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Retinoic acid induced-1 (RAI1) is an important yet understudied histone code reader that
when mutated in humans results in Smith-Magenis syndrome (SMS), a neurobehavioral
disorder accompanied by signature craniofacial abnormalities. Despite previous studies
in mouse and human cell models, very little is known about the function of RAI1 during
embryonic development. In the present study, we have turned to the model vertebrates
Xenopus laevis and Xenopus tropicalis to better understand the developmental roles of
Rail. First we demonstrate that the Rail protein sequence is conserved in frogs, especially

in known functional domains. By in situ hybridization we revealed expression of rail in the

I;Z)i/;uords. developing craniofacial tissues and the nervous system. Knockdown of Rail using anti-
Xenopus sense morpholinos resulted in defects in the developing brain and face. In particular,
Craniofacial Rail morphants display midface hypoplasia and malformed mouth shape analogous to
Brain defects in humans with SMS. These craniofacial defects were accompanied with aberrant
neural crest migration and reduction in the size of facial cartilage elements. Rail mor-
phants also had defects in axon patterns and decreased forebrain ventricle size. Such brain
defects correlated with a decrease in the neurotrophic factor, bdnf, and increased forebrain
apoptosis. Our results emphasize a critical role of Rail for normal neural and craniofacial
development, and further the current understanding of potential mechanisms that cause

SMS.
© 2014 Elsevier Ireland Ltd. All rights reserved.
1. Introduction are one of the most frequent and clinically recognizable

features among SMS patients. Features include a broad

Smith-Magenis syndrome (OMIM 182290, SMS) is a
complex genetic disorder characterized by craniofacial
abnormalities and neurobehavioral problems. SMS is
attributed to a chromosome 17p11.2 deletion that includes
RAI1 (retinoic acid induced-1) or a mutation in RAI1 (Bi
et al.,, 2006; Elsea et al., 1997; Girirajan et al.,, 2006; Juyal
et al., 1996; Slager et al., 2003). Craniofacial malformations
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square-shaped face, a flat nasal bridge, a tented upper lip,
and midface hypoplasia (reviewed in Elsea and Girirajan
(2008)). In addition, SMS patients have a host of neurobehav-
ioral problems (Elsea and Girirajan, 2008), including sleep
disturbance and autism spectrum disorder (ASD) (Laje et al.,
2010). These clinical characteristics are consistent with
observations in SMS mouse models, which show similar
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facial dysmorphisms and neurological problems (Bi et al,
2005a; Yan et al., 2007).

Experimental and computational studies provide evidence
for RAI1 as a transcriptional regulator (Carmona-Mora et al.,
2010; Carmona-Mora and Walz, 2010). Further, sequence anal-
yses and experimental work revealed that the RAI1 protein
contains a C-terminus PHD domain or finger that can interact
with chromatin and potentially act as histone code reader
(Carmona-Mora et al., 2010; Darvekar et al., 2013). However,
little is known about the specific function of RAI1 during
development. Studies in mouse have been hampered by the
fact that null mutations of rail are often lethal, and variation
in genetic background is thought to cause significant variabil-
ity in the phenotypes (Bi et al.,, 2007). Therefore, we have
turned to Xenopus as a tool to uncover the developmental
mechanisms regulated by Rail. Xenopus, like zebrafish, has
become recognized as a valuable tool for dissecting the devel-
opmental mechanisms underlying genes involved in human
diseases (Fieber et al., 2012; Kaltenbrun et al., 2011; Khokha,
2012; Pratt and Khakhalin, 2013; Santoriello and Zon, 2012;
Sive, 2011; Tropepe and Sive, 2003; Wilkins and Pack, 2013;
Zon, 1999). Not only is Xenopus genetically very similar to
humans (Hellsten et al., 2010; Showell and Conlon, 2007), it
is also surprisingly similar anatomically to humans, espe-
cially during embryogenesis. Moreover, Xenopus has numer-
ous advantages as a model system in which to identify and
characterize cellular and developmental processes. For exam-
ple, the Xenopus embryo develops externally unlike the
mouse, and its early patterning and morphogenesis have
been studied extensively (Khokha, 2012). Knockdown of
specific gene products in the early embryo are titratable and
routine. Therefore, the molecular and cellular pathways
through which proteins function, in particular Rail, can be
easily elucidated using Xenopus.

In the present study, we establish Xenopus as a tool for
understanding Rail function during development. We show
conserved protein structure, expression patterns, and devel-
opmental requirements in frogs. Importantly, we also provide
some insight into possible mechanisms by which decreased
Rail results in craniofacial malformation and brain disorders.
Specifically, Rail may modulate neural crest development, as
well as neuronal survival.

2. Results

2.1.  RAI1 protein sequence and organization is conserved
across vertebrates

In all vertebrates examined, the Rail protein ranges from
202 to 214 kDa and contains conserved domains responsible
for transcriptional activation (TAD), nuclear localization
(NLS containing region), and chromatin remodeling (PHD fin-
ger or ePHD/ADD (extended plant homeodomain/ATRX-
DMNT3-DNMT3L)domain) (Fig. 1A). A multiple alignment of
human, mouse, both species of model frogs (Xenopus tropicalis
and Xenopus laevis) and zebrafish indicates the organization of
these domains is similar across vertebrates (Fig 1A). A more
extensive analysis of by Darvekar et al. (Darvekar et al.,
2013) reported similar findings; however, Xenopus laevis was

not included in their analysis. Both X. tropicalis and X. laevis
Rail share 44% and 42% over all identity, respectively, with
the human RAI1 protein (Table 1). However, more local simi-
larity was observed in the functional domains, especially in
the PHD finger where there is a 65% and 68% shared identity
with X. tropicalis and X. laevis, respectively (Table 1 and Suppl.
Fig. 1A). We also compared the Rail sequence in the two spe-
cies of frogs used in this study and determined that they are
highly similar (~90% identity), with the exception of a 43
amino acid sequence which is missing at C-terminus of the
X .laevis sequence (see Fig. 1A and Suppl. Fig. 1C). This could
be due to the poor sequencing results in this region of the
newly sequenced X. laevis genome. Therefore, a better com-
parison of the X. laevis Rail protein awaits better sequence
and annotation of the X. laevis genome. Regardless, these
results suggest that both Xenopus models have well conserved
Rail protein sequences that reflect a shared function with
each other and other vertebrates.

