no effect on the fluorescence intensity of the GFP
variants (Supplementary Figures S2B,C,G,H). These results
demonstrate that R2MO and R3MO are efficient tools for the
knock-down of their respective proteins.

Knockdown of the ALDH1A3 or ALDH1A2 enzymes is
expected to reduce their activity and ultimately result in a
reduction in RA signaling. For this reason, additional
validation of the efficacy of the MOs directed against aldh1a2
and aldh1a3 (R2MO and R3MO) tested their effect on RA
signaling levels. The effect of ALDH1A3 and ALDH1A2
knockdown on RA signaling was studied by co-injection with
the RA reporter plasmid, RAREZ. Embryos injected with RAREZ
and either R3MO or R2MO were collected at early/mid gastrula
(st. 10.5) and the level of ß-galactosidase activity was determined
using its chemiluminescent substrate (Figure 5A). This analysis
showed that knockdown of either enzyme, ALDH1A3 or
ALDH1A2, efficiently reduces the level of RA signaling by
about 50–60% of control levels (Figure 5A). Thus, R3MO and
R2MO efficiently hamper the production of RA, and both
enzymes contribute to RA in the early gastrula embryo.

Our results of systemic RA reduction by CYP26A1
overexpression or the use of RA biosynthesis inhibition
(DEAB) show that this signal is required for normal head
development and its reduction results in microcephaly. Taking
advantage of R2MO and R3MO we determined the relative
contribution of ALDH1A3 and ALDH1A2 to normal head
development. We reduced the expression of ALDH1A3 or
ALDH1A2 by MO-mediated knockdown in the endogenous
organizer by injecting embryos dorsally with R2MO, R3MO,
or coMO, and the extent of induced microcephaly was
quantitated (Figures 5B–F). The R2MO and R3MO efficiently
induce knockdown of the endogenous activity, but we have
shown that different embryo clutches respond differently to
RA inhibition probably establishing a compensatory
robustness response (Blum et al., 2015; Shukrun et al., 2019;
Parihar et al., 2021). For these reasons, the experiment was
performed in embryos sensitized for changes in RA levels by
co-injection of low, non-teratogenic, amounts of cyp26A1 RNA
which weakly reduces the levels of RA (Figure 5D) to improve the

effect of the MOs injected. The results show that under these
conditions, ALDH1A3 knockdown induces severe microcephaly
in a large proportion of embryos (35.1%; Figures 5B,F). By
comparison, ALDH1A2 knockdown induces severe
microcephaly in only 18.2% of the embryos (Figures 5B,E).
The coMO had a weak effect on head morphology, inducing
mild microcephaly in 24.6% of the embryos compared to 34.8 and
35.1% for R2MO and R3MO, respectively (Figures 5B,D). These
results support the role of ALDH1A3 as providing the main
retinaldehyde dehydrogenase activity producing the RA that is
required for head formation, whereas ALDH1A2 appears to play
a less prominent role in head development.

To corroborate the requirement for the function ALDH1A3 in
normal head formation, we studied head-containing secondary
axes induced by ventral injection of wnt8a mRNA. The role of
ALDH1A3 or ALDH1A2 in head formation was studied by
injection of the R2MO or R3MO together with the induction
of the secondary axis (Figures 5G,H). ALDH1A3 knockdown
dramatically reduced the efficiency of head formation in the
induced secondary axes by 70% (Figures 5I,J); in contrast,
ALDH1A2 knockdown did not affect the efficiency of head
formation as compared to control wnt8a RNA injected
embryos (Figures 5F,J). Neither morpholino significantly
affects the efficiency of secondary axis induction (Figure 5J).
These results show that ALDH1A3 has a strong effect on head

FIGURE 6 | aldh1a3 CRISPants exhibit enhanced head malformations.
Secondary axes were induced by ventrally injecting wnt8a mRNA. Co-
injection of sgR2 or sgR3 RNPs was performed to generate aldh1a2 or
aldh1a3 CRISPant embryos, respectively. (A) Secondary axis induction
efficiency inwnt8a RNA injected embryos along or in conjunction with aldh1a2
or aldh1a3 CRISPant induction. (B) Control embryo. (C) aldh1a2 CRISPant
embryo with two axes. (D) aldh1a3 CRISPant twinned axis embryo. (E)
Analysis of the effect of the aldh1a2 and aldh1a3 CRISPR/Cas9-mediated
knockdown on head formation in the induced secondary axes. The overall
number of embryos injected or manipulated is shown (n =). Percent embryos
wnt8amRNA injected, embryos with secondary axes without heads and with
heads. **, p < 0.01; ns, not significant.
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development and appears to be a central RA producing enzyme
required for this process.

