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Summary

While common in the general population, the developmental origins of “normal” anatomic
variants of the aortic arch remain unknown. Aortic arch development begins with the
establishment of the second heart field (SHF) that contributes to the pharyngeal arch arteries
(PAAs). The PAAs remodel during subsequent development to form the mature aortic arch and
arch vessels. Retinoic acid signaling involving the biologically active metabolite of vitamin A,
plays a key role in multiple steps of this process. Recent work from our laboratory indicates that
the E3 ubiquitin ligase Hectd1 is required for full activation of retinoic acid signaling during
cardiac development. Furthermore, our study suggested that mild alterations in retinoic acid
signaling combined with reduced gene dosage of Hectdl, results in a benign aortic arch variant
where the transverse aortic arch is shortened between the brachiocephalic and left common carotid
arteries. These abnormalities are preceded by hypoplasia of the fourth PAA. To further explore this
interaction, we investigate whether reduced maternal dietary vitamin A intake can similarly
influence aortic arch development. Our findings indicate that the incidence of hypoplastic fourth
PAAs, as well as the incidence of shortened transverse arch are increased with reduced maternal
vitamin A intake during pregnancy. These studies provide new insights as to the developmental
origins of these benign aortic arch variants.
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1| INTRODUCTION

Anatomic variants of the aortic arch and the major vessels are common in the general
population, yet the developmental origin of these deviations remains unknown. The most
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prevalent variant involves a in loss of the transverse arch so that the brachiocephalic and left
common carotid arteries share a common origin and occurs in 10-20% of the population
(Moorehead et al., 2016; Spacek & Veselka, 2012; Stewart, 1964). This variant is often
referred to as a “bovine arch” because of similarities to the aortic arch of cattle; however, it
is not a true bovine arch since in cattle the origin of the left subclavian and the left and right
carotid arteries is from a single brachiocephalic trunk (Moorehead et al., 2016; Spacek &
Veselka, 2012; Stewart, 1964). While anatomic variants of the aortic arch are often
considered clinically insignificant, variants can be associated with clinically significant
cardiac malformations or interfere with respiration and swallowing (Carucci & Turner, 2015;
Poletto, Mallon, Stevens, & Avitabile, 2017; Priya, Thomas, Nagpal, Sharma, & Steigner,
2018; Stewart, 1964; Wells, Landing, & Shankle, 1993). The bovine arch variant in
particular is associated with an increased risk for thoracic aortic aneurysm (Priya et al.,
2018; Toya et al., 2018). Benign aortic arch abnormalities can also contribute to
complications during surgical interventions (Hanneman, Newman, & Chan, 2017; Natsis et
al., 2009). Therefore, identifying these variants and understanding their developmental
origins is of clinical importance.

The asymmetric aortic arch develops from remodeling of the bisymmetrical pharyngeal arch
arteries (PAAS). Paired first through sixth PAAs successively form and undergo asymmetric
remodeling to form different aspects of the vasculature and aortic arch (Hiruma, Nakajima,
& Nakamura, 2002). The first and second PAAs transiently support blood flow in the
embryo and then remodel to contribute to the arteries of the head and neck, whereas the
third, fourth, and sixth PAAs remodel to form to the aortic arch network (Hiruma et al.,
2002). The fifth PAAs do not contribute to the mature aortic arch in mammals and whether
the fifth PAA forms at all remains controversial (Bamforth et al., 2013; de Ruiter,
Gittenberger-de Groot, Rammos, & Poelmann, 1989; Geyer & Weninger, 2012). The left and
right third PAAs contribute to their respective carotid arteries (Hiruma et al., 2002). The left
fourth PAA forms the aortic arch between the left common carotid and the left subclavian
artery and the right fourth PAA contributes to the proximal region of the right subclavian
artery (Hiruma et al., 2002). The transverse arch between the brachiocephalic and left
common carotid arteries is formed from the aortic sac positioned between the left and right
PAAs (Hiruma et al., 2002). The right sixth PAA regresses and the left sixth PAA contributes
to the proximal pulmonary arteries and the ductus arteriosus (Hiruma et al., 2002; Kau et al.,
2007; Kaufman & Bard, 1999; Stewart, 1964).