2.2.  Retinoic acid regulates rail expression during
embryonic development

rail was initially identified as gene induced by retinoic acid
(Imai et al., 1995). Since retinoic acid is critical for many
aspects of embryonic development, we first asked whether
the expression level of rail in X. laevis embryos changes in
response to excess retinoic acid. We exposed embryos (at
stage 23) to 2.5 uM of all-trans retinoic acid (ATRA) or dimethyl
sulfoxide (DMSO) for 4h at room temperature followed by
quantitative RT-PCR to measure relative levels of rail mRNA.
Results indicate that rail expression was increased by 3.91-
fold in embryos treated with ATRA relative to the controls
(Fig. 1B; n=20 in 2 experiments). Similarly, we found that
rail was also induced by ATRA in X. tropicalis (data not
shown). These are the first results to show that rail is induced
by retinoic acid in the developing embryo.

The short time window of ATRA exposure suggests the
possibility that rail is a direct target of retinoic acid signals.
To provide further evidence of this possibility, we analysed
the promoter region of rail to determine whether retinoic acid
receptor consensus sequences were present. Using Patch soft-
ware, we determined that 54 candidate RAR binding sites (25
RAR-a, 19 RAR-B, 10 RAR-y) were present in the 2 kb region
upstream of the start site in X. laevis rail (Fig. 1C). While
experimental studies are necessary to validate these binding
predictions, together with the expression data, this analysis
strongly suggests that rail is a direct target of retinoic acid
in the developing frog embryo.

2.3. rail mRNA is expressed in the developing brain and
craniofacial structures during Xenopus development

To gain insight into the developmental role of Rail, we first
examined the spatiotemporal expression of the mRNA by
in situ hybridization. Since rail is a large gene with regions
of close homology to other transcriptional regulators
(Darvekar et al., 2013), we used an RNA probe created from
the 3’-UTR of the X. tropicalis gene (Carter et al., 2010). This
probe does not have sequence similarity to any other genes,
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A. Rai1 Protein Organization
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Fig. 1 - RAI1/Rail protein organization and induction by retinoic acid. (A) A schematic representation of the Rail protein in
human, mouse, two frog species (X. laevis and X. tropicalis), and zebrafish. This illustrates that the organization of the primary
protein domains, including the Trans-Activation Domain (TAD), Nuclear Localization Signal containing region (NLS; see
Supplementary material Fig. S1B for details), and extended plant homeodomain (ePHD/ADD, also known as a PHD finger) are
conserved in the species examined (see Supplementary material Fig. S1A for sequence alignment of the PHD finger). A 14
poly-glutamine stretch (Q) is found in humans and reduced glutamine stretches can also be found in a similar region of other
species except zebrafish. The NLS region contains the first known nuclear localization sequence (Darvekar et al., 2013).
Figure not to scale. (B) Retinoic acid induces expression of rail during Xenopus development. Quantitative PCR of rail mRNA
after all-trans retinoic treatment (ATRA) at stage 23 showing significant 3.91-fold increase (t-test, p = 0.0037) relative to the
control housekeeping gene (ef1 alpha). (C) Retinoic acid may directly regulate rail. A histogram of RAR binding sites in a 2 kb
region upstream of the rail start site in X. laevis reveals the enrichment of retinoic acid receptor binding sites.

Table 1 - Comparison of human RAI1 full-length protein sequence and major domains with mice, frogs and zebrafish.

Species Percent identity with Homo sapiens

Full-length TAD NLS ePHD/ADD
Mus musculus 82 85 80 84
Xenopus tropicalis 44 49 42 65
Xenopus laevis 42 49 43 68
Danio rerio 27 35 23 58

Transcriptional activation domain (TAD), nuclear localization containing region (NLS); ePHD/ADD (extended plant homeodomain/ATRX-
DMNT3-DNMT3L) domain.

and it demonstrated a specific expression pattern in X. tropi- resemble the migratory neural crest (Fig. 2Aii, iii arrows). By
calis (Fig. 2A), as well as X. laevis (Supplementary material. stage 33, rail is also expressed in the branchial arches and
Fig. S2A, B). Embryos labeled with a sense or control probe the otic vesicle (Fig. 2Aiv). Additionally, a dorsal view of the
showed no staining (Supplementary material Fig. S2C, D). embryo reveals distinct expression in the developing CNS at

During neurulation (stage 18), rail is expressed throughout this stage (Fig. 2Av). Finally, as the jaw cartilage and mouth
the entire neural plate (Fig. 2Ai). While at stages 23-26, over are forming (stage 41), rail becomes ubiquitously expressed
the period of early morphogenesis, rail is expressed in the throughout the head (Fig. 2Avi). Transverse sections of these
developing muscle segments, CNS, eye, and in streams that embryos reveals such labeling is confined to the mesenchyme
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Fig. 2 - Expression and loss of function reveal a role for Rail
in craniofacial and brain development. (A) In situ
hybridization of rail mRNA in Xenopus tropicalis. (i)
Dorsolateral view at stage 18-19 revealing labeling
throughout the developing nervous system. (ii) Lateral view
of stage 23, revealing rail in the presumptive migrating
neural crest (arrows) and eye. (iii) Lateral view of stage 26
revealing rail in the presumptive migrating neural crest
(arrows). (iv) Lateral view of stage 33 revealing rail in the
branchial arches (arrows) eye, optic vesicle (ov) and muscle
segments (ms). (v) Dorsal view at stage 33 revealing rail in
the central nervous system (CNS). (vi) Lateral view at stage
41 revealing rail throughout the head. (vii) Transverse
sections through the head at stage 41 revealing that rail is
primarily located outside the CNS in the tissues of the face
at this stage. Abbreviations, np; neural plate, ms; muscle
segments, ov; otic vesicle, cg; cement gland, CNS; central
nervous system. (B) Decreased function of Rail results in
dramatic effects on Xenopus laevis development including
craniofacial defects. (i) Lateral view of representative embryo
at stage 42 injected with control morpholino (MO). (ii) Lateral
view of representative embryo at stage 42 injected with 5 ng
of MO. Defects include digestive tract, shortened tail and
smaller head. (iii) Lateral view of representative embryo at
stage 42 injected with 10 ng of Rail MO. There are severe
defects in digestive tract, tail and head development.

and cranial neural crest derivatives in the head rather than
the CNS and eyes (Fig. 2Avii, a,b). In summary, we demon-
strate that rail is expressed in the developing brain and cra-
niofacial tissues consistent with a role in the formation of
these structures.

