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Abstract

Excess retinoic acid (RA) signaling can be teratogenic and result in cardiac birth defects, but the
cellular and molecular origins of these defects are not well understood. Excessive RA signaling
can completely eliminate heart formation in the zebrafish embryo. However, atrial and ventricular
cells are differentially sensitive to more modest increases in RA signaling. Increased Hox activity,
downstream of RA signaling, causes phenotypes similar to those resulting from excess RA. These
results suggest that Hox activity mediates the differential effects of ectopic RA on atrial and
ventricular cardiomyocytes and may underlie the teratogenic effects of RA on the heart.
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Introduction

Control of exposure to retinoic acid (RA) is important for normal heart development, since
excess RA is teratogenic, resulting in cardiac defects in humans and model organisms
(Lammer et al., 1985; Mark et al., 2006; Pan and Baker, 2007). In humans, excess RA
exposure can cause retinoic acid embryopathy, which includes conotruncal malformations
such as transposition of the great vessels, double outlet right ventricle, and tetralogy of
Fallot (Lammer et al., 1985). The mechanisms underlying the teratogenic effects of RA on
the heart are not well understood.

Previous studies have led to the proposal that ectopic RA treatment promotes atrial chamber
identity at the expense of ventricular chamber identity (Hochgreb et al., 2003; Simoes-Costa
et al., 2005), suggesting a possible mechanism underlying the teratogenic effects of RA on
the ventricular and outflow regions. Multiple studies have found that addition of RA results
in smaller ventricles and larger atria in chick embryos (Osmond et al., 1991; Yutzey et al.,
1994; Hochgreb et al., 2003). Similarly, Stainier and Fishman (1992) found that addition of
ectopic RA to zebrafish embryos resulted in formation of small hearts with more atrial than
ventricular tissue. However, none of these studies resolved whether the consequences of
ectopic RA represented a transformation of ventricular cells into atrial cells.

Since RA signaling molds positional identity through regulation of Hox gene expression,
(Marletaz et al., 2006) it has also been proposed that Hox genes function in cardiac
patterning. Searcy and Yutzey (1998) found that treatment with RA can induce the
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expression of multiple Hox genes in the heart fields of chick embryos. More recently, it has
been proposed that Hox genes may be key effectors through which RA signaling restricts the
second heart field in mouse embryos (Ryckebusch et al., 2008). Despite these correlations,
the effects of increased Hox activity on the heart have not been characterized.

We sought to better understand the mechanisms underlying the teratogenic effects of ectopic
RA on the formation of atrial and ventricular chambers. Using the zebrafish embryo, we first
chose to revisit prior experiments (Stainier and Fishman, 1992), using molecular markers
and cell counting techniques that were not available when the initial work was performed.
We find that excess RA signaling results in the loss of both atrial and ventricular
cardiomyocytes, although the two lineages have differential sensitivity to levels of RA.
Strikingly, increased Hox activity mimics the effects of ectopic RA, suggesting that Hox
genes are key downstream effectors of the impact of RA on the heart. Altogether, this study
provides a new perspective on the cellular and molecular mechanisms responsible for the
teratogenic effects of RA.

Ectopic RA can eliminate both atrial and ventricular cells

We administered varying concentrations of RA to wild-type zebrafish embryos for 1 hour
beginning at the 40% epiboly stage, just before gastrulation initiates. These treatments
caused concentration-dependent posteriorization of the embryonic axis (Fig. 1A-C), in
accordance with prior studies (Stainier and Fishman, 1992; Minucci et al., 1996). Treatment
with a low concentration of RA (“low RA”) resulted in moderately posteriorized embryos
characterized by small heads and eyes (Fig. 1B). Low RA also caused loss of the anterior
hindbrain and rhombomere 3 without eliminating the midbrain-hindbrain boundary (MHB)
(JSW and DY, unpublished data), consistent with what has been shown previously for
modest increases of RA signaling (Hernandez et al., 2007). A high concentration of RA
(“high RA”) resulted in strongly posteriorized embryos characterized by tail truncation and
reduction or absence of anterior central nervous system (CNS) structures (Fig. 1C and Fig.
2B,C).

