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Abstract:

Bilateral symmetry is a conserved characteristic of most animal body plans. In
vertebrates, it is especially apparent in the musculoskeletal system and its embryonic precursor,
the somites, in contrast to the asymmetric visceral organs. Traditionally, research on left-right
(LR) asymmetry has focused on initial symmetry breaking events at the embryonic organizer and
on the transfer and amplification of LR determining signaling cascades in the lateral plate
mesoderm (LPM). By contrast, the paraxial mesoderm, including the somites, has been largely
overlooked, as somite bilateral symmetry has been assumed to be the default state. Although
recent studies suggest that somitogenesis occurs in the context of multiple sources of asymmetry,
whether somites are truly symmetric, and to what extent, have remained unclear. To address this
question, I characterized morphological and gene expression asymmetries in the early chick
embryo. Left somites were larger and more anteriorly positioned than right somites, and gene
expression underlying somitogenesis showed corresponding asymmetries. Experiments
examining segmentation clock gene oscillation using the chick embryo and in vitro human cell
model identified LR patterning signals, particularly NODAL, as a cause of this asymmetry. In
addition, gene expression analyses and single-cell RNA sequencing uncovered a previously
unrecognized molecular asymmetry of somites. The lateral parts of anterior somites express
NODAL and an array of novel LR asymmetric genes. Leveraging this discovery, I examined

developmental asymmetry of the anterior somites using GFP somite grafting and electroporation.
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These approaches revealed a striking contribution of somites to the heart and showed that somite
molecular laterality is important for proper cardiac development. Together, these findings
provide a comprehensive characterization of morphological, molecular, and developmental
asymmetries of somites, demonstrate robust directional asymmetry in the paraxial mesoderm,
and expand the scope of LR asymmetry research beyond its traditional focus of tissues and

genes.
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Chapter 1

Introduction



Part 1. Development of the paraxial mesoderm

Overview of somites and their derivatives

Vertebrate bodies are organized as sequences of segmented structures along the
anteroposterior axis. For instance, the axial skeleton is composed of a series of anatomical
building blocks, including vertebrae and ribs, with attached soft tissue that is also segmented,
such as ligaments, tendons, nerves, and muscles (1,2). During embryonic development,
segmental organization is initially observed in the somites, bilateral columns of epithelial
structures that flank the midline along the anteroposterior axis. Over development, signaling
inputs from surrounding tissues drive the spatial and molecular compartmentalization of somites,
which later give rise to different lineages including back dermis, skeletal muscles, bones,
cartilages, and tendons. In addition to being embryonic precursors of the musculoskeletal system,
somites establish a structural foundation for the development of other major organs, upon which
the vasculature and the peripheral nervous system are stereotypically arranged across axial levels
of somites (1-3). In this way, somites represent an embodiment of a fundamental design
principle of the vertebrate body, where a segmented body plan emerges from a simple continuous
embryo.

Embryonically, somites are a part of the paraxial mesoderm, which lies between the
midline (neural tube and notochord) and the lateral plate mesoderm. Within the paraxial
mesoderm, the anterior-most region is called the head mesoderm, which contributes to
craniofacial muscles and whose segmentation has been debated (4,5). Posterior to the head
mesoderm, bilateral sequences of somite pairs extend from the level of the hindbrain to the
anterior end of the presomitic mesoderm (PSM), an unsegmented, mesenchymal, and posterior

part of the paraxial mesoderm that gives rise to nascent somites.



Somites have long fascinated biologists for their dynamic formation process. While the
embryonic axis elongates, a new pair of epithelial somites is sequentially formed from the
anterior tip of the mesenchymal paraxial mesoderm with striking periodicity, progressing from
head to tail. To explain this rhythmicity, theoretical models such as the “clock-and-wavefront
model” were proposed prior to the discovery of the molecular components constituting such a
model (6). Since the discovery of the core segmentation clock gene cHairy1 in the chick embryo
about 30 years ago, advancements in genetic and molecular tools for both embryo and in vitro
models have prompted an explosion of discoveries on the molecular and cellular mechanisms of
somitogenesis, revealing the general design principle in biology that confers dynamic
spatiotemporal patterns and translates them into robust structural organization (7).

In this chapter, I will describe the molecular and cellular processes underlying
somitogenesis and the patterning within the somite and consequent compartmentalization leading
to differentiation towards different lineages, with additional emphasis on the unique features of

the anterior-most somites.

Gastrulation and the formation of different mesoderm lineages in the chick embryo

Gastrulation is a process through which pluripotent epiblast cells are segregated into three
main germ layers: ectoderm, mesoderm, and endoderm. In the chick embryo, the ingression of
cells primarily occurs through the structure called the primitive streak, an elongated furrow in the
dorsal epiblast. The primitive streak is a transient and dynamic structure that evolves over the
earliest phases of embryonic development. At around Hamburger-Hamilton (HH) stage 2-3, the
early primitive streak marks the future anteroposterior axis of the developing embryo (8—-10).
Epiblast cells at each side of the primitive streak participate in a collective, bilaterally symmetric,

counter-rotating vortex-like movement called the “polonaise movement” that leads to the
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formation and elongation of the primitive streak that reaches its full extent at HH4. The anterior
end of the primitive streak is an embryonic organizer called Hensen’s node (HN), which
functions as a signaling center that can induce an embryonic axis when grafted elsewhere (11—
13). As epiblast cells ingress through the primitive streak, undergoing epithelial-to-mesenchymal
transition (EMT), the AP level at which the cells ingress dictates their fate across the
mediolateral axis (14,15). For instance, the most anterior primitive streak cells (e.g., cells at HN)
correspond to the most axial structures such as the notochord and neural tissue and the
progressively posterior primitive streak cells correspond to the paraxial mesoderm, intermediate
mesoderm, lateral plate mesoderm, and extraembryonic tissue, respectively. As HN functions as
a signaling center, multiple AP signaling gradients underlie the migration and segregation of
mesodermal fates (9,16,17). Cells participating in the paraxial mesoderm and ultimately the
somites can be found at the anterior region of the primitive streak (15).

At HHS5, HN regresses posteriorly leading to shortening of the primitive streak, while
accompanying the elongation of the notochord at its regressing path (14,17,18). Throughout early
embryonic development, the primitive streak eventually resolves, and the posterior end of the
trunk forms a new organizing center with stem-cell-like properties called the tailbud at around
HH13-14 (19,20). After this stage, the tailbud becomes the primary source of nascent cells
feeding into the elongating body axis.

The paraxial mesoderm lies between the ectoderm (dorsal) and endoderm (ventral), and
between the neural tube and notochord (medial) and the intermediate mesoderm and lateral plate
mesoderm (lateral). These mesoderm lineages express distinct transcriptional markers and
participate in distinct lineages (21,22). For instance, the lateral plate mesoderm contributes to the

heart, vasculature, limbs, and various other musculoskeletal structures, and the intermediate



mesoderm contributes to the urogenital system including the gonads and kidneys. The anterior
most part of the paraxial mesoderm corresponds to the head mesoderm that gives rise to
craniofacial muscles and skull (23,24). Posterior to the head mesoderm lie the sequences of
somites, and more posteriorly the unsegmented posterior paraxial mesoderm that later undergoes
mesenchymal-to-epithelial transition (MET) to form somites is called the presomitic mesoderm
(PSM). Somites give rise to the majority of the musculoskeletal system including vertebrae and
ribs, muscles, and back dermis. Somites along the AP axis expresses unique Hox code and
undergoes corresponding developmental trajectories, so they are described as occipital, cervical,
thoracic, lumbar, sacral, and caudal somites from anterior to posterior (2). The total number of
somites and their subdivisions vary across species—approximately 31 in zebrafish, 42-44 in
human, 55 in chicken, 65 in mouse, and over 300 in some snake species—representing the

remarkable evolvability and modularity of the paraxial mesoderm (25,26).

