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Abstract

Individuals with terminal and interstitial deletions of chromosome 1p36 have a spectrum of defects that includes eye
anomalies, postnatal growth deficiency, structural brain anomalies, seizures, cognitive impairment, delayed motor
development, behavior problems, hearing loss, cardiovascular malformations, cardiomyopathy, and renal anomalies. The
proximal 1p36 genes that contribute to these defects have not been clearly delineated. The arginine-glutamic acid
dipeptide (RE) repeats gene (RERE) is located in this region and encodes a nuclear receptor coregulator that plays a critical
role in embryonic development as a positive regulator of retinoic acid signaling. Rere-null mice die of cardiac failure
between E9.5 and E11.5. This limits their usefulness in studying the role of RERE in the latter stages of development and into
adulthood. To overcome this limitation, we created an allelic series of RERE-deficient mice using an Rere-null allele, om, and
a novel hypomorphic Rere allele, eyes3 (c.578T>C, p.Val193Ala), which we identified in an N-ethyl-N-nitrosourea (ENU)-
based screen for autosomal recessive phenotypes. Analyses of these mice revealed microphthalmia, postnatal growth
deficiency, brain hypoplasia, decreased numbers of neuronal nuclear antigen (NeuN)-positive hippocampal neurons,
hearing loss, cardiovascular malformations—aortic arch anomalies, double outlet right ventricle, and transposition of the
great arteries, and perimembranous ventricular septal defects-spontaneous development of cardiac fibrosis and renal
agenesis. These findings suggest that RERE plays a critical role in the development and function of multiple organs
including the eye, brain, inner ear, heart and kidney. It follows that haploinsufficiency of RERE may contribute—alone or in
conjunction with other genetic, environmental, or stochastic factors-to the development of many of the phenotypes seen
in individuals with terminal and interstitial deletions that include the proximal region of chromosome 1p36.
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most of these individual phenotypes were located in the distal
region of chromosome 1p36 [5]. However, similar phenotypes—
including cognitive impairment, postnatal growth deficiency, brain

Introduction

Telomeric deletions of the short arm of chromosome 1 are the

most common telomeric deletions in humans—with an incidence of
approximately 1 in 5000—and may account for up to 1.2% of
idiopathic cognitive impairment [1-3]. In addition to cognitive
impairment, children with 1p36 deletions can have eye anomalies,
postnatal growth deficiency, brain anomalies, seizures, delayed
motor development, behavioral problems, hearing loss, cardiovas-
cular malformations, cardiomyopathy and renal anomalies [1,4].
Early cytogenetic studies suggested that the genes responsible for
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anomalies, seizures, delayed motor development, hearing loss,
cardiovascular defects, and cardiomyopathy—have been seen in
individuals with isolated interstitial deletions involving a non-
overlapping section of the proximal region of chromosome 1p36
[6,7]. The smallest reported deletion of this region spans ~2.9 Mb
[6]. This minimal deleted region could be considered a second
contiguous gene deletion segment for the 1p36 deletion syndrome.
Alternatively, it has been suggested that deletions of this region
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may be responsible for a clinically distinct genetic syndrome-—
proximal 1p36 deletion syndrome [6]. Since there is marked
variability in the size of terminal 1p36 deletions, large deletions
may involve both the distal and proximal regions of 1p36 [2,8]. In
such cases, it is likely that genes from both regions contribute to
the associated phenotypes.

Several genes located in the distal region of 1p36 are thought to
contribute to specific phenotypes seen in individuals with 1p36
deletions. These include GABRD, PRKCZ, SKI, and KCGNAB?2 for
neurodevelopmental anomalies and/or seizures, SAY for dys-
morphic features and facial clefting, GNBI for behavioral
abnormalities, and MMP234 and MMP23B for late closure of
the anterior fontanel [9-13]. In some cases, mouse models
provided evidence for the roles of these genes in specific 1p36
phenotypes. For example, Gabrd '~ and Kenab2 '~ mice have
seizures and abnormal neurobehavioral phenotypes, GnbI! -/
mice have neural tube defects and impaired neural progenitor cell
proliferation, and Ski”’~ mice have midline facial clefts, neural
tube defects and depressed nasal bridges [10,14-16]. In contrast,
the proximal 1p36 genes that contribute to specific phenotypes
have yet to be identified.

One of the genes located in the proximal region of 1p36 is the
arginine-glutamic acid dipeptide (RE) repeats gene (RERE) which
is named after the dipeptide repeats contained within its carboxyl
terminal. RERE was previously referred to as ATNZ (Atrophin-2)
due to its homology with ATNI (Atrophin-1). Although RERE is
highly homologous to the C-terminal region of ATNI, with 67%
amino acid sequence homology, RERE has distinctive BAH,
EML2, SANT, and GATA domains in its N-terminal region [17].

Several lines of evidence suggest that RERE acts as a nuclear
receptor coregulator. RERE has been shown to interact with
histone deacetylase 1 (HDAC1) i vitro and in mouse embryos
through its N-terminal region [18]. In glutathione S-transferase
(GST) pull-down assays, Wang and colleagues demonstrated
interactions between RERE and members of nuclear receptor
subfamily 2 (NR2) such as NR2F (COUP-TF) and NR2E1 (TLX)
[19].

Vilhais-Neto and colleagues went on to show that RERE forms
a complex with NR2F2 (COUP-TFII), EP300 and a retinoic acid
receptor [20]. This complex is recruited to the retinoic acid
regulatory element of target genes after retinoic acid treatment
[20]. Knockdown of either RERE or NR2F2 in NIH3T3 cells
resulted in decreased activation of a retinoic acid response element
(RARE)-luciferase reporter suggesting that this complex acts to
promote the transcriptional activation of retinoic acid targets [20].
The role of RERE as a positive regulator of retinoic acid signaling
was further demonstrated in F9 embryonal carcinoma cell lines
treated with retinoic acid in which transfection with increasing
amounts of an Rere expression vector resulted in increased retinoic
acid signaling activity [20].

To date, mutations in RERE have not been implicated as the
cause of a specific disease or syndrome in humans. However, the
function of RERE in development has been explored using mouse
models. In a recessive screen for mutations causing developmental
defects in the forebrain, Zoltewicz and colleagues identified an N-
ethyl-N-nitrosourea (ENU)-induced splice junction mutation in
Rere (c.396+2T>A) that causes skipping of the second coding exon.
This mutation was predicted to be a null allele based on virtually
undetectable levels of mRNA by whole-mount iz situ hybridization
using a 5’ probe and failure to produce an in-frame transcript
[18]. While mice that are heterozygous for this allele were viable
and fertile, homozygous embryos died between E9.5 and E11.5.
Early embryonic death was attributed to failure of cardiac looping
and subsequent cardiac failure. These embryos also had defects in
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somitogenesis, fusion of the telencephalic vesicles, defects of the
optic vesicles and failure of anterior neural tube closure for which
they were given the name openmind (om) [18,20]. In Rere®™ °™
embryos, Shh expression failed to initiate along the anterior
midline at E8.0, and Fgf8 was delocalized from the anterior neural
ridge at E8.5, revealing a crucial role for RERE in the formation
and function of these two signaling centers [18].

Decreased retinoic acid signaling was subsequently seen in the
trunk and forebrain regions of Rere™ ™ embryos bearing an
RARE-lacZ reporter element-a sensitive reporter for the presence
of endogenous retinoic acid [20]. This suggests that loss of RERE
mterferes with retinoic acid signaling in the mouse embryos and
that abnormalities in retinoic acid signaling could play a role in the
development of the phenotypes seen in Rere®™™ ™ embryos [20].

The carly lethality seen in Rer®™™°™ embryos limits their
usefulness in studying the role of RERE in latter stages of
development and into adulthood. To overcome this limitation, we
created an allelic series of RERE-deficient mice using the om allele
and a novel hypomorphic Rere allele, eyes3 (c.578T>C, p.Va-
1193Ala; MGI: 3577417), which we identified in an ENU-based
screen for autosomal recessive phenotypes based on the presence
of microphthalmia [21]. In addition to microphthalmia, Reré®™
%3 mice have a high level of perinatal mortality, postnatal growth
deficiency, brain hypoplasia, decreased numbers of neuronal
nuclear antigen (NeuN)-positive hippocampal neurons, hearing
loss, cardiovascular malformations, spontaneous development of
cardiac fibrosis in adulthood and renal agenesis. These findings
suggest that RERE plays a critical role in the development and
function of multiple organs including the eye, brain, inner ear,
heart and kidney and that haploinsufficiency of RERE may
contribute—alone or in conjunction with other factors—to the
development of many of the phenotypes seen in individuals with
deletions that include the proximal region of 1p36.

Materials and Methods

Ethics Statement

All experiments using mouse models were conducted in
accordance with the recommendations in the Guide for the Care
and Use of Laboratory Animals of the National Institutes of
Health. The associated protocols were approved by the In-
stitutional Animal Care and Use Committee of Baylor College of
Medicine (Animal Welfare Assurance #A3832-01).

All efforts were made to minimize suffering. Experiments that
were likely to induce discomfort, distress, pain, or injury, or
required the use of restraining devices were performed on mice
that had been properly anesthetized using an intraperitoneal
mjection of ketamine (100 mg/kg) and xylazine (5 mg/kg).
Euthanasia was carried out using methods consistent with the
recommendations of the Panel of Euthanasia of the American
Veterinary Medical Association and included carbon dioxide
inhalation or an overdose of an inhaled anesthetic, such as
isoflurane, in an appropriate enclosure.