Formation and remodeling of the PAAs requires interaction of multiple cell types including
the second heart field (SHF), cardiac neural crest, and the pharyngeal mesoderm, endoderm,
and ectoderm. SHF cells migrate to the developing pharyngeal mesenchyme where they
organize into an endothelial plexus that coalesces to form the endothelium of the third
through sixth PAAs (Li, Pashmforoush, & Sucov, 2012; Verzi, McCulley, De Val, Dodou, &
Black, 2005; Wang et al., 2017). Neural crest cells migrate from the dorsal neural tube to the
pharyngeal arches and contribute to the smooth muscle of the of the third, fourth, and sixth
PAAs as well as the pharyngeal mesenchyme where they differentiate into a variety of cell
types including cartilage, bone and connective tissue (Keyte & Hutson, 2012).
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Retinoic acid signaling is a key pathway required for proper development of the aortic arch
and is derived solely from the diet through the conversion of vitamin A/retinol to retinoic
acid (Pan & Baker, 2007). During early stages of heart development vitamin A is absorbed
through the visceral endoderm of the yolk sac and then across the placenta beginning mid-
gestation (Comptour et al., 2016; Zohn & Sarkar, 2010). Retinoic acid signaling is required
for multiple aspects of heart development including formation and remodeling of the aortic
arch through a requirement in patterning of the SHF and then formation of the PAAs (Verzi
et al., 2005; Wang et al., 2017). Early in artery development, retinoic acid signaling is
required for anterior-posterior patterning of the SHF by restricting posterior expansion of
SHF markers like Fgf8and TbxI (Guris, Duester, Papaioannou, & Imamoto, 2006; Roberts,
Ivins, James, & Scambler, 2005; Ryckebusch et al., 2008; Ryckebusch et al., 2010; Sirbu,
Zhao, & Duester, 2008). Later, retinoic acid signaling prevents premature differentiation of
the SHF, facilitates migration of the SHF to the pharyngeal arches and promotes coalescence
of the SHF cells to form the endothelium of the PAAs (Li et al., 2012). Consequently,
retinoic acid signaling is also required for proper formation of the PAAs. Mutant mouse
embryos with deficiencies in this pathway primarily exhibit defects in formation of the
fourth and sixth PAAs and these defects prefigure the spectrum of aortic arch abnormalities
attributed to reduced retinoic acid signaling, including transposition of the great arteries,
aberrant origin of the right subclavian artery, interrupted aortic arch, and persistent truncus
arteriosus (EI Robrini et al., 2016; Jiang et al., 2002; Kastner et al., 1994; Lee, Luo, Evans,
Giguere, & Sucov, 1997; Li et al., 2012; Mendelsohn et al., 1994; Niederreither et al., 2001;
Niederreither et al., 2003; Pan & Baker, 2007; Stefanovic & Zaffran, 2017; Vermot,
Niederreither, Garnier, Chambon, & Dolle, 2003). Thus, vitamin A/retinol and its derivative
retinoic acid are essential for proper aortic arch formation during heart development.