Somite patterning by the “clock and wavefront” model

A new pair of epithelial somites buds off from the anterior tip of the mesenchymal
presomitic mesoderm with a periodicity that differs across species—e.g., 30min in zebrafish,
1.5hr in chicken, 2hr in mouse, and Shr in human. Before the discovery of the molecular
components underlying somitogenesis, theoretical models explaining this striking periodicity
were proposed, and the “clock-and-wavefront” model remains the most influential one (6)
(Fig.1.1). It was posited that the presomitic mesoderm goes through oscillatory phases that
confer the capacity to form epithelial somites (“clock”), with a slowly regressing front of
maturation where cells can trigger changes in cell state to form a new pair of somites

(“wavefront”). As the molecular identities of the key components of somitogenesis are



continuously discovered, the “clock-and-wavefront” model has also been updated as an evolving

paradigm to interpret the role of newly identified molecular regulators.

Oscillating signaling pathways in the PSM

The first evidence for a molecular clock underlying somitogenesis was discovered in the
chick embryo. Palmeirim and colleagues (7) observed dynamic expression patterns of c-hairyl—
a homolog of Drosophila hairy known to be a pair-rule gene necessary for segmentation of the
fly—in the PSM of the chick embryo. c-hairyl exhibited cyclic expression patterns, with an
initially broad posterior domain that progressively refined as it traveled anteriorly (Fig.1.1). This
“traveling wave” of c-hairyl is arrested at the level of the newly forming somite while
simultaneously the next cycle’s broad posterior band emerges. The periods of cyclic expression
matched the period of new somite formation, suggesting that c-hairyl is indeed the “clock”. In
addition, they further demonstrated that the waves do not result from cells traveling anteriorly
and are independent of the presence of the posterior part of PSM. These experiments revealed
that these waves are “kinematic”, meaning that these waves emerge from the endogenous
program of PSM cells expressing c-hairyl in a cyclic manner.

Following works in different vertebrate species such as zebrafish and mouse showed that
the members of the Hairy/enhancer of split family (Hes/Her/Hairy) are indeed the most
conserved core cyclic genes (27,28). Genetic ablation of these genes resulted in disruption in
somitogenesis in zebrafish and mouse, validating their functional significance (29). They are a
family of basic helix-loop-helix (bHLH) transcription factors that are downstream targets of the
Notch signaling pathway and act as repressors of their own transcription (3). This motif of a

negative feedback loop underlies the basis of clock gene oscillation. The short half-life of these



factors and the time delay required for their transcription, splicing and processing, translation,
nuclear transport, and accumulation to finally act as transcriptional repressors together play an
important role in preventing the system from entering a steady state and ensuring the emergence
of oscillations (30-32). The half-life and time delay are unique features of different species that
contribute to species-specific oscillation periods (33—36). Further studies showed that other
Notch pathway genes also exhibit cyclic expression patterns. For instance, Lunatic Fringe
(Lfng)—a glycosyltransferase enzyme that modifies the Notch receptor—and Delta-like (D//)
ligands of the Notch signaling pathway are other examples of oscillatory Notch components that
play a critical role in Notch modulation and are regulated by negative feedback loops (37-39).
Additionally, although different species exhibit different sets of cyclic genes, components
of the Wnt (e.g., Axin2, Dkkl) and FGF (phospho-ERK, Dusp, Spry) signaling pathways have
been shown to oscillate in amniotes (40). Like the Hes family, these proteins share the motif of
being downstream targets and inhibitors of their respective signaling pathways, thus establishing
a negative feedback loop. Interestingly, in the posterior PSM, the oscillations of Notch and FGF
components are in-phase but out of phase with the Wnt pathway, suggesting coordinated
crosstalk across signaling pathways (40—42). However, the precise network topology and/or the
identity of the “pacemaker” or “core oscillator” of these signaling pathways remain unclear and
are active areas of research. For instance, both FGF and Notch pathways activate Hes7, which in
turn represses the transcription of FGF effectors (e.g., Dusp), Notch effectors (e.g., Lfng) and
itself (43). Similarly, pulses of Notch inhibition have been shown to entrain 4xin2 oscillation
(42). However, various findings suggest significant complexity in such a signaling network. For
example, Axin2 oscillation at the single cell level continues despite mutations in Hes7 or DIl1, or

constitutive expression of NICD although the dynamic pattern at the tissue level is disrupted



(31,41,44). Even within the Wnt pathway, the true nature of oscillation is unclear because t
oscillations of the Wnt transcriptional effector B-catenin have not been observed, and even
constitutive activation of the Wnt pathway does not abolish the oscillation of various Wnt and
Notch components such as Dkkl, Hes7, and Lfng (45).

Another crucial and necessary feature of clock gene oscillation that underlies the
emergence of traveling waves is coordination across neighboring cells. For traveling waves to
emerge, cells in relative proximity should be in similar phases. Indeed, the Notch signaling
pathway has been demonstrated to be the central mediator, naturally linking oscillation and
synchronization (46). For instance, genetic ablation of the Notch pathway in zebrafish disrupts
the formation of traveling waves, with neighboring cells showing uncoordinated oscillations
(47,48). Another study used chimeric mouse embryos with wildtype and Notch-ligand D///-null
mutant cells to demonstrate compromised synchronization of clock gene oscillations (39). This
study further showed that LFNG modulates DLL1 in neighboring cells and plays a significant
role in synchronization. The work of Yoshioka-Kobayashi and colleagues (49) demonstrated the
fundamental link between synchronization and oscillation. Using a novel reporter line with faster
maturation (HES7-Achilles), they showed that genetic ablation of Lfng leads to not only an
uncoordinated “salt and pepper” pattern but also dampened Hes7 oscillation at the individual-cell
level. Co-culture experiments in which wildtype cells were placed in a majority Lfng-KO
background showed that wildtype cells were advanced in oscillation phase, suggesting that the
absence of LFNG leads to faster Notch signal transmission between neighboring cells. The
authors used optogenetic activation of D//]/ to measure Notch activation in receiver cells with or
without LENG and showed that LFNG indeed delays signal transmission. A chemical compound

that increased coupling delay lengthened the oscillation period in wildtype cells and rescued the



Lfng-KO phenotype. This finding aligns with the theoretical expectation that the period of
collective oscillation can differ from the average of individual oscillation and places coupling
delay as a key parameter in regulating the dynamics of synchronized oscillations in the PSM,
providing insight into important questions including the frequency gradient of oscillation along

the AP axis and the species-specific oscillation period.

Figure 1.1. Interactions among signaling pathways underlie somitogenesis
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Figure 1.1. (A) Posterior-to-anterior gradients of FGF and Wnt signaling pathways in the PSM
establish the AP level of the determination front at which nascent somites are specified and
undergo mesenchymal-to-epithelial transition. The determination front regresses as the embryo
elongates. (B) Segmentation clock genes, most notably members of the Hes/Her/Hairy family
and components of the Notch signaling pathway, display periodic “traveling wave” expression
patterns in the PSM. These genes are initially broadly expressed in the posterior PSM and
progressively refine as the waves travel anteriorly. As traveling waves of oscillatory
segmentation clock genes reach the determination front, the segmentation program is activated to
specify a nascent somite. Adapted from (71), licensed under CC BY 4.0.