N-ethyl-N-nitrosourea (ENU) Mutagenesis and Generation
of eyes3 Mice

ENU mutagenesis was carried out using 8 to 12 week male
C57BL/6Brd ™" mice given 300 mg of N-ethyl-N-nitrosourea per
kg of body weight administered in three 100 mg/kg intraperito-
neal injections at l-week intervals as previously described [22].
These mice were then bred and intercrossed to screen for viable
recessive phenotypes. The epes3 strain (MGIL: 3577417) was
identified based on the presence of microphthalmia and decreased
body size [21].
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Mapping and Cloning

Mice from the ¢yes3 strain were backcrossed to 12956/ SvEvTac
mice and progeny were intercrossed to identify mice carrying the
homozygous eyes3 allele based on the presence of microphthalmia.
After several generations of backcrossing, epes3 mice were
genotyped using single nucleotide polymorphism and microsatel-
lite markers that discriminate between C57BL/6Brd™ and
129S6/SvEvTac strains. Linkage analysis was performed as
described previously [23]. The mutation responsible for the ¢yes3
phenotype was localized to mouse chromosome 4 and haplotype
analysis revealed that the mutation resided within an approxi-
mately 2.2 Mb  interval between markers D4MIT362
(148716333-148716521, NCBIM37) and D4MIT42
(150944103-150944202, NCBIM37).

Rere was selected for further analysis based, in part, on the
results of phylogenetic profiling as previously described [24].
Briefly, candidate genes from the interval were prioritized by
comparative phylogenetic analysis using the method described by
Chiang and colleagues [25]. We compiled two gene sets which
were compared against 14 proteomes representing different
branches of the phylogenetic tree. Gene set 1 included candidate
genes from the linkage interval. Gene set 2 included mouse
orthologues of genes previously shown to cause structural eye
defects in H. sapiens. The proteome databases were obtained from
NCBI (www.ncbi.nlm.nih.gov/; S. cerevisiae, C. elegans, A. gambuae, D.
melanogaster, C. ntestinalis, X. tropicalis, D. rerio, M. musculus, H.
sapiens), EMBL-EBI (http://www.ebi.ac.uk/; 4. thaliana strain
Columbia, D. discordeum, strain AX4, and E. coli strain K72) and
Ensembl (http://useast.ensembl.org/index.html; G. gallus, O.
anatinus). The mouse protein sequences for gene set 2 were
obtained from Ensembl build 36 (Eyal, Eya2, Six3, Gh3, Pax6,
Mks1, Tmem67 (Mks3), Pax2, Casp3, Sox2, Shh, Beor, Chx10, Sox10,
Otx2, Rax, Hesxl, Ikbkg, Puchi, Pomtl, RP23-464N23.1 (Chd7),
Gmnn, Mutf, Ndph, Cryba4, Crybb2). Control and candidate gene sets
were compared against proteomes using BLASTP 2.2.14 deployed
on a PC platform. The returned e-values were analyzed with
a custom written Perl script (ActivePerl 5.8.8 build 817). The
enriched gene set was further prioritized based on the known or
predicted role of each gene in organogenesis through comprehen-
sive profiling.

The coding region and associated intron/exon junctions of Rere
were amplified by PCR and the resulting amplification products
were sequenced. Sequence traces were analyzed using Sequencher
4.7 software (Gene Codes Corporation, Ann Arbor, MI).

Western Blot Analyses

Embryos for each genotype were homogenized with lysis buffer
containing 20 mM Tris-HCl (pH7.5), 150 mM NaCl, 1 mM
NayEDTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate,
1 mM NayVO,, and Complete Protease Inhibitor Cocktail (Roche
Applied Bioscience, Mannheim, Germany) per manufacturer’s
instructions. Protein extracts prepared from homogenates were
resolved by SDS-PAGE and transferred to nitro cellulose
membranes. These membranes were probed with the following
antibodies: anti-RERE (sc-98415, 1:500; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA) and anti-B-actin (#4970, 1:1000; Cell
Signaling, Danvers, MA, USA). Each blot was visualized using
a SuperSignal West Pico Chemiluminescent detection kit (Thermo
Scientific, Rockford, IL, USA) per manufacturer’s instructions and
quantified using Image] software (http://rsbweb.nih.gov/ij/). The
expression level of RERE was normalized by the intensity of the -
actin band in the blot. Data from three independent embryos of
each genotype were used for quantification.
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Histological Analysis

Preparation of paraffin embedded
sections. Tissues were dissected out and fixed with Buffered
Formalde-Fresh solution (Fisher Scientific, Pittsburgh, PA, USA)
for 1 day at 4°C. After washing with phosphate buffered saline
solution (PBS), tissues were dehydrated in ethanol and embedded
in paraffin. Paraffin embedded tissue blocks were sectioned at
6 wm with an RM2155 microtome (Fisher Scientific).

Tissue staining. Nissl staining was used for histological
analyses of the brain. Hematoxylin and eosin (H&E) staining was
used for evaluation of cardiovascular malformations. For identi-
fication of fibrosis in the heart, paraffin embedded heart tissue
sections were stained using a Masson’s Trichrome Stain Kit
(Sigma-Aldrich, Saint Louis, MO, USA) after deparaffinization.
staining. After deparaffinizing,
brain tissue sections were blocked with PBS containing 1% bovine
serum albumin and 5% normal donkey serum and incubated with
anti-RERE (sc-98415, 1:100; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), anti-NeuN (MAB377, 1:500; Millipore, Billerica,
MA, USA), anti-Phospho-Histone H3 (pHH 3) (#9701, 1:200;
Cell Signaling, Danvers, MA), anti-Cleaved Caspase-3 (#9664,
1:200; Cell Signaling, Danvers, MA, USA), anti-Nestin (MAB353,
1:1000; Millipore, Billerica, MA, USA), anti-GFAP (AB5804,
1:1000; Millipore, Billerica, MA, USA), or anti-Calretinin (ab702,
1:200; Abcam, Cambridge, MA, USA) antibodies. This was
followed by incubation with HRP conjugated anti-rabbit IgG or
anti-mouse IgG (Jackson ImmunoResearch, West Grove, PA,
USA). Immunoreactivity of each antibody was visualized using
either a 3,3'-diaminobenzidine (DAB) substrate kit (Vector
Laboratories, Burlingame, CA, USA) or a tyramide signal
amplification (T'SA) kit (Invitrogen, Grand Island, NY, USA).

tissue

Immunohistochemical

Neurobehavioral Tests

Open field activity tests. The locomotor activity of mice
was measured by placing them in the center of a clear Plexiglas
(40x40x30 cm) open field arena which they were allowed to
explore for 30 min. Data were collected in 2 min intervals over the
30 min test time. Activity was recorded and quantitated using the
Versamax animal activity monitoring system (Accusan Instru-
ments, Columbus, OH, USA) which contains 16 photoreceptor
beams on each side of the arena, effectively dividing the arena into
256 equally-sized squares. The testing room had overhead
incandescent light bulbs which provided approximately 800 lux
of light. White noise of approximately 55 dB was present
throughout testing. Locomotor activity was measured by calculat-
ing the total distance the animal travelled during the 30 min test
period. The level of anxiety-like behavior was determined using
the center distance: total distance ratio as an index.

Open—field activity (locomotor activity) and the index indicating
anxiety-like behavior were analyzed using one-way analysis of
variance (ANOVA).

Rotarod tests. Motor coordination, balance and skill learn-
ing were tested using an accelerating Rotarod (UGO Basile,
Comerio, VA, Italy). The Rotarod test assesses the ability of the
animal to walk on the rotating rod which accelerates from 4 to
40 rpm over 5 min. Each animal had 8 trials—4 trials per day with
an intertrial interval of at least 30 min. The learning index was
calculated by subtracting the average time spent on the rod during
the first two trials from the average time spent on the rod during
the final two trials. Rotarod data were analyzed using a two-way
(Training History x Trial) ANOVA with repeated measures.

Prepulse inhibition of acoustic startle. Prepulse inhibition
and acoustic startle responses were measured using the SR-Lab
System (San Diego Instruments, San Diego, CA, USA). Mice were
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acclimatized to the sound attenuating chamber by placing them in
a cylindrical tube with a background noise of 70 dB for 5 min
before the test session. The test consisted of 48 total trials with six
blocks of eight trial types, each occurring in a random order. The
eight trial types were (1) “no stimulus” to measure the baseline
movement when no sound is present; (2) a “startle only” trial
consisting of a 40 ms, 120 dB sound burst; (3) three “prepulse
only” trials of a 20 ms, 74, 78 or 82 dB sound burst; and (4) three
“prepulse inhibition” trials where one of the three prepulses (74,
78 or 82 dB) was presented 100 ms before the startle stimulus
(40 ms, 120 dB). The inter-trial interval was 10-20 s. The startle
response after each trail was measured as force changes in the
holding tube and was recorded for 65 ms following the stimulus.

Percent prepulse inhibition (% PPI) was calculated using the
following formula: 100— [(response to acoustic prepulse plus
startle stimulus trials/startle response alone trials) x100].
Therefore, a low % PPI would indicate a poor PPI or that
the animal’s startle response is the same with or without the
prepulse whereas a high % PPI would indicate a good PPI or
that the animal’s response to the startle is subdued due to the
prepulse stimulus compared to when the startle stimulus was
present alone. Acoustic response amplitude and PPI were
analyzed using one-way ANOVA.

Conditioned fear. Conditioned fear testing was performed
as previously described [26]. The test chamber (Med Associates
Inc., St. Albans, VI, USA) was surrounded by a photobeam
detection system that recorded freezing responses in the animals
and the bottom of the chamber contained a grid used to deliver
a mild electric shock (0.75 mA). This two-day test was divided into
two parts with the first day being the training day and the second
day being the test day. On the training day, the animal was placed
in the test chamber for 5 min and experienced 2 conditioned
stimulus-unconditioned stimulus (CS-US) pairings in the following
order: 2 min of no stimulus, 30 s of white noise at 80 dB (CS), 2 s
mild foot shock (US), another 2 min of no stimulus followed by
a CS-US pair. Freezing behavior was recorded every 10 s and
responses to the foot shock (run, jump and vocalize) were noted.

Twenty-four hours later, the contextual test was done by placing
the mouse in the chamber for 5 min without presenting them with
the white noise or the foot shock and recording the freezing
behavior every 10 s.

