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4Laboratoire d’Hydrodynamique, CNRS, École polytechnique, Institut Polytechnique de Paris, 91120 Palaiseau, France
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SUMMARY
Despite their burden, most congenital defects remain poorly understood, due to lack of knowledge of embry-
ological mechanisms. Here, we identify Greb1l mutants as a mouse model of crisscross heart. Based on 3D
quantifications of shape changes, we demonstrate that torsion of the atrioventricular canal occurs together
with supero-inferior ventricles at E10.5, after heart looping. Mutants phenocopy partial deficiency in retinoic
acid signaling, which reflect overlapping pathways in cardiac precursors. Spatiotemporal gene mapping and
cross-correlated transcriptomic analyses further reveal the role ofGreb1l in maintaining a pool of dorsal peri-
cardial wall precursor cells during heart tube elongation, likely by controlling ribosome biogenesis and cell
differentiation. Consequently, we observe growth arrest and malposition of the outflow tract, which are pre-
dictive of abnormal tube remodeling in mutants. Our work on a rare cardiac malformation opens novel per-
spectives on the origin of a broader spectrum of congenital defects associated with GREB1L in humans.
INTRODUCTION

Tubes are basic structural components of several organs, trans-

porting metabolites. Yet, they acquire specific shapes for spe-

cific functions. The heart initially forms as a straight tube in the

early embryo, sustaining a single blood flow. Cardiac regions

are added sequentially along the tube axis, so that emergence

of the double blood circulation during mammalian development

is associated with remodeling of the heart tube. An important

step is the looping of the heart tube, which positions cardiac

chambers, before the partitioning of the left and right car-

diac flows.1

Failure to establish the double blood circulation during devel-

opment is a life-threatening condition, by impairment of the over-

all blood oxygenation level. Collectively congenital heart defects

are common, affecting 1% of births, but individually may corre-

spond to rare disorders, requiring expert diagnosis. Currently,

most structural congenital heart defects have an unknown ge-
Developmenta
netic origin.2 Crisscross heart is an example of a very rare

congenital heart defect (frequency of 1/125,000 births), with un-

known genetic and embryological origins.3 Crisscross heart is

defined by abnormal atrioventricular connections, such that

the mitral and tricuspid valves are not localized on the same

plane, resulting in crossing of the left and right blood flows.4

Crisscross heart is almost always associated with other cardiac

defects, including malalignments (supero-inferior ventricles,

malposition of the great arteries such as double outlet right

ventricle), and right-sided obstruction (pulmonary stenosis, right

ventricle hypoplasia).5–7 Based on anatomical observations, it

has been hypothesized (1) that crisscross heart results from a

twist of ventricles following septation4,5,8 or (2) that ventricle

malposition reflects defective heart looping.9,10 Yet, these hy-

potheses have never been tested experimentally, by lack of an

animal model.

Remodeling of the heart tube has been investigated in animal

models. Shape changes are concomitant with the elongation of
l Cell 58, 2217–2234, November 6, 2023 ª 2023 Elsevier Inc. 2217
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the tube, by ingression of heart precursors at both poles. In the

mouse, elongation of the tube occurs, while the distance be-

tween the poles remains fixed. This is the basis of a buckling

mechanism, central to the process of heart looping at E8.5,

thus highlighting the importance of mechanical constraints.11

Cell ingression continues after heart looping and is important

for the elongation of the outflow tract.12,13 However, how this

later ingression affects the shape of the whole heart tube has

been overlooked. Cell ingression is coupled with cell differentia-

tion: the heart tube is composed of amyocardium layer, whereas

cells in continuity with the tube, in the dorsal pericardial wall, are

a reservoir of undifferentiated cardiac precursors, referred to as

the second heart field.14Markers associatedwith cardiomyocyte

differentiation are now extensively documented by recent

profiling of single embryonic cardiac cells.15,16 Based on clonal

analyses and genetic tracing, the progressive ingression of cells

fated to specific cardiac regions has been reconstructed17: the

posterior second heart field, for example, contributes to both

poles of the heart, including the atria and the inferior outflow

tract, the source of the pulmonary trunk.18,19 Cell ingression

and heart tube elongation are regulated by multiple factors,

including cardiomyocyte differentiation factors, cell proliferation

factors, as well as regulators of epithelial architecture.12,20–22

Cell ingression is also modulated by patterning cues, which pro-

vide dynamic positional information at specific stages. For

example, transient Nodal signaling in the left heart field biases

cell behavior to control the asymmetric remodeling of the heart

tube during heart looping.23 Retinoic acid (RA), a metabolite of

vitamin A, patterns the heart field in the antero-posterior axis

and controls its size, with a dose-sensitive effect.24–26

Greb1l has been identified in embryonic stem (ES) cells as a

target of RA, activated upon RA stimulation.27 In humans,

GREB1L is associated with a broad spectrum of congenital de-

fects, including renal agenesis, hearing impairment, thymic, gen-

ital, and skeletal anomalies28: 49 de novo or inherited deleterious

dominant alterations of GREB1L have been identified, underlin-

ing its importance as a disease-causing gene. In the mouse,

knockout of Greb1l is homozygous lethal at fetal stages, repro-

ducing several human defects, with additional defects in the

heart and brain.29 GREB1L has no characterized function, but

its paralogue GREB1 has been shown to have glycosyl-trans-

ferase activity.30 Thus, pathological mechanisms upon Greb1l

inactivation have remained enigmatic, by lack of knowledge of

its function, as well as of the cells in which it is active.

Here, we identify Greb1l mutants as a mouse model of criss-

cross heart with supero-inferior ventricles. Based on quantitative
Figure 1. Quantification of structural heart defects in Greb1l mouse m

(A and B) 3D segmented heart from HREM in controls (A) and Greb1l�/� mutants

(C) 3D segmented heart from a patient CT-scan with crisscross heart and super

(D and E) Schema of the structure of crisscross heart (E) compared with normal

(F and G) Coronal sections of control (F) and Greb1l mutant (G) hearts, showing

nections.

(H) Quantification of the angle between the left and right atrioventricular (AV) valv

(I) Quantification of the angle between the interatrial (IAS) and interventricular (IVS

Greb1l+/+, 8 Greb1l�/�, 5 control patients, 6 diseased patients).

(J) 3D coordinates of the RV/LV axis inmice and patients displaying crisscross hea

deviations are shown. A, anterior; Ao, aorta; D, dorsal; L, left; LA, left atrium; LV,

right; RA, right atrium; RV, right ventricle; V, ventral.