Signaling gradients in the PSM

The majority of PSM cells undergo rounds of oscillations but epithelial somite formation
occurs only at the anterior tip of the PSM. The initial “clock and wavefront” model postulated

the existence of a posteriorly regressing front at which the “clock” at the right phase can trigger



the segmentation event (6). Key findings on the molecular identity of the wavefront came from
chick and zebrafish embryos. In early-stage embryos, FGF§ expression forms a gradient in the
PSM that is highest at the caudal end (50-52) (Fig.1.1A). Although FGF8 mRNA can be
observed from posterior to anterior in a smooth gradient, only the cells at the most posterior part
of the PSM or the tailbud actively transcribe FGF§. Once the cells leave this caudal domain, they
stop FGF$ transcription, and the smooth gradient is formed by mRNA degradation, where the
remaining mRNA level inversely correlates with the time or the distance since they left the
caudal domain (51). The manipulation of FGF levels changed the extent of caudal PSM identity
as well as somite size and boundary position, such that ectopic FGF8 beads resulted in smaller
somites and anteriorly shifted somite boundaries, and the opposite result was obtained when
FGF8 was locally inhibited, suggesting that the FGF activity level essentially functions as a
determination front or molecular threshold below which clock gene oscillation can trigger somite
formation (50,52).

Other key molecular gradients underlying the determination front include the Wnt and
retinoic acid (RA) signaling pathways. In the PSM, the Wnt and FGF pathways positively
regulate each other so that the Wnt pathway also forms a posterior-to-anterior gradient, with
Wnt3a mRNA at the caudal end of PSM and a smooth gradient of nuclear B-catenin protein
(41,53). However, the biological regulation of the Wnt gradient is likely more complex, given
that the B-catenin mRNA level is relatively stable across the PSM (54). Wnt activity regulates
genes associated with posterior PSM identity, such as Msgnl, Tbx6, and Brachyury (55-57).
Mouse mutants with stabilized B-catenin display expansion of posterior PSM identity, anterior
shift of determination front, and ectopic oscillations of Lfng and Hes7, demonstrating the role of

the Wnt gradient in conferring posterior PSM identity and establishing the determination front
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(45,58). On the other hand, the RA pathway forms an opposite gradient that is highest anteriorly
through a different mechanism. The RA synthesis enzyme RALDH?2 is expressed in the anterior
PSM and somites, while the RA-degrading enzyme CYP26A1 is enriched in the tailbud, forming
a gradient by the polarized distribution of enzymes with opposing actions (59,60). RA and FGF
pathways inhibit each other and contribute to forming a sharp boundary at the determination
front (61). In the PSM, exposure to RA leads to loss of FGF8 expression, and VAD quail that are
deficient in vitamin A and RA during development exhibit anteriorly extended FGF§ domains
and smaller somites, similar to embryos implanted with FGF8 beads. Conversely, FGF signaling
in the PSM inhibits the expression of RALDH?2, an enzyme synthesizing RA, while upregulating
Cyp26 expression.

While one of the implications of the traditional “clock and wavefront” model is that the
clock and the wavefront are separate elements, some components of FGF and Wnt, two key
signaling gradients that function as the wavefront, have been shown to oscillate, suggesting that
the wavefront is not a statically regressing gradient but rather complexly intertwined with clock
gene oscillations (40,41,43,62). A series of works in zebrafish and mouse provides an elegant
model that dissects the precise roles and relationships of the “clock™ and the “wavefront” (62—
64). Phosphorylated ERK is a downstream effector of the FGF pathway, and its dynamic
oscillatory expression pattern is crucial in specifying a group of cells corresponding to a
presumptive somite to activate the segmentation program in a periodic, stepwise manner (62,63).
However, genetic ablation of Hes7 in mouse and herl/7 in zebrafish results in smoothly
regressing expression of pERK and the segmentation program gene Mesp2. More recent work in
zebrafish further demonstrated that the main function of heri/7 oscillation is to periodically

depress double-phosphorylated ERK activity, which in turn specifies a block of presumptive
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somite (64). The clock is dispensable for somite formation, as pulsatile inhibition of the FGF
pathway was able to rescue somitogenesis in zebrafish mutants for serl/7. The resultant somites
lacked proper rostro-caudal (RC) patterning. This finding suggests that segmentation is directly
downstream of periodic changes in FGF activity, whereas the periodic expression of Notch/Her
leads to inhibition of ERK triggering segment determination and establishing RC polarity (65).
While the conservation of such a hierarchical relationship between Hes/Her/Hairy and FGF
remains to be investigated, it demonstrates the depth and complexity of crosstalk among

signaling pathways in the paraxial mesoderm.

Regulation of oscillation period

One of the major questions in the field is the regulation of oscillation frequency. Various
biochemical and biophysical parameters underlying the kinetics of the time-delayed negative
feedback loop of Hes/Her/Hairy have been hypothesized to be involved in the regulation of
oscillation frequency. For instance, decreasing the number of introns of the Hes7 gene in various
mammalian species including the mouse embryo resulted in a faster pace of oscillation (35,66),
whereas a genetic mutation in zebrafish Aer6 that leads to reduced production of mature mRNA
leads to a slower pace of oscillation (67). Comparative measurement of various biochemical
processes in clock gene oscillation across multiple model organisms suggests that transcript
processing and nuclear export are much slower and likely more rate-limiting than transcription,
which is much faster (68). However, modifications to the clock’s time delay often lead to
premature dampening of population-level oscillation, revealing the existence of a narrow

window of such parameters that enable persistent oscillation (69).
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More recently, cross-species analysis combined with advancements in in vitro models has
been instrumental in advancing our knowledge of the regulation of oscillation rate (33,70,71).
Using human and mouse iPSCs, it was shown that swapping the Hes7 locus between species
only slightly changed the period, but the difference was not large enough to account for the
period difference between 2hr in mouse and Shr in human (34). Instead, other processes such as
degradation rate and expression delay were shown to be significantly slower in human and likely
underlie the oscillation rate differences between the two species based on a mathematical model.
This comparative approach was further pushed to the “stem cell zoo” of several mammalian
species ranging from marmoset and rabbit to human and rhinoceros (35). This approach showed
that oscillation periods of different species show strong correlations with embryogenesis lengths
and biochemical reaction rates for protein degradation and RNA processing, further generalizing

previous findings from embryo and in vitro experiments.

Metabolism has been demonstrated to be one of the key regulatory axes governing
species-specific oscillation periods (33,36). The co-culture experiment of human and mouse
1PSCs showed that oscillation period is an intrinsically species-specific parameter that is
unchanged by the presence of majority of neighbor cells of different species (33). While the
mass-controlled metabolic rate is higher in mouse cells, modulating the electron transport chain
and NAD+/NADH ratio was able to both accelerate and decelerate the oscillation period in
human PSM cells, providing strong evidence for the role of metabolism in the regulation of
oscillation period. The slower oscillation upon electron transport chain inhibition can be partially
explained by the change in translation rate that is regulated by cellular metabolism. In addition,
another study established a more specific causal link between different metabolic perturbations

and different rate-limiting steps of clock gene oscillation (36). The authors showed that
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inhibition of glycolysis mainly affects HES7 protein degradation and production delay (time
taken for transcription and translation), whereas inhibition of the electron transport chain
lengthens intron delay (mRNA processing). These findings warrant metabolism as a promising

factor underlying oscillation period and developmental tempo.