Another hour later, the animal was put back in the chamber
and tested for cued fear (CS test) by presenting the white noise but
changing the environmental context as previously described [26].
The 6 min CS test consisted of 3 min of no sound (Pre-CS phase)
followed by a 3 min of white noise (CS phase). Freezing behavior
was again recorded every 10 s. Freezing during the CS test was
determined using the following formula: % freezing during CS
phase - % freezing pre-CS phase. Percent freezing was analyzed
using one-way ANOVA.

Auditory Startle Response Testing

Freely moving mice of each genotype were subject to 10
random 108 dB sound bursts at 19.9 kHz emitted from a click box
(MRC Institute of Hearing Research, Nottingham, UK). Freezing
behavior was recorded after each sound burst. Data were analyzed
using a one-way ANOVA.

Auditory Brainstem Response Testing

Auditory brainstem responses (ABRs) were measured as pre-
viously described [27]. Briefly, 3-week-old mice (n=4 per
genotype) were anesthetized using an intraperitoneal injection of
ketamine (100 mg/kg) and xylazine (5 mg/kg) and immobilized in
a head holder. Normal body temperature was maintained
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throughout the procedure by placing the mice on a heating pad.
An ear bar was inserted into the ear canal such that the tip of the
microphone was within 3 mm of the tympanic membrane. Pure
tone stimuli from 4 kHz to 48 kHz were generated using Tucker
Davis Technologies System 3 digital signal processing hardware
and software (Tucker Davis Technologies Alachua, FL, USA) and
the intensity of the tone stimuli was calibrated using a type 4938
1/4" pressure-field calibration microphone (Bruel and Kjar,
Nerum, Denmark).

Response signals were recorded with subcutaneous needle
electrodes inserted at the vertex of the scalp, the postauricular
region (reference) and the back leg (ground). Auditory thresholds
were determined by decreasing the sound intensity of each
stimulus from 90 dB to 10 dB in 5 dB steps until the lowest sound
intensity with reproducible and recognizable waves in the response
was seen.

Mean hearing thresholds * standard deviations (dB SPL) were
plotted as a function of stimulus frequency (kHz). Student’s t-test
was done at each frequency for statistical analyses. One-way
ANOVA was done between genotype and ABR threshold for
overall analyses as well.

Results

The eyes3 Phenotype is Caused by a Single Amino Acid
Change in the BAH Domain of RERE

In an ENU-based screen for recessive mutations, we identified
a line of mice, ¢yes3, with unilateral and bilateral microphthalmia
(Fig. 1A), decreased body size (Fig. S1) and occasional unilateral
renal agenesis [21]. The mutation responsible for the eyes3
phenotype was mapped by linkage analysis to a region of mouse
chromosome 4 that is syntenic to human chromosome 1p36.31—
p36.22 and contained 25 validated or provisional RefSeq genes.
Phylogenetic profiling of these genes and a review of the literature
identified Rere as a potential candidate [18]. Sequencing of the
coding region of Rere and associated intron/exon boundaries
revealed a homozygous ¢.578T>C change which was predicted to
cause a single amino acid change in a highly conserved residue in
RERE’s BAH domain (p.Vall93Ala) (Fig. 1B). This change was
predicted to be ‘“damaging” by SIFT (http://siftjcvi.org/),
a program designed to determine the probable consequences of
single amino acid changes on protein function. No other sequence
changes were identified.

The om allele of Rere (c.396+2T>A) is a splice junction mutation
which causes skipping of the second coding exon of Rere and is
predicted to be a null-allele—a prediction consistent with the lack of
detectable RERE protein on western blot analyses from Rere™/ ™
embryos at E10.5 (Fig. 1C) [18]. In contrast, western blot analyses
detected comparable levels of RERE protein in Rere™3/c¥es3
embryos and wild-type controls at E10.5 (Fig. 1C, Fig. S2). This
result suggests that the deleterious effect of the p.Vall93Ala
change is caused primarily by reduced RERE function rather than
decreased RERE protein expression.

To confirm that the microphthalmia seen in the ¢yes3 line was
due to a defect in Rere, we conducted a complementation test by
crossing heterozygous om mice (Rere™ ™) with heterozygous eyes3
mice (Rere"’ ). As expected, wild-type, Rere”’°™ and Rere™ ™
progeny all had normal appearing eyes. In contrast, compound
heterozygous Rere®™ ¥ progeny had unilateral or bilateral
microphthalmia (Fig. 1D). The presence of eye defects in Rere®™
3 mice indicates failure of complementation between the om and
eyes3 alleles and confirms that the microphthalmia seen in eyes3
mice is due to a defect in Rere.
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Figure 1. A hypomorphic mutation in Rereis responsible for microphthalmia in eyes3 mice. A) eyes3 mice were identified in an ENU screen
for recessive mutations based on microphthalmia and were also found to have decreased body size and occasional unilateral renal agenesis. B)
Sequencing of the Rere gene in eyes3 mice revealed a homozygous missense mutation, ¢.578T>C, which codes for a single amino acid change in
a highly conserved residue in RERE’s BAH domain (p.Val193Ala). The locations of the previously described om allele and the eyes3 allele Rere are

shown along with chromatograms from wild-type (top), Rere®™°™ (bottom left) and Rere®¥*s*/®¥¢$? (hottom right) embryos. C) No discernible RERE
protein is identified by western blot from Rere®™°™ embryos at E10.5 suggesting that the om allele is a null allele. In contrast, the expression of RERE

protein is not affected in Rere®Yes>/eyes3

embryos at E10.5. This suggests that the deleterious effect of the p.Val193Ala change is caused primarily by

reduced RERE function rather than decreased RERE protein expression. D) In contrast to Rere®™°™ embryos that die between E9.5 and E11.5, some

Rereom/eyes3

the eyes3 allele is a hypomorphic allele of Rere.
doi:10.1371/journal.pone.0057460.g001

The eyes3 Allele (c.578T>C, p.Val193Ala) is
a Hypomorphic Allele of Rere

While both Reré™**/**% and Rere®™ ¥*** mice have unilateral
or bilateral microphthalmia, these defects are generally more
severe in Rer®™ *Y*® mice (Fig. 1A and 1D). This suggests that the
eyes3 allele 1s not as detrimental to RERE function as the om null-
allele.

This pattern is also seen with regards to viability. In contrast to
homozygous om embryos (Rere™ ™), which die between E9.5 and
E11.5, Ree™*%**** mice are viable and fertile [18,21]. As might
be expected, Reré®™ Y mice show an intermediate phenotype. In
crosses between Rere”’*™ and Rere”’ ™ mice on a mixed B6Brd/
12956 background, Rere®™ ***? mice were recovered at Mendelian
ratios at birth (PO, Table 1). However, the majority of the Rere™’
¥es3 bups died prior to weaning at P21.

Taken together, these results suggest that the epes3 allele
(c.578T>C, p.Vall93Ala) is a hypomorphic allele of Rere.

Postnatal Growth Deficiency in Rere®™®Y®$* Mice

Since children carrying terminal and proximal 1p36 deletions
often have postnatal growth deficiency, and Rere™** ¥ mice
were noted to have decreased body size, we examined the somatic
growth of Rere®™™ % mice [1,6,7,21]. At E17.5 and E18.5, the

sizes and weights of Rer®™™ ™ embryos were not statistically
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mice live into adulthood but have microphthalmia which is more severe than that seen in Rere®¢**®¥*s3 mice. These results suggest that

Table 1. Rere®™®*s3 mice have a high rate of perinatal
mortality.

Rere+l+ Rere+lom Rere+leyes3 Rereomleyess
Adult 86 (32%) 88 (33%) 78 (29%) 16 (6%)
(n=268)**
P1(n=37)* 11 (30%) 13 (35%) 10 (27%) 3 (8%)
PO (n=64) 17 (27%) 18 (28%) 13 (20%) 16 (25%)
E17.5 27 (26%) 26 (25%) 19 (18%) 31 (30%)
(n=103)
*p=0.1,
##p<0.0001.
doi:10.1371/journal.pone.0057460.t001

different from those of their wild-type littermates (Fig. 2A-B). At
birth, the weights of Rer®™*® mice were not statistically
different from those of their wild-type littermates but starting at
one week of age (P7) they weighed significantly less than their wild-
type littermates (Fig. 2C). At 6 weeks of age, the body weight of
Rer®™ Y% mice reached a plateau while their control littermates
continued to gain weight (Fig. 2C). These data suggest that RERE
deficiency can cause postnatal growth deficiency in mice.
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Reduction of Brain Size and Weight in Rere®™®Y*$* Mice

Since individuals with 1p36 deletions can have microcephaly
and CNS anomalies and Rere™ ™ embryos have open neural
tube defects, we examined Rere®™ Y% mice for evidence of
abnormal brain development [1,6,7]. We specifically focused our
attention on brain development from E17.5 to postnatal day 0 (P0)
to avoid any secondary effects which could be caused by postnatal
growth deficiency. Gross examination revealed that the overall
brain morphology of the Rer®™** embryos and mice was
similar to that of their littermate controls at these ages (Fig. 3A).
Histological analyses of the brain were also indistinguishable
between Rer®™*® embryos and control embryos at E18.5
(Fig. 3B). However, the surface areas of the cerebral hemispheres
and cercbellum were significantly reduced in the Ree®™ Ve
embryos and newborn pups when compared to their wild-type
littermates between E17.5 and PO (Fig. 3A, 3C and 3D). The total
brain weights of Rere®™ 3 embryos and newborn pups (P0) were
also significantly decreased in comparison with wild-type embryos
and mice (Fig. 3E). Since the body weight of Rere®™ % embryos
and newborn pups were not statistically different from their wild-

type littermates, these results suggest that RERE deficiency is

PLOS ONE | www.plosone.org

embryos exhibit postnatal growth deficiency. A) The sizes of Rere

—— Rereomleyess

1.0

0.5+

Embryo Weight (g)

0.0-

E17.5 E18.5

C 18 oo Rereh'f

e Hereq»feyes:l _—

+/om

—=— Rere
* He renm.’ayas:!