See also Videos S1 and S2.
analyses of gene expression and shape changes, taking into ac-

count the spatiotemporal dynamics, we address the embryolog-

ical origin of crisscross heart. Our results demonstrate that

Greb1l is not required for heart looping, but for outflow tract

growth thereafter, thus maintaining the overall heart tube shape.

With tailored transcriptomic analyses, we further show that

Greb1l is required tomaintain a pool of cardiac precursors, regu-

lating not only cardiomyocyte differentiation but also ribosome

biogenesis. We find that Greb1lmutants phenocopy partial defi-

ciency in RA signaling, without any obvious interaction with it.

Overall, our work identifies Greb1l as a genetic determinant of

crisscross heart in mice and unravel pathological mechanisms,

potentially relevant to other congenital defects.

RESULTS

Greb1l mouse mutants model human crisscross heart
We analyzed in more detail Greb1l mouse mutants, which were

previously reported to have heart defects with chamber mala-

lignment.29 Greb1l�/� fetuses were collected at E13.5, before

lethality and at the end of ventricular septation.31 In 3D images

of the heart, we observed an abnormal supero-inferior (i.e., cra-

nio-caudal) position of the ventricles, compared with the left-

right position in controls (Figures 1A and 1B; Video S1). The atria

were normally positioned and atrioventricular connections

crossed each other (Figures 1F and 1G). The aorta and pulmo-

nary trunk were correctly septated but parallel and both con-

nected to the right ventricle (Figures 1A, 1B, 1F, 1G, S1N, and

S1O; Video S2), indicative of double outlet right ventricle with

full penetrance. Crossing of atrioventricular connections is a

very rare feature of congenital heart defects, diagnostic of criss-

cross heart (Figures 1D and 1E), not reported in heterotaxy,32

which is classically associated with cardiac chamber malalign-

ment. Since crisscross heart has never been reported in mice,

we quantified the heart structure comparatively inGreb1lmouse

mutants and patients with the same phenotype, i.e., crisscross

heart with supero-inferior ventricles (Figure 1C). The planes of

the left and right atrioventricular valves were found at a 74� ±

10� angle in Greb1l mouse mutants, which is non-significantly

different from the 57� ± 17� angle in diseased patients, and

significantly different from the null value in both mouse and pa-

tient controls (Figure 1H). Consistently, the planes of the intera-

trial and interventricular septa were found at an average 60�

angle in Greb1l mouse mutants and 68� in diseased patients,

whereas they are parallel in control hearts (Figure 1I). Finally,

the 3D orientation of the right ventricle-left ventricle axis was
utants at E13.5 by comparison with human crisscross heart

(B) in ventral (A1–B1), left- (A2–B2), and right-side (A3–B3) views.

o-inferior ventricles.

(D).

atrioventricular (arrows, F1–G2) and ventriculo-arterial (arrows, F3–G3) con-

es in mouse and patient hearts.

) septa in mouse and patient hearts. ***p value < 0.001 (one-way ANOVA, n = 4

rts with supero-inferior ventricles comparedwith controls. Means and standard

left ventricle; n, number of observations; P, posterior; PA, pulmonary artery; R,
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quantified in the endogenous context of the thoracic cavity. In

both Greb1l mouse mutants and diseased patients, the ventri-

cles clearly aligned with the cranio-caudal axis, as distinct

from control hearts (Figure 1J). We have thus identified a mouse

model of the crisscross heart disease, with a full penetrance,

opening the possibility to investigate the etiology of this poorly

understood congenital heart defect.

Greb1l is expressed in cardiac precursors
Despite the involvement of GREB1L in several congenital de-

fects,28 its expression profile during development has been

poorly characterized. We imaged this in 3D at sequential stages

of heart development. In addition to expression in the neural

tube, endoderm, and posterior paraxial mesoderm, we detected

Greb1l in the lateral plate mesoderm, including cardiac cells,

from the late headfold stage (Figures 2A and 2B; Video S3 and

data not shown). Cardiac expression is transient, maximal at

E8.5c,d, and by E9.5, it was no longer discernible (Figures 2B–

2D). Within the forming heart tube, Greb1l was expressed in

the myocardium and endocardium (Figures 2B4–2C4). However,

expression was found 7-fold higher in the heart field compared

with the heart tube (Figure 2E). These observations are sup-

ported by published single-cell transcriptomics of cardiac

cells,15 where Greb1l levels are higher in myocardial precursor

clusters Me5 (juxta-cardiac field) and Me7 (second heart field)

and higher at crescent stages. Compared with Greb1l-negative

cells, Greb1l-positive cells in Me3–Me7 clusters show increased

proliferation capacity, with a lower proportion of cells in G1 (Fig-

ure 2F). We identified the genes that significantly correlated with

variations in Greb1l expression levels in the single-cell dataset.

The top genes most significantly negatively correlated with

Greb1l correspond to the cardiomyocyte differentiation genes

Actc1, Myl4/7, Tmp1, Tnnt2, and Tnni1 (Figure 2G). Overall, we

conclude that Greb1l is expressed in early cardiac precursors,

before and at the time of heart tube formation.

Greb1l is not required for heart looping
We noticed similarities betweenGreb1l and Nodal23: both genes

are expressed in cardiomyocyte precursors before the formation

of the heart tube, and both are required for ventricle position. We

thus hypothesized that Greb1l could be required, similar to

Nodal, for heart looping, the process during which the right

ventricle, initially formed cranially, acquires its position on the

right side of the left ventricle. We quantified in Greb1l mutants

the 3D shape of the heart tube at E9.5, when heart looping is

complete in controls. We observed a right-sided position of the

right ventricle in E9.5 mutants (Figures 3A and 3B; Video S4),

not significantly different from controls (Figure 3G), as well as

normal patterning of the heart tube, as seen with the cardiac

chamber marker Nppa (Figures 3C and 3D) and left markers

Wnt11 andBmp2 (Figures 3E and 3F).We have shown previously

that heart looping results from a buckling mechanism11: the

associated parameters of heart tube length and distance be-

tween the poles did not significantly change in Greb1l mutants

at E9.5 (Figures 3H–3J). In an independent mutant line that tar-

gets a different exon, Greb1lex17/ex17, we again did not detect

anomalies of heart looping (Figures S1A and S1D). Taken

together, our 3D analyses show that Greb1l is not required for

heart looping.
2220 Developmental Cell 58, 2217–2234, November 6, 2023
Greb1l is required to maintain ventricle position after
heart looping
Given the correct position of ventricles in the embryonic E9.5

heart tube of Greb1l mutants, we analyzed the kinetics of heart

shape changes until the crisscross heart phenotype seen at

E13.5. We observed a dramatic change at E10.5, with no further

deterioration at subsequent stages (Figures S1F–S1O). This ki-

netics was similarly observed in the two mutant lines, with

100% penetrance (Figures S1A–S1E). At E10.5, the ventricles

of Greb1l mutants have become supero-inferior (Figures 3K,

3L, and 3Q; Video S5), whereas patterning of the heart, with

the cardiac chamber marker Nppa (Figures 3M and 3N) and

left marker Pitx2 (Figures 3O and 3P) was unaffected. Thus,

Greb1l is required to maintain ventricle position after heart loop-

ing, without affecting heart tube patterning.