We found a variety of cardiac phenotypes in embryos treated with low RA (Fig. 3A-F). We
classified these hearts into two groups based on morphology at 48 hours post-fertilization
(hpf): “less affected” (LA) hearts with thin ventricles and dilated atria (Fig. 3B,E), and
“more affected” (MA) hearts with greatly reduced ventricles (Fig. 3C,F). Counting the
cardiomyocytes in LA hearts revealed that they had an increased number of atrial cells and a
normal number of ventricular cells, despite their dysmorphic ventricles (Fig. 3G,H). MA
hearts, however, exhibited a normal number of atrial cells and a reduction in the number of
ventricular cells (Fig. 3G,H).

Differential effects on atrial and ventricular lineages were also evident when we examined
expression of the earliest known chamber-specific genes, atrial myosin heavy chain (amhc)
and ventricular myosin heavy chain (vmhc) (Yelon et al., 1999; Berdougo et al., 2003).
Although we cannot distinguish LA from MA hearts prior to chamber formation, we found
that low RA treatment increased the amount of amhc-expressing cells (Fig. 4A,D,G,H),
without significantly disrupting the amount of vmhc-expressing cells (Fig. 4B,E,G,H).
Additionally, we observed aberrant organization of vmhc-expressing cells in RA-treated
embryos (Fig. 4B,E). Normally, vmhc-expressing cells encircle the endocardial precursors
(Fig. 4B,C) (Stainier et al., 1993; Yelon et al., 1999; Holtzman et al., 2007), but these
precursors appeared absent in RA-treated embryos (Fig. 4E,F). The endocardial progenitors
arise from the region adjacent and anterior to the cardiac progenitors in the anterior lateral
plate mesoderm (ALPM) at the 8 somite stage (Schoenebeck et al., 2007). This loss of
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endocardial cells at the 22 somite stage correlates with the reduced expression and anterior
shift of the ALPM markers hand2 and gata4 in RA-treated embryos at the 8 somite stage
(Fig. 5A,B,G,H).

High RA treatment caused more dramatic cardiac phenotypes: 100% (22/22) of embryos
lacked hearts at 48 hpf, 100% (14/14) lacked gata4 expression (Fig. 51), and 70% (14/20)
lacked hand?2 expression in the ALPM at the 8 somite stage (Fig. 5C). In high RA-treated
embryos, both atrial and ventricular cardiomyocytes were absent at the 20—22 somite stage:
73% (11/15) lacked amhc expression, and 97% (36/37) lacked vmhc expression. Together,
these results suggest that moderate increases in RA signaling eliminate portions of the
ALPM while having differential effects on atrial and ventricular cells and that high increases
in RA signaling can eliminate both atrial and ventricular cells.