Vitamin A deficiency (VAD) is the one of the most significant micronutrient deficiencies
worldwide and a public health problem in many developing countries (WHO, 2011). VAD is
the major cause of preventable childhood blindness and contributes to severe illness and
death from common childhood infections, reflecting a critical need for vitamin A in
phototransduction and the immune response, respectively (WHO, 2011; Wolf, 2001). VAD
contributes to pregnancy and birth complications, including low birth weight, short
gestation, anemia, weakened immunity, and overall increased infant and maternal mortality
(Christian et al., 2013; Sommer et al., 1986; West Jr. & Mehra, 2010). Animal studies
identified VAD as a cause for structural birth defects and uncovered a spectrum of
phenotypes that include blindness as well as congenital malformations of the heart involving
the aortic arch, outflow tract, and ventricular septum (reviewed in (Zile, 2001). This link
between VAD and abnormal heart development is supported by the higher prevalence of
congenital heart defects in regions of the world where VAD is common. For example, the
incidence of congenital heart defects range between 9 and 13 per 1,000 live births in areas
where VAD is common whereas the prevalence is ~8 per 1,000 live births in the United
States where VAD is exceedingly rare (Benziger, Stout, Zaragoza-Macias, Bertozzi-Villa, &
Flaxman, 2015; Ou et al., 2016; Sawant, Amin, & Bhat, 2013; Shuler, Black, & Jerrell,
2013; van der Linde et al., 2011; Zuhlke, Mirabel, & Marijon, 2013). Thus, VAD is an
important environmental factor that potentially influences heart development possibly in
combination with genetic susceptibility loci.
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With the focus on overt clinical deficiency, the impact of low vitamin A status, a more
common occurrence in the human population, on embryonic development is not well
established nor is the interaction of low vitamin A status with genetic mutations that might
predispose individuals to aortic arch abnormalities well researched. Our recent study
characterized aortic arch abnormalities in a mouse line with mutation of the E3 ubiquitin
ligase Hectd! indicated that alterations in retinoic acid signaling may also contribute to
development of benign aortic arch variants (Sugrue, Sarkar, Leatherbury, & Zohn, 2019). We
characterized the full spectrum of aortic arch abnormalities in Hectd2%°™°PM homozygous
mutants, including interrupted aortic arch Type B, aberrant origin of the right subclavian
artery and a bovine arch like anomaly where the brachiocephalic and left common carotid
arteries share a common origin (Sugrue et al., 2019). These artery phenotypes were preceded
by reduced retinoic acid signaling as well as altered SHF patterning and PAA formation. We
established that HECTD1 binds to a conserved region shared by retinoic acid and retinoid X
receptors (RARs/RXRs) and is required for full activation of retinoic acid signaling during
heart development, consistent with the SHF, PAA, and artery phenotypes observed in mutant
embryos. Interestingly, while Hectd19°™* heterozygous embryos did not exhibit any
significant alterations in artery development, we demonstrated that heterozygotes show
intermediate alterations in retinoic acid signaling. We also uncovered an interesting genetic
interaction of Hectd1 with reduced retinoic acid signaling. Hectd1%°™* : Raldh2*"~ double
heterozygous embryos show an increased incidence of a shortened transverse aortic arch
between the brachiocephalic and left common carotid arteries, a benign aortic arch variant
reminiscent of a bovine arch (Sugrue et al., 2019). These abnormalities are preceded by
increased incidence of hypoplasia of the fourth PAA (Sugrue et al., 2019). In the present
study, we explore the interaction of Hectd19°™* with low maternal vitamin A intake and
status to determine whether reduced dietary vitamin A similarly interacts with heterozygous
Hectd19°™* embryos to alter aortic arch development.

2| RESULTS

2.1| Vitamin A modified diets alter the vitamin A status of dams

VAD deficiency is one of the most common and significant micronutrient deficiencies
worldwide (WHO, 2011). Our data demonstrating that combined RaldhZ and Hectd1
deficiency can increase incidence of fourth PAA defects along with shortening of the
transverse arch (Sugrue et al., 2019), prompted us to investigate if VAD would have a similar
effect on PAA and aortic arch development. While multiple studies indicate that severe VAD
results in PAA and pathogenic aortic arch abnormalities (Wilson, Roth, & Warkany, 1953;
Wilson & Warkany, 1950a, 1950b), whether mild deficiency might also alter development of
the aortic arch or interact with genetic variants that impinge upon the retinoic acid signaling
pathway to influence the incidence of normal variants remains unexplored. To evaluate this
possibility, wild type females were fed a purified diet that contains no added vitamin A
(VAD) or a low vitamin A (LVA) diet containing 4 1U/g vitamin A compared to a standard
mouse standard chow with 12.9 1U/g vitamin A.

To evaluate the impact of the vitamin A modified diets on maternal vitamin A status, wild
type female mice were fed a synthetic VAD or LVA diets for 6 weeks beginning at weaning
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to approximate the time mice will be are on diets during mating experiments. Females were
then euthanized and livers harvested to evaluate liver retinol concentrations. The liver is the
main site of vitamin A storage and measurements of liver retinol concentrations provide an
index of the vitamin A status of the animal (Ross, 2010). As shown in Figure 1, liver retinol
levels were altered in a dosage dependent manner when dietary vitamin A was manipulated.
Livers from females fed the standard mouse chow had an average retinol concentration of
603.2 £ 98.3 mcg/qg liver. Feeding the LVA diet reduced the liver retinol by approximately
half for an average of 275.2 + 40.1 mcg/g liver. The VAD diet reduced the liver retinol
concentration sixfold for an average of 105 + 49.6 mcg/g liver. These results indicate that
feeding female mice diets with lower vitamin A content beginning at weaning results in dose
dependent reductions in liver retinol concentrations. It should be noted that these levels
would not be considered clinical VAD that occurs with liver retinol reaches levels less than 5
mcg/g liver (Ross, 2010).