Growth arrest of the outflow tract and reduction of pole
distance are predictive of ventricle position
Changes in ventricle position inGreb1lmutantswas accompanied

by additional defects at E10.5. The distance between the heart

tube poles was significantly reduced in Greb1l mutants, in both

the left-right and cranio-caudal axes (Figures 4A and 4B). The

heart tube length was significantly decreased, as a result of a sig-

nificant shortening of the outflow tract (Figures 4C and 4D),

whereas the rest of the tube had a constant length (888 ±

175 mm in 6 controls compared with 841 ± 95 mm in 8 mutants,

p = 0.5, t test). Cushions of the atrioventricular canal, which are

parallel and supero-inferior in control hearts, had a spiraling

pattern in Greb1l mutants (Figures 4E and 4F). Spiraling of cush-

ions is normally a feature of the outflow tract,33 reflecting its right-

ward rotation.34Wedetect here an exceptional case of spiraling of

atrioventricular cushions, which thus indicates abnormal leftward

rotation of the atrioventricular canal inGreb1lmutants. Given that

cushions are precursors of the valves, rotation of atrioventricular

cushions is consistent with the later phenotype of crisscross

heart. Finally, outflow cushions, had spiraling defects in Greb1l

mutants (absence of spiraling or abnormal direction of rotation,

n = 5) (Figures S1P–S1U). Outflow tract defects (shortening and

abnormal spiraling) are consistentwith the later phenotype of dou-

ble outlet right ventricle.

To understand the mechanism of abnormal ventricle position,

we investigated which geometrical parameters were more

closely associated with ventricle position, using a generalized

linear model. The standardized Akaike information criterion

(AIC), which measures the quality of alternative predictive

models, was best when we considered both the outflow tract

length and the left-right distance between the heart tube poles

as predictive variables (Figure 4G) and indeed was very close

to the AIC of a reference model using the genotype as a variable.

We then analyzed the kinetics of these parameters in relation to

ventricle position. Between E9.5 and E10.5, whereas the outflow

tract grows 2-fold in control hearts (325 ± 112 mm in n = 8 E9.5

compared with 644 ± 116 mm in n = 6 E10.5, p < 0.0001,

t test), growth was completely arrested in Greb1l mutants

(309 ± 112 mm in 7 E9.5 compared with 380 ± 62 mm in 9

E10.5, p = 0.13, t test) and the length of the OFT at E10.5 was

a strong linear predictor (R2 = 0.75) of ventricle position

(Figures 4H–4J). During the same time window, the left-right dis-

tance between the heart tube poles, which tends to be stable in



Figure 2. Expression pattern of Greb1l at E8.5

(A–C) Expression ofGreb1l (white) detected by whole-mount RNAscope ISH in control embryos at E8.5c (A), E8.5d (B), and E8.5j (C), shown in a ventral view (A1–

C3) and in transversal sections (A4–C4) at the levels indicated in (A3)–(C3). Segmentation of cardiac tissues is indicated in (A2)–(C2), including the heart field

(white) and heart tube (red). Expression of Greb1l within the segmented domains is shown in (A3)–(C3), with the same color code.

(D) Expression of Greb1l at E9.5 in serial transverse sections, from anterior to posterior (n = 3). Arrows point to the negative heart field. Asterisks, unspecific

aggregates.

(E) Corresponding quantification of the relative expression of Greb1l in the heart field and heart tube at the indicated stages (n = 4 E8.5d, 5 E8.5e,f). Means and

standard deviations are shown.

(F) Fraction of wild-type embryonic cardiac cells15 assigned transcriptionally to the different cell cycle phases (n = 1,383 Greb1l+ and 485 Greb1l� cells).

***p < 0.001 (chi-squared test).

(G) Volcano plot for co-expression analysis withGreb1l expression levels. Spearman correlation between genes of the dataset,15 andGreb1l expression levels in

single embryonic cardiac cells is represented against its significance (n = 1,868 cells, Benjamini-Hochberg-corrected p value < 0.05 in brown and >0.05 in green).

AVC, atrioventricular canal; e, endoderm; FDR, false discovery rate; LA, left atrium; LV, left ventricle; NT, neural tube; OFT, outflow tract; pm, paraxial mesoderm;

RA, right atrium; RV, right ventricle.

See also Video S3.
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control hearts, was significantly reduced in Greb1l mutants, this

distance being also a linear predictor of the ventricle position,

although to a lesser extent (R2 = 0.37) (Figures 4K–4M).

Our quantitative anatomical analyses, together with the obser-

vations that Greb1l is mainly expressed outside the heart tube

and that the heart tube is patterned normally in the mutant, sug-

gest a mechanical process of ventricle malpositioning. We pro-

pose amodel in which differential growth in the outflow tract rela-

tive to the rest of the heart tube, as well as reduction of pole

distance, exert a constraint, which pulls the tube toward the arte-

rial pole. Since the atrioventricular canal is the section of the

heart tube with the least resistance to torsion (Figure 4N), pulling

would result in twisting at the atrioventricular canal (Figure 4O).

Greb1l mutants phenocopy partial RA deficiency
Greb1l has been shown previously to be a direct target of RA re-

ceptors27 and RA signaling is required for outflow tract

growth.26,35,36 These led us to investigate the relationship be-

tweenGreb1l and RA signaling. We first analyzed the expression

pattern of Greb1l relative to that of Aldh1a2, encoding the main

RA synthesizing enzyme, and of the transgenic reporter RARE-

lacZ. In the heart field, Aldh1a2 was expressed in the most pos-

terior third, overlapping with Greb1l, which covers the whole

heart field (Figure S2B). RARE-lacZ extended more anteriorly

over two-thirds, also overlapping with Greb1l (Figure S2A). This

indicates that Greb1l is expressed within the RA responsive

domain but also extends more broadly. Genetic tracing with

either RARE-lacZ or RARE-CreERT2;R26mTmG/+ shows that RA

responsive cells are fated to the outflow tract myocardium at

E8.5j–E9.5, in addition to that of the atria (Figures S3A–3D).