To validate the MO results on head formation, we designed
single guide RNAs (sg) to induce indels in either the aldh1a2 or
aldh1a3 genes (sgR2 and sgR3, respectively) using the CRISPR/
Cas9 approach (Tandon et al., 2017; Naert et al., 2020). The sgR2
and sgR3 RNAs were designed to target both homoeologs of
either aldh1a2 or aldh1a3, respectively (Table 1; Supplementary
Figures S3A,B). One-cell embryos were injected with RNP
complexes of either sgR2 or sgR3 RNA together with Cas9
protein to generate CRISPant embryos that were allowed to
develop to early tailbud stages (st.32) for genomic DNA
extraction. Sequencing of the genomic region targeted by the
sgRNAs revealed clear disruption of the normal sequence
(Supplementary Figures S3C–E). Decomposition analysis of
the genomic sequences estimated a frameshift efficiency higher
than 78% (Supplementary Figure S3C). The efficiency of the
sgR2 and sgR3 allow us to perform gene editing experiments and
analyze the injected founder (F0) individuals, CRISPants.

Taking advantage of the generation of CRISPant embryos, we
performed the head formation inhibition assay in secondary axes
by injecting CRISPR/Cas9 with either sgR2 or sgR3 (Figure 6).
Embryos were injected ventrally with a combination of wnt8a
RNA for secondary axis induction together with the sgRNA/Cas9
RNP complex. The sgRNA/Cas9 complex had no effect on the
secondary axis induction efficiency which was around 60% of the
injected embryos in control wnt8a only and sgR2 or sgR3
CRISPant embryos (Figures 6A,C). Indel induction in the
aldh1a3 CRISPants significantly increased the loss of
secondary head formation efficiency (55.5% loss; Figures
6C,D). Knockdown of the ALDH1A2 activity had a slight
(17.9%) and not significant effect on head formation in the
secondary axes (Figures 6B,D). These results confirm that
loss-of-function the ALDH1A3 activity by CRISPR/Cas9 gene
targeting is critical for normal head development.

The knockdown experiments suggest a novel function for RA
signaling during gastrulation by providing a required signal for
normal head development. To further support this RA
requirement in head formation we performed rescue
experiments. Microcephaly was induced by generating aldh1a3
CRISPant embryos and the head malformations were rescued by
the addition of low amounts of RA (5 nM or 10 nM) (Figure 7).
Whereas, among Cas9 injected control embryos only 8.4%
developed severe microcephaly, targeting the aldh1a3 gene
with sgR3 resulted in a significant three-fold increase (25%) of
embryos with severe microcephaly (Figure 7). The addition of
low amounts of RA to the aldh1a3 CRISPant embryos reduced
the extent of severe microcephaly by about a third (to
15.4–16.2%). It is important to note that low amounts of RA
alone induced severe microcephaly (26.3% for 5 nM and 44.7%
for 10 nM) through inhibition of forebrain fates. These results
show that RA supplementation of aldh1a3 CRISPant embryos
partially rescues the microcephaly induced by the loss of the RA
producing enzyme.

Retinoic Acid Regulatory Functions During
Early Head Formation
RA is well known to regulate the genes that affect its level. To
better characterize the molecular, gene-regulatory role of RA
signaling in the head organizer, we studied the effect of RA
addition on the expression of aldh1a2 and aldh1a3 and a number
of head organizer genes. The initial activation of aldh1a2
expression is probably RA-independent but soon thereafter the
RA self-regulation might contribute to the expression of RA
network genes including aldh1a2 and aldh1a3. To determine
the responsiveness to increased levels of RA of gastrula expressed
RA metabolic genes, we treated embryos with 100 nM RA from
late blastula to early/mid (st. 10.25) and late gastrula stages (st.
12). Analysis of hoxb1 expression revealed the expected RA-
dependent upregulation at both gastrula stages supporting the
efficiency of this treatment (Figure 8A). Similarly, the expression
of genes important for attenuating RA signaling, dhrs3, and
cyp26a1, was upregulated relative to controls in agreement
with their enzymatic role (Figure 8A). In contrast, genes
encoding RA biosynthetic enzymes, aldh1a2, aldh1a3, and
rdh10 exhibit weak, not significant responses to the RA
increase during early gastrula stages (Figure 8A); aldh1a2 and
rdh10 exhibit slight downregulation, whereas aldh1a3 exhibits
weak upregulation (Figure 8A). During late gastrula, however, all
three RA biosynthetic genes exhibit a more robust and significant,
RA-mediated downregulation (Figure 8A). These results indicate
the very early establishment of RA self-regulatory network gene
responses. While increased RA levels upregulate genes encoding
enzymes that suppress the levels of RA from early gastrula, genes
involved in the production of RA are downregulated only by late
gastrula (Figure 8A).