Increased Hox activity mimics the effects of RA treatment

To examine the effects of increased Hox activity on the heart, we overexpressed zebrafish
Hoxb5b. While overexpression of a number of hox genes may have essentially equivalent
effects (Bruce et al., 2001; Shimizu et al., 2006; Rohrschneider et al., 2007), we selected
hoxb5b because its expression is positively regulated by and is likely a direct target of RA
signaling (Jarinova et al., 2008; Waxman et al., 2008), as is the case for its mammalian
ortholog hoxb5 (Sharpe et al., 1998; Oosterveen et al., 2003). Injection of mMRNA encoding
either wild-type hoxb5b or a hyperactive VP16-tagged hoxb5b (vp-hoxb5b) (Waxman et al.,
2008) resulted in phenotypes reminiscent of RA treatment (Fig. 1). Injection of hoxb5b
MRNA (150 pg) resulted in embryos with reduced or absent anterior heads (Fig. 1D,E).
Furthermore, injection of hoxb5b mRNA caused loss of rhombomere 3 (Fig. 2A,D),
consistent with what has been shown previously for hoxb5b overexpression (Bruce et al.,
2001) and similar to what is observed for low RA treatment (JSW and DY, unpublished
data; Hernandez et al., 2007). Injection of 30 pg of vp-hoxb5b mRNA resulted in loss of
anterior head without significant tail shortening (Fig. 1F), comparable to 150 pg of hoxb5b
mRNA. However, 60 pg of vp-hoxb5b mRNA caused shortening of the body axis,
reminiscent of high RA treatment (Fig. 1G). In addition to the general morphological
phenotypes at later stages, higher amounts of vp-hoxb5b mRNA caused phenotypes ranging
from an expansion of the posterior hindbrain to almost complete loss of anterior CNS
markers (Fig. 2E,F), trends reminiscent of high RA treatment (Fig. 2B,C). Despite the
similarity of effects on CNS markers and the shortened body axis observed later, embryos
injected with hoxb5b or vp-hoxb5b mRNA typically did not have elongated bodies at the 8
somite stage, as was observed in RA-treated embryos (Fig. 2B—F). Therefore, increased Hox
activity can phenocopy many of the general body axis and CNS defects caused by ectopic
RA.

Increased Hox activity reduces the numbers of atrial and ventricular cells

Examination of the hearts of hoxb5b-injected embryos revealed dysmorphic and small
ventricles with relatively normally sized atria (Fig. 6B,D,E), comparable to the features of
MA hearts (Fig. 3F,G,H). Similar effects on ventricular and atrial populations were reflected
by the vmhc and amhc expression patterns in hoxb5b-injected embryos at the 20-22 somite
stage (Fig. 7B,E,G,H). However, at the 8 somite stage, gata4 and hand2 expression were
relatively unaffected, though hand2 was occasionally located slightly more anteriorly than in
wild-type embryos (Fig. 5A,D,G,J). Embryos injected with either 30 or 60 pg vp-hoxb5b
mMRNA exhibited more severe cardiac reduction. At the 8 somite stage, hand2 expression
was shifted anteriorly or eliminated (Fig. 5E,F) and gata4 expression was reduced or
eliminated (Fig. 5K,L), which was highly reminiscent of the effects of RA treatment (Fig.
5B,C,H,I). However, relative to high RA treatment, hearts were less frequently eliminated in
embryos injected with 60 pg vp-hoxb5b mRNA, despite their severe posteriorization: 73%
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(12/15) of embryos injected with 60 pg of vp-hoxb5b mRNA had hearts. Despite the lesser
potency of vp-hoxb5b mRNA to completely eliminate the hearts, the number of cells in both
chambers was severely reduced at all stages examined (Fig. 6C,D,E and Fig. 7C,F). Thus,
our results suggest that atrial and ventricular cardiomyocytes are differentially sensitive to
increased Hox activity, although excessive Hox activity can reduce the numbers of both cell
types. Together, these phenotypes mimic the effects of ectopic RA on the heart.

Discussion

Our results demonstrate that excess RA signaling causes differential effects on atrial and
ventricular cells, trends mimicked by increased Hox activity. High RA treatment can
eliminate both atrial and ventricular cells, although ventricular cells are more susceptible to
these concentrations of ectopic RA. These observations are consistent with a role of RA
signaling in limiting the number of cardiomyocytes (Keegan et al., 2005; Ryckebusch et al.,
2008; Waxman et al., 2008). Low RA treatment also appears to affect ventricular and atrial
populations independently: it can cause a mild phenotype featuring an expansion of atrial
cells without a reduction of ventricular cells or a stronger phenotype featuring a loss of
ventricular cells without much effect on atrial cells. Importantly, neither trend supports the
previously suggested role of RA in promoting atrial identity through transformation of
ventricular identity (Hochgreb et al., 2003; Simoes-Costa et al., 2005).