2.2 | Low dietary vitamin A intake interacts with reduced Hectd1 gene dosage resulting in
hypoplastic fourth PAAs

To evaluate the impact of low vitamin A intake during pregnancy on PAA development,
wildtype female mice were fed diets for 4 weeks prior to mating to Hectd1oP™*
heterozygous males. The majority of females in this experiment mated within 2 weeks.
Embryos were dissected at E10.5 and only embryos between the 32 and 36 somite stage
were used for analysis. The fourth PAA was visualized by intracardiac India ink injection.
As previously reported (Sugrue et al., 2019), few wild type embryos from dams fed normal
chow that contains 12.9 1U/g vitamin A (3/16; 19%) exhibited hypoplastic fourth PAAs
(Table 1 and Figures 2 and 3). The percentage of embryos with hypoplastic fourth PAAs
increased slightly with reduced gene dosage of Raldh2 (3/11; 27%) and Hectd (5/12; 42%)
but results were not significant by Chi? analysis (p> .1) (Sugrue et al., 2019). However,
combined loss of Raldh2and Hectdl in double heterozygous embryos resulted in a
significant change in the incidence of hypoplastic fourth PAAs (11/16; 69%; p < .01,
(Sugrue et al., 2019). The incidence of hypoplastic fourth PAAs also increased slightly but
not significantly in wild type embryos from dams fed either LVA (3/10; 30%) or VAD diets
(5/15; 33%). Similarly, reduced Hectd gene dosage combined with LVA resulted in a slight
but insignificant increase in the incidence of hypoplastic fourth PAAs (5/11; 45%). In
contrast, combined VAD with reduced Hectdl gene dosage significantly increased the
incidence of hypoplastic fourth PAAs (9/12; 75%; p < .01) and resulted in two embryos with
absent fourth PAAs but this result was only weakly significant (2/12; 17%; p<.1). Thus, in
addition to interacting with Raldh2to cause PAA abnormalities, Hectd! interacts with VAD
to increase the incidence of fourth PAA defects.

The laterality and incidence of unilateral and bilateral 4th PAA defects was noted as the right
and left PAA contribute to different structures with the left fourth PAA contributing to the
aortic arch and the right fourth PAA to the right subclavian artery. As described previously,
the majority of wild type embryos and embryos with reduced gene dosage of either Raldh2
or Hectd1 showed hypoplasia of either the left or right fourth PAA whereas the fourth PAA
was bilaterally hypoplastic in a single Hectd1 heterozygote (Table 1, Figure 3, and (Sugrue
et al., 2019). In contrast, a significant proportion of double heterozygous embryos showed
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bilateral hypoplasia of the fourth PAA (7/16; 44%; p = .003; (Sugrue et al., 2019). Similarly,
all of the affected wild type embryos and the majority of Hectd1%°™* embryos from dams
fed the LVA or VAD diets showed unilateral hypoplastic fourth PAAs. Whereas a single
Hectd19°™* embryo from dams fed the LVA diet showed bilateral hypoplasia of the fourth
PAA. In contrast, a significant number of Hectd19°™* embryos from dams fed the VAD diet
presented with bilateral affected fourth PAAs (6/12; 50%; p < .05) and in two of these cases,
the fourth PAA was missing on one side indicating an increase in the severity of the
phenotype. These combined results indicate that HectdZ interacts with both genetic and
dietary mediated reductions in retinoic acid signaling during PAA development.

2.3 | Increased incidence of aortic arch variants with combined reduction of vitamin A
intake and Hectd1 gene dosage

Based on the significant effects on PAA formation of combined reduction of Hectd gene
dosage and dietary vitamin A, the effect on aortic arch development was evaluated. Our
previous analysis of the interaction of Hectdl and Raldh2 demonstrated a statistically
significant increase in the incidence of a benign aortic arch variant in which the transverse
arch between the between the brachiocephalic and left common carotid arteries is shortened
in Hectd19°™* - Raldh2*'~ double heterozygous embryos (Sugrue et al., 2019). Since the
left and right fourth PAAs contributes to the aortic arch and right subclavian artery,
respectively, we focused our analysis on these aspects of the aortic arch. Embryos were
dissected at E17.5 from wild type dams fed LVA or VAD diet for 4 weeks prior to mating to
a Hectd1%™* male. The aortic arch was visualized by intracardiac India ink injection.
Results were compared to our previous study (Sugrue et al., 2019) investigating the
interaction of Hectdl and Raldh2 (Table 2, Figures 4 and 5).