2.4.  Decreased Rail protein results in abnormal embryonic
development

To determine how Rail regulates embryonic development,
we used a targeted knockdown approach in Xenopus. In these
experiments, we decreased the translation of Rail using anti-
sense oligos stabilized with morpholino rings that bind to the
mRNA (Morpholino (MO), Gene Tools). X. laevis embryos were
injected at the one cell stage with various concentrations of a
Rail MO or a standard control MO. We quantified the pheno-
types in three experiments at each concentration. Control MO
injections ranging from 1 to 20 ng had consistently less than
3% abnormal development. In most cases, we could not dis-
tinguish the difference between these and uninjected siblings
(Fig. 2Bi). Injection of 5 ng of Rail MO produced a mild pheno-
type in 91% of the embryos. This mild phenotype included a
slightly shorter body and an approximate 25% reduction in
head and eye size viewed laterally (n=156, 3 experiments,
Fig. 2Biii). When 10 ng of Rail MO was injected, 89.8% of
embryos were malformed. In these embryos a severely
reduced head size (greater than 50% reduction), small eyes,
abnormal pigment migration, malformed tail and under
developed digestive tract were consistently observed
(n=157, 3 experiments, Fig. 2Bii). A small percentage (6.3%)
of these embryos died before the analysis. 20 ng of Rail MO
resulted in high percentages (>80%) embryonic death; and
therefore, the phenotypes at these concentrations were not
pursued (not shown). When 0.5-1 ng of this same morpholino
was injected into X. tropicalis we saw similar phenotypes (data
not shown) suggesting conservation of Rail function across
the two species of frogs and specificity of the morpholino
(Eisen and Smith, 2008).

To confirm the specificity Rail MO induced phenotype we
injected another translation blocking morpholino (Rail MO2)
targeting a different region of rail mRNA. In three indepen-
dent experiments (n = 90) we observed almost identical phe-
notypes at stages 40-42 (see Supplementary material
Fig. S3A) suggesting that indeed decreased Rail results in spe-
cific developmental defects. In addition to confirm that our
original Rai MO affected levels of Rail protein, we performed
immunohistochemistry on stage 20 X. laevis Rail morphants
using a human RAI1 antibody. Using pixel intensity of the
immunofluorescence, we quantified the effect of the morpho-
lino. While we saw significant staining throughout the control
embryo, this was reduced by 2.16-fold (p = 0.000116, 2 experi-
ments, n=10) in the morphants, suggesting the morpholino
was effective (Supplementary material Fig. S3B).

The general phenotypes observed upon Rail knockdown
are consistent with a role for this protein in craniofacial and
neural development; therefore, in the next sections, we focus
on a deeper evaluation of the face and brain in Rail
morphants.
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2.5. Decreased Rail alters facial size and shape during
embryonic development

Craniofacial abnormalities affecting the shape of the face
and mouth are a hallmark of SMS in humans (reviewed in
Elsea and Girirajan (2008)). In a qualitative analysis of cranio-
facial development in X. laevis, several abnormalities were
noted. For example, Rail morphants have a narrower face,
rounder mouth, and lack of upper jaw extension dorsal to
the mouth (Fig. 3Ai-iv). It is also interesting to point out the
apparent protrusion of the forehead where the forebrain
forms as a result of midface hypoplasia (Fig. 3Aiv, outlined
in white dots). Since craniofacial dimensions and shape were
obviously affected in Rail knockdowns, we performed a
quantitative analysis of the face in two additional experi-
ments to better understand how Rail may function in cranio-
facial development and to make comparisons with humans
with SMS and mouse mutants. In this analysis, traditional

measurements and geometric morphometrics were com-
bined to assess changes in size and shape of the face (n=20
in 2 expts) (Kennedy and Dickinson, 2014).

One prominent characteristic of mice with decreased Rail
function is a shorter snout length (Bi et al., 2005b; Yan et al.,
2007). Therefore, we measured an analogous region of the
embryonic frog face that incorporates the cartilages lining
the base of the brain, nostrils, and upper jaw. The Rail mor-
phant snout length was significantly decreased by 1.91-fold
compared to the controls (p = 1.25E-12, Fig. 3Bi). SMS patients
have midface hypoplasia and associated abnormalities in this
region of the face. Therefore, we measured the area, width,
and height of the midface region in X. laevis to determine if
Rail has a conserved role in midface development. The
midface area and width were reduced 1.38- and 1.44-fold,
respectively, in the rail morphants compared to controls
(p=6.18E-10 and p=1.17E-11, respectively; Fig. 3Bii, iii).
Conversely, in these morphants, the midface height was not
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Fig. 3 - Rail is required for normal orofacial development. Rail morphants injected with 5 ng of morpholino were analyzed at
stage 42. (A) Representative frontal views (i, iii) and lateral views (ii, iv) of embryos injected with 5 ng of Rail and control MO.
The mouth is outlined in red dots (i and iii) or indicated with a red arrow (ii and iv). In lateral views (ii and iv) the head is
outlined with white dots to emphasize the protruding forehead. The snout appears shorter and the mouth is smaller and
rounder in the Rail morphants than controls. Abbreviations: cg; cement gland. (B) Traditional measurements of facial
dimensions in Rail morphants verses controls. Schematics indicate where measurements were taken. Data as bar graphs (i~
v), show statistically a shorter snout, smaller midface area, a narrower face, and rounder mouth. (C) Morphometric analysis of
orofacial shape in Rail morphants supports tradition measurements and provides details of changes in orofacial shape. (i)
Principal component analysis shows distinct separation of orofacial shapes in Rail morphants and controls. Control
morphants are in black and Rail morphants are in red. (ii) Discriminant function analysis showing the statistically significant
procrustes distance and p-value as well as the transformation grid of the changes in landmark location. Note the dramatic
shift in nostril landmarks (arrows) and corresponding warping in the midface indicative of midface hypoplasia. Also notable
is the shifts in mouth landmarks consistent with a rounder shape mouth.
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significantly different (p = 0.027, Fig. 3Biv). SMS affected indi-
viduals also have a tented upper lip that changes the shape
of the mouth opening. In X. laevis, the Rail morphants also
have an abnormal mouth opening shape, where the mouth
does not close and remains more rounded (see Fig. 3Aiii).
Therefore, we quantified roundness using an inverse aspect
ratio generated in Image J (Kennedy and Dickinson, 2014).
Indeed, Rail morphants had a 2.44-fold rounder-shaped
mouth opening compared to the controls (p=2.36E-09,
Fig. 3Bv). In summary, these data reveal that Rail morphants
have narrowing in the midface region and a rounder mouth.