To understand the contribution of the RA signaling centers
during gastrulation to head development, we took advantage of
the sgR2 and sgR3 gene-specific CRISPants and analyzed the
effect on organizer genes previously shown to be involved in head
development, i.e., head organizer genes. CRISPants were collected

FIGURE 7 | RA rescues the microcephaly induced by loss of ALDH1A3
activity. Microcephaly was induced in Xenopus embryos by targeting the
aldh1a3 gene with CRISPR/Cas9+sgR3. As controls, embryos were injected
with Cas9 only. For rescue of the microcephalic phenotype, embryos
were treated with 5 nM or 10 nM RA. The rescue efficiency was calculated by
Chi-square, comparing each treatment to the Cas9 control microcephaly
level. *, p < 0.05; **, p < 0.01; ****, p < 0.0001; ns, not significant.
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at early gastrula (st. 10.25) when the domains of aldh1a2 and
aldh1a3 overlap, and during late gastrula when their domains are
separate (Figure 4B). qPCR analysis of gsc, cer1, dkk1, frzb1,
admp, otx2, and chrd.1was performed, in addition to a number of
known RA-regulated genes: cyp26a1, hoxa1, hoxb4, aldh1a2, and
aldh1a3 (Figures 8B,C). During early gastrula, most genes
studied exhibited some degree of downregulation in both
aldh1a2 and aldh1a3 CRISPants (Figure 8B). This observation
is in agreement with the required role of RA in the normal gene
expression in the organizer and surrounding regions supporting
the results of systemic RA manipulations (Figure 3).
Interestingly, knockdown of either gene had similar effects

suggesting that both enzymes contribute to the production
of RA in the organizer. By late gastrula, however, the effect of
the aldh1a2 and aldh1a3 CRISPants differs. While the gene
expression changes to aldh1a2 knockdown are very slight, in
aldh1a3 CRISPants most genes tested exhibited weak
upregulation (Figure 8C). These results suggest that
ALDH1A2 has a very limited effect on the expression of
organizer genes that continue to be expressed in the LEM/
PCM cells. In agreement with a role in head formation,
ALDH1A3 knockdown affects most genes tested
suggesting that in the LEM/PCM cells, RA modulates
their expression.

FIGURE 8 |RA autoregulation and control of LEM/PCMgene expression. (A) Embryos were treated with RA (100 nM) during late blastula stages and RNA samples
were collected during early (st. 10.25) and late (st. 12) gastrula stages. The effect of the manipulation on RA network gene expression (dhrs3, cyp26a1, aldh1a2, aldh1a3,
and rdh10) was determined by qPCR. The expression of hoxb1 was studied to monitor the changes in RA level. Samples were normalized to control expression level at
each stage. (B,C) The expression of organizer genes linked to head formation (gsc, cer1, dkk1, frzb1, admp, otx2, and chrd.1) was analyzed in aldh1a2 and
aldh1a3 CRISPants. The RA-regulated genes, cyp26a1, hoxa1, hoxb4, aldh1a2, and aldh1a3, were studied in parallel. The gene expression analysis was performed at
st. 10.25 (B) and st. 12 (C). Relative expression was normalized to control expression levels at each stage. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001; ns, not
significant.
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DISCUSSION