We then investigated whether RA signaling is affected in

Greb1l mutants, using canonical transcriptional readouts.

Abnormal patterning of rhombomeres in Greb1l mutants

(Figures S3E–S3H), in which rhombomere 4 is present but poste-

riorized, is a characteristic signature of partial RA deficiency

seen in Hnf1b and Rdh10 mutants,37,38 in contrast to the loss

of rhombomere 4 upon complete RA deficiency in Aldh1a2 mu-

tants.39 Within the cardiac region, the expression profile of two

RA responsive genes, Tbx5 and Fgf8,40–43 were expanded pos-

teriorly in Greb1l mutants compared with control embryos

(Figures S2D–S2G). This abnormal molecular patterning pheno-

copies RA deficiency in Aldh1a2 and Rdh10 mutant em-

bryos.40,41,43 At a morphological level, complete RA deficiency

in Aldh1a2 mutants is more severe than Greb1l mutants: earlier
Figure 3. Geometry and patterning of the heart tube in Greb1l mutant

(A and B) 3D segmented heart at E9.5 in controls (A) andGreb1l�/�mutants (B), sh

the midline reference axis.

(C and D) In situ hybridization of Nppa, labeling cardiac chambers, in controls (C

(E and F) HREM coronal (E1–F1) and transverse (E2–F2) sections of controls (E, n

Bmp2 is in red, the histology in gray.

(G–J) Corresponding quantifications of the RV/LV axis (G), antero-posterior (H),

controls (n = 8) and Greb1l�/� mutants (n = 7) at E9.5 (non-significantly different

(K and L) 3D segmented heart at E10.5 in controls (K) and Greb1l�/� mutants (L)

(M and N) In situ hybridization of Nppa in controls (M, n = 3) and Greb1l�/� muta

(O and P) HREM coronal (O1–P1) and transverse (O2–P2) sections of controls (O

(Q) Corresponding quantification of the RV/LV axis in controls (n = 8) and Greb

standard deviations are shown. A, anterior; AP, arterial pole; AVC, atrioventricul

ventricle; NC, notochord; R, right; RV, right ventricle; OFT, outflow tract; P, post

See also Figure S1; Videos S4 and S5.
lethality (E10.5), early defects in heart tube formation.41,42

Thus, we focused on a model of partial RA deficiency, in which

another RA synthesizing enzyme, Rdh10, is targeted.Rdh10mu-

tants were reported to survive until E12.5 with a milder pheno-

type of ‘‘misaligned putative ventricles.’’37 We analyzed this

into more detail. At E10.5, 5/14 (35%) Rdh10�/� embryos had

abnormal supero-inferior ventricles and spiral atrioventricular

cushions indicative of crisscross heart, with variable severity

(Figures S2H–S2J). This was associated with a reduction in the

left-right pole distance, but not with a shorter outflow tract

(Figures S2K–S2M). Thus, our analyses show that partial RA defi-

ciency in Rdh10 mutants also leads to crisscross heart with

supero-inferior ventricles and reduction in the left-right pole dis-

tance. Molecular patterning and morphological observations

both support striking similarities between Greb1l inactivation

and partial RA deficiency.

To understand whether the two pathways interact, we moni-

tored RA response in Greb1l mutants, based on the expression

of the transgenic reporter RARE-lacZ. This was largely unaf-

fected in Greb1l mutants, with a similar anterior boundary of

expression (Figures S2N and S2O). The less posterior transgene

boundary is in keeping with the phenotypic posterior truncation.

The maintenance of RARE-lacZ in Greb1l mutants thus differs

from its absence in Aldh1a2 and Rdh10 mutants.44,45 We next

performed a transcriptomic profiling of the cardiac region in

Greb1l mutant compared with control embryos at E8.5e (Fig-

ure S2P), at the end of the time window of Greb1l expression

in controls. After quality check (Figures S4A–S4C), we identified

significantly differentially expressed genes in bothGreb1lmutant

lines. In agreement with the RARE-lacZ profile, canonical RA tar-

gets with functional retinoic-acid-responsive elements (RARE),46

including Rarb, Fgf8, Dhrs3, Hoxa1, and Fst, had normal expres-

sion levels in Greb1l mutants, except Crabp2, which was signif-

icantly downregulated (Figure S2Q). In addition, expression of

Aldh1a2 and Rdh10, which encode the main RA synthesizing en-

zymes in cardiac cells, were unchanged (Figure S2R). However,

other components of the RA pathway were significantly upregu-

lated, including Por, Rai1, and Rbp1 (Figure S2S), which is

compatible with compensatory mechanisms, as shown previ-

ously,47 of a phenotype equivalent to partial RA deficiency.

This suggests overall that GREB1L does not fundamentally

affect RA signaling. We finally investigated whether Greb1l re-

sponds to RA signaling in the mouse embryo, given that Greb1l

had been reported to be induced in all-trans retinoic acid (ATRA)
embryos at E9.5–E10.5

own in frontal (A1–B1) and cranial (A2–B2) views. The notochord (NC) is used as

, n = 4) and Greb1lex17/ex17 mutants (D, n = 4) at E9.5, in a left-sided view.

= 4) and Greb1l�/� mutants (F, n = 4). The left-sided expression ofWnt11 and

and left-right (I) distance between the heart tube poles, and tube length (J) in

t test).

, shown in frontal (K1–L1) and cranial (K2–L2) views.

nts (N, n = 5) at E10.5.

1, n = 3) and mutants (P, n = 4). The left-sided expression of Pitx2 is in red.

1l�/� mutants (n = 9) at E10.5. ***p < 0.001 (Mann-Whitney test). Means and

ar canal; D, dorsal; IVS, interventricular septum; L, left; LA, left atrium; LV, left

erior; V, ventral; VP, venous pole.
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treated ES cells.27 However, in Aldh1a2 mutants, we did not

detect the expected downregulation of Greb1l (Figure S3I).

Taken together, our results show that Greb1l inactivation phe-

nocopies the specific features of partial RA deficiency, but

without any obvious interaction between the two pathways.

The phenocopy probably reflects parallel activity in the same

population of cardiac precursors.