Since this traditional analysis does not provide a sophisti-
cated view of how the shape of the embryonic orofacial region
changes in response to reduced Rail, we next used a morpho-
metric analysis that we previously developed for frogs
(Kennedy and Dickinson, 2014) to better define orofacial
shape changes in Rail morphants. Thirty-eight landmarks
were assigned coordinates as described previously (Kennedy
and Dickinson, 2014) and then aligned via procrustes super-
imposition to eliminate information regarding size or orienta-
tion using MorphJ software (Klingenberg, 2011). The variance
within each group was examined by performing a principal
component analysis (PCA). By translating variables into
orthogonal principal components, this multivariate statistical
method describes the complexity of a sample while simulta-
neously reducing the number of variables (Abdi and
Williams, 2010). The first two principal components account
for the most variance within each group, and similar samples
cluster together when these components are plotted against
each other. Rail morphants were distinguished from controls
along both the PC1 and PC2 axes (Fig. 3Ci). Individuals within
the Rail morphant group were widely distributed, suggesting
a large amount of variation. Such variance may be attributed
to slightly different quantities or distribution of morpholino
in each individual embryo, as well as other factors such as
genetic background. Individuals in the control group were
less widely distributed, but the variance can once again be
explained by slight developmental differences in each
embryo. To visualize the statistical differences in the shape
of the orofacial region between Rail and control morphants,
a discriminant function analysis (DFA) was performed. The
procrustes distance was used to generate a statistical mea-
sure (p <0.001) as well as a transformation grid to visualize
the shape differences between the two groups (Fig. 3Cii).
The lengths of the vectors illustrate how landmarks shift in
the control (end of line) to the Rail morphants (closed circle).
Dramatic shifts in the landmarks outlining the orofacial
region indicate a narrowing of the face shape respective to
the height (Fig. 3Cii). Also notable are the outward shift of
the nasal landmarks (Fig. 3Cii, arrows) that reveal drastic
abnormality in nostril position consistent with the failure of
snout outgrowth. Shifts in the landmarks defining the dorsal
edge of the mouth opening demonstrate the rounder shape of
the mouth. In addition to vector shifts, the transformation
grid also creates a warping pattern that illustrates shape
change. Warping in the midface region is dramatic and con-
sistent with midface hypoplasia in Rail morphants
(Fig. 3Cii). The results of our DFA analysis revealed shape
changes consistent with our qualitative observations and
traditional size measurements such as narrow faces and

increased mouth roundness. In summary, these results reveal
size and shape changes in the frog Rail morphant embryo
that are remarkably similar to craniofacial abnormalities in
humans with SMS and mouse models, suggesting a conserved
function for Rail in orofacial development.

crest

2.6. Rail morphants have defects in neural

migration and cartilage formation

While it is clear that abnormal facial shapes exist in
humans, mice, and frogs deficient for Rail, it remains unclear
precisely why such malformation occurs. Since formation of
the face depends largely on neural crest development, we first
examined this important tissue in our Rail morphants using
a well-established neural crest marker, ap-2 (activating
enhancer binding protein-2 alpha (de Croze et al, 2011;
Winning et al., 1991)). In X. laevis Rail morphants, the pattern
of ap-2 expression was severely affected such that it appeared
the neural crest was not migrating properly at stage 20
(Fig. 4A). When the pattern of ap-2 was examined later (stage
30-32), we noticed that neural crest appeared to migrate but
the pattern was abnormal in Rail morphants compared to
controls (Fig. 4B). First we noted that while migration
occurred, it seemed delayed. In addition, there could be fewer
neural crest cells and the streams seemed to be less defined.
To determine if the delayed migration effect was due to sim-
ply Rail morphants developing slower, Rail MO was injected
into one cell at the 2-cell stage. In these embryos we also
noticed that the pattern of ap-2 was abnormal on the injected
side compared to the uninjected side similar to whole embryo
injections (see Supplemental material Fig. S4).

To determine if the defective neural crest development we
observed affected formation of its derivatives, we next exam-
ined the developing cartilage. Almost every identifiable carti-
lage element, especially the ethmoid plate, infrarostral,
Meckel’s, ceratohyal and gill cartilages was reduced in size
in Rail morphants (Fig. 4C). Such reductions could account
for the narrower face, midface hypoplasia, and misshapen
mouth that we observed. In summary, we have shown that
the neural crest does not develop correctly and cartilages
are reduced in embryos with decreased Rail. This is the first
study to suggest that Rail is necessary for neural crest devel-
opment and provides a mechanism to explain facial dysmor-
phism in SMS.