Retinoic Acid is Required for Head
Formation
Induction of the anterior neuroectoderm including formation of
the head is the focus of extensive study in developmental biology.
In addition to the interest in the basic understanding of these
processes, multiple human conditions arise from defects in these
events including microcephaly and its accompanying cognitive
disabilities. Numerous mutations or exposure to environmental
factors can induce microcephaly in humans (Abuelo, 2007;
Mochida, 2009; Dyment et al., 2013; Faheem et al., 2015;
Duerinckx and Abramowicz, 2018). Alcohol (ethanol)
exposure during pregnancy also induces microcephaly as part
of the developmental malformations characteristic of FAS
(Gautam et al., 2015; Popova et al., 2016; Del Campo and
Jones, 2017; Jarmasz et al., 2017; Petrelli et al., 2019). Over the
last years, evidence has accumulated showing that FAS induction
by ethanol is mediated in part by a reduction in RA signaling
(Kot-Leibovich and Fainsod, 2009; Muralidharan et al., 2015;
Shabtai et al., 2018; Shukrun et al., 2019). This reduction in RA
signaling and the resulting microcephaly in FAS suggested that
RA signaling has a novel, and as yet unexplored function required
for the normal formation of the head. In the present study we
employed multiple assays to demonstrate the involvement of RA
signaling in early head development. Irrespective of the assay
used, RA knockdown resulted in a microcephalic phenotype
similar to alcohol exposure (Nakatsuji, 1983; Shabtai et al.,
2018; Shukrun et al., 2019).

It is commonly accepted that RA has an inhibitory function on
the development of the rostral neuroectodermal domain by
promoting hindbrain expansion and malformations (Durston
et al., 1989; Sive et al., 1990; Koide et al., 2001; Ribes et al.,
2007). The Hox genes are some of the earliest targets of RA
signaling in the hindbrain and are thought to mediate this effect
because many of the observed head malformations can be
reproduced by their overexpression (Conlon and Rossant,
1992; Alexandre et al., 1996; Whiting, 1997; Zaffran et al.,
2018). The prospective forebrain region is believed to be
devoid of RA signaling during early embryogenesis based
primarily on the expression of CYP26A1 in this head domain
(Hollemann et al., 1998; Ribes et al., 2007; Tanibe et al., 2008;
Nolte et al., 2019). Surprisingly, our analysis based on RA
signaling knockdown using biosynthesis inhibitors or
CYP26A1 overexpression resulted in the induction of
microcephaly by reduced RA. This developmental
malformation was obtained by targeting the embryonic
organizer irrespective of whether the endogenous organizer
was targeted or whether an ectopic, secondary organizer was
experimentally induced and targeted. These results demonstrate
that RA is required for normal head formation. Reduced RA
signaling has previously been linked to forebrain malformations
in mutants encoding components of the RA metabolic and
signaling network like aldh1a2, aldh1a3, rdh10, and several
rar genes (Lohnes et al., 1994; Mendelsohn et al., 1994; Dupé
et al., 2003; Mic et al., 2004; Ribes et al., 2006; Molotkova et al.,

2007; Sandell et al., 2007; Mark et al., 2009; Rhinn et al., 2011).
Also, knockdown of RA network components like sdr16c5
(rdhe2) or rdh10 resulted in microcephalic phenotypes (Strate
et al., 2009; Belyaeva et al., 2012). Vitamin A deficient quail
embryos and Xenopus embryos treated with RA biosynthesis
inhibitors also exhibit microcephaly (Halilagic et al., 2003;
Halilagic et al., 2007; Kot-Leibovich and Fainsod, 2009;
Shabtai et al., 2018). These studies probably describe several
RA functions taking place at different developmental stages in
different regions of the embryo (Petrelli et al., 2019), while the
present study focuses on one of the earliest functions of RA
signaling in the embryo.

The Head-Promoting Activity of Retinoic
Acid Localizes to the Organizer
Multiple studies have shown that RA is already present in the
vertebrate embryonic organizer during early gastrula stages
(Hogan et al., 1992; Creech Kraft et al., 1994; Kraft et al.,
1994; Ulven et al., 2000). Functional RA signaling has been
localized mainly to the embryonic organizer at similar stages
(Rossant et al., 1991; Deltour et al., 1996; Yelin et al., 2005;
Samarut et al., 2015). Our results using a reporter plasmid show
that RA signaling becomes activated at the onset of gastrulation
and continues to increase towards neurula stages. Activation of
the RA pathway follows the temporal expression and transcript
accumulation of aldh1a2, the retinaldehyde dehydrogenase
activity required at those stages to complete the biosynthesis
of RA (Ang and Duester, 1997; Niederreither et al., 1999;
Grandel et al., 2002). Analysis of the temporal sensitivity
window by RA biosynthesis inhibition at different
developmental stages identified late blastula and the
beginning of gastrulation as the window during which this
signal is required for normal head development. These
observations thus defined that the RA signal required for
head formation initiates at around the onset of gastrulation
and is localized to the gastrula organizer. In agreement, previous
studies have shown that in Xenopus embryos, the LEM interacts
with the prospective cranial neuroectoderm already during early
gastrula stages (Koide et al., 2002).