Hox genes have been suggested as the key downstream effectors of RA signaling during
cardiac patterning (Searcy and Yutzey, 1998; Ryckebusch et al., 2008). In support of this
hypothesis, we recently found that hoxb5b is required downstream of RA signaling to
restrict cardiac cell number in zebrafish: hoxb5b expression is positively regulated by RA
signaling, and loss of hoxb5b function results in the formation of too many atrial
cardiomyocytes (Waxman et al., 2008). Here, through overexpression experiments, we
demonstrate that the effects of increased hoxb5b activity are remarkably similar to those of
increased RA signaling. In addition to affecting cardiac cell number, both increased Hox
activity and increased RA signaling reduce or eliminate the expression of ALPM markers.
The anterior shift of ALPM marker expression observed in some embryos is reminiscent of
trends reported for RA-treated Xenopus embryos, which display hearts shifted toward the
anterior (Collop et al., 2006).

With respect to the effects of increased Hox activity on the individual chambers, modest
increases in Hoxb5b activity reduce ventricular cell number, whereas further increases in
Hoxb5b activity reduce the numbers of both atrial and ventricular cells. While we did not
find that hoxb5b mRNA injection could increase atrial cell number, the differences between
the consequences of increased RA signaling and Hoxb5b activity could be due to technical
distinctions between the effectiveness of RA exposure and RNA injection. Additionally, it is
important to keep in mind that RA signaling regulates numerous hox genes (Marletaz et al.,
2006; JSW and DY, data not shown). Overexpression of some of these hox genes has
posteriorizing effects on the CNS, similar to the effects of overexpressing hoxb5b (Bruce et
al., 2001; Shimizu et al., 2006; Rohrschneider et al., 2007). While it is feasible that the
consequences of overexpression of one hox gene are overtly equivalent to overexpression of
multiple hox genes, it is also possible that increasing the expression of multiple hox genes
simultaneously has subtly different teratogenic effects than overexpression of a single hox
gene. Therefore, we speculate that the full spectrum of teratogenic effects of increased RA
signaling is due to increased activity of multiple Hox proteins.

Despite the similarities of ectopic RA signaling and Hox overexpression, it is important to
recognize that neither represents the inverse of the respective loss of function. In zebrafish,
loss of RA signaling results in increased numbers of both atrial and ventricular cells
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(Waxman et al., 2008), and the highest increases in RA signaling can eliminate both of these
cell types. However, moderate increases in RA signaling do not follow this trend and can
differentially affect atrial and ventricular lineages, increasing atrial but not ventricular cell
number. With respect to Hox activity, we have found in loss-of-function experiments that
hoxb5b is required to restrict atrial cell number (Waxman et al., 2008), yet increasing Hox
activity can eliminate both atrial and ventricular cells. Together, these data suggest that the
mechanisms of the teratogenic effects of increased RA signaling may be different than the
inverse of the endogenous requirements for RA signaling. One potential reason for this
mechanistic difference could be autonomous affects of increased RA and Hox activity on
cardiac progenitors compared to non-autonomous requirements of RA signaling and an
effector like hoxb5b (Waxman et al., 2008). The notion that the teratogenic molecular
mechanism of increased RA signaling may not reflect the inverse of the requirement for
endogenous RA signaling is compatible with a number of other studies of RA signaling
during mouse development, such as those examining the pharynx (for review see Mark et
al., 2006).

The lack of inverse relationship between the teratogenic effects of ectopic RA and the
endogenous requirements for RA is also evident in the endocardium. While moderate
increases in RA signaling seem to eliminate the endocardium, loss of RA signaling does not
create an obvious excess of endocardium (JSW and DY, unpublished data) nor does it affect
the number of endocardial progenitor cells (Keegan et al., 2005). The loss of endocardial
cells may be connected to the loss of anterior tissues caused by ectopic RA signaling and
Hox activity, since endocardial progenitors originate from the most anterior portion of the
ALPM (Schoenebeck et al., 2007). However, we cannot rule out the possibility that ectopic
RA signaling affects the ability of the endocardial progenitors to migrate to the embryonic
midline, instead of inhibiting their specification.