2.7. Decreased Rail function results in brain
abnormalities and decreased expression of bdnf during
embryonic development

In addition to facial abnormalities, humans with SMS also
have a host of neurological problems that fall into the autism
spectrum (Laje et al., 2010). Therefore, we examined brain
structure and axon patterns in embryos with decreased
Rail. First, a neurofilament marker was used to reveal axons
in Rail morphants at stage 42. Results clearly indicate a mal-
formed pattern of axons throughout the craniofacial region in
morphants compared to controls (Fig. 5A and B). Many of the
nerve tracts into the face lacked a smooth trajectory (Fig. 5B).
In addition, axons of Rail morphants had qualitatively more
blebbing or beading than controls, suggesting the possibility
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Fig. 4 - Rail is critical for neural crest migration and to establish correct cartilage size. Rail morphants injected with 5 ng of
morpholino were used for analysis. (A) in situ hybridizations of the neural crest marker, ap-2 in control (i, ii) and Rail
morphants (iii, iv), showing an aberrant pattern of neural crest during early migration (stage 23). Arrows indicate position of
the developing embryonic mouth for context. (B) in situ hybridizations of ap-2 in control (i, ii) and Rail morphants (iii, iv),
showing an aberrant pattern of neural crest after migration (stage 30). Arrows indicate position of the developing embryonic
mouth for context. (C) Cartilage labeling by Alcian Blue in control (i, ii) and Rail morphants (iii, iv) illustrates a decreased size
of cartilage elements at stage 45. Abbreviations: eth; ethmoid, nc; nasal capsule, MK; Meckel’s, ir; infrarostral, ch; ceratohyal,

ba; branchial, bh; basohyal.

of neural degeneration (Fig. 5B, arrow heads). Further, we also
noticed that the structure of the brain appeared abnormal,
especially the forebrain, in Rail morphants. One problem
associated with modifications in brain structure is changes
in the ventricle space (Gato and Desmond, 2009; Lowery and
Sive, 2009). Therefore, we visualized the ventricle spaces in
Rail morphants at stage 42 by injecting labeled dextran into
the hindbrain ventricle using a technique commonly used
for zebrafish (Gutzman and Sive, 2009). The results show that
Rail morphants had a reduced, occluded, or absent forebrain
ventricle (Fig. 5C and D). Attempting to fill the forebrain ven-
tricle directly with high pressure was unsuccessful, suggest-
ing that an occlusion was unlikely the cause of the defect.

To address whether the structural abnormalities in the
forebrain and beading of the axon tracts in Rail morphants
could be due to an increase in cell death, we quantified apop-
tosis at stage 33-34. An antibody that detected cleaved
caspase-3 was utilized as an apoptotic marker (Duan et al,,
2003). Results revealed that Rail morphants had a 3.6-fold
increase in the number of apoptotic cells compared to the
control morphants (p = 2.48E-10, Fig. 5E-G). On the other hand,
there was no significant difference in the number of cleaved-
caspase-3 positive cells in the face at this time point
(p = 0.713, Fig. 5E-G).

One mechanism by which RAI1 could regulate neural
development is via its modulation of brain derived neurotro-
phic factor (bdnf). Reduction of Bdnf has been reported in Rail
haploinsufficient mice (Burns et al., 2010), and Bdnf functions
during development as neurotrophic factor supporting
growth and survival of neurons (reviewed in Lindsay (1996)).
Therefore, we hypothesized that decreased bdnf could
account for at least some of the neural defects we observed
in Rail morphants. To test this hypothesis, bdnf mRNA
expression levels were measured in X. laevis Rail morphants

at stage 25-26 (28 hpf) by quantitative RT-PCR. Our results
indicated that bdnf mRNA was significantly decreased by
1.5-fold in Rail morphants compared to controls (Fig. 5H, 2
experiments).

In summary, we have shown that embryos deficient in
Rail have a reduced forebrain ventricle space and abnormal
patterns of nerve tracts. These defects may at least in part
be due to a significant increase in apoptosis in the forebrain,
which in turn could result from decreased levels of the neuro-
trophin Bdnf (Conover and Yancopoulos, 1997; Ichim et al.,
2012). Future studies are aimed to solidify these connections.

3. Discussion

RAI1 is a relatively understudied but critical protein in
development, since when mutated in humans it results in
Smith-Magenis syndrome. Rail has a PHD finger domain that
puts it in a class of important histone code readers such as
trithorax, ING family, CHD4 and DNMT3 (Musselman and
Kutateladze, 2009). The importance of this gene is further
accentuated by the fact that most mouse embryos null for
rail die during embryonic development (Bi et al., 2005b). Also
for this reason, the precise role of Rail during development
has been difficult to study in mammals. Therefore, we utilized
Xenopus as a tool to better understand how Rail functions
during embryonic development.

3.1. Rail expression and protein organization have
conserved features across vertebrates

Rail sequences across vertebrates harbor several protein
modules characteristic of transcriptional regulators and chro-
matin readers. The transactivation domain (TAD) spanning
the first half of the protein sequence has a predicted role of
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Fig. 5 - Decreased Rail results in defects in axon patterns, brain morphology, increased forebrain apoptosis and decreased
bdnf expression. Rail morphants injected with 5 ng of morpholino were used for each analysis. (A, B) Dorsal view of
representative tadpoles (stage 42) labeled with a neurofilament marker (3A10) showing aberrant axon patterns and axonal
beading in Rail morphants (arrowheads). The brain is outlined with white dots to provide context. (G, D) Dorsal view of
representative tadpoles (stage 42) where the ventricles were injected with Texas Red labeled dextran. Fluorescent images
were superimposed onto the light micrographs to provide context. Results show that Rail morphants have dramatically
decreased ventricle space in the forebrain. (E, F) A marker of apoptosis, cleaved caspase-3 (green) reveals increased cell death
in the forebrain of Rail morphants. Shows a compressed z-stack of a midline sagital section at stage 33-34. Counterstained
with nuclear marker (propidium iodide; red). The brain is outlined with white dots and the position of the developing
embryonic mouth is indicated by a white arrow for context. (G) Bar graph of the average number of cleaved caspase-3 positive
cells showing a significant difference (t tests, brain; p = 2.48E-10, face; p = 0.713) in the brain (star) but not in the face. (H) QPCR
analysis of bdnf expression in Rail morphants at stage 25-26 (28 hpf). Expression was normalized to eflalpha and presented
as a fold change compared to control. Results indicate a statistically significant negative 1.5-fold change (t test, p = 0.0049) in
Rail morphants.