154

124

*

Body Weight (g)

o 1 2 4 6 8 10 12
Age (Weeks)

om/eyes3 ambryos were comparable to wild-type

embryos and their wild-type littermates at

mice between birth and 12 weeks of age. The
+/eyes3 and

om/eyes3

om/eyes3

associated with reduced brain size and brain weight independent
of body weight.

Decreased Number of the NeuN-positive Hippocampal
Neurons in Rere®™Y** Mice

Cognitive impairment is the most common feature seen in
patients with 1p36 deletions [1,6,7]. It is well established that the
hippocampus plays a key role in learning and memory [28,29].
Immunohistochemical analyses revealed that RERE is expressed
in the mouse hippocampus at E18.5 (Fig. 4A). To determine if
decreased RERE expression affected the hippocampus, we
examined the hippocampi of Rere™™ <¥**? mice and wild-type
littermates for cells expressing neuronal nuclear antigen (NeuNN),
a molecular marker of the latter stages of neuronal maturation
[30]. Although NeuN-positive cells were detected in the hippo-
campi of Rere®™™ ¥*** embryos at E18.5, the number of NeuN-
positive cells appeared to be reduced compared to their wild-type
littermates (Iig. 4B). When we quantified the number of NeulN-
positive cells in Ammon’s horn, including the cornu ammonis (CA)
fields, and normalized by area, the number of NeuN-positive

: iomi : Jeyes3
neurons per umz was found to be significantly lower in Rere™™ ¥
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shown. Scale bar indicates 500 um. C-D) The surface areas of the cerebral hemispheres (C) and cerebellum (D) were significantly reduced in Rere®™
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embryos and mice in comparison with those of wild-type embryos and mice between E17.5 and PO (n=5; *=p<0.03). E) Whole brain weights

were also significantly decreased in Rere®™®Y*> embryos and mice in comparison with those of wild-type embryos and mice between E17.5 and PO

(n=5; *=p<0.01).
doi:10.1371/journal.pone.0057460.9003

embryos when compared to their wild-type littermates (Fig. 4C).
In contrast, the number of NeuN-positive cells in dentate gyrus per
area was not changed (Fig. 4C).

To determine if the decrease in the number of NeuN- positive
hippocampal neurons was due to increased levels of apoptosis, we
performed immunohistochemical analyses for cleaved Caspase-3,
a marker for apoptotic cells. However, no apoptotic cells were
identified in the hippocampi of Rere™™ ¥*** embryos or their wild-
type littermates at E18.5 (Fig. 4D).

Since the subgranular zone of dentate gyrus has neurogenic
activity, we examined the dentate gyri of Rere®™ *** embryos and
wild-type littermates using a variety of antibodies including anti-
Phospho-Histone H3 to determine mitotic activity, anti-Nestin and
anti-GFAP to detect stem cells [31,32] and anti-Calretinin to
detect immature granule cells [33,34]. In all cases, no difference
was seen in the number of positive cells per area in the dentate gyri
of Rere™/¥*** embryos and wild-type littermates at E18.5 (Fig. 4D~
E, Fig. S3 and S4).

Although most of the granule cells in the hippocampus are
located in the dentate gyrus, some can also be found in the CA3

PLOS ONE | www.plosone.org

field of Ammon’s horn [35]. To determine if failure of granule cell
maturation could contribute to the decreased level of NeuN-
positive cells seen within the Ammon’s horns of Rere™™ ¥
embryos, we compared the number of immature Calretinin-
positive granule cells per area in the Ammon’s horns of Rere™™ ¥
embryos and wild-type littermates at E18.5. However, we found
no significant differences between the numbers of Calretinin-
positive cells per area in the Ammon’s horns of embryos of these
genotypes (Fig. S4).

Neurobehavioral Testing in Rere™°™ Mice
Neurobehavioral testing is a useful method for identifying
abnormalities in CNS function in mice and can sometimes provide
additional clues to role of genes in the brain. Since Rere™"/ ¥
and Rere®™*¥*** mice have adverse health problems that could
impact the results of such testing, we performed a battery of
neurobchavioral tests on Rere”’ °™ mice, that have no known health
issues, and wild-type control littermates on a pure C57BL/6]
background. Specifically, locomotor activity and unconditioned

anxiety were tested using an open field activity test, motor
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Figure 4. Decreased number of NeuN-positive neurons in the hippocampi of Rere®™/¢¥***> embryos. A) RERE immunohistochemistry
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the hippocampus. RERE (red color) is primarily expressed in Ammon’s horn of the hippocampus at E18.5. Scale bar=100 um. B) Brain sections
through the hippocampi of wild-type and Rere®™¥**> embryos were probed with anti-NeuN antibody (green color) at E18.5. Decreased numbers of
NeuN-positive cells are seen in CA fields of the hippocampus from Rere®™®¥*s* embryos compared to those from wild-type embryos. Scale bar
indicates 50 um. C) NeuN-positive cells in Ammon’s horn, including CA1, CA2, and CA3, and the dentate gyrus were counted and normalized to the
area of each region. The number of NeuN positive neurons per area was significantly decreased in the Ammon’s horns of Rere®™¢s3 embryos when
compared to wild-type embryos (analysis based on fifteen slides containing at least three sections for each of three or more embryos; * =p<<0.01). D)
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three sections for each of three or more embryos). The number of Phospho-Histone H3-positive hippocampal cells per um? was not significantly
different between wild-type embryos and Rere®™®*s3 embryos. CA = cornu ammonis; Cp = cortical plate; DG =dentate gyrus.
doi:10.1371/journal.pone.0057460.g004

coordination, balance and skill learning were tested using
a Rotarod test, sensorimotor gating was tested using a prepulse
inhibition of acoustic startle test, and learning and memory were
tested using a conditioned fear test. However, no significant
differences were seen between Reré”*™

littermates in these tests (Figs. S5 and S6).

mice and wild-type

Hearing Loss in Rere®™®Y*$* Mice

Sensorineural hearing loss has been documented in children
with both terminal and proximal interstitial 1p36 deletions [1,7].
To determine if RERE deficiency can cause hearing loss in mice,

PLOS ONE | www.plosone.org

we examined the startle responses of wild-type, Reré™ ¥ Reré™ o™
and Rere®™™ ¥** littermates at P21 to a 108 dB sound burst at
19.9 kHz emitted from a click box, a common screening test for
severe hearing loss. While startle responses were similar for wild-
type, Reré™¥*** and Reré”’°™ mice, the Rere™ *** mice showed
a significant decrease in their startle responses (Fig. 5A).

Auditory brainstem response (ABR) testing was conducted on
Rere™ Y% mice and their wild-type littermates at P21. Rere™
mice were found to have significantly elevated ABR
thresholds between 4 kHz and 24 kHz when compared to their
wild-type littermates (Fig. 5B).

eyes3
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response patters were seen in Rere
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and Rere

mice have reduced hearing potential compared to their wild-type littermates. A) The startle responses of Rere®™
mice to a 108 dB sound burst at 19.9 kHz were significantly reduced compared to that of their wild-type littermates (p=0.0003). Normal
mice. B) Auditory brainstem response (ABR) testing showed reduced hearing potential in the
mice compared to their wild-type littermates with an overall p-value <<0.001. The red line represents the ABR thresholds from Rere®™

@23 mice (n=4) and the black line represents the ABR thresholds from wild-type littermates (n=4; *=p<0.02, **=p<0.005, *** = p<<0.001).

doi:10.1371/journal.pone.0057460.9g005

Cardiovascular Malformations in Rere®™®** Embryos

Cardiovascular malformations and cardiomyopathy are com-
monly seen in both terminal and proximal 1p36 deletions
[1,4,6,7]. Rer®™°™ mice die between E9.5 and E11.5 with
unlooped hearts and signs of cardiac failure suggesting that RERE
may play a role in early cardiovascular development [18].

To determine if RERE deficiency leads to the development of
cardiovascular malformations in the latter stages of embryonic
heart development, we examined H&E-stained transverse sections
from Rer®™™ ™ embryos harvested at E15.5 from breedings

PLOS ONE | www.plosone.org

between Rere™*™ and Rere™ ***** mice. On a mixed B6Brd/ 12956
background, we identified no cardiovascular malformations in the
Rer®™ % embryos examined (n = 3). However, since cardiovas-
cular phenotypes are often strain dependent, we repeated these
studies using breeding pairs of Reré™°™ mice on a pure C57BL/6
background and Rere"’¥** mice that had been backcrossed for at
least 6 generations onto a C57BL/6] background. On this
background, all of the Rere®™ *¥*** embryos (6/6, 100%) had one
or more cardiovascular malformations that were not seen in wild-
type littermate controls (n = 3). These results are summarized in
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Table 2 and representative transverse sections from these embryos
are show in Figure 6.

Aortic arch anomalics were seen in 60% (4/6) of Rere®™ Y3
embryos. Three embryos had right-sided aortic arches with
aberrant left subclavian arteries (Fig. 6C). Two of these embryos
also had abnormal left pulmonary arteries. In one embryo the left
pulmonary artery arose from the ductus arteriosus (Fig. 6C) and in
the other the left pulmonary artery arose from the left common
carotid artery. A fourth Rere®™ ¥*** embryo had a left-sided aortic
arch with an aberrant right subclavian artery.

Double outlet right ventricle-a congenital heart defect in which
the aorta arises from the right ventricle-was seen in 50% (3/6) of
Rere®™ %% embryos (Fig. 6C and 6G). One embryo with a left-
sided aortic arch was found to have transposition of the great
arteries (1/6, 17%) in which the aorta arises from the right
ventricle and the pulmonary artery arises from the left ventricle
(Fig. 6D and 6E). Two of the embryos with double outlet right
ventricle and the embryo with transposition of the great arteries
also had clear evidence of one or more perimembranous
ventricular septal defects (Fig 6F, 6H and 6I). A perimembranous
ventricular septal defect was also seen in one embryo with a right-
sided aortic arch with aberrant left subclavian artery but no
evidence of a conotruncal abnormality.