Interestingly, metabolism has recently been further highlighted as crucial in PSM
development. In chick and mouse embryos, glycolytic activity and expression of glycolytic
enzymes form a gradient along the AP axis of the PSM (72—74). The posterior-to-anterior
gradient of FGF signaling regulates elevated aerobic glycolysis of cells at the tailbud and
posterior PSM, and inhibition of glycolysis leads to disruption in the cell motility gradient
underlying axis elongation as well as the maintenance of the posterior-to-anterior Wnt gradient,
crucial for NMP maintenance and PSM differentiation. Experiments in chick embryos and in
vitro systems demonstrated that high aerobic glycolysis at the posterior is responsible for a

higher intracellular pH that promotes Wnt signaling via -catenin acetylation (73).

The highlighted roles of metabolism in regulating oscillation dynamics and establishing
gradients along the PSM leads to an interesting perspective on the frequency gradient in the
PSM. In the PSM, posterior PSM cells undergo faster oscillation compared to anterior PSM
cells, and the mechanism underlying this frequency gradient is not known (75). The findings
from human organoids give a crucial hint to this problem. Yaman and Ramanathan (76)
introduced a human axial organoid composed of a neural tube and bilateral paraxial mesoderm
with sequential somitogenesis. This model also mimics the posterior gradients of Wnt and FGF
and stereotypic traveling waves with a frequency gradient. Global activation of FGF in this
organoid abolishes the traveling waves and the frequency gradient and leads to oscillation with a

uniform phase along the AP axis, demonstrating the significance of the posterior FGF gradient in
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the generation of the frequency gradient. While other factors such as coupling delay may also be
spatially modulated and contribute to this phenomenon (3,49,77), it is possible that the metabolic
gradient downstream of FGF signaling provides a further mechanistic explanation for the
differential frequency between the posterior and anterior PSM. FGF and Wnt at the posterior
PSM are known to positively regulate each other, but it is worth noting that Wnt activation in a
human organoid by CHIR99021 did not affect the frequency gradient (76). Instead, global Wnt
activation in mouse embryonic PSM with LiCl led to slower oscillations (78). Thus, while the
FGF gradient—and potentially a downstream metabolic gradient—seems to have mechanistic
relevance, more comprehensive research efforts beyond a simple scheme of signaling gradients

will be necessary to elucidate the emergence of the phase gradient and the traveling wave.

Epithelial somite formation and polarity establishment

While the functional and molecular details of “clock™ and “wavefront” remain to be
elucidated, available evidence suggests that the “clock™ establishes the discrete periodicity of
new segmental domain, and that the “wavefront” confers positional input at which the cells can
undergo somite formation. The signaling pathways discussed earlier are integrated at the anterior
PSM to activate the segmentation program by triggering expression of the MESP genes, a family
of bHLH transcription factors (79,80) (Fig.1.2). 7bx6, a PSM marker downstream of the Wnt
pathway, and Notch signaling and its effector NICD cooperatively activate the expression of
Mesp?2, particularly with TBX6 directly binding to the enhancer region of Mesp?2 (81,82).
Conversely, the FGF signaling pathway represses Mesp2 expression (62,83). In mouse, Notch
(NICD) and FGF (pERK) oscillations overlap posteriorly, but, as the NICD wave refines while

traveling anteriorly, pERK is periodically downregulated to allow the narrow band of NICD to
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activate Mesp2 (62). In other words, the small region of the anterior PSM that is 7bx6-positive
and undergoes a pulse of Notch oscillation during the periodic downregulation of FGF expresses
Mesp2. MESP2 in turn activates expression of Ripply1/2 that downregulates 7hx6 in that
domain, thereby setting the anterior extent of the next MESP2 domain to regress posteriorly by
about the length of one segment (83,84). Ripply genes constitute a negative feedback loop, as
they repress Mesp?2 in turn, ensuring transient Mesp2 expression and proper RC patterning (85).
Once the MESP2 domain demarcates the presumptive somite, it quickly establishes RC
polarity prior to epithelial somite formation, where each rostral and caudal half of the
presumptive somite express different molecular markers. For instance, MESP?2 is refined to the
rostral half, downregulates Notch signaling, and activates rostral markers such as 7bx/8 and
EphA4 (84,86,87). The caudal half without MESP2 expresses caudal markers such as DIl1,
Uncx4.1, and EphrinB2 (87-90). The molecular identities of the rostral and caudal halves are
maintained by TBX18 and UNCX4.1, respectively (91-93). Disruptions of the genetic regulatory
circuits specifying either rostral or caudal compartments lead to expansion of ectopic caudal or
rostral identity within each segment (85,93). While the precise mechanism remains to be
determined in different embryo models, findings in human iPSC organoid provide key
mechanistic insight into how MESP2 becomes refined to the rostral compartment. The organoid
models called “somitoid” and “segmentoid” simulate the differentiation and morphogenetic
trajectory of paraxial mesoderm from clock gene oscillations to segmentation of somite-like
structures, respectively in 2.5D and 3D (94). In this system, MESP?2 is initially expressed in a
“salt and pepper” manner, which is also observed in chick and mouse embryos. These cells
quickly sort and segregate based on their MESP2 expression level, leading to separation of cell

clusters exclusively containing MESP2-high or MESP2-low cells, each representing the rostral
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and caudal compartment. Although this sorting behavior has not yet been validated in vivo with
live imaging, it likely provides an important hint about the morphogenetic mechanism
underlying the establishment of RC polarity.

The molecular RC polarity is soon translated into physical boundary formation initially
via the Ephrin-Eph pathway, a signaling pathway mediated by membrane-bound ligands and
receptors of the receptor tyrosine kinase family with a well-known function in cell-cell repulsion
and boundary formation (88,95-97). MESP2 in the rostral compartment activates expression of
the EphA4 receptor at the presumptive anterior border (90,98,99). Then, EphA4-expressing cells
induce EphrinB2-reverse signaling in the juxtaposed cells of the presumptive posterior boundary,
which is sufficient to form a boundary (90). This signaling then downregulates CDC42—a
GTPase protein of the Rho subfamily that regulates the actin cytoskeleton—activity to enable
MET (100). Rho GTPase proteins such as CDC42 and Racl play a crucial role in the proper
epithelialization of somites. In the chick embryo, overexpression and inhibition of CDC42 lead
to failure in epithelialization and hyper-epithelialization, respectively, while experimental
modulation of RACI activity also leads to failure in proper epithelialization. In addition, while
the inter-somitic fissure is formed by Ephrin-Eph signaling and downstream actin cytoskeleton
remodeling via CDC42 and RACI, the extracellular matrix plays a crucial role in the formation
and maintenance of this boundary. In the forming boundary, integrin (itgaJ5) is upregulated
downstream of Ephrin-Eph signaling and forms clusters that drive fibronectin assembly
(101,102). Experiments in the chick embryo showed that the overlying ectoderm is the major
source of fibronectin (103—105). Integrins are transmembrane proteins that anchor cells to the
extracellular matrix, such as fibronectin, laminin, and collagen, and form focal adhesion points

functioning as centers for cell-substrate interaction and signaling cascades. In zebrafish, mutant

17



embryos for either fn (fibronectin) or izga5 (integrina5) can form a boundary but fail to maintain
it (102). Mouse mutants without focal adhesion kinase—an intracellular protein tyrosine kinase
that mediates signaling downstream of integrin-fibronectin interaction—do not form proper
somites, suggesting a crucial role of cell-substrate interaction in epithelial somite formation
(106). Curiously, although the molecular circuit underlying RC polarity establishment and
boundary formation are tightly associated, these two processes are genetically dissociable. For
instance, mouse mutants with a hypomorphic MESP allele fail to establish proper RC polarity
but somite boundaries as well as some genes underlying boundary formation are normal (99).
Similarly, mouse mutants overexpressing NICD form caudalized somites, but boundary
formation still occurs (44). Lastly, a human iPSC organoid model that forms somite-like
epithelial rosettes (“somitoid”) also shows normal epithelialization of somite-like structures
despite genetic ablation of MESP2 (94). Thus, RC polarity establishment is not necessary for
boundary formation, and further investigation is needed to elucidate the precise regulatory circuit
connecting these two processes.