Although RA accumulation and signaling in the organizer has
been known for many years, the gene-regulatory function of this
early RA signal has remained elusive. Taking advantage of the
inhibition of RA biosynthesis or all-trans RA treatments we
manipulated embryos creating samples that contain a gradient
of RA concentrations above and below the normal endogenous
amount. In these samples we studied the expression of organizer
genes known to contribute to the formation of the head. The
results showed that the unmanipulated embryo contains an
almost optimal amount of RA and that experimentally
induced small concentration changes in either direction results
in reduced organizer-specific gene expression. Therefore, RA is
normally required for the expression of all the organizer genes
tested, but it also prevents the overexpression of these genes.

The observation that RA signaling in the early organizer is
required for head formation raised a number of possibilities
regarding the identity of the cells affected and the genetic
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network involved. The genes we analyzed in the RA manipulated
embryos have all been shown to play an early role in the
formation of the head (Matsuo et al., 1995; Dosch and Niehrs,
2000; Kuroda et al., 2004; Ishibashi et al., 2008; Tanaka et al.,
2017). Together all this data would point to the subpopulation
commonly termed the “head organizer” in Xenopus (Niehrs et al.,
2001; Koide et al., 2002). The head, trunk and tail organizers are
functional definitions of either subpopulations originating from
the organizer or the inductive potential of the organizer at
different times during embryogenesis (Kaneda and Motoki,
2012; Huang and Winklbauer, 2018). At the cellular level, one
of the earliest cell populations invaginating and migrating
rostrally in Xenopus embryos is the LEM that migrates
cranially, and localizes below the prospective rostral
neuroectoderm, a tissue they play a role in inducing.

RALDH3 Produces the Retinoic Acid
Needed for Head Formation
The results using inhibitors of RA biosynthesis (DEAB and citral)
or degradation of the RA itself (CYP26A1) support a requirement
for this signal during formation of the anterior head domain. To
conclusively determine the involvement of RA in the early steps
of head formation we set out to identify the source of this signal,
i.e., the retinaldehyde dehydrogenase producing the RA for this
activity. Two aldh1a genes are known to be expressed in the
Spemann-Mangold organizer. Aldh1a2 is the first retinaldehyde
dehydrogenase expressed at the onset of gastrulation (Chen et al.,
2001; Shabtai et al., 2018; Parihar et al., 2021). The appearance of
this enzyme completes the biosynthesis of RA, making this
pathway active apparently for the first time. This gene is
initially expressed in the organizer, but by mid-gastrula the
dorsal midline becomes devoid of transcripts and aldh1a2 is
expressed in more lateral regions (Chen et al., 2001). Our results
show that aldh1a3 is transcribed in a similar temporal pattern
albeit at lower levels than aldh1a2 (Shabtai et al., 2018), but with a
different spatial pattern. Aldh1a3 is co-expressed with gsc and
aldh1a2 in the early organizer and subsequently, remains co-
expressed with gsc in the LEM/PCM as these cells migrate
rostrally. The cells expressing aldh1a3 within the prospective
head domain appear to coincide axially with the cyp26a1 and otx2
expression domains but they are actually located beneath them.
This pattern is in agreement with the PCM cells being a source of
RA at these stages when the rostral neuroectoderm undergoes
induction to form the anterior brain regions.

To characterize the function of ALDH1A3 we took advantage
of a knockdown approach. We could show that reducing
ALDH1A3 activity induces microcephaly and prevents head
formation in a secondary axis induction assay. These results
show that from its earliest expression, ALDH1A3 is present in
the cells normally involved in the formation of the head. Thus, RA
is required for the normal induction and formation of the head
and a retinaldehyde dehydrogenase is expressed in the right cells
at the right developmental stages. The source of RA for the head-
forming activity is provided by the aldh1a3-expressing cells that
induce the head. ALDH1A2 knockdown induced a weaker
microcephaly suggesting that the ALDH1A3 activity might

play a more central role in the induction and formation of the
head and aldh1a2 performs a very early function that can be
partially compensated by aldh1a3.