As shown in Table 2 and Figures 4 and 5, severe abnormalities of the aortic arch were not
observed under any of the experimental conditions tested and none of the embryos examined
showed alteration in the right subclavian artery. However, many embryos exhibited a
shortened transverse arch between the brachiocephalic and left common carotid arteries. We
previously found an increased incidence of this normal aortic arch variant in

Hectd19°™* -Raldh2'~ double heterozygous embryos (Sugrue et al., 2019). We scored this
variant across the genotypes and diet conditions. As previously reported (Sugrue et al.,
2019) and shown for reference in Figures 4 and 5 and Table 2, wild type embryos from dams
fed normal chow infrequently showed shortening of the transverse arch (1/9; 11%). The
incidence of this variant increased with a loss of a single copy of Hectd1 (3/10; 30%) or
Raldh2 (2/7; 29%), though this difference was not statistically significant. In contrast,
double heterozygous Hectd1°P™* ; Raldh2*'~ embryos showed a significant increase in the
number of embryos with a shortened transverse arch (4/7; 57%, p> .05). The incidence of
the shortened transverse arch variant in wild type embryos from dams fed the LVA (4/10;
40%) and VAD (6/14; 43%) diets also increased but differences were not statistically
significant. In contrast, the incidence of this variant was increased and reached significance
in Hectd19°™* embryos from dams fed the LVA (5/10; 50%, p < .1) and VAD (6/12; 50%, p
<.1) diets.
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3| DISCUSSION

While relatively common in the general population, the developmental origins of anatomical
variants of the aortic arch remain unknown. Our previous study suggested that reductions in
gene dosage of Hectd1 combined with reduced retinoic acid resulted in shortening of the
transverse aortic arch (Sugrue et al., 2019). In this study, this interaction was investigated
further by determining if the incidence of normal aortic arch variants would also increase
when reduced gene dosage of Hectdl was combined with feeding pregnant dams either a
low or deficient vitamin A diet before and during pregnancy. To begin to understand the
mechanism, the question of when in development alterations in growth of the aortic arch can
be identified was investigated. The aortic arch forms from remodeling of the PAAs. The left
fourth PAA remodels to from the segment of the aortic arch between the left common
carotid and the left subclavian artery, whereas the right fourth PAA contributes to the
proximal region of the right subclavian artery (Hiruma et al., 2002). Our data indicate that
the incidence of hypoplastic fourth PAAs was increased by combined reduction of Hectd1
gene dosage along with altering vitamin A exposure by either decreased Raldh2 gene dosage
or feeding pregnant dams LVA or VVAD diets prior to and during pregnancy. Thus, the
observation that the frequency of hypoplastic fourth PAA increases indicates that
manipulations likely affect PAA formation.

Retinoic acid is required for multiple steps in formation of the PAAs and subsequent
remodeling to form the mature aortic arch (Li et al., 2012; Niederreither et al., 2003; Vermot
et al., 2003). Abnormalities in the formation of the fourth PAA identified in our study are
consistent with known consequences of reductions in retinoic acid signaling on PAA
development. Once initial induction and patterning of the SHF is complete, aberrant
reduction in retinoic acid signaling can result in premature differentiation and consequently
reduced contribution of the SHF to the outflow tract (Li et al., 2012). In addition to
migration to the outflow tract, SHF cells migrate to the developing pharyngeal mesenchyme
where they organize into an endothelial plexus that coalesces to form the endothelium of the
PAAs, a process also influenced by retinoic acid signaling (Li et al., 2012; Wang et al.,
2017). Multiple other cell types also participate in formation of the PAAs and development
of these is also influenced by retinoic acid signaling. For example, neural crest cells that
migrate to the pharyngeal arches differentiate into the smooth muscles of the caudal PAAs as
well as the pharyngeal mesenchyme that contributes to the local environment necessary for
subsequent remodeling of the PAASs to form the mature aortic arch (Keyte & Hutson, 2012).
Signals from the pharyngeal endoderm and ectoderm also influence formation of the PAAs,
in part, by regulating retinoic acid signaling (Graham, 2003; Kameda, 2009; Mark,
Ghyselinck, & Chambon, 2004; Scambler, 2010). For example, 7bx1 is expressed in the
pharyngeal endoderm and retinoic acid signaling is reduced in 76xZ mutant embryos (Guris
et al., 2006; Roberts et al., 2005). Thus, formation of the PAAS requires interaction of
multiple cell types that influence the local concentration of retinoic acid. Hectd1 is
ubiquitously expressed during SHF and PAA development and while our previous studies
indicate no obvious effect on migration of neural crest cells to the pharyngeal arch region
(Zohn, Anderson, & Niswander, 2007), more subtle effects on neural crest development are
still possible. Future experiments will investigate the impact of reduction of Hectd1 gene
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dosage in the neural crest, pharyngeal endoderm, and ectoderm in combination with reduced
retinoic acid signaling.