Spontaneous Development of Cardiac Fibrosis in Rere®™
¥es3 Adult Mice

To determine if RERE deficiency could have adverse effects on
the postnatal heart, we first used immunohistochemistry to
confirm that RERE was expressed in the adult heart. At 4
months of age, we found that RERE is expressed in the
endocardium, myocardium and epicardium (Fig. 7A). Next, we
examined the hearts of a group (n=3) of Rer®™¥** adult mice
between 16 months and 20 months of age and age matched
controls. Trichrome staining of cardiac sections from two of the
Rere®™ %% mice (2/3, 66%) revealed areas of fibrosis in the
myocardium of the ventricle wall. Similar areas of fibrosis were not
seen in sections from the other Rere®™ ¥**** mouse or controls. We
then repeated these studies with a second group of Rere™™ Y3
mice (n=4) between 3 and 5 months of age. Multiple areas of
fibrosis were seen in trichrome-stained cardiac sections from one
3-month old Rere™ 3 mouse (1/4, 25%) but not in cardiac
sections from the other Rere™ ¥*** mice or controls (Fig. 7B).

Renal Agenesis in Rere®***®¥®s3 and Rere®™®**3 Mice
Unilateral renal agenesis is occasionally seen in Rere®3/®¥e3

. . . Jeyes3 -
mice but is more commonly seen in Rere®™ ' mice. Approx-
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Table 2. Cardiovascular malformations are seen in Rere®™®¥*** embryos on a C57BL6 background.

Genotype Embryo ID Cardiovascular malformations

Rere®m/eyes3 1 Right-sided aortic arch with aberrant left subclavian artery, ventricular septal defect

Rere°m/eves3 2 Right-sided aortic arch with aberrant left subclavian artery, aberrant left pulmonary artery arising from the left common
carotid artery, double outlet right ventricle

Rere°m/eyes3 3 Right-sided aortic arch with aberrant left subclavian artery, aberrant left pulmonary artery arising from the ductus
arteriosus, double outlet right ventricle, ventricular septal defect

Rere®m/eyes3 4 Left-sided aortic arch with aberrant right subclavian artery

Rere°™/eves3 5 Left-sided aortic arch, double outlet right ventricle, ventricular septal defect X 2

Rere®™/eyes3 6 Left-sided aortic arch, transposition of the great arteries, ventricular septal defect

Wild-type 1-3 None

doi:10.1371/journal.pone.0057460.t002

imately 37% (13/35) of Rere®™ Y mice evaluated at PO showed
evidence of renal agenesis. In 77% of cases (10/13) the agenesis
was bilateral and in 23% (3/13) of cases it was unilateral. In all
cases the adrenal glands were unaffected (Fig. 7C).

Discussion

RERE-deficient Mice Reveal the Potential Contribution of
RERE to the Development of 1p36 Deletion Phenotypes

Most symptomatic terminal and interstitial deletions of chro-
mosome 1p36 involve multiple genes. This makes it difficult to
identify individual genes that contribute to specific 1p36 deletion
phenotypes using human cytogenetic data alone. While it is
possible that the expanded use of high-resolution copy number
detection techniques and whole exome or whole genome
sequencing will ultimately provide clear evidence for the role of
some 1p36 genes—particularly those with strong effects-mouse
models can provide an effective alternative means of identifying
the dosage-sensitive genes that are likely to contribute to specific
1p36 phenotypes.

RERE is located in the proximal region of chromosome 1p36.
Due to its role as a nuclear receptor coregulator and the role it
plays in retinoic acid signaling, we identified it as an attractive
candidate gene which could contribute to the development of
several phenotypes seen in individuals with proximal interstitial
deletions or large terminal deletions of 1p36 [2,6-8,18-20]. Using
an allelic series of mice, we have shown that RERE deficiency
leads to a spectrum of defects that includes microphthalmia,
postnatal growth deficiency, brain hypoplasia, decreased numbers
of NeuN-positive hippocampal neurons, hearing loss, cardiovas-
cular malformations, spontaneous development of cardiac fibrosis
and renal agenesis (Table 3). These findings suggest that RERE
plays a critical role in the development and function of multiple
organs— including the eye, brain, inner ear, heart and kidney-that
are also affected in individuals with terminal and proximal
interstitial deletions of 1p36 that include RERE (Table 3) [1,4,6,7].
This suggests that deletions of RERE may contribute—alone or in
conjunction with other genetic, environmental, or stochastic
factors—to the development of many of the phenotypes seen in
individuals with terminal and interstitial deletions that include the
proximal region of chromosome 1p36.

Although Rere”’*® and Rere™’°™ mice have no apparent
phenotypes on a mixed B6Brd/12956 background, it would be
premature to conclude that haploinsufficiency of RERE alone is
insufficient to cause phenotypes in humans. There are clear
examples in which phenotypes caused by haploinsufficiency in
humans are not recapitulated in haploinsufficient mice but are
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Figure 6. Rere’ embryos on a C57BL6 background have cardiovascular malformations. Transverse sections of Rere embryos
and wild-type littermate controls at E15.5. A-B) A wild-type embryo with a normal left-sided descending aorta (white arrow), a pulmonary artery that
emerges from the right ventricle (red arrow), and an ascending aorta that emerges from the left ventricle (yellow arrow). C) An Rere®™<*s3 embryo
with a right-sided aorta (white arrow) with an aberrant left subclavian artery (not shown) and double outlet right ventricle in which ascending aorta
emerges from the right ventricle (yellow arrow). In this embryo, the left pulmonary artery (blue arrow) originates abnormally from the ductus
arteriosus. D-F) An Rere®™eyes3 embryo with transposition of the great arteries in which the ascending aorta emerges from the right ventricle (yellow
arrow) and the ductus arteriosus and left and right pulmonary arteries (blue arrows) emerge from the left ventricle. The red arrow in panel E points to
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the region of the left ventricle below the valve leading to the pulmonary artery. This embryo also has a periventricular septal defect (black arrow). G-I)

An Rereom/eyesB

embryo with double outlet right ventricle in which the ascending aorta (yellow arrow) emerges from the right ventricle. This embryo

had two separate periventricular septal defects (black arrows in panel H and I). LV =Left ventricle, RV =right ventricle, red scale bars=0.5 mm.

doi:10.1371/journal.pone.0057460.g006

seen in mice bearing recessive mutations in the same gene [36,37].
It is also possible that Rere™ ™™ or Reré™°™ mice would have
phenotypes on a different strain background [38—41]. Indeed, the
effect of strain background is clearly seen in the fact that no
cardiovascular malformations were identified in Rere®™ "> mice
on a mixed B6Brd/ 12986 background but were clearly present on
a G57BL6 background.

Since multiple genes are deleted in both terminal and interstitial
1p36 deletions, it is also possible that haploinsufficiency of RERE
contributes to the development of specific phenotypes in conjunc-
tion with another gene or genes within deleted intervals—with
haploinsufliciency of each gene adding to the total genetic load
and increasing the likelihood that the individual will develop
clinical symptoms. The likelihood of developing clinical symptoms
may be further modified by variations in the expression and
function of genes outside of the 1p36 region as well as
environmental or stochastic factors. Indeed, the influence of such
factors is clearly seen in the incomplete penetrance and variable
expressivity evident in Rere™**¥**> mice some of which appear
normal while others are clearly affected by microphthalmia and
renal agenesis.

The Potential Effects of Decreased Retinoic Acid
Signaling in RERE-deficient Mice

Vilhais-Neto and colleagues have shown that RERE is a positive
regulator of retinoic acid signaling—both i vitro and i vivo—and
that decreased retinoic acid signaling activity leads to abnormal

somite development in Rer®™®™ embryos [20]. In addition to its

A B

role in somitogenesis, retinoic acid signaling is required for normal
development of the eye, brain, inner ear, heart and kidney [42].
We have shown that Rere®™ Y*** embryos and mice have defects in
each of these organs. It seems plausible, therefore, that dysregula-
tion of retinoic acid signaling will ultimately be shown to
contribute to the development of many of the defects seen in
RERE-deficient mice. The potential role of decreased retinoic acid
signaling in each of the phenotypes seen in RERE-deficient mice is
discussed in greater detail in the sections that follow.

The Role of RERE in Eye Development

The first evidence of RERE’s role in murine eye development
came from Zoltewicz and colleagues who showed that the optic
and telencephalic vesicles of Rere®™°™ embryos are fused making
the optic vesicles appear morphologically absent at E9.5 [18]. In
this report we have shown that Rere™** <Y and Rere®™ ¥*** mice
have unilateral or bilateral microphthalmia, providing additional
evidence of this role. It is interesting to note that small eyes are also
associated with truncating recessive mutations in rerea, the
zebrafish homologue of RERE [43,44].

In mice, retinoic acid signaling has been shown to be required
for reciprocal interactions between the optic vesicle and the
invaginating lens placode and promotes normal development of
the ventral retina and optic nerve through its activities in the
periocular mesenchyme [45]. In humans, abnormalities in retinoic
acid signaling have also been seen in association with micro-
phthalmia. For example, autosomal recessive mutations in the
STRA6 gene—which encodes a high-affinity cell-surface receptor

Rere om/eyes3

11 Rere ++

Rere om/eyes3

Figure 7. Cardiac fibrosis and renal agenesis in Rere®™*¥**> mice. A) RERE nuclear staining was detected in the endocardium, myocardium,
and epicardium in cardiac sections from 4 month-old wild-type mice. Lower panel (A’) is higher magnification of a boxed area in upper panel. B)
Cardiac sections from 3 month-old wild-type (upper panel) and Rere®™¥***> (lower panel) mice. Masson’s trichrome staining revealed areas of
interstitial fibrosis (black arrow) in sections from the Rere®™*s> mouse that were not seen in those from the wild-type mouse. C) Renal agenesis in an

Rereom/eyesB

doi:10.1371/journal.pone.0057460.g007
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mouse at PO with normal development of the adrenal gland (AG).
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Table 3. Summary of phenotypes seen in 1p36 deletion patients and RERE-deficient mice and embryos.

Proximal 1p36 interstitial

Organ Terminal 1p36 deletions’ deletions’"

Rere®

yes3/eyes3 m/eyes3 m/omy.