Positive and Negative Regulation of Rostral
Head Domains by Retinoic Acid
It is widely accepted that RA is a negative regulator of anterior
brain regions based on extensive experimental evidence
describing the transformation of anterior neural tissues to
more posterior identities following RA treatment or mutation
of genes involved in the attenuation of the RA signal (Durston
et al., 1989; Sive et al., 1990; Hollemann et al., 1998; Koide et al.,
2001; Ribes et al., 2007; Tanibe et al., 2008; Nolte et al., 2019).
During early stages of brain development, the neuroectodermal
region rostral to the midbrain-hindbrain boundary expresses
CYP26A1 performing a protective role by hydroxylation and
subsequent degradation of RA secreted from adjacent tissues
(Koide et al., 2001; Weston et al., 2003; Tanibe et al., 2012; Zhong
et al., 2019). Our results show that very early in gastrulation, RA
signaling is also required for the development of a normal head.
Soon after the onset of gastrulation, both aldh1a2 and aldh1a3 are

FIGURE 9 | RA biosynthetic/signaling centers during gastrulation. (A)
Schematic depiction of an early gastrula embryo where the domain of
overlapping aldh1a2 and aldh1a3 expression in the Spemann-Mangold
organizer is marked (green box). The RA producing and regulatory
activities are summarized. (B) Schematic summary of the two RA
biosynthetic/signaling centers during late gastrula. The domains of expression
and activity of aldh1a2 in the trunk (blue) and aldh1a3 in the LEM/PCM (purple)
are shown.
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expressed in the Spemann-Mangold organizer in Xenopus
(Figure 9A). Similar expression patterns at comparative
developmental stages have been described in other vertebrate
embryos (Begemann et al., 2001; Blentic et al., 2003; Liang et al.,
2008). Analysis of gene expression changes following RA
manipulation and gene-specific knockdowns placed the RA
produced by these enzymes as an important signal regulating
multiple organizer genes (Figure 9A). Our results show that this
early RA activity is required for normal head formation and
possibly additional organizer functions. By early/mid gastrula the
expression domains of aldh1a2 and aldh1a3 separate, establishing
two RA biosynthetic/signaling centers (Figure 9B). The aldh1a2
expression remains posterior, close to the blastopore, while the
aldh1a3-expressing cells migrate cranially. The early cranially
migrating cells, the LEM/PCM, will interact with the overlying
ectoderm to induce the rostral neuroectoderm (Kaneda and
Motoki, 2012; Huang and Winklbauer, 2018), and this interaction
might take place very soon after the onset of migration (Koide et al.,
2002; Lloret-Vilaspasa et al., 2010; Yanagi et al., 2015). These same
cells express aldh1a3,whose knockdown results in microcephaly and
abnormal expression of head organizer genes, further supporting an
early role for RA signaling and ALDH1A3 in the formation of the
head (Figure 9B).

A possible explanation for the apparent discrepancy between
positive and negative regulation of head formation by RA could
be a combination of timing and location. During early gastrula,
we have previously described a delay in the invagination and
migration of the LEM/PCM cells under reduced RA signaling
conditions (Yelin et al., 2007; Yelin et al., 2005). In support of a
role in the regulation of morphogenetic movements, vitamin A
deficiency alters the extracellular matrix and the cellular activities
dependent on it (Barber et al., 2014). On the other hand, the
function of the RARs as protective during head formation was
mainly studied during late gastrula/early neurula stages. The mid
gastrula expression of the rar genes, cyp26a1, and the co-
repressor genes in the ectoderm, localizes mainly to the
prospective rostral neuroectoderm suggests an early protective
function from neighboring RA source(s) (Hollemann et al., 1998;
Koide et al., 2001). Analysis of the raldh3 and cyp26a1 transcripts
in the prospective head region showed adjacent expression
domains, which might be relevant to later functions of RA
signaling in neuroectodermal differentiation. Then, reduced
RA signaling could induce microcephaly by affecting the
morphogenetic movements of the aldh1a3-expressing LEM/
PCM cells out of the Spemann-Mangold organizer, or by
directly affecting the inductive signals from these cells.
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