Altogether, this study provides new suggestions regarding the cellular and molecular
mechanisms responsible for the teratogenic effects of ectopic RA. Recent studies in mice
have indicated that RA signaling is required to restrict the size of the second heart field,
while not having the same impact on the primary heart field (Ryckebusch et al., 2008; Sirbu
et al., 2008). It is therefore tempting to speculate that the differential sensitivity of cardiac
lineages to increased RA signaling could also be a conserved property. The differential
sensitivity of ventricular and atrial lineages to RA in zebrafish might relate to the particular
sensitivity of the conotruncal region to RA exposure in humans (Lammer et al., 1985).
Furthermore, we propose that dysregulated Hox activity may be an underlying cause of RA-
induced cardiac teratogenicity.

Experimental Procedures

RA treatments

We define a low concentration of all-trans-RA (R2625, Sigma) as 0.1 uM and a high
concentration as 0.3 uM. Groups of 25-30 embryos at 40% epiboly were treated with RA
for 1 hour under low light in glass vials. This method of treatment causes similar phenotypes
to continuous treatment with RA, but phenotypes induced by continuous treatment are more
severe (JSW and DY, unpublished data).

In situ hybridization, immunofluorescence and cell counting

In situ hybridization for atrial myosin heavy chain (amhc) and ventricular myosin heavy
chain (vmhc) was performed as previously described (Berdougo et al., 2003). pax2a, krox20/
egr2b, myod, hand2, and gata4 probes have been reported previously (Oxtoby and Jowett,
1993; Strahle et al., 1993; Weinberg et al., 1996; Serbedzija et al., 1998; Yelon et al., 2000).
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Immunofluoresence and cell counting were done as previously described (Waxman et al.,
2008). For area measurements and cell counts, embryos were compared to control siblings
processed simultaneously. Control values in Figures 3 and 4 were also reported previously
(Waxman et al., 2008), because experiments here were performed in tandem with those prior
experiments.

Embryo injections

Zebrafish embryos were injected at the one cell stage with capped mRNA made with a
Message Machine Kit (Ambion). Both hoxb5b and vp-hoxb5b were cloned into pCS2p+ as
previously described (Waxman et al., 2008).
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Figure 1.

Increased RA signaling and Hox activity cause similar body axis phenotypes. (A) Wild-type
embryo. (B) Low RA causes reduction of anterior head. (C) High RA causes loss of anterior
head and tail truncation. (D and E) Injection of 150 pg of hoxb5b mRNA causes reduction or
loss of anterior head. (F) 30 pg of vp-hoxb5b mRNA causes loss of anterior head. (G) 60 pg
of vp-hoxb5b mRNA causes loss of anterior head and tail truncation. All images are at 48
hpf with anterior to the left. Arrows indicate reduced head and eyes. Arrowheads indicate
loss of anterior head. Scale bar equals 100 pM.
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Figure 2.

Increased RA signaling and Hox activity have similar effects on the anterior CNS. (A-F) In
situ hybridizations at the 8-somite stage with a cocktail (cktl) of probes including pax2a (eye
and MHB), krox-20/egr2b (rhombomeres 3 and 5), and myod (somites). (B,C,E,F) High RA
treatment (HRA) or injection with 60 pg of vp-hoxb5b mRNA cause severe posteriorization
phenotypes that vary between individual embryos. (B,E) High RA treatment and 60 pg vp-
hoxb5b mRNA injection can truncate the anterior CNS, eliminate the MHB, and
dramatically expand the posterior hindbrain. (C, F) High RA treatment and 60 pg vp-hoxb5hb
mMRNA injection can also dramatically reduce or eliminate anterior CNS markers. (D) 150
pg hoxb5b mRNA injection causes loss of rhombomere 3, consistent with what has been
shown previously for hoxb5b mRNA injection and for modest increases in RA signaling
(Bruce et al., 2001; Hernandez et al., 2007). All images are lateral views, with dorsal to the
right and anterior up. Arrows in A and D indicate MHB. Arrowheads in A indicate
rhombomeres 3 and 5. Arrowheads in B, D, and E indicate rhombomere 5.
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Figure 3.