Rere® Rere®

Eye Eye and vision problems Eye and vision problems

Somatic growth Postnatal growth deficiency  Postnatal growth deficiency

CNS Intellectual disability, seizures, Intellectual disability, seizures,
behavioral problems, behavioral problems, structural
structural defects defects

Inner ear Hearing loss Hearing loss

Kidney Renal anomalies -

Heart Cardiovascular malformations, Cardiovascular malformations,

cardiomyopathy cardiomyopathy

Micro-phthalmia

Micro-phthalmia Fusion of the optic and

telen-cephalic vesicles

Small size Postnatal growth deficiency N/A

- Brain hypoplasia, decreased Open neural tube
number of NeuN+ defects
hippocampal cells

- Hearing loss N/A

Renal agenesis Renal agenesis N/A

Failure of cardiac
looping, cardiac failure

Cardiovascular
malformations, cardiac
fibrosis

N/A =not applicable due to early embryonic lethality;
-=phenotypes in this organ system have not be documented;
= References [1,4],

T = References [6,7];

* =Reference [18].

doi:10.1371/journal.pone.0057460.t003

for retinol/retinol binding protein complexes that mediates the
cellular uptake of retinol into the cell-cause syndromic micro-
phthalmia as part of Matthew-Wood syndrome (microphthalmia,
syndromic 9; OMIM #601186) [46].

To date, eye anomalies have not been described in individuals
with proximal interstitial deletions of 1p36 [6,7]. This suggests that
haploinsufficiency of RERE, by itself, is not sufficient to cause
severe eye defects in humans. We cannot rule out the possibility
that RERE contributes—along with other factors—to the eye defects
seen in individuals with large terminal deletions. However, the eye
defects associated with terminal 1p36 deletions are typically less
severe than those scen in Rere™* % and Rere®™ Y**® mice and
include strabismus, refractive errors, nystagmus, cataracts, retinal
albinism and colobomas [1,4].

The Role of RERE in Postnatal Growth Deficiency

Postnatal growth deficiency is a common feature of individuals
with both terminal and proximal interstitial deletions of 1p36
[4,6,7]. This phenotype is also seen in RERE-deficient mice with
Rer®™ Y% mice having normal birth weights but showing growth
deficiency by 1 week of age and a plateau in growth at 6 weeks of
age. Small size was also noted in Rere®™*>/ % mice.

At the present time it is unclear whether growth deficiency is
a primary effect of RERE deficiency or if it is secondary to other
phenotypes seen in these mice. However, since RERE is known to
interact with the nuclear receptor TLX, it is interesting to note
that 7lx-null mice have a similar pattern of postnatal growth
deficiency [19,47]. Specifically, Tlx-null mice are the same size as
their wild-type littermates at birth but show evidence of growth
deficiency over the first three weeks of life [47]. Future studies will
be needed to determine the mechanism by which RERE affects
somatic growth and whether RERE interacts with TLX in this
process.

The Role of RERE in Brain Development

A variety of CNS abnormalities have been described in patients
with both terminal and proximal interstitial deletions of 1p36
including enlargement of the ventricles, cortical atrophy, leukoen-
cephalopathy, agenesis or abnormalities of the corpus callosum
and septum pellucidum, and polymicrogyria [1,4,6,7]. Micro-
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cephaly—or small head size—is also commonly seen in individuals
with 1p36 deletions and is typically caused by a failure of normal
brain growth [1,4,6,7,48,49]. In this study, structural brain
anomalies were not identified in Rere®™ > embryos, but the
cerebrum and cerebellum of these embryos were significantly
smaller than those of their wild-type littermates. This reduction in
brain size was independent of somatic growth deficiency. This
suggests that RERE deficiency may contribute to reduced brain
size and the development of microcephaly in individuals with 1p36
deletions.

Defects in cognitive function are the most prevalent phenotype
reported in terminal and proximal interstitial deletions of 1p36
[1,3,4,6]. The hippocampus has been established to be a critical
region for learning and memory and abnormalities in the
hippocampus, or its neurons, are seen in various mouse models
that display cognitive defects [28,29]. We have shown that RERE
is expressed in the hippocampus and that the number of NeuN-
positive hippocampal neurons per tm? was significantly decreased
in the Ammon’s horns of Rer®™ ™3 embryos at E18.5. This
reduction did not appear to be due to increased levels of apoptotic
cell death within this region.

Since expression of NeuN is considered a good marker of the
latter stages of neuronal maturation, we considered the possibility
that the decrease in NeuN-positive neurons in Ammon’s horn
could be due, in part, to failure of proper differentiation of granule
cells in the CA3 field. However, we found that the number of
immature Calretinin-positive granule cell neurons per area in the
Ammon’s horns of Rer®™™®*® and wild-type embryos to be
comparable. Additional studies are underway to determine if
impaired neurogenesis, including differentiation of pyramidal cells
in the CA fields, contributes to the decreased numbers of NeuN-
positive neurons seen in the Ammon’s horns of Rere™™ <"
embryos.

In contrast to our findings in Ammon’s horn, the numbers of
NeuN-positive cells per area in the dentate gyrus were not
significantly different between Rere™ ****3 embryos and wild-type
littermates. Further analyses revealed no difference in the mitotic
activity, the number of Nestin-positive or GFAP-positive stem cells
or in the number of immature granule cells in the dentate gyri of
embryos of these genotypes.
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Neurobehavioral testing was performed on Reré™ °™ mice since
they do not have the health problems seen in Rere®™ Y and
Reré¥*3**3 mice which could compromise results. However, we
found no significant differences between Reré™ ™ and wild-type
mice in open field activity, Rotarod, prepulse inhibition of acoustic
startle and conditioned fear tests. This result was not completely
unexpected since it is likely that multiple genes on chromosome
1p36 contribute to cognitive defects [9-12]. The generation of Rere
conditional knockout mice would enhance our ability to gauge the
potential contribution of RERE deficiency on cognitive ability and
behavior by allowing us to decrease the expression of RERE in
specific brain areas—like the hippocampus—while avoiding delete-

rious systemic effects that could compromise test results.

The Role of RERE in the Auditory System

Sensorineural hearing loss is seen in some individuals with
terminal and interstitial deletions of 1p36 [1,7]. Rere®™™ ¥**? mice
performed poorly on both acoustic startle and ABR testing. This
suggests that RERE is required for normal hearing in mice.
Similar findings have been seen in zebrafish in which autosomal
recessive mutations in the RERE homolog, rerea, cause inconsistent
startle response and decreased microphonic potentials [50].
Studies are underway to determine the expression pattern of
RERE in the inner ear and the molecular mechanism by which
RERE deficiency affects inner ear development and/or function.

The Role of RERE in the Heart

Cardiovascular malformations are common findings in both
terminal and proximal interstitial deletions of 1p36 [1,4,6,7].
Rere®™ ™ embryos have been shown to die around E9.5-E11.5
with unlooped hearts and signs of cardiac failure [18]. This
suggests that RERE plays a critical role in early cardiovascular
development. Failure of cardiac looping is also seen in embryos in
which both copies of Raldh?—a gene which encodes the enzyme
that catalyzes the production of retinoic acid in most tissues—have
been disrupted [51,52]. Given the similarities seen in RERE and
RALDH2-deficient mice, and the fact that RERE has been
established to be a positive regulator of retinoic acid signaling, it is
likely that RERE functions to regulate retinoic acid signaling in
early cardiovascular development [20].

In contrast to the early embryonic lethality seen in Rere™/ ™
embryos, Rere®™ % embryos can be readily obtained at E15.5
but have a variety of cardiovascular malformations that include
aortic arch anomalies, double outlet right ventricle, transposition
of the great arteries and perimembranous ventricular septal
defects.

Aortic arch anomalies arise from errors in the embryological
development of the branchial arches [53]. The most common
aortic arch anomaly in Rere®™ ¥ embryos, was right-sided aortic
arch with aberrant left subclavian artery. This defect occurred in
50% of Rere™¥*** embryos. Left-sided aortic arch with aberrant
right subclavian artery was also observed. Aortic arch anomalies
are not commonly associated with 1p36 deletions but have been
reported [32].

In the developing heart, proper connection of the pulmonary
artery to the right ventricle and the aorta to the left ventricle
requires the fusion and spiraling of two opposing ridges of
endocardial cushion tissue to form the conotruncal septum
[54,55]. Failure of the conotruncal septum to spiral results in
transposition of the great arteries with the pulmonary artery being
connected to the left ventricle and the aorta being connected to the
right ventricle. Misalignment of the conotruncus can result in
double outlet right ventricle, where the aorta and the pulmonary
artery connect to the right ventricle. These conotruncal defects—
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transposition of the great arteries or double outlet right ventricle—
were seen in 66% of Rer®™®*® embryos. Although these
particular conotruncal defects are not commonly reported in
individuals with 1p36 deletions, tetralogy of Fallot-a related
conotruncal anomaly consisting of an overriding aorta, ventricular
septal defect, pulmonary valve stenosis and hypertrophy of the
right ventricle-is among the most common cardiovascular defects
seen in individuals with 1p36 deletions [1,4].

Failure of the conotruncus to connect to the muscular
interventricular septum also results in a perimembranous ventric-
ular septal defect [54]. Perimembranous ventricular septal defects
were clearly seen in 66% of Ree®™ ™ embryos including one
embryo without evidence of a conotruncal defect. Ventricular
septal defects are seen in approximately 23% of patients with
terminal deletions of 1p36 and have also been seen in patients with
interstitial deletions involving RERE [1,6].

A similar pattern of aortic arch anomalies, conotruncal defects
and ventricular septal defects are seen in the progeny of vitamin A-
deficient rat dams, retinoic X receptor alpha-null (RXRo /")
mice and mice that are deficient for various combinations of
retinoic acid receptors (RARs) [33,35,56,57]. Given RERE’s
known role as a positive regulator of retinoic acid signaling, it is
likely that the cardiovascular malformations seen in Rere™™ <3
embryos are due, at least in part, to abnormal retinoic acid
signaling in the developing heart [20].