conferring target gene specificity (Bi et al., 2005a; Hu et al,, (Carmona-Mora et al., 2010). The ePHD/ADD domain is a
2007). Downstream from the TAD region lies an NLS contain- PHD finger characterized as a histone code reader
ing region, having predicted sequences important for nuclear (Musselman and Kutateladze, 2009). While, the overall

localization of Rail (Supplementary material Fig. S1B) identity of human RAI1 is 42% and 44% when compared to
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X. laevis and X. tropicalis, respectively, our analysis indicates
that these functional domains share higher sequence iden-
tity. This is especially true for the PHD finger which recent
binding studies have confirmed its ability to bind to
nucleosomes (Darvekar et al., 2013). This study emphasizes
a potential importance for RAI1 in mediating interactions
between chromatin, chromatin modulators and transcrip-
tional regulators (Darvekar et al., 2013).

We also determined that rail has at least a partially
conserved expression pattern during development. In both
Xenopus and mice, the branchial (or pharyngeal) arches and
otic vesicles are rail positive. However, we also observed
rail mRNA in the brain, neural crest and eye in Xenopus. While
rail is expressed in the adult and newborn mouse brain the
expression of this gene has not been closely examined in
embryonic brain, neural crest or eye in mammals (Bi et al.,
2005b; Cao et al., 2013).

Based on sequence analysis of the Rail protein and overlap
in rail mRNA expression it is likely that Rail has shared
developmental functions in Xenopus.

3.2.  Arole for RAI1 in vertebrate craniofacial development
may involve neural crest

Humans with SMS have a set of craniofacial abnormalities
that include midface hypoplasia, depressed nasal bone, evert-
ed or tented upper lip, and upslanting palpebral fissures
(Elsea and Girirajan, 2008). Many of these abnormalities can
be attributed to a reduction in the development of the maxil-
lary and frontonasal prominences that form most of the
structures of the midface. It would seem counterintuitive
then that these features would be accompanied by a wide or
broad face and hypertelorism. However, it has been proposed
that in such cases the nasal capsule does not form which
then leads to a failure in normal medial orbital migration
and an apparent widening of the face (Renato Ocampo and
Persing, 1997). Similar midface abnormalities have also been
reported in mice, where there is a shorter and broader snout
that is consistent with a reduction in the nasal bone. In our
study, we demonstrate analogous craniofacial abnormalities
in Rail Xenopus morphants. For example, decreased Rail
resulted in midface hypoplasia and malformed mouth shape.
Other craniofacial abnormalities reported in SMS include
frontal bossing and micrognatia, and analogous defects were
also observed in Xenopus. Consistent with the orofacial size
and shape changes are reductions in the orofacial cartilages
in Xenopus. Thus, reduction of Rail results in analogous
craniofacial defects in humans, mice and Xenopus further
supporting a conserved role for Rail during development.

In this study, we are the first to identify a potential mech-
anism by which RAI1 deficiency affects craniofacial develop-
ment. Such a mechanism includes a role for Rail in neural
crest development. Not only did we identify rail mRNA in
what appeared to be migratory neural crest, but we also
revealed abnormalities in the cranial neural crest in Rail
morphants. Further studies are required to determine how
precisely Rail functions in the development of this important
tissue.

Craniofacial abnormalities can often be attributed to prob-
lems with neural crest development. For example, neural

crest defects have also been reported in other syndromes that
share common features with SMS such as Williams, DiGeorge,
fragile X, Prader-Willi, and Down syndromes (Barnett et al.,
2012; Hittner et al., 1982; Kochilas et al.,, 2002; Lim et al.,
2005; Roper et al., 2009; Wurdak et al., 2005). Thus, our study
lends support to the hypothesis that craniofacial deformities
associated with many human congenital diseases are a result
of abnormalities in neural crest development, migration or
differentiation.

3.3.  RAIl is important for brain development in Xenopus

Neurological problems are also a common feature of SMS
and include mild-to-moderate intellectual disability,
self-injurious and maladaptive behaviors, as well as sleep
disorders. Individuals with SMS also display characteristics
similar to autism (Laje et al., 2010). Similarly, mice with lower
levels of Rail (Rai1*") had an abnormal electroencephalo-
gram, and overt seizures were observed in a subset of these
mice (Bi et al., 2007). The few Rail null mice that survive dis-
played more severe neurobehavioral abnormalities including
hind limb clasping, overt seizures, motor impairment and
context- and tone-dependant learning deficits. Mice with defi-
ciencies in Rail also display abnormal social behaviors
(Girirajan and Elsea, 2009). In Xenopus Rail morphants, we
uncovered severe abnormalities in brain structure and axon
paths, especially in the developing forebrain region. Such
abnormalities could be due to the 3-fold increase in apoptosis
in the brain. Certainly, cell death can account for the axonal
beading we observed, which is a common characteristic of
neurons after injury or in neurodegenerative diseases (Wang
etal., 2012; Takeuchi et al., 2005). Increased apoptosis can also
dramatically change the overall brain structure. Other similar
disorders, such as Down syndrome, are associated with
increased apoptosis in the brain (Seidl et al., 2001) and
changes in embryonic brain structure (Jernigan and Bellugi,
1990; Yamada et al., 2006).

The increased apoptosis in Xenopus brain development
also correlates with a reduction in an important neurotrophic
factor bdnf. In mice, bdnf in the hypothalamus is a down-
stream target of Rail and its reduction is associated with
obesity and altered fat distribution in the adult. Bdnf is
well-known for its role in neuron survival and differentiation
(Casaccia-Bonnefil et al., 1999; Ichim et al., 2012). In fact, oth-
ers have shown that decreased Bdnf in Xenopus correlates
with a 3-fold increase in apoptosis, similar to what we find
in our Rail morphants (Huang et al., 2007). Thus, one mecha-
nism by which Rail may be acting is modulating bdnf levels
that insure neuronal survival during development. It would
be interesting to determine if exogenous Bdnf can ameliorate
the Rail morphant neural problems.