Excess RA signaling independently affects atrial and ventricular cell number. (A-C) Lateral
views of hearts at 48 hpf; red and green outlines indicate ventricle and atrium, respectively.
(D-F) Frontal views of Tg(cmlc2:DsRed2-nuc) (Mably et al., 2003) hearts, displaying
nuclear DsRed in all cardiomyocytes, with Amhc immunofluorescence (green). (G) Mean
(=SD) number of atrial and ventricular cardiomyocytes. WT, n=22; LA, n=45; MA, n=26.
(H) Fold difference of the means in G. Asterisks indicate statistically significant differences
from WT (p<0.005, Student’s t-test).
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Figure 4.

Low RA treatment can cause an increase in amhc expression. (A—F) In situ hybridizations at
the 20 somite or 22 somite stage; dorsal views, anterior up. Arrow in C indicates endocardial
precursors. (G) Mean (xSD) of areas of amhc and vmhc expression. WT amhc, n=43; WT
vmhc, n=31; low RA amhc, n=18; low RA vmhc, n= 25. (H) Fold difference in means in G.
Asterisk indicates statistically significant differences from WT (p<0.005, Student’s t-test).
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Figure 5.

Increased RA signaling and Hox activity have similar effects on the ALPM. (A-L) In situ
hybridizations of hand2 (A-F) and gata4 (G-L) in RA-treated, hoxb5b mRNA-injected, and
vp-hoxb5b mRNA-injected embryos at the 8 somite stage. (D) 150 pg hoxb5b mRNA
injection can cause a slight anterior shift in hand2 expression in the LPM. (B,E,H,K) Low
RA (LRA) treatment or injection of 30 pg of vp-hoxb5b mRNA can shift hand2 anteriorly
and reduce the length of gata4 expression. The uneven effects on either side of the embryo
are likely due to mosaic distribution of the injected mRNA. (C,F,I,L) High RA (HRA)
treatment or injection of 60 pg of vp-hoxb5b mMRNA can eliminate hand2 and gata4
expression. All views are dorsal with anterior up. Asterisks indicate the anterior head.
Arrowheads indicate the anterior and posterior borders of expression in the LPM.
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Figure 6.

Increased Hox activity reduces atrial and ventricular cell number. (A—C) Hearts from WT,
hoxb5b mRNA-injected (150 pg), and vp-hoxb5b mRNA-injected (60 pg) embryos. (D)
Mean (£SD) number of atrial and ventricular cardiomyocytes. WT, n=25; hoxb5b mRNA,
n=30; vp-hoxb5b mMRNA, n=42. (E) Fold difference of means in D. Asterisks indicate
statistically significant differences from WT (p<0.005, Student’s t-test). All views and
graphs are as presented in Fig. 3.
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Figure 7.

Increased Hox activity reduces amhc and vmhc expression. (A-F) Cardiomyocytes from
WT, hoxb5b mRNA-injected (150 pg), and vp-hoxb5b mRNA-injected (60 pg) embryos. (G)
Mean (+SD) of areas of amhc and vmhc expression. WT amhc, n=48; hoxb5b mRNA amhc,
n=53; WT vmhc, n=59; hoxb5b mRNA vmhc, n=53. (H) Fold difference of means in G.
Asterisk indicates statistically significant difference from WT (p<0.005, Student’s t-test).
All views and graphs are as presented in Fig. 4.
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