It is important to note that the fourth PAA, which we find is hypoplastic in our model, has
not been fate mapped to contribute to the transverse arch. Rather the transverse arch between
the brachiocephalic and left common carotid arteries arises from the aortic sac positioned
between the left and right fourth PAAs. Previous work suggested that a bovine arch might
results from the slow growth of the aortic roots of the fourth PAAs (Nelson & Sparks, 2001).
Remodeling of the PAAs into the aortic arch involves cell and tissue migration, proliferation,
in an environment experiencing significant biomechanical forces driven by blood flow. It is
possible that a hypoplastic fourth PAA alters hemodynamics of blood flow disrupting these
forces to impact growth of the transverse arch. Closer examination of mouse models with
hypoplastic fourth PAAs such as the HectdZ model used in this study will allow for
understanding how a shortened transverse arch develops and if hypoplastic PAAs contribute
to this variant.

Once the PAAs form, they undergo extensive remodeling to form the mature aortic arch.
During the remodeling process, plasticity can lead to recovery of normal aortic arch
architecture in spite of defects in formation of the PAAs (Lindsay & Baldini, 2001;
Ryckebusch et al., 2010). Plasticity may involve contribution of either the adjacent or
contralateral PAA to the final aortic arch segment or in the case of hypoplastic PAAs, the
remainder of the existing PAA may increase growth to contribute to the final segment.
Retinoic acid signaling is important in this remodeling through its influence on the
proliferation, migration and differentiation of smooth muscle cells that likely mediate
plasticity (Bohnsack, Lai, Dolle, & Hirschi, 2004; Lai, Bohnsack, Niederreither, & Hirschi,
2003; Langton & Gudas, 2008; Neuville et al., 1999). For example, examination of PAAs in
ThxI*!- ;Raldh2*'= double heterozygous embryos E10.5 reveals a majority of embryos show
hypoplastic fourth PAAs but by E11.5, many of these recover (Ryckebusch et al., 2010). The
authors of this study proposed that recovery is due to the effect of retinoic acid on local
signals (such as Tgf-beta) between pharyngeal endoderm and mesenchyme that promote
vascular smooth muscle differentiation. Alternatively, altered neural crest cell migration
might accelerate subsequent vascular smooth muscle differentiation. While 75% of
Hectd19°™* embryos from dams fed the VAD diet showed hypoplastic fourth PAAs, only
50% developed a shortened transverse arch at E17.5. Similarly, reduced gene dosage of
Raldhz and Hectd resulted in 69% of embryos with hypoplastic fourth PAAs and 57% with
a shortened transverse arch (Sugrue et al., 2019). While these proportions are not statistically
different, the reduction in incidence later in development suggests some recovery may occur.

Multiple normal aortic arch branching variants occur in the general population that are
typically only reported as coincidental findings during diagnostic procedures in
asymptomatic individuals. Interestingly, bovine arch variants occur at higher frequency in
individuals with 22q11.2 deletion syndrome than in the general population (Katz et al.,
2006; Wells et al., 1993). 22q11.2 deletion syndrome is the most frequent gene deletion
disorder in humans affecting 1 in 4,000 live births and results in a variety of abnormalities of
the outflow tract of the heart and the aortic arch (McDonald-McGinn et al., 2015). The
spectrum of aortic arch abnormalities found in 22g11.2 deletion syndrome stem from
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abnormal development of the fourth PAA and include interrupted aortic arch Type B,
aberrant origin of the right subclavian artery and right-sided aortic arch (Jerome &
Papaioannou, 2001; Lindsay et al., 2001; Lindsay & Baldini, 2001; Merscher et al., 2001).
22011.2 deletion syndrome is most commonly caused by deletion of a 3 Mb region of
chromosome 22q11.2 affecting ~40 genes including 76xZ (McDonald-McGinn et al., 2015).
Importantly, the study of animal models of 22q11.2 reveals that this disorder is associated
with reductions in retinoic acid signaling (Guris et al., 2006; Maynard et al., 2013; Roberts
et al., 2005; Ryckebusch et al., 2010; Yutzey, 2010). Thus, in light of our findings
demonstrating an increased incidence of shortened transverse aortic arch variants with
reduced retinoic acid exposure during development, it is possible that the increased
incidence of bovine arch variants in individuals with 22g11.2 might also be related to
alterations in retinoic acid signaling.