3.4.  Rail is induced by retinoic acid during embryonic
development

rail was first cloned as a novel gene upregulated in p19
cells in the presence of retinoic acid (Imai et al., 1995). We
are the first to demonstrate that excess retinoic acid also
enriches rail in the developing embryo. Retinoic acid is indis-
pensible for the development of numerous tissues and
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organs, including the nervous system and craniofacial region
(reviewed in Glover et al. (2006); Mark et al. (2004)). Therefore,
it is not surprising then that Rail may be involved in the
development the brain and face. In Xenopus, we find there is
considerable overlap in roles of Rail and retinoic acid. For
example, retinoic acid is necessary for the correct timing of
neural crest emigration (Martinez-Morales et al., 2011), neural
patterning (Chen et al., 2001), and branchial arch specification
(Mark et al., 2004). Knockdown of the RA-synthesizing
enzyme Raldh2 shares some similarities in orofacial pheno-
types with Rail morphants (Kennedy and Dickinson, 2012).
For example, Raldh2 morphants also have midface hypoplasia
and narrowing of the face. However, Raldh2 and Rail
morphants are not identical, likely due to the fact that rail
expression does not completely overlap Raldh2 during
embryogenesis. Further, retinoic acid also regulates the
expression of many other genes in the orofacial region
((Arima et al., 2005; Kennedy and Dickinson, 2012), Dickinson
lab unpublished data).

In future studies, we might ask how Rail functions in the
retinoic acid signaling network. Our promoter analysis
suggests the possibility that retinoic acid directly regulates
rail expression, which in turn could initiate a cascade of tran-
scriptional regulation. RAI1 may accomplish such regulation
epigenetically since it can bind nucleosomes and histones
(Darvekar et al., 2013). Xenopus could be an ideal system in
which to dissect the mechanism by which Rail regulates
downstream targets in the developing embryo.

3.5. Conclusion

In summary, our results suggest a conserved role for Rail
during vertebrate craniofacial and neural development.
Importantly, this work in Xenopus has provided some insight
into the possible mechanisms by which depleted levels of
RAI1 result in neurological and craniofacial problems in per-
sons with SMS. Future studies will be aimed at understanding
how Rail interacts with transcriptional networks important
for both neural crest and neural development. Further, since
Rail has been identified as a candidate histone reader it is
of great interest to identify how this protein works together
with chromatin modulators and the transcriptional machin-
ery to regulate such networks. We have also shown that reti-
noic acid indeed induces rail expression during development,
however the sequence of events leading to this induction still
remains to be elucidated. Here, we have shown that Xenopus
is a valuable tool for dissecting the molecular mechanisms of
Rail function during development. Future work in frogs
regarding rail induction and epigenetic roles may also prove
valuable for uncovering therapeutics for the RAI1 haploinsuf-
ficiency observed in SMS.

4, Materials and methods

4.1.  Computational analysis of the RAI1 protein and
promoter

Full-length rail protein sequences for selected organisms
were retrieved from NCBI as follows: H. sapien RAI1

(NP_109590.3), M. musculus Rail (AAT28187.1), X. tropicalis
Rail (XP_002935900.1), and D. rerio rail (XP_005171718.1). X.
laevis Rail protein sequence was obtained by performing a
BLAST search of the X. laevis Genome Assembly version 7.1
(http://gbrowse.xenbase.org/fgh2/gbrowse/x17_1/) and Assem-
bly XenVis 2.0 (http://Xenopus.lab.nig.ac.jp/) with the X. tropi-
calis rail coding sequence (XM_002935854.2). The resulting
incomplete sequences from the two assemblies were over-
lapped to obtain a contiguous coding sequence, which was
translated using the ExPASy Translate tool (http://web.exp-
asy.org/translate/). To determine the coordinate location of
rail TAD, Poly-glutamine, NLS, and PHD domains for each
organism, we used the previously characterized human
RAI1 protein structure as a reference (Carmona-Mora et al,,
2010). The BLASTp program was used to align the amino acid
sequence for each human RAI1 domain with the full-length
rai protein from each organism to locate a similar region. Per-
cent identity between corresponding domains was also
obtained during this analysis.

The 2 kb sequence upstream of the X. laevis rail start site
was exported from the XenVis 2.0 genome browser. The
sequence was scanned for transcription factor binding sites
(vertebrate sites; minimum site length = 4) using the PATCH
v1.0 tool (Chen et al., 2005). From the output, the frequency
of RAR binding sites was determined for every 200 bp stretch
using Excel.

4.2.  Embryos

Xenopus laevis embryos were obtained and cultured using
standard methods (Sive et al., 2000). Embryos were staged
according to Nieuwkoop and Faber (Nieuwkoop and Faber,
1967).

4.3.  In situ hybridization

In situ hybridizations were performed as described Sive
et al. (2000), omitting the proteinase K treatment. In vitro
reverse transcription from plasmids containing rail
(CX939626.1, from Openbiosystems, EXT1168-98020163) and
ap-2 (Winning et al., 1991) was utilized to create RNA in situ
hybridization probes (antisense and sense probes). After
whole mount labeling of stage 41, it was unclear where the
probes were localized and therefore we sectioned these
embryos with a vibratome at 75 pm.

4.4.  Morpholinos and all-trans retinoic acid treatment

Antisense morpholinos (MOs)(Summerton, 2007) were pur-
chased from Genetools. The Rail morpholino sequence used
for the all experiments in this study is ‘5-ACCTTTCCCGAAAA-
GACTGCATGGC-3'. This was injected into numerous batches
of embryos to pinpoint appropriate concentrations and deter-
mine if there was a reproducible phenotype. Once this was
achieved three experiments were then performed and per-
centages of phenotypes calculated. A second translation
blocking morpholino (Rail MO2) targeting a different
sequence ‘5-GGGATTTTTCTGCTCCTATAAGCCA-3' was used
to confirm specificity in three independent experiments.
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The “standard control morpholino” is as published by Gene-
tools. Embryos at 1-2 cell stage were injected with 1-10 nL
of MOs using an Ependorf micro-pressure injector and a glass
pulled capillary tubes, as described Tandon et al. (2012).