Greb1l regulates cardiomyocyte differentiation and
ribosome biogenesis to maintain the pool of
precursor cells
We analyzed the role of Greb1l independently of RA signaling,

using transcriptomic approaches. We identified 293 genes

consistently deregulated in both Greb1l mutant lines (Figures 5A

and 5B) and selected four genes, Cacna1h, Fabp3, Col5a1, and

Hapln1 to validate differential expression (Figures 5G–5J and

S4D–S4H). Then, we intersected differentially expressed genes

with the list of genes significantly correlated with variations in

Greb1l expression levels in single wild-type embryonic cardiac

cells (Figures 5B and 5C). Satisfactorily, 88 genes negatively

correlated with Greb1l in wild-type cells, were significantly upre-

gulated in Greb1l mutants, whereas 161 genes positively corre-

lated with Greb1l in wild-type cells were significantly downregu-

lated in Greb1l mutants (Figure 5C). We have thus identified a

set of genes specifically associated withGreb1l in embryonic car-

diac cells (Table S1). Enrichment analysis of GO pathways singles

out two main categories of genes: genes involved in cardiomyo-

cyte differentiation are collectively enriched in Greb1l mutants,

whereas genes associated with ribosomes are collectively

depleted in Greb1l mutants (Figures 5D and S4L). We further

analyzed targeted gene lists of cardiomyocyte differentiation

and ribosomes. This shows that genes specifically involved in ter-

minal cardiomyocyte differentiation (Me3) rather than intermediate

cardiomyocyte differentiation (Me4/6) are upregulated in Greb1l

mutants at E8.5e (Figures 5E and S4I). In addition, genes specif-

ically involved in ribosome biogenesis, rather than ribosome

components are downregulated in Greb1l mutants at E8.5e

(Figures 5F and S4J). Ncl, which encodes a major rRNA process-

ing protein,48 is the most significant gene of the list (correlation
Figure 4. Outflow tract and atrioventricular canal defects in Greb1l mu

(A and B) Quantification of the antero-posterior (A) and left-right (B) distance b

*p value < 0.05 (t test).

(C and D) Quantification of the heart tube length at E10.5 in the same samples, sh

rest of the tube (pale blue in C). **p < 0.01 (t test).

(E and F) 3D images by HREM showing coronal sections of atrioventricular cush

ventral (E2–F2) and dorsal (E3–F3) views. Superior (S) and inferior (I) cushions (

orientation of cushion spiraling is indicated by an arrow.

(G) Evaluation of a generalized linear model for the indicated combination of para

lower in better models. ***relative likelihood < 0.001 (n = 15).

(H and I) 3D segmented heart at E10.5 in a cranial view. Arrows outline differenti

(J) Correlation between the outflow tract length (x) and the RV/LV axis (y), shown

(orange and red). Significant changes between stages are indicated by arrows. R

E10.5, 7, and 9 mutants at E9.5 and E10.5, respectively).

(K and L) 3D segmented heart at E10.5 in a dorsal view. Arrows indicate differenti

(M) Correlation between the left-right pole distance (x) and the RV/LV axis (y) sho

(N) Torsion index calculated for heart tube regions. Mean values and standard d

(O) Schematic representation of the proposed mechanical mechanism, whereby

reduced pole distance. The control andmutant situations are in blue and orange, r

pole; AVC, atrioventricular canal; D, dorsal; IVS, interventricular septum; L, left; L

ventral; VP, venous pole.
FDR = 6.7 3 10�15, differential expression FDR = 8.4 3 10�22,

Table S1).

To validate this pathway analysis, we used two approaches:

in vivo labeling and cardiac organoids. Cardiomyocyte differen-

tiation genes such as Cacna1h and Fabp3 were validated as

more highly expressed in Greb1l mutant hearts at E8.5e

(Figures 5G–5J). Similarly, Ncl was validated as downregulated

in the heart field of Greb1l mutants at E8.5j (Figures 5K and

5L). We then modeled cardiac differentiation in mouse organo-

ids. Downregulation of Greb1l, using Greb1l+/tm1a ES cells

(Figures 6A–6D), restrained cardioid formation, compared with

wild-type ES cells. This was associated with a depletion of car-

diac precursors, as detected by Tbx1 downregulation. Cardio-

myocyte differentiation, based on Actc1 expression, was initially

upregulated at day 4, but severely downregulated in the longer

term (days 7–12) (Figure 6E). Indeed, Greb1l+/tm1a cardioids

failed to beat. When we briefly treated cardioids with an inhibitor

of ribosome biogenesis, BMH-21, we transiently impaired the

specification of cardiac precursors and cardiomyocyte differen-

tiation (Figures 6F and S5), indicating that the longer term effects

of Greb1l loss may correspond to secondary effects of

decreased ribosome biogenesis.

To assess the cellular response to transcriptional changes

observed at E8.5, we analyzed E9.5 embryos. A few cardiomyo-

cytes were abnormally detected in the dorsal pericardial wall of

Greb1l mutants (Figures 7A1–7B1 and 7C), indicative of prema-

ture differentiation. In addition, anomalies in the heart field were

detected. The dorsal pericardial wall was found significantly

reduced in surface (Figures 7A2–7B3 and 7D), but not in cell

number, which is further supported by unchanged cell prolifera-

tion and apoptosis (Figure S6). In keeping with a deformation of

the heart field, its epithelial architecture was disorganized in

Greb1l mutants: it was thicker with impaired apicobasal polarity

(Figures 7I–7L). Together with decreased Tbx1 expression in

mutant cardioids, this indicates an abnormal specification of

the precursor cell reservoir. In addition, the cardiac precursor

marker Isl1 was found more inside the heart tube, in the right

atrium (Figures 7A4–7B4). Conversely, a more mature cardio-

myocyte gene, Fabp3, had a reduced expression at the heart
tants at E10.5

etween the heart tube poles in controls (n = 8) and mutants (n = 9) at E10.5.

owing the contribution of the outflow tract (OFT, gray in C and D) relative to the

ions in control (E) and Greb1l mutants (F) and associated 3D segmentations in

proximally) are in orange and green respectively, the notochord in gray. The

meters, based on the standardized Akaike information criterion (AIC), which is

al lengths of the outflow tract in controls and mutants.

at E9.5 (paler colors) and E10.5 (darker colors) in controls (blue) and mutants
2, Pearson determination coefficient at E10.5 (n = 7 and 6 controls at E9.5 and

al left-right distances between the poles (red crosses) in controls and mutants.

wn as in (J).

eviations are shown for 5 control hearts at E10.5.

twisting (orange arrow) of the AVC results from growth arrest in the OFT and

espectively. Means and standard deviations are shown. A, anterior; AP, arterial

V, left ventricle; R, right; RV, right ventricle; OFT, outflow tract; P, posterior; V,
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Figure 5. Transcriptomic changes in cardiomyocyte differentiation and ribosome biogenesis downstream of Greb1l

(A) MA plots representing relative gene expression between littermate controls and Greb1l�/� (A1) or Greb1lex17/ex17 (A2) mutants at E8.5e. Non-significant

differential expression is represented in red, differential expression in green (p value < 0.05), and blue (Benjamini-Hochberg [BH]-corrected p value < 0.05,

DEseq2, n = 4 controls each, 4 Greb1l�/� mutants, 4 Greb1lex17/ex17 mutants).