4| MATERIALS AND METHODS

4.1| Mouse strains and vitamin A modified diets

Mouse (Mus musculus) lines were maintained in the animal facility of Children’s National
Health System with all animal procedures in compliance with the National Institute of
Health and the Children’s Research Institute Institutional Animal Care and Use Committee
(IACUC) guidelines for animal use. Hectd1°P™ and Aldh1aZ™Cd (Ralahz") lines were
previously described and maintained on the 129/SvJ background for over 10 generations
(Mic, Haselbeck, Cuenca, & Duester, 2002; Zohn et al., 2007). Three-week-old wild type
females were fed a non-purified diet (Teklad Rodent Diet #8604) containing 12.9 1U/g
vitamin A as retinyl acetate were switched to purified diets. The purified diets are based on
the AIN-93G rodent diet and were manufactured by Envigo Teklad Diets (Madison WI). The
Low vitamin A (LVVA) Diet contains 4 1U/g vitamin A as vitamin A palmitate (TD.06706)
and is equivalent to the AIN-93G rodent diet but made with vitamin free casein so that
ingredients better match the vitamin A deficient (VAD; TD.130310) diet. Females were
allowed to freely feed for 4 weeks prior to mating with Hectd1%°™* males which generally
occurred within 2 weeks of placing the females with males. Analysis of liver retinol was
done on females fed diets for 6 weeks and analyzed by HPLC by Eurofins Craft
Technologies, Inc. (www.crafttechnologies.com). Significance of differences between
groups was tested by one-way ANOVA with a post-hoc Bonferroni correction for multiple
comparisons using a web-based calculator (https://astatsa.com).

4.2 | Analysis of aortic arch and PAA phenotypes

India ink injections of E10.5 and E17.5 embryos were done as described (Sugrue et al.,
2019) using a 1:1 mixture of gelatin (Sigma) and India ink (Pelikan). Aortic arch
abnormalities and PAA phenotypes were diagnosed in consultation with two experienced
observers. Representative images were acquired using a Zeiss Lumar microscope with an
Axiocam HRc camera (Zeiss) and Axiovision (4.6) software and processed using Adobe
Photoshop (14.2). The frequency of each phenotype was calculated and statistical
significance between groups was tested by Chi? analysis using a web-based calculator
(http://www.physics.cshsju.edu/).
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FIGURE 1.
Feeding female mice a reduced vitamin A diet results in a dose dependent lowering of liver

retinol levels. 3-week-old wild type females were switched from standard mouse chow that
contains 12.9 1U/g vitamin A as retinyl acetate to purified low vitamin A (LVA) or vitamin A
deficient (VAD) diets. Another group of females were maintained on the standard chow diet
for comparison (chow). Females were allowed to freely feed for 6 weeks upon which they
were sacrificed and the liver flash frozen to be used for determination of retinol
concentration by HPLC. Retinol levels were normalized to the weight of the sample. The
number of samples per group is indicated. The significance of differences between groups
was tested by one-way ANOVA with a post-hoc Bonferroni correction and p values are
indicated as *** p< .01 or ** p< .05
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FIGURE 2.
Hypoplastic fourth PAAs with lowered maternal vitamin a intake combined with reduced

Hectd1 gene dosage. Intracardiac ink injections of E10.5 (32—-36 somite) embryos to
visualize the PAAs. (a—d) right-sided views of wild type (HectdI*'*; (a), (c) and
heterozygous (Hectd1°?™* ; (b), (d) embryos from dams fed the low vitamin a (LVA; a,b) or
vitamin a deficient (VAD; c,d) purified diets. The third, fourth, and sixth PAAs are labeled.
Arrows in panels b-d show examples of hypoplastic fourth PAAs which were found in all
groups. Scale bar in panel a represents 100 um

Genesis. Author manuscript; available in PMC 2020 February 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sugrue and Zohn Page 17

*
i *
%0 O Abnormal * *
* —
70 4 OUnilateral i
= M Bilateral
o~
& 60+ *
g *
o ¥* *
= _
g _
o 40 -
c
£ I
< I e
g 30 1]
8 o
[ — _
o
20 -
10 - |—| I
0 I
WT Raldh2”+ Hectd1°rm* Raldh2+; WT Hectd1opm* WT Hectd1°rm™
(n=16) (n=11) (n=12) Hectd1opm/+ LVA LVA VAD VAD
n=16 = — .
( ) (n=10) (n=11) (n=15) (n=12)
FIGURE 3.