Retinoic acid is also known to suppress cardiac fibrosis and
myocardial hypertrophy [58,59]. This may help to explain why
a portion of Ree®™™ ™ mice on a mixed B6Brd/129S6
background spontaneously develop cardiac fibrosis. Although
RERE is widely expressed in adult heart, it is unclear whether
the development of fibrosis is due to the cell autonomous role of
RERE in cardiomyocytes or if the fibrosis seen in Rere™™ ¥*** mice
is secondary to RERE’s effects on other organ systems. Differen-
tiating between these two possibilities will require the generation
and testing of cardiomyocyte-specific Rere conditional knockout
mice.

The Role of RERE in Kidney Development

Renal anomalies are seen in about 22% of individuals with 1p36
deletions [1]. Typically these defects are less severe than the
unilateral and bilateral kidney agenesis seen in the Rere™">/®*?
and Rere®™**® mice. Although one individual with a 1p36
deletion and a solitary kidney has been reported by the Unique -
Rare Chromosome Disorder Support Group (www.rarechromo.
org), the extent of this patient’s deletion was not described so it is
unclear whether RERE was deleted.

Bilateral renal agenesis is incompatible with life and contributes
to the high level of perinatal mortality secen in Rere™™ Y mice.
Renal anomalies are seen in a variety of mouse models with defects
in retinoic acid signaling with renal agenesis being specifically
described in double heterozygous RARo™ “;RARY* ™ embryos
[60]. This suggests that RERE deficiency may cause renal agenesis

in mice through disruption of retinoic acid signaling.

Supporting Information

Figure S1 Rere™**3/*¥*** mice have decreased body

weight compared to their wild-type littermates. Re-
¢33 and wild-type mice were weighed at 3, 7 and 10 weeks
of age (n=>5-8). At all time points the Rere™* Y% mice weighed
significantly less than their wild-type littermates. * = p<<0.001.

(TIF)

Figure S2 The expression level of the RERE protein is
not affected by the eyes3 mutation. Quantification of
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western blot analyses demonstrates that the level of RERE protein,
normalized to the level of B-actin, is not significantly different
between wild-type, Rere™**%’ ¥ and Rere™’¥*** embryos at E10.5.

(TTF)

Figure S3 The number of Nestin-positive and GFAP-
positive cells per area in the dentate gyrus of the
hippocampi of Rere®™ ¥*** and wild-type embryos is
not significantly different. Brain scctions from Rere™™ <Y
and wild-type embryos were probed with anti-Nestin antibodies
(A) or anti-GFAP antibodies (B). At E18.5, Nestin-positive cells are
detected between the dentate granular cell layer (GCL) and the
subgranular zone (SGZ). GFAP-positive cells are also found in
a similar region of dentate gyrus. Red arrows indicate Nestin-
positive cells. Red arrow heads point to GFAP-positive cells. Scale
bar=25 um. C) Nestin-positive cells in dentate gyrus were
counted and normalized to the area of dentate gyrus. The number
of Nestin-positive cells per area was not significantly different
between Rere™™ ¥ embryos and wild-type embryos (analysis
based on fifteen slides containing at least three sections for each of
three or more embryos). D) GFAP-positive cells were quantified in
the dentate gyrus and normalized to the area of dentate gyrus. The
number of GFAP-positive cells per area was not significantly
different between Rere®™™¥® embryos and wild-type embryos
(analysis based on fifteen slides containing at least three sections for
each of three or more embryos). GCL=granule cell layer;
SGZ = subgranular zone.

(TTF)

Figure S4 Number of calretinin-positive neurons per
area is not changed in the Ammon’s horns or the dentate
gyri of Rere®™ °¥*** embryos compared to wild-type
embryos. A) Coronal sections showing the hippocampus were

prepared from wild-type and Rere®™ ¥**? embryos and probed

with anti-Calretinin antibodies at E18.5. Calretinin-positive cells
are abundant in the dentate gyrus. In contrast, a few Calretinin-
positive cells are detected in CA3 field. Scale bar indicates
100 um. B-C) Calretinin-positive cells in the Ammon’s horns,
including CAl, CA2, and CA3, and in the dentate gryi of embryos
of each genotype were counted and normalized to the area of each
region. Number of Calretinin-positive cells per area is not
significantly different between the Ammon’s Horns or the dentate

gyri of Rerd®™Y*** embryos in comparison with their wild-type

References
1. Battaglia A, Hoyme HE, Dallapiccola B, Zackai E, Hudgins L, et al. (2008)

Further delineation of deletion 1p36 syndrome in 60 patients: a recognizable
phenotype and common cause of developmental delay and mental retardation.
Pediatrics 121: 404-410.

2. Heilstedt HA, Ballif BC, Howard LA, Lewis RA, Stal S, et al. (2003) Physical
map of 1p36, placement of breakpoints in monosomy 1p36, and clinical
characterization of the syndrome. Am J Hum Genet 72: 1200-1212.

3. Giraudeau F, Taine L, Biancalana V, Delobel B, Journel H, et al. (2001) Use of
a set of highly polymorphic minisatellite probes for the identification of cryptic
1p36.3 deletions in a large collection of patients with idiopathic mental
retardation. J Med Genet 38: 121-125.

4. Slavotinek A, Shaffer LG, Shapira SK (1999) Monosomy 1p36. ] Med Genet 36:

657-663.

. WuYQ, Heilstedt HA, Bedell JA, May KM, Starkey DE, et al. (1999) Molecular
refinement of the 1p36 deletion syndrome reveals size diversity and a pre-
ponderance of maternally derived deletions. Hum Mol Genet 8: 313-321.

6. Kang SH, Scheffer A, Ou Z, Li J, Scaglia F, et al. (2007) Identification of
proximal 1p36 deletions using array-CGH: a possible new syndrome. Clin Genet
72: 329-338.

7. Rudnik-Schoneborn S, Zerres K, Hausler M, Lott A, Krings T, et al. (2008) A
new case of proximal monosomy 1p36, extending the phenotype. Am J Med
Genet A 146A: 2018-2022.

8. Nicoulaz A, Rubi F, Lieder L, Wolf R, Goeggel-Simonetti B, et al. (2011)
Contiguous approximately 16 Mb 1p36 deletion: Dominant features of classical

wr

PLOS ONE | www.plosone.org

15

RERE's Role in the Development of Multiple Organs

littermates (analysis based on twenty slides containing at least three
sections for each of three or more embryos).

(TIF)

Figure S5 Neurobehavioral analyses do not show a sig-
nificant difference between wild-type and Rere'’°™
littermates. A-B) In open field activity testing, no difference
was seen in the total distance traveled (panel A; p=0.247) or the
center distance:total distance ratio (panel B; p=0.832) between
wild-type and Reré”’®™ mice. C-D) In the Rotarod test, no
difference was seen between wild-type and Rere™ ™ mice in the
average time spent on the rod (panel C; p=0.444) or the learning
index (panel D; p=0.054). No differences were seen between
Rerd”’®™ mice and their wild-type littermates in tests of acoustic
startle (panel E; arbitrary units, p = 0.832) and prepulse inhibition
(panel F; p=0.176). Between 12 and 18 mice per genotype were
used for these tests.

(TTF)

Figure S6 Conditioned fear testing showed no differ-
ences between wild-type and Rere®™” littermates. A)
The percent freezing on the training day (day 1) was not found to
be significantly different between wild-type and Rere™®™ mice
(n=12-18 per genotype). B) The average percent freezing to
contextual clues was not different between genotypes (p=0.469).
C) The average percent freezing with the conditioned stimulus
minus the percent freezing with the pre-conditioned stimulus (CS -
preCS) was not different between genotypes (p =0.953).

(TTF)

Acknowledgments
The authors would like to thank Dr. Andrew S. Peterson who kindly
provided the Rere”’®™ mice used in this study and Dr. Corinne M. Spencer

for her help with the neurobehavioral studies. The eyes3 mouse was
generated in the BCM Mouse Mutagenesis and Phenotyping Center for
Developmental Defects.

Author Contributions

Conceived and designed the experiments: BJK HPZ OAS AHG JSO FAP
DWS M]JJ BL DAS. Performed the experiments: BJK HPZ OAS ZY AHG
MLS DWS DAS. Analyzed the data: BJK HPZ OAS ZY AHG MLS JSO
FAP DWS M]J BL DAS. Contributed reagents/materials/analysis tools:
DWS M]J. Wrote the paper: BJK HPZ OAS MLS DAS.

distal 1p36 monosomy with haplo-lethality. Am J Med Genet A 155A: 1964—
1968.

9. Windpassinger C, Kroisel PM, Wagner K, Petek E (2002) The human gamma-
aminobutyric acid A receptor delta (GABRD) gene: molecular characterisation
and tissue-specific expression. Gene 292: 25-31.

. Colmenares C, Heilstedt HA, Shaffer LG, Schwartz S, Berk M, et al. (2002) Loss
of the SKI proto-oncogene in individuals affected with 1p36 deletion syndrome
is predicted by strain-dependent defects in Ski—/— mice. Nat Genet 30: 106—
109.

. Rosenfeld JA, Crolla JA, Tomkins S, Bader P, Morrow B, et al. (2010)
Refinement of causative genes in monosomy 1p36 through clinical and
molecular cytogenetic characterization of small interstitial deletions. Am J Med
Genet A 152A: 1951-1959.

. Heilstedt HA, Burgess DL, Anderson AE, Chedrawi A, Tharp B, et al. (2001)
Loss of the potassium channel beta-subunit gene, KCNAB2, is associated with
epilepsy in patients with 1p36 deletion syndrome. Epilepsia 42: 1103-1111.

. Gajecka M, Yu W, Ballif BC, Glotzbach CD, Bailey KA, et al. (2005)
Delineation of mechanisms and regions of dosage imbalance in complex
rearrangements of 1p36 leads to a putative gene for regulation of cranial suture
closure. Eur ] Hum Genet 13: 139-149.