Paraxis (TCF15) is a core bHLH transcription factor underlying MET that orchestrates
modulations of the cytoskeleton, extracellular matrix, cell-cell and cell-ECM adhesion (107,108).
During epithelialization, somite cells become elongated and polarized such that the outer surface
forms a basal lamina layer composed of laminin and collagen (109,110). Eventually, the resultant
somite is composed of a pseudostratified epithelial layer and an inner cavity (somitocoel) with a
small population of mesenchymal cells at the apical side. Paraxis is expressed by formed somites

and the anterior PSM, and mutant mice without Paraxis fail to form epithelial somites and to
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maintain RC polarity (111). WNT6 emanating from overlying ectoderm is necessary for the
proper expression of Paraxis and epithelialization of somites (112). Additionally, transcription

factors MEOX1/2, and PAX3 are also necessary for epithelialization.

Figure 1.2. Activation of segmentation program and establishment of somite RC polarity
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Figure 1.2. The posterior FGF and Wnt signaling gradients confer posterior PSM identity,
underlying the expression of posterior PSM markers TBX6 and MSGN1. The antagonistic
interaction between the anterior RA and posterior FGF gradients sets the determination front, at
which TBX6 and periodic Notch activity driven by the segmentation clock cooperatively activate
the segmentation gene MESP2. MESP2 downregulates TBX6, ensuring stepwise specification of
presumptive segmental domains. MESP2 is soon restricted to the rostral half of the presumptive
somite and confers rostral identity, activating its downstream targets, including TBX18, EPHA4,
LFNG, RIPPLY 1/2, and PAPC. The antagonistic interaction between the rostral determinants
(e.g., TBX18) and caudal determinants (e.g., UNCX4.1) underlies the maintenance of the RC
polarity. Adapted from (109), with permission from Cold Spring Harbor Laboratory Press.

Somite patterning and compartmentalization

The formed somite is subdivided into multiple compartments that are morphologically
and molecularly distinct. These compartments form the basis for the different anatomical
lineages derived from the somite. Tissues surrounding the somite, such as the lateral plate
mesoderm, neural tube, and ectoderm, play a crucial role in this process as they provide

inductive signaling cues that drive specification of different fates. The ventral part of the somite,
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as well as the somitocoel cells, forms the sclerotome, while the dorsal part remains epithelial and
forms the dermomyotome. The sclerotome gives rise to vertebrae and ribs, vertebral discs, part of
the skull, tendons, smooth muscles of the aorta, and the pectoral girdle and scapula; the
dermomyotome gives rise to the dermis of the back, and the muscles of the limb, tongue, and
abdominal wall, and brown fat (2,24,109). All parts of the somites contribute to the endothelial
cell lineage (2).

While the precise timing of differentiation may vary along the AP axis, for trunk somites,
the ventral part downregulates PAX3 and 7 while activating PAX1 and 9, marking the
establishment of dorsoventral (DV) polarity and the specification of the sclerotome fate
(109,113). The two most recently formed somites are not committed and exhibit plasticity, as a
somite rotation experiment along the DV axis led to normal development of dorsal
dermomyotome and ventral sclerotome (114). Conversely, DV rotation of more differentiated
somites led to ectopic somite compartments. On the other hand, rotation of nascent somites along
the RC axis always leads to ectopic RC polarity, revealing different timelines for the
establishment of DV and RC polarity.

Signals emanating from the floor plate of the neural tube and from the notochord play a
central role in the specification of the sclerotome fate (113,115—-117). Sonic hedgehog, produced
by the notochord and floor plate, activates the expression of the sclerotome markers PAX/ and
PAX9. Noggin and Chordin are produced by the notochord, and they antagonize BMP4
emanating from the lateral plate mesoderm. BMP4 from the lateral plate mesoderm plays a key
role in establishing mediolateral polarity. For instance, a high level of BMP4 can transform

paraxial mesoderm into lateral plate mesoderm, and a low level induces the expression of the
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lateral somite marker Sim1 (118—120). BMP4 also represses PAX1 expression (121), so Noggin
and Chordin ensure sclerotome differentiation in the ventromedial part of the somites.

The ventral part of the somite expands ventromedially and undergoes EMT (2). The
mesenchymal sclerotome is morphologically divided into rostral and caudal compartments by the
von Ebner fissure. The rostral and caudal halves exhibit distinct profiles regarding not only
molecular markers but also extracellular matrix composition and cell density (122). For instance,
the caudal half has higher cell density and expresses extracellular matrix components like
chondroitin-6-sulfate and signaling factors like Ephrin ligands and F-spondin that inhibit neural
crest migration (89,123—125). These differences make only the rostral half a permissive
environment for neural crest and axon migration, as well as dorsal root ganglion formation,
exemplifying a mechanism by which the somite imposes segmentation on other organs such as
the peripheral nervous system. Later, the sclerotome continues to expand ventromedially to
encircle the notochord and gives rise to the vertebral column through resegmentation, where the
rostral half of a somite joins with the caudal half of the anteriorly adjacent somite to form a
single vertebra (2,109).

The dorsal half of the somite forms the dermomyotome, which later gives rise to the
dermis of the back, skeletal muscle, connective tissue, endothelium, and brown fat. As in the
sclerotome, signals emanating from neighboring tissues including the ectoderm, neural tube, and
lateral plate mesoderm play crucial roles in the establishment of the dermomyotome lineage and
the diversification of developmental trajectories. As the ventral part of the somite undergoes
EMT and upregulates PAX1 and 9 at the expense of PAX3 and PAX?7, the dorsal portion remains
epithelial expressing PAX3 and 7 expression. Paraxis, a key transcription factor for

epithelialization, is also retained only in the dermomyotome. Wnt signaling from the dorsal
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ectoderm and neural tube activates the dermomyotome markers PAX3 and 7 (126,127). SHH
from the floor plate and notochord counteracts Wnt signaling by activating the Wnt inhibitor
SFRP2 (128). Similarly, Wnt activates the Shh inhibitor GAS]1 in the dorsal somite to prevent
ectopic sclerotome formation and to form sharp DV polarity through mutual inhibition (129).