Embryos (stage 23) were bathed in 2.5 uM all-trans retinoic
acid (ATRA, Sigma (R2625)) combined with 1% DMSO in 0.1X
MBS (Modified Barth’s Saline, ph7.8) in culture dishes (n =20
embryos in 2 experiments). Controls consisted of 1% DMSO
alone. After a 4-h treatment, embryos were washed (3 times,
10 min each in 0.1X MBS) and transferred into 1 ml of Trizol
reagent for quantitative RT-PCR.

4.5. Quantitative RT-PCR

RNA was extracted from Xenopus laevis embryos in Trizol
(Invitrogen) as described previously (Dickinson and Sive,
2009; Kennedy and Dickinson, 2012). Briefly, standard Trizol
extraction was followed by a lithium chloride solution (Ambi-
on) precipitation and cDNA was prepared using the Omni-
script Kit (Qiagen). Quantitative PCR was performed using a
Mastermix containing Sybr Green (Sensifast, Bioline) and
the Biorad CFX96 thermocycler. Primer validation using the
standard curve method was performed and RT(-) was
included for every primer and condition to set thresholds.
The delta-delta-CT method was used to calculate relative
quantities of product and (elongation factor-1 alpha (ef1-alph
housekeeping gene served to normalize data. Normalized
data was evaluated for significant differences using a student
t-test. Primer sequences for efl alpha, rail and bdnf are avail-
able upon request.

4.6.  Immunohistochemistry and Alcian blue staining

Immunohistochemistry (IHC) was performed on either
whole embryos or vibratome sections (75 um) as described
Dickinson and Sive (2006); Kennedy and Dickinson (2012).
Embryos fixed in freshly made 4% PFA for 2-4 h at room tem-
perature, washed in PBT and then sectioned by embedding in
4.5% low-melt agarose (SeaPlaque GTG, Cambrex) and cut
with a 5000 Series Vibratome at 75-100 um. Primary antibod-
ies included a rabbit polyclonal anti-cleaved caspase-3 (Cell
Signaling, 9661S, diluted 1:1000), rabbit polyclonal human
RAI1 (generated by Alpha Diagnostic International for the
Elsea lab, diluted 1:100 for further details see Supplementary
material) and Xenopus monoclonal antibody that detects a
Xenopus neurofilament (Developmental Studies Hybridoma
Bank, 3A10, diluted 1:100). Appropriate secondary AlexaFluor
488 antibodies (Invitrogen) were diluted 1:500. Counterstain
included 0.1% propidium iodide (Sigma, P4864). Confocal
images of 50 um depths were collected using the Nikon C1
confocal. Z-stacks were volume rendered using the accompa-
nied Nikon C1-EZ software.

Cartilage was stained using standard protocols (Taylor,
1985) with some modifications, as we described previously
(Kennedy and Dickinson, 2012). Briefly, tadpoles were fixed
in Bouins fixative overnight at 4 °C and then washed in 70%
ethanol. They were immersed in Alcian Blue stain for 3-4 days
at RT. Embryos were washed in 1% HCI in 70% ethanol for
1-2 days and cleared in 2% potassium hydroxide in glycerol.

4.7.  Ventricle injections

Ventricle injections were modified from procedures pub-
lished for zebrafish (Gutzman and Sive, 2009). Embryos were
fixed overnight in 4% PFA and then bleached in 10% H,0, (in
PBS) until the pigment was eliminated. Embryos were then
immobilized in modeling clay and PBS. Texas Red labeled dex-
tran (Molecular Probes, D-1863) was “microinjected” into the
hindbrain ventricle space using constant flow at low pressure
settings. Higher pressure injections and injections directly
into the forebrain were used to test for occlusions. Fluores-
cent images were overlaid on the bright field images in Photo-
shop (Adobe, Inc) to provide context.

4.8.  Analysis of craniofacial dimensions and geometric
morphometrics

Quantification of the Xenopus face was performed as
described (Kennedy and Dickinson, 2014). Axiovi-
sion40V.4.8.1.0 software (Zeiss) was used to perform all stan-
dard measurements. On lateral images of tadpole faces, the
snout length, which is from the bottom of the eye to the most
anterior point on the face, above the cement gland, was mea-
sured. On frontal images of tadpole faces, the midface area
was measured as the region between the top of the eyes to
the top of the cement gland and the left and right lateral
peripheries of the face. Facial width was measured from each
lateral periphery of the face, just below the eyes. Facial height
was measured as the distance between the top of the eyes
and the top of the cement gland at the midline. Image] soft-
ware (NIH) was used to measure the roundness of the mouth
by outlining the mouth and applying the following inverse
aspect ratio: 4’area/(n'major_axis"2). Data collected for the
treatment groups were scaled so that the greatest average
equaled 100. This allowed us to graphically compare all the
measurements. Student t-tests in Excel (Microsoft) were used
to determine statistical significance between rail and control
morphants.

To perform a morphometric analysis of the orofacial
region, discrete landmarks of the orofacial region were estab-
lished on tadpole faces as described (Anatomical Record). A
total of 38 orofacial landmarks were placed on tadpole faces
using the Pointpicker plugin of Image]J (NIH). Facial landmarks
1-20 outlined the midface region from the center of the eyes
to the top of the cement gland. Landmarks 21 and 22 were
the center of each nostril, and landmarks 23-38 outlined the
mouth opening. The coordinates of all of these landmarks
were analyzed in Morpho] 1.05f (Klingenberg et al., 2010). A
procrustes superimposition was implemented to remove
information concerning scale or size, position, and orienta-
tion. Variance within each group was determined by perform-
ing a principal component analysis (PCA), and a bivariate plot
generated. Then we performed a canonical variate analysis
(CVA) to visualize the statistical shape differences. This
analysis was visualized as a plot of the first and second
canonical variates as well as transformation grids. In these
grids, the closed circle of the vectors was set as the treatment
group and the line of the vector, then, represented the relative
change in landmark position compared to the control
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treatment group. The scale factor for the CVA transformation
grids was set to the default.
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