(B) Venn diagram comparing differentially expressed genes in Greb1lex17/ex17 (yellow) and Greb1l�/� (red) mutants with genes correlated with Greb1l levels in

single wild-type embryonic cardiac cells (gray, see also Figure 2G). The 249 overlapping genes (excluding Greb1l) used for further analysis are outlined in bold.

(legend continued on next page)
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poles (Figures 7E, 7F, and S4K), specifically in the inferior outflow

tract and dorsal right atrium that are labeled by RARE-lacZ

(Figures 7G and 7H). Thus, we detect defects in cardiomyocyte

differentiation at the poles of the heart tube, where cells ingress

to elongate the tube, likely leading to the growth arrest in the

outflow tract at E10.5.

Taken together, our transcriptomic analyses and validations

demonstrate a function ofGreb1l in promoting ribosome biogen-

esis and controlling cell differentiation, to maintain the pool of

precursor cells required for the elongation of the heart tube.

DISCUSSION

We have identified the role ofGreb1l in maintaining a reservoir of

precursor cells, which supplies the heart tube and shapes it. With

quantitative spatiotemporal gene expression analyses, we show

thatGreb1l is expressed transiently in early cardiac precursors at

E8.5c–f, overlapping with RA signaling. It promotes ribosome

biogenesis and controls cell differentiation, overall maintaining

the architecture and specification of cardiac precursor cells.

The absence of Greb1l prevents the elongation of the outflow

tract after E9.5 and reduces the distance between the tube

poles. This is predictive of heart tube remodeling after heart

looping, including torsion of the atrioventricular canal and

supero-inferior ventricles. By characterizing a mouse model of

crisscross heart, our work thus identifies the embryological

mechanisms for this congenital heart defect.

Heart morphogenesis relies on the formation and shaping of

an embryonic tube. The rightward looping of the tube is

important for positioning the right ventricle and thus the over-

all alignment of cardiac chambers.11,23,49 Our analysis of

Greb1l mutants now indicates that the position of ventricles

is not fixed after heart looping and that later growth of the

heart tube can further modulate ventricle position. We thus

uncover an aspect of heart morphogenesis, corresponding

to the maintenance of chamber position subsequent to heart

looping. Heart looping is determined by mechanical con-

straints during tube growth, such that tube deformation is pri-

marily driven by a buckling mechanism.11,49 Similarly, for the

maintenance of chamber position, we find that growth of the

heart tube, by ingression of precursor cells from the heart

field, is essential. Impairment of growth in the absence of

Greb1l generates abnormal mechanical constraints, which

remodel the heart tube after heart looping. Another parameter
(C) Corresponding representation of the 249 genes, according to their fold change

blue, r > 0, see Figure 2G). Point density is represented by a gray scale. Genes po

in mutants, and vice versa. (n = 249, p < 0.0001, chi2 test.)

(D) Heatmap representing the most enriched GO pathways, ordered according to

column) and Greb1lex17/ex17 (right column) mutants compared with littermate co

specific GO terms.

(E and F) Heatmaps of gene set enrichment associated with cardiac differentiatio

Desgrange et al.15,23

(G–J) Expression of cardiomyocyte genesCacna1h (G and H) and Fabp3 (I and J) i

whole-mount RNAscope ISH at E8.5e and shown in transverse sections. Filled an

(K and L) Expression of the ribosomal maturation gene Ncl detected by whole-mo

E8.5j shown in sagittal sections. Filled and empty arrowheads point to high and low

anterior; D, dorsal; FDR, false discovery rate; FHF, first heart field; HF, heart field; L

tract; P, posterior; pSHF, posterior second heart field SHF; second heart field. V

See also Table S1; Figures S2–S4.
of tube remodeling both during looping11 and thereafter as

shown here, is the distance between the poles. This is the

main parameter associated with supero-inferior ventricles in

Rdh10 mutants. However, supero-inferior ventricles are fully

penetrant, when both pole distance and outflow tract growth

are affected in Greb1l mutants.

Abnormal ventricle position is classically associated with

the heterotaxy syndrome,9,50 which results from impaired left-

right signaling.51–53 However, crisscross heart is anatomically

different from heterotaxy, as primarily defined by crossing of

atrioventricular connections.5,7 Our results highlight distinct

morphogenetic and molecular mechanisms for ventricle malpo-

sition in crisscross heart, compared with heterotaxy. Whereas

heterotaxy is associated with defective heart looping,10,23,54–56

we show that crisscross heart is not. In addition, heterotaxy re-

sults from impaired left-right signaling upon mutations in ciliary

genes or in Nodal pathway components,51–53 whereas we iden-

tify a distinct gene network associated with crisscross heart,

involving GREB1L.

Our quantification of shape changes in a unique mouse model

uncovers the pathological mechanisms for crisscross heart. This

congenital heart defect is primarily a shortage of correctly spec-

ified precursor cells, which will most strikingly arrest the growth

of the outflow tract. This explains why crisscross heart is

frequently associated with malposition of the great arteries, pul-

monary stenosis and right ventricle hypoplasia.6,7 Hypoplasia is

thus not an indirect effect of heart rotation as hypothesized pre-

viously.8 As a consequence of growth anomalies and reduction

in pole distance, the embryonic heart tube is remodeled. This in-

cludes a torsion of the tube at the level of the atrioventricular ca-

nal, which accounts for twisted atrioventricular connections in

crisscross heart.8 Our observations at sequential stages of

development indicate that the timing of twisting is before heart

septation, between E9.5 and E10.5, which differs from predic-

tions by anatomists.4,5 Thus, our analyses of Greb1l mutants

provide a comprehensive mechanistic insight into crisscross

heart and associated cardiac defects. However, crisscross heart

is not always associated with supero-inferior ventricles.7 This

may reflect different degree of tube torsion,6 or raise the possibil-

ity that ventricle position may be corrected by further growth of

the heart after E10.5.