Morphologically, the dermomyotome is a rectangular epithelial sheet over the sclerotome
extending diagonally from the dorsomedial side to the ventrolateral side. All four edges of the
rectangular dermomyotome adopt lip-like structures and function as sites of production for
myocytes of the myotome (130). The dermomyotome can be subdivided into three major sub-
compartments that are molecularly, morphogenetically, and developmentally significant: the
dorsomedial lip, central dermomyotome, and ventrolateral lip. The dorsomedial lip is both
marked and maintained by WNT11, after the initial specification by Wnt signals from the dorsal
neural tube (131). The ventrolateral lip, marked by SIM1, is specified by WNT6 from the
overlying ectoderm and contained laterally by WNT11 antagonism. This subdivision of the
dermomyotome represents an important checkpoint for major muscle lineages because the
myotome generated from the dorsomedial lip gives rise to the epaxial muscles—muscles of the
back—whereas that from the ventrolateral lip contribute to hypaxial muscles—muscles of the
abdominal wall, limb, tongue, and diaphragm (130,132). Cells at the lips of the dermomyotome
undergo EMT and contribute to the immature myofibers underneath the dermomyotome, forming
the myotome. The central dermomyotome gives rise to the dermis of the back while also

contributing to both the DML and VML.
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Special features of anterior somite

Somites give rise to anatomical structures characteristic of their axial level, forming the
basis of different axial identities of somites: from rostral to caudal, occipital, cervical, thoracic,
lumbar, sacral, and coccygeal (2). Different species have unique numbers of total somites as well
as numbers of somites corresponding to each axial group. For instance, in the chick embryo, it is
described that somites 1-5 are occipital, 5-19 cervical, 19-26 thoracic, 26-30 lumbar, 30-39
sacral, and 39-52 coccygeal (2,133,134). Most of our knowledge of somitogenesis and somite
development, however, has derived from experiments and observations performed in cervical,
thoracic, or lumbar somites, for reasons including the convenience of access and embryonic
manipulation or the fragility of embryos at earlier stages. For example, the first molecular
identities of the segmentation clock gene (c-hairyl) and the determination front (FGF8) were
discovered with chick embryos at stages producing cervical-to-thoracic somites, and one of the
widely accepted staging schemes for somite development is also largely based on thoracic-to-
lumbar somites (2,134). However, different features of somite development can vary across axial
levels, including formation and maturation dynamics, gene expression profiles, and interactions
with neighboring tissues.

Occipital somites (1st-5th in chick) are the rostral-most somites between the head
mesoderm and the cervical somites. Traditional fate-mapping experiments in which quail
occipital somites were grafted into chick hosts at the corresponding axial level showed that they
give rise to the caudal part of the skull (supraoccipital, exoccipital, basioccipital); parts of the
atlas and axis; various neck, glossal, hypoglossal, and laryngeal muscles; occipital and dorso-
cervical dermis; and meninges (24,135). They represent one of the least understood classes of

somites, as they exhibit several unique features in development compared to other somites. One
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major difference is that, as they lie at the head-neck transition zone, occipital somites give rise to
the caudal part of the skull, which is not overtly segmented (24,135). Only the last occipital
somite (5th) gives rise to parts of the first two vertebrae (atlas and axis). Thus, it is possible that
the RC polarity of the somite has different functional relevance or even is differentially
established. A finding that supports this idea is that dorsal root ganglia do not form in any part of
the occipital somites, which at the trunk level develop specifically at the rostral half of the somite
(136,137). In other words, one of the major functional consequences of RC polarity, the
segmentation of the peripheral nervous system, is not relevant to occipital somites. The most
revealing evidence comes from the examination of RC marker expression in the chick embryo
(138). When expression patterns of various Notch components that are specific to either the
rostral or caudal halves of trunk somites were analyzed, 1st-3rd somites did not express any of
these RC-polarity markers, and 4th-9th somites expressed only a subset of such markers. These
findings strongly suggest that the nature of RC polarity and, more generally, the molecular
profile of occipital somites differ from those of trunk somites.

Moreover, evidence from various model organisms suggests that there might be
differences in somitogenesis between the rostral-most somites and trunk somites. The periodicity
of somite formation is variable across axial levels in different organisms, where the period is
generally faster in rostral somites and slower in caudal ones (139). In the chick embryo, the
period of occipital somite formation is 60-75 min, while the clock-gene oscillation is indeed
coupled to somite segmentation (140). From the 6th somite onward, the period converges to the
approximately known period of 90 min. In addition, multiple mouse and zebrafish mutants with
disruptions in somite formation show varying anterior or posterior extents of the disruption

phenotype. For instance, multiple mouse mutants with defective axis elongation and PSM
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development still form 8-10 anterior-most somites (141). More specifically, zebrafish mutants for
Notch signaling components including her7, notchla, and deltaD have defects in trunk somites
but normally form 5-6 rostral-most somites (134,138,142—145). These mutants have varying
anterior limits of defect, and combinations of these mutants often exhibit anterior expansion of
defective somites but fail to affect the anterior-most somites. On the other hand, the zebrafish
herl mutation only affects formation of the 1st-3rd somites (29). Similarly, zebrafish mutations
in itga5 lead to somitogenesis defects for only the anterior-most somites (101). Although the
conservation of this phenomenon in different vertebrate species, including chicken, remains to be
established, these findings raise the hypothesis that the molecular mechanisms by which anterior-
most somites form might be, to some extent, different from those of posterior somites.

Besides the formation process, the maturation and developmental dynamics of occipital
somites are also different from those of thoracic/lumbar somites. In chick trunk somites,
molecular markers for the sclerotome and dermomyotome—PAX] and MYOD 1, respectively—
are activated in two rounds of segmentation, and mesenchymal sclerotome formation takes place
in about seven rounds of segmentation (134). Also, such compartmentalization of somites
proceeds sequentially from rostral to caudal. Conversely, for occipital somites, PAX7 and
MYODI expression are much delayed and rather simultaneously activated in all five occipital
somites. Development of the myotome in the chick embryo also shows similar dynamics
(146,147). These findings indicate not only that the timeline of differentiation and
compartmentalization is distinct for occipital somites but also that occipital somites have an
extended window of a plastic, undifferentiated state. Indeed, a classic transplant experiment
demonstrates remarkable plasticity of the occipital somite (148). When grafted to a different

axial level, non-occipital somites maintain their Hox gene profile and morphogenetic program,
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such that transplantation of a thoracic somite to the cervical level would result in ectopic ribs at
the neck (149). However, when 1st-4th somites, which do not form vertebrae, are transplanted to
the trunk level, they indeed form mostly normal but incomplete vertebrae without activating Hox
genes for the destination axial level (148).

Then, what could be the mechanistic explanation for such distinctive characteristics of
the occipital somites? The definitive answer is not yet known, but the developmental origin of
the anterior-most somites may contribute to answering this question. For instance, single-cell
RNA sequencing of E6.5-8.5 embryos identifies a distinct transcriptional trajectory for anterior-
most somites versus more posterior somites, although these trajectories ultimately converge
toward a shared paraxial mesoderm identity (150). It is proposed that the precursors of the
anterior-most somites arise from the same region of the primitive streak as those for
cardiac/lateral plate and cranial mesoderm and ingress in a T/Brachyury-independent manner
along with other anterior mesoderm precursors (150,151). As a result, the transcriptional
trajectory for anterior somites exhibits elevated expression of lateral plate mesoderm marker
genes, which might molecularly discriminate anterior-most somites from posterior ones. Another
possible explanation is that the occipital somites are exposed to a different signaling
environment. While there are multiple signaling gradients that define the dynamics of
somitogenesis and paraxial mesoderm maturation, it is possible that in early stages such
gradients are not fully established or stable. Alternatively, the occipital somites can be uniquely
exposed to certain signaling gradients that are only present in the early embryo. A signaling
pathway that spatially and temporally overlaps with the anterior-most somites but not with
posterior somites is the left-right (LR) determining pathway. In the next chapter, the overview

and mechanism of the LR determining pathway will be described. Importantly, the possible
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intersection between the LR pathway and the paraxial mesoderm will be highlighted, which will

be the main question of this thesis.
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Part 2. Left-right determination in the early vertebrate embryo

Overview of LR patterning and symmetry breaking in vertebrates

Bilateria is the largest clade of metazoans, characterized by a body plan with bilateral
symmetry along the AP axis. Species of Bilateria, however, exhibit varying modes and extents of
asymmetry. The bilateral symmetry of vertebrates comes mainly from the musculoskeletal
system, which contrasts with asymmetric internal organs. For instance, the heart is located on the
left side, and its asymmetric development appears in the very early embryo. Moreover, various
endoderm-derived organs such as the stomach, lung, and liver, as well as the brain, are
stereotypically asymmetric in their position and/or morphology. Proper LR patterning of these
organs is critical for human health, as disruption in LR patterning is highly associated with
various congenital diseases (152,153).