. Berk M, Desai SY, Heyman HC, Colmenares C (1997) Mice lacking the ski
proto-oncogene have defects in neurulation, craniofacial, patterning, and skeletal
muscle development. Genes Dev 11: 2029-2039.

15. Mihalek RM, Banerjee PK, Korpi ER, Quinlan JJ, Firestone LL, et al. (1999)

Attenuated sensitivity to neuroactive steroids in gamma-aminobutyrate type A

February 2013 | Volume 8 | Issue 2 | 57460



20.

21.

26.

27.

28.

29.

30.

31.

receptor delta subunit knockout mice. Proc Natl Acad Sci U S A 96: 12905
12910.

. Okae H, Iwakura Y (2010) Neural tube defects and impaired neural progenitor

cell proliferation in Gbetal-deficient mice. Dev Dyn 239: 1089-1101.

. Yanagisawa H, Bundo M, Miyashita T, Okamura-Oho Y, Tadokoro K, et al.

(2000) Protein binding of a DRPLA family through arginine-glutamic acid
dipeptide repeats is enhanced by extended polyglutamine. Hum Mol Genet 9:
1433-1442.

. Zoltewicz JS, Stewart NJ, Leung R, Peterson AS (2004) Atrophin 2 recruits

histone deacetylase and is required for the function of multiple signaling centers
during mouse embryogenesis. Development 131: 3-14.

. Wang L, Rajan H, Pitman JL, McKeown M, Tsai CC (2006) Histone

deacetylase-associating  Atrophin proteins are nuclear receptor corepressors.
Genes Dev 20: 525-530.

Vilhais-Neto GC, Maruhashi M, Smith KT, Vasseur-Cognet M, Peterson AS, et
al. (2010) Rere controls retinoic acid signalling and somite bilateral symmetry.
Nature 463: 953-957.

Hentges KE, Nakamura H, Furuta Y, Yu Y, Thompson DM, et al. (2006) Novel
lethal mouse mutants produced in balancer chromosome screens. Gene Expr

Patterns 6: 653-665.

. Probst FJ, Justice MJ (2010) Mouse mutagenesis with the chemical super-

mutagen ENU. Methods Enzymol 477: 297-312.

Sharkey LM, Cheng X, Drews V, Buchner DA, Jones JM, et al. (2009) The
ataxia3 mutation in the N-terminal cytoplasmic domain of sodium channel
Na(v)1.6 disrupts intracellular trafficking. ] Neurosci 29: 2733-2741.

. Beck TF, Veenma D, Shchelochkov OA, Yu Z, Kim BJ, et al. (2012) Deficiency

of FRAS]-related extracellular matrix 1 (FREMI) causes congenital diaphrag-
matic hernia in humans and mice. Hum Mol Genet.

. Chiang AP, Nishimura D, Searby C, Elbedour K, Carmi R, et al. (2004)

Comparative genomic analysis identifies an ADP-ribosylation factor-like gene as
the cause of Bardet-Biedl syndrome (BBS3). Am J Hum Genet 75: 475-484.
Mecllwain KL, Merriweather MY, Yuva-Paylor LA, Paylor R (2001) The use of
behavioral test batteries: effects of training history. Physiol Behav 73: 705-717.
Xia A, Gao SS, Yuan T, Osborn A, Bress A, et al. (2010) Deficient forward
transduction and enhanced reverse transduction in the alpha tectorin C1509G
human hearing loss mutation. Dis Model Mech 3: 209-223.

McClelland JL, McNaughton BL, O’Reilly RC (1995) Why there are
complementary learning systems in the hippocampus and neocortex: insights
from the successes and failures of connectionist models of learning and memory.
Psychol Rev 102: 419-457.

Squire LR, Stark CE, Clark RE (2004) The medial temporal lobe. Annu Rev
Neurosci 27: 279-306.

Sarnat HB, Nochlin D, Born DE (1998) Neuronal nuclear antigen (NeuN):
a marker of neuronal maturation in early human fetal nervous system. Brain Dev
20: 88-94.

Lendahl U, Zimmerman LB, McKay RD (1990) CNS stem cells express a new
class of intermediate filament protein. Cell 60: 585-595.

. Bonaguidi MA, Wheeler MA, Shapiro JS, Stadel RP, Sun GJ, et al. (2011) In

vivo clonal analysis reveals self-renewing and multipotent adult neural stem cell
characteristics. Cell 145: 1142-1155.

. Liu Y, Fujise N, Kosaka T (1996) Distribution of calretinin immunoreactivity in

the mouse dentate gyrus. I. General description. Exp Brain Res 108: 389-403.

. Murakawa R, Kosaka T (1999) Diversity of the calretinin immunoreactivity in

the dentate gyrus of gerbils, hamsters, guinea pigs, and laboratory shrews.
J Comp Neurol 411: 413-430.

Szabadics J, Varga C, Brunner J, Chen K, Soltesz I (2010) Granule cells in the
CA3 area. J Neurosci 30: 8296-8307.

. Lieschke GJ, Currie PD (2007) Animal models of human disease: zebrafish swim

into view. Nat Rev Genet 8: 353-367.

. Thyagarajan T, Totey S, Danton M]J, Kulkarni AB (2003) Genetically altered

mouse models: the good, the bad, and the ugly. Crit Rev Oral Biol Med 14:
154-174.

PLOS ONE | www.plosone.org

16

38.

40.

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

52.

56.
57.

58.

59.

60.

RERE's Role in the Development of Multiple Organs

Montagutelli X (2000) Effect of the genetic background on the phenotype of
mouse mutations. ] Am Soc Nephrol 11 Suppl 16: S101-105.

. Linder CC (2006) Genetic variables that influence phenotype. ILAR J 47: 132~

140.

Doetschman T (2009) Influence of genetic background on genetically engineered
mouse phenotypes. Methods Mol Biol 530: 423-433.

Sanford LP, Kallapur S, Ormsby I, Doetschman T (2001) Influence of genetic
background on knockout mouse phenotypes. Methods Mol Biol 158: 217-225.
Rhinn M, Dolle P (2012) Retinoic acid signalling during development.
Development 139: 843-858.

Plaster N, Sonntag C, Schilling TF, Hammerschmidt M (2007) REREa/
Atrophin-2 interacts with histone deacetylase and Fgf8 signaling to regulate
multiple processes of zebrafish development. Dev Dyn 236: 1891-1904.
Schilling TF, Piotrowski T, Grandel H, Brand M, Heisenberg CP, et al. (1996)
Jaw and branchial arch mutants in zebrafish I: branchial arches. Development

123: 329-344.

. Cvekl A, Wang WL (2009) Retinoic acid signaling in mammalian eye

development. Exp Eye Res 89: 280-291.

Golzio C, Martinovic-Bouriel J, Thomas S, Mougou-Zrelli S, Grattagliano-
Bessieres B, et al. (2007) Matthew-Wood syndrome is caused by truncating
mutations in the retinol-binding protein receptor gene STRA6. Am J Hum
Genet 80: 1179-1187.

Monaghan AP, Bock D, Gass P, Schwager A, Wolfer DP, et al. (1997) Defective
limbic system in mice lacking the tailless gene. Nature 390: 515-517.

Cheong JL, Hunt RW, Anderson PJ, Howard K, Thompson DK, et al. (2008)
Head growth in preterm infants: correlation with magnetic resonance imaging
and neurodevelopmental outcome. Pediatrics 121: e1534-1540.

Mochida GH, Walsh CA (2001) Molecular genetics of human microcephaly.
Curr Opin Neurol 14: 151-156.

Asai Y, Chan DK, Starr CJ, Kappler JA, Kollmar R, et al. (2006) Mutation of
the atrophin2 gene in the zebrafish disrupts signaling by fibroblast growth factor
during development of the inner ear. Proc Natl Acad Sci U S A 103: 9069-9074.
Niederreither K, Subbarayan V, Dolle P, Chambon P (1999) Embryonic
retinoic acid synthesis is essential for early mouse post-implantation de-
velopment. Nat Genet 21: 444-448.

Niederreither K, Vermot J, Messaddeq N, Schuhbaur B, Chambon P, et al.
(2001) Embryonic retinoic acid synthesis is essential for heart morphogenesis in
the mouse. Development 128: 1019-1031.

Stojanovska J, Cascade PN, Chong S, Quint LE, Sundaram B (2012)
Embryology and imaging review of aortic arch anomalies. ] Thorac Imaging
27: 73-84.

Savolainen SM, Foley JF, Elmore SA (2009) Histology atlas of the developing
mouse heart with emphasis on E11.5 to E18.5. Toxicol Pathol 37: 395-414.

. Restivo A, Piacentini G, Placidi S, Saffirio C, Marino B (2006) Cardiac outflow

tract: a review of some embryogenetic aspects of the conotruncal region of the
heart. Anat Rec A Discov Mol Cell Evol Biol 288: 936-943.

Pan J, Baker KM (2007) Retinoic acid and the heart. Vitam Horm 75: 257-283.
Kastner P, Grondona JM, Mark M, Gansmuller A, LeMeur M, et al. (1994)
Genetic analysis of RXR alpha developmental function: convergence of RXR
and RAR signaling pathways in heart and eye morphogenesis. Cell 78: 987—
1003.

Choudhary R, Palm-Leis A, Scott RC 3rd, Guleria RS, Rachut E, et al. (2008)
All-trans retinoic acid prevents development of cardiac remodeling in aortic
banded rats by inhibiting the renin-angiotensin system. Am J Physiol Heart Circ
Physiol 294: H633-644.

Zhou MD, Sucov HM, Evans RM, Chien KR (1995) Retinoid-dependent
pathways suppress myocardial cell hypertrophy. Proc Natl Acad Sci U S A 92:
7391-7395.

Mendelsohn C, Lohnes D, Decimo D, Lufkin T, LeMeur M, et al. (1994)
Function of the retinoic acid receptors (RARs) during development (II). Multiple
abnormalities at various stages of organogenesis in RAR double mutants.
Development 120: 2749-2771.

February 2013 | Volume 8 | Issue 2 | 57460