Interaction between reduced vitamin a intake and Hectd1 gene dosage results in increased
incidence of unilateral and bilateral hypoplastic fourth PAAs. The percentage of embryos
with abnormal fourth PAAs (either hypoplastic or absent) from dams fed either the LA or
VAD diets are shown. White bars indicate the percentage of embryos with abnormal fourth
PAAs, gray bars the percentage of embryos with unilateral defects and black bars the
percentage with bilateral defects. For comparison, the incidence of defects in wild type,
Raldh2"!~, Hectd1%°™* and Raldh2*'~, Hectd19P™* double heterozygotes embryos from
dams fed the normal chow diet is shown as previously reported in (Sugrue et al., 2019).
Compared with wild type embryos from dams fed a normal chow diet, the incidence of
defects and bilateral defects was only significantly increased in Hecta19°™* heterozygous
embryos from dams fed a VAD diet and Raldh2!~; Hectd1°P™* double heterozygotes
embryos from dams fed the normal chow diet indicating an interaction between vitamin a
status and the Hectd genotype. The number of samples per group is indicated and the
significance of differences between groups was tested by Chi2 analysis with *** indicating p
<.01
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FIGURE 4.
Examples of normal and shortened transverse arch phenotypes. Intracardiac ink injections of

E17.5 embryos to visualize aortic arch organization in wild type (HectdI*'*; (a,b,e,f) and
heterozygous (Hectd1°?™* ; (c,d,g,h) embryos from dams fed the low vitamin A (LVA; a,b)
or vitamin A deficient (VAD; c,d) purified diets. The transverse aortic arch is the segment
between the brachiocephalic artery and left common carotid (LCC). The brachiocephalic
artery bifurcates into the right subclavian (RSC) and common carotid (RCC) arteries. The
transverse arch shows either a normal length (a,c,e,g) or is shortened (asterisk in b,d,f,h) in
all groups. Scale bar in (a) represents 500 um. R/LSA, right/left subclavian artery; R/LCC,
right/left common carotid; AA, ascending aorta; DAo, descending aorta; PT, pulmonary
trunk; DA, ductus arteriosus
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FIGURE 5.
Incidence of shortened transverse arch increases with Hectdl and vitamin A deficiency.

Percentage of E17.5 wild type (HectdI*'*) and Hectd19°™* embryos showing a shortened
transverse arch from dams fed either the LVA or VAD diets. For comparison, the incidence
of a shortened transverse arch in wild type, Raladh2+~, Hectd1°P™* and Ralah2"!~;
Hectd19°™* double heterozygous embryos from dams fed the normal chow is shown as
previously reported in (Sugrue et al., 2019). The incidence of shortened transverse arch
increases with both reduced vitamin a status and heterozygosity for the mutant Hecta7°P™
allele and results reach significance when combined in either Raldh2!~; Hectd19°™* double
heterozygotes or in Hectd1°?™* heterozygous embryos from dams fed the LVA or VAD
diets. The number of samples per group is indicated and the significance of differences
between groups was tested by Chi? analysis with * indicating p< .1 and **p< .05
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TABLE 2

Aortic arch phenotypes in E17.5 control and VAD diet embryos

Genotype
Al type
Ralan2*-
Hecta1o0m+

2 Hectd19m™* Raldh2*-
Wild type

Hectd1oPm*

Hectd1**

Hecta1o0™*

Diet

Normal chow

Normal chow

Normal chow

Normal chow

LVA
LVA
VAD
VAD

10
10
14
12

Short TA (%)
1(11)

3(30)
2(29)
4(57)

4 (40)
5 (50)
6(43)
6(50)

p-value

313
375
.049

153
.069
.106
.061

Chi?

1.02
0.788
3.88

2.04
3.32
2.61
3.50
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Note: n=number of embryos analyzed. The number embryos with a shortened transverse arch between the brachiocephalic and left common

carotid arteries (Short TA) is indicated with the percentage of the total in parentheses. p-values were calculated by Chi? for the total number of
embryos with a normal vs. shortened transverse arch compared to the wild type on normal chow. P-values that reached a significance level of p< .1

are in bold.

aData for interaction with Raldh2were previously published and shown here for comparison (Sugrue et al., 2019).
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