The establishment of LR asymmetry in embryogenesis follows a general sequence:
bilateral symmetry is broken and leads to asymmetric gene expression, which in turn activates a
lateralized morphogenetic program (152). The best-characterized symmetry breaking events
occur at the LR organizer (e.g., Kupffer’s vesicle in zebrafish, HN in chick, the node in mouse)
of early embryonic stages during gastrulation and neurulation. However, the “true” origin of
asymmetry (e.g., a chiral molecule that instructs robust symmetry breaking) and the earliest
symmetry breaking event remain topics of active debate and research (152).

An intriguing theme of LR determination is that the core machineries driving the
patterning process are very well conserved, whereas the upstream processes leading to activation
of such machineries are rather divergent. For instance, the Nodal signaling pathway, a member of
the TGF-B family, is a left determining factor whose function is conserved in species from
diverse phyla, including snails, sea urchins, and all vertebrates (154,155). While Nodal is not
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utilized in some major model organisms such as Drosophila and C. elegans, phylogenetic
analyses suggest that a Nodal-based mechanism was likely present in the earliest bilaterians,
although it was lost and replaced by other mechanisms in some lineages (155—-157). A recurring
motif is that a divergent upstream process triggers transient expression of Nodal, mostly on the
left side of the LR organizer, which in turn activates Pitx genes, homeobox transcription factors
driving cascades of molecular events underlying LR determination and morphogenesis. The
precise role and downstream targets of the Nodal-Pitx axis are active areas of research and
remain poorly understood.

In vertebrates, a major class of symmetry breaking mechanism involves directional fluid
flow generated by motile cilia in the LR organizer, although it is not conserved in some
mammals (e.g., pig), birds, and reptiles. For instance, in the mouse embryo, node cells have
motile cilia that rotate in a clockwise direction, driven by dynein motor proteins (158,159).
While the morphology of the node resembles a pit, the apical surface of nodal cells is dome-like.
In addition, the basal body of these motile cilia is located posteriorly in each node cell, resulting
in posterior tilt of the motile cilia (159,160). Such geometric properties of cilia and nodal cells
and the clockwise rotation altogether generate a leftward flow of extraembryonic fluid that is
necessary for proper LR patterning of an embryo (161). For instance, artificial rightward flow is
sufficient to invert the situs of the mouse embryo (162). It is proposed that immotile cilia at the
edge of the node respond to the mechanical force generated by the flow or that signaling
molecules and lipid vesicles are carried with the leftward flow (163—166). Recent works in
zebrafish and mouse demonstrate that immotile cilia indeed function as mechanosensors that
trigger calcium signals and downstream signaling cascades on the left side of the node (167,168).

Besides, works in mouse and frog also suggest that R-spondin 2, Pkd111, and Mmp21 are
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transported leftward by the ciliary flow and play a crucial role in proper symmetry breaking
(169—171). These findings suggest that the two proposed functions of ciliary flow likely work in
parallel. Such directional fluid flow by motile cilia is conserved in a diversity of vertebrate
species including frog, zebrafish and, likely, humans, and plays a crucial role in the
establishment of LR asymmetry, although details regarding the dynamics of flow and geometry
of cilia and the LR organizer vary across species (155,172—175). However, it should be noted
that the position and function of ciliary flow in the comprehensive context of LR asymmetry
remain to be elucidated, as, for instance, human patients with primary ciliary dyskinesia—a
genetic disorder with dysfunctional motile cilia—show randomized visceral situs but have
normal handedness and brain asymmetry (176—178).

Even though ciliary flow represents one of the best characterized processes leading to LR
determination and is critical for robust laterality in some vertebrate species, it most probably
does not represent the earliest LR determining mechanism (152). For instance, various proteins
and mRNAs that are relevant to LR asymmetry show asymmetric distribution in early stages
before ciliary flow, even in species whose laterality depends on ciliary flow (179—183). Thus, an
alternative approach seeks the earliest, deeper origin of LR asymmetry from the chirality of
cytoskeletal elements (184,185), which asymmetrically localize ion transporters (e.g., K*
channels, H" pumps) throughout the earliest cleavage events of the embryo (152,186,187).
Chemical and bioelectric gradients downstream of asymmetric ion transporters are then
translated into robust gradients of charged molecules that play critical roles in lateralized gene
expression. While such a model is not mutually exclusive with the role of ciliary flow, the
conservation and functional relationship of these two mechanisms require further investigation

(152,155,178).
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Symmetry breaking in the chick embryo

While the seminal discoveries on the molecular and genetic components of the LR
pathway were made in chick, the chick embryo—along with pig, other birds, and likely
reptiles—does not utilize a mechanism involving ciliary flow (188—190). HN of the chick
embryo does not have motile cilia but displays very early morphological asymmetry. At HH4,
HN is seemingly tilted to the left, so that the forming notochord is rooted to the right side of HN,
and the right side of the node is thicker than the left side (191,192). Initially, at HH4, SHH and
FGF8§ are symmetrically expressed at HN. As HN regresses posteriorly and forms the notochord,
SHH is progressively lateralized on the left side of HN, and F'GF§ on the right side (193,194).
Cells at the SHH expression domain around HN engage in a counterclockwise movement toward
the left side of HN (190,195). This cell rearrangement is necessary for proper asymmetric gene
expression because both the insertion of hair and surgical separation result in bilaterally
symmetric gene expression. Also, this process is downstream of the actin cytoskeleton, as drugs
inhibiting Myosin II and Rho kinase resulted in symmetric expression of SHH and FGHS (190).

Another key signaling pathway that is asymmetrically expressed is activin signaling, a
member of the TGF-P superfamily. The Activin B ligand and Act-Rlla receptor are
asymmetrically expressed on the right side and activate right-sided expression of BMP4
(193,196-198). BMP4 activates FGF8 on the right side of HN and is involved in mutual
repression with SHH, ensuring the sharp separation of left- and right-specific gene expression
domains. Ultimately, signaling cascades at the left and right sides of HN culminate with the
asymmetric expression of NODAL on the left side of HN at HH5-6. Indeed, SHH has been
shown to be both necessary and sufficient for NODAL expression at HN, as implantation of cells

expressing SHH, as well as treatment with the SHH agonist SAG, induced ectopic NODAL
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expression, while implanting beads soaked in anti-SHH antibody suppresses NODAL expression
(193,199,200).

Yet another parallel mechanism toward left-sided NODAL expression involving the
Notch signaling pathway has been described. In the early chick embryo at HH3, prior to
asymmetric gene expression, cells on the left side of HN are depolarized compared to those on
the right side (201). This difference in membrane voltage potential is one of the earliest known
features of LR asymmetry in the chick embryo and is established by the asymmetric activity of
the H'/K"-ATPase pump. Treatment of the early chick embryo with drugs targeting this pump not
only affects the membrane voltage gradient but also the expression of key asymmetric genes
such as SHH and NODAL, placing this gradient upstream of asymmetric gene expression at HN.
A similar result regarding asymmetric gene expression is also observed upon perturbation of the
H*-V-ATPase pump at a similar stage (186). In addition, the H/K*-ATPase establishes a Ca**
gradient in the chick embryo around the time NODAL is activated, in a way that extracellular
Ca?" is elevated on the left side of HN (202). Ca*" levels modulate the activity of the Notch
signaling pathway, which in turn activates NODAL via Notch-responsive RBPjk-binding sites in
the NODAL promoter (203). It is proposed that the local hyperactivation of Notch signaling on
the left side of HN downstream of the Ca®" gradient is directly responsible for the left peri-nodal
activation of NODAL. While the H"/K"-ATPase activity gradient is upstream of both SHH and
Ca?*/Notch asymmetry, modulating SHH does not alter Notch activity, suggesting that SHH is
not upstream of Notch asymmetry (203).