Elongation of the heart tube depends on the progressive incor-

poration of precursor cells from the dorsal pericardial wall,

pharyngeal mesoderm and juxta-cardiac field abutting the
(FC) inGreb1l�/�mutants and their Spearman correlation coefficient (red, r < 0;

sitively correlated withGreb1l in wild-type cells are significantly downregulated

their enrichment score (blue, negative; gray, null; red, positive) inGreb1l�/� (left

ntrols. Numbers in parentheses indicate the fraction of genes considered in

n (E) and ribosome (F), represented as in (D). See gene lists in Tyser et al. and

n controls (G, I, n = 3 each) andGreb1l�/�mutants (H, J, n = 3 each) detected by

d empty arrowheads point to high and low expression in the heart, respectively.

unt RNAscope ISH in controls (K, n = 3) and Greb1ex17/ex17 mutants (L, n = 3) at

expression in the heart field, respectively. aSHF, anterior second heart field; A,

, left; LV, left ventricle; NT, neural tube; R, right; RV, right ventricle; OFT, outflow

, ventral.
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Figure 6. Defects in cardiac precursors and differentiation in a cardioid model with reduced Greb1l or ribosome biogenesis

(A) Timeline of the experimental design of cardioid production from mouse ES cells, and of their treatment.

(B) Immunostaining of cardioids at day 14, with the cardiomyocyte marker Tnnt2.

(C) Brightfield images of cardioids at the indicated timing, produced from control or Greb1l+/tm1a mutant ES cells.

(D and E) Corresponding quantification by RT-qPCR of the expression of Greb1l (D), the cardiomyocyte precursor gene Tbx1 and the differentiated car-

diomyocyte gene Actc1 (E).

(F) Similar quantification of gene expression in wild-type cardioids treated with BMH-21, an inhibitor of ribosome biogenesis, or with the adjuvant (DMSO).

*p < 0.05, **p < 0.01, ***p < 0.001 (8 replicateswere analyzed, each as a pool of 8 cardioids, two-way ANOVAwith random effects, tests comparingDCtmutants to

controls are shown, n values are explained in the STARMethods).Means and standard deviation are shown. Scale bars: 200 mm.D, day of culture; PAA, phospho-

L-ascorbic acid; diff, differentiation.

See also Figure S5.
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septum transversum.14,15,57 Impairment of cardiomyocyte differ-

entiation inNkx2-5, Tbx20,Mef2c, orAsb2mutants, arrests heart

development at E8.5–E9.5 and is embryonic lethal.20,58–60

Decreased proliferation of heart precursors in Fgf8 or Hes1 mu-

tants,21,61 or disruption of the second heart field epithelial archi-

tecture in Vangl2 and Tbx1 mutants, which promotes ectopic

cardiomyocyte differentiation,12,13 shorten the outflow tract.

Thesemutants, which survive to birth, manifest conotruncal mal-

formations and ventricular septal defects. Anomalies in ventricle

position seem to be visible at E9.5–E10.5 but have not been re-

ported at birth, and neither crisscross heart. This indicates that

impaired outflow tract growth not always results in abnormal re-

modeling of the cardiac tube. It remains to be investigated

whether this is due to a threshold in the intensity of growth de-
2228 Developmental Cell 58, 2217–2234, November 6, 2023
fects or in the specific timing of growth defects, since Greb1l is

transiently expressed in heart precursors at E8.5c–f.

RA, which is known to regulate cardiomyocyte differentiation,

heart field size,26,42,62 and outflow tract growth,26,35,36 had been

previously identified in ES cells as an inducer of Greb1l expres-

sion, via a RARE sequence 13-kb upstream of the Greb1l pro-

moter.27 We now show in vivo that partial RA deficiency pheno-

copiesGreb1l inactivation:Rdh10mutants have crisscross heart

with supero-inferior ventricles and other models of transient RA

deficiency, CAGG-Cre-Esr1;RARa1�/�, RXRaflox/flox conditional
mutants or RA-rescued Aldh1a2 mutants, display outflow tract

shortening.35,36 However, Greb1l was not downregulated in

Aldh1a2 mutants, and targets of RA signaling were largely un-

changed in Greb1l mutants. This suggests that GREB1L and
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RA signaling do not interact but are rather overlapping in

regulating cardiac precursors with a similar spatiotemporal

dynamics.

Our work on Greb1l in heart precursors reveals a novel dimen-

sion in the regulation of the reservoir of precursor cells. In addition

to premature cardiomyocyte differentiation, transcriptomics of

Greb1l mutants reveals reduced ribosome biogenesis. Although

ribosomes are essential in every cell for protein synthesis,

congenital ribosomopathies have tissue-specific phenotypes,63,64

including conotruncal defects in Diamond Blackfan Anemia.65

Ribosome levels have been shown to vary along cell trajectories,

being lower in quiescent and differentiated cells but higher in inter-

mediate cycling precursors,66,67 and for example, higher in human

ES cells compared with derived cardiomyocytes.68 In agreement

with these data, we show that impaired ribosome biogenesis in

Greb1l mutants and cardiac organoids has secondary effects,

with a longer term drop in cardiomyocyte differentiation and ulti-

mately growth arrest of the outflow tract. The disorganization of

the heart field further shows the incorrect specification of the

reservoir of cardiac precursor cells in Greb1l mutants.

GREB1L has been previously associated with a broad spec-

trum of congenital defects in humans, such as urogenital de-

fects, hearing impairment, and skeletal anomalies.28 Greb1l

mouse mutants are more severe and display general growth

retardation, neural tube defects, and craniofacial anomalies29

(Figure S1). All these phenotypes are also observed in ribosomo-

pathies,64 consistently with the role of Greb1l in regulating ribo-

some biogenesis. Despite the number of genetic variants in pa-

tient cohorts, GREB1L has remained a poorly characterized

gene. Bioinformatics predictions (Uniprot, MobiDB69) indicate

the presence of intrinsically disordered regions in GREB1L,

compatible with a nucleolar localization,70 where ribosomes

are produced. Alternatively, by analogy with its paralogue

GREB1, GREB1L could be involved in protein O-GlcNAcyla-

tion,30 which is a modification required for the stability of ribonu-

cleoproteins.71 The processes regulated by Greb1l that we have

discovered during cardiac development thus provide novel

insight into a broad spectrum of congenital defects.

Limitations of the study
Our transcriptomic analyses and in vivo validation experiments

highlight the role ofGreb1l in ribosome biogenesis and cell differ-
Figure 7. Anomalies in the heart field and cardiomyocyte differentiatio

(A and B) Expression of cardiomyocyte (Acta2) and heart field (Isl1) markers in c

rescence at E9.5, and shown in frontal (A1–B1, A3–B3) and sagittal (A2–B2, A4

diomyocyte differentiation in the heart field (green, A1–B1), or low and high Isl1 in th

shown in (A3)–(B3).

(C) Corresponding quantification of Acta2-positive cells in the heart field. **p < 0

(D) Corresponding quantification of the heart field surface. **p < 0.01 (n = 6 con

deviations are shown.

(E and F) Expression of the cardiomyocyte gene Fabp3 in controls (E, n = 5) andGr

and shown in sagittal sections. Filled and empty arrowheads point to high and lo

(G and H) HREM sagittal sections of Greb1l+/+;RARE-lacZ controls and Greb1l�/

(I–L) Localization of apical (Tjp1 and Prkcz) and basal (Fn1) markers detected by

(n = 3) and Greb1l�/� mutants (n = 3). Filled and empty arrowheads point to reg

abnormal cell alignment in mutants. Midline sagittal sections are shown, with the li

AVC, atrioventricular canal; D, dorsal; HF, heart field; L, left; LV, left ventricle; NT

P, posterior; V, ventral.

See also Figure S6.
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entiation. However, more knowledge of GREB1L protein and

binding partners are required to determine whether this is a

direct or indirect effect. We propose a mechanical remodeling

of the heart tube following outflow tract growth arrest in mutants.

This conclusion is based on correlations and awaits to be rein-

forced by targeted experiments or computer simulations. Our

mouse model establishes Greb1l as a genetic determinant of

crisscross heart. However, patients reported so far withGREB1L

variants have no heart defect. Whether this reflects a milder

pathogenicity compatible with life or differences between the hu-

man andmouse remains to be investigated. The human genetics

of crisscross heart is pending and challenging, because of the

difficulty to generate a large cohort of patients with a very rare

defect.
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81. Liberzon, A., Birger, C., Thorvaldsdóttir, H., Ghandi, M., Mesirov, J.P., and

Tamayo, P. (2015). TheMolecular Signatures Database (MSigDB) hallmark

gene set collection. Cell Syst. 1, 417–425. https://doi.org/10.1016/j.cels.

2015.12.004.

82. Supek, F., Bo�snjak, M., �Skunca, N., and �Smuc, T. (2011). REVIGO summa-

rizes and visualizes long lists of gene ontology terms. PLoSOne 6, e21800.

https://doi.org/10.1371/journal.pone.0021800.

83. de Soysa, T.Y., Ranade, S.S., Okawa, S., Ravichandran, S., Huang, Y.,

Salunga, H.T., Schricker, A., del Sol, A., Gifford, C.A., and Srivastava, D.
Developmental Cell 58, 2217–2234, November 6, 2023 2233

https://doi.org/10.1093/oxfordjournals.jhered.a106870
https://doi.org/10.1093/oxfordjournals.jhered.a106870
https://doi.org/10.1016/S0092-8674(00)81472-5
https://doi.org/10.1016/S0092-8674(00)81472-5
https://doi.org/10.1038/40140
http://refhub.elsevier.com/S1534-5807(23)00493-8/sref54
http://refhub.elsevier.com/S1534-5807(23)00493-8/sref54
http://refhub.elsevier.com/S1534-5807(23)00493-8/sref54
http://refhub.elsevier.com/S1534-5807(23)00493-8/sref54
http://refhub.elsevier.com/S1534-5807(23)00493-8/sref54
https://doi.org/10.1016/0002-8703(59)90360-6
https://doi.org/10.1101/gad.13.19.2527
https://doi.org/10.1161/CIRCRESAHA.112.271247
https://doi.org/10.1161/CIRCRESAHA.112.271247
https://doi.org/10.1126/science.276.5317.1404
https://doi.org/10.1161/CIRCRESAHA.117.312015
https://doi.org/10.1242/dev.01799
https://doi.org/10.1242/dev.01799
https://doi.org/10.1371/journal.pone.0006267
https://doi.org/10.1371/journal.pone.0006267
https://doi.org/10.1126/science.1101573
https://doi.org/10.1038/ng0598-6
https://doi.org/10.3390/cells9092080
https://doi.org/10.1161/CIRCGENETICS.117.002044
https://doi.org/10.7554/eLife.36998
https://doi.org/10.1016/j.stem.2019.01.001
https://doi.org/10.1186/s12864-019-5550-3
https://doi.org/10.1093/bioinformatics/btx015
https://doi.org/10.1093/bioinformatics/btx015
https://doi.org/10.3390/ijms222313095
https://doi.org/10.3390/ijms222313095
https://doi.org/10.1073/pnas.1702688114
https://doi.org/10.1101/gad.5.8.1333
https://doi.org/10.7554/eLife.68280
https://doi.org/10.1002/dvg.20335
https://doi.org/10.1038/cr.2011.195
https://doi.org/10.1038/cr.2011.195
https://doi.org/10.1007/s00330-015-4032-5
https://doi.org/10.1016/j.cell.2014.10.010
https://doi.org/10.1016/j.cell.2014.10.010
https://doi.org/10.1159/000348677
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/nar/gks461
https://doi.org/10.1093/nar/gks461
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1016/j.cels.2015.12.004
https://doi.org/10.1371/journal.pone.0021800


ll
Article
(2019). Single-cell analysis of cardiogenesis reveals basis for organ-level

developmental defects. Nature 572, 120–124. https://doi.org/10.1038/

s41586-019-1414-x.

84. Lun, A.T.L., McCarthy, D.J., and Marioni, J.C. (2016). A step-by-

step workflow for low-level analysis of single-cell RNA-seq data

with Bioconductor. F1000Res 5, 2122. https://doi.org/10.12688/

f1000research.9501.2.

85. Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery

rate: A practical and powerful approach to multiple testing. J. R. Stat.

Soc. B Methodol. 57, 289–300.

86. Mulder, K., and Klugkist, I. (2017). Bayesian estimation and hypothesis

tests for a circular Generalized Linear Model. J. Math. Psychol. 80, 4–14.

https://doi.org/10.1016/j.jmp.2017.07.001.
2234 Developmental Cell 58, 2217–2234, November 6, 2023
87. Akaike, H. (1973). Information theory and an extension of the maximum

likelihood principle. In International Symposium on Information Theory,

B.N. Petrov and F. Csaki, eds., pp. 267–281.

88. Schindelin, J., Arganda-Carreras, I., Frise, E., Kaynig, V., Longair, M.,

Pietzsch, T., Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B., et al.

(2012). Fiji: an open-source platform for biological-image analysis. Nat.

Methods 9, 676–682. https://doi.org/10.1038/nmeth.2019.

89. de Chaumont, F., Dallongeville, S., Chenouard, N., Hervé, N., Pop, S.,
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