As in many other model organisms, the “true” origin or earliest instance of LR
asymmetry in the chick embryo is not known. For instance, it is not known how the asymmetric

membrane voltage gradient is established (201). In addition, a recent work that elegantly
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described the early “polonaise movement” underlying primitive streak formation at HH3
revealed striking asymmetry in cell behavior (204). When the left and right counterrotating cell
flows are traced and compared via live imaging and particle image velocimetry, the cell flow on
the right side was more “dominant,” with higher speed and vorticity. The functional relationship
between this novel asymmetry in cell movement and other known features of LR asymmetry

remains to be elucidated.

Propagation of LR identity in the chick embryo

In different vertebrate species, early symmetry breaking mechanisms are highly
divergent, but the activation of the Nodal-Pitx2 axis in the left lateral plate mesoderm is
conserved. The consequences of symmetry breaking at the LR organizer should be relayed to the
lateral plate mesoderm, through the paraxial mesoderm in between. Although NODAL is known
to activate itself via positive autoregulation (205), a series of explant experiments suggests that a
secondary signal from paraxial tissue is necessary for peri-nodal SHH to induce NODAL in the
lateral plate mesoderm (199). The signaling molecule responsible for the propagation of NODAL
is Caronte/CER1, a member of the Cer/Dan family of BMP antagonists (206,207). CERI is a
paralog to Dand5 in other vertebrate species including mouse and zebrafish, a primary target of
ciliary flow that leads to degradation of Dand5 mRNA on the left side of the LR organizer and
specifically represses Nodal on the right side (208-213). CERI is activated by SHH and
repressed by FGF8. CERI is initially symmetrically expressed around the HN but starts to be
downregulated on the right side of the embryo (206). At HH7-8, CERI is asymmetrically
expressed in the paraxial mesoderm and lateral plate mesoderm on the left side. The main
function of CERI is to inhibit BMP signaling, which is broadly expressed in both the left and
right LPM and inhibits NODAL expression. As BMP is inhibited by CER1, NODAL is
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propagated to and transiently amplified in the left lateral plate mesoderm by HH7-8. NODAL is
a secreted factor of the TGF-3 superfamily that triggers downstream signal transduction via
interaction with EGF-CFC proteins that function as co-receptors for NODAL, Cripto, and
Cryptic (214). As the NODAL ligand binds TGF-f receptors with EGF-CFC co-receptors, it
triggers phosphorylation of Smad2/3, which in turn associates with Smad4 and functions as a
transcription factor for downstream targets. A conserved NODAL target in LR patterning is
PITX2, a left determining transcription factor mediating a downstream morphogenetic program
in various organs (215-219). NODAL expression initially spans broadly across the left LPM at
HHS, inducing PITX2 in an overlapping region in the left LPM, but regresses to a small posterior
domain in the left LPM by HH9-10 and disappears (193).

A core component of the Nodal regulatory circuit, which ensures the spatial and temporal
specificity of Nodal signaling and the downstream left determining program, is LEFTY1/2, a
member of the TGF-P superfamily. LEFTY 1/2 is activated by NODAL but inhibits NODAL by
either directly intercepting the NODAL ligand or competitively binding to EGF-CFC co-
receptors, thus forming a negative feedback loop (206,214,220-225). The diffusion rates of both
LEFTY proteins are faster than that of NODAL, so the combination of the short-range activator
NODAL and the long-range inhibitor LEFTY establishes a classic example of the reaction-
diffusion model (224,226-229). This mechanism critically underlies the function of LEFTY1/2
in spatially and temporally confining NODAL signaling. LEFTY1 and LEFTY2, however,
display distinct expression patterns in early LR patterning. LEFTY 1 is primarily expressed at the
left side of the floorplate, notochord, and paraxial and lateral plate mesoderm. Its expression
pattern in the paraxial and lateral plate mesoderm largely overlaps with that of NODAL

(229,230). Importantly, LEFTY 1 expression at the midline functions as a midline barrier that
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prevents the diffusion of left determining signals to the right side. For instance, the loss of
LEFTY1 results in bilateral expression of PITX2 (231). LEFTY2, on the other hand, is primarily
expressed in the left LPM around an overlapping domain with NODAL. As a feedback inhibitor
of NODAL, LEFTY?2 also plays a similar role in limiting the range and temporal window of
NODAL activation in the left LPM. Mutation of Lefty2 in mouse results in prolonged NODAL
expression and ectopic PITX2 expression on the right side (226).

While NODAL expression is rather transient, asymmetric PITX2 expression lasts over
organogenesis and orchestrates lateralized morphogenesis. For instance, overexpression of
PITX2 on the right side of the mouse embryo leads to defective heart and gut looping, as well as
reversed body turning (215). The precise gene regulatory network and morphogenetic
mechanism by which PITX2 instructs asymmetric development remain an active area of
research. For instance, in avian gut development, PITX2 is asymmetrically expressed in the
dorsal mesentery, a derivative of the LPM that anchors the gut tube to the posterior abdominal
wall (232-234). PITX2 suppresses BMP4 on the left side of the dorsal mesentery, while right-
sided BMP4 promotes hyaluronan-dependent tissue expansion (234,235). In response to this
tissue deformation, PITX2 is upregulated via mechanosensitive TGF-f signaling and elevates
tissue stiffness, which functions as a “brake” ensuring the proper gut tilting angle (234). This
left-specific modulation of tissue stiffness is mediated by the PITX2 downstream effector formin
DAAM2, which polymerizes the actin cytoskeleton and promotes cell-cell adhesion (236). As
such, PITX2 orchestrates LR asymmetric morphogenesis, although its precise and

comprehensive function in various organ-specific contexts is not fully understood.
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Intersection of paraxial mesoderm and LR asymmetry

Bilateral symmetry has been assumed to be the default state of somitogenesis and somites
(7,237-241). However, recent works on somite bilateral symmetry suggest that somitogenesis
occurs in the context of multiple sources of asymmetry, which need to be buffered via various
mechanisms to attain bilateral symmetry. For instance, a recent work in zebrafish suggests that
nascent somites exhibit variability in anterior-posterior (AP) length and position and thus are
asymmetric (242). Over maturation, pairs of contralateral somites gradually achieve more precise
symmetry via shape adjustment based on tissue surface tension. This study reports a case of
fluctuating asymmetry—that is, directionally unbiased, random deviation from perfect
symmetry—introduced by developmental noise (243).

In addition, a series of works have investigated the role of the RA signaling pathway in
ensuring symmetric somitogenesis despite the asymmetric signaling environment of LR
patterning (244-248). In vertebrates, via yet unclear mechanisms, the absence of RA signaling
results in a directionally biased defect in somitogenesis and somite asymmetry—a case of
directional asymmetry—as the molecular processes in the PSM are exposed to the effect of LR
patterning machineries. For instance, mutant mice for Raldh2, an enzyme synthesizing RA, result
in LR desynchronization of somitogenesis where the right PSM displays delayed somite
formation, manifested as fewer somites and an extended, occasionally right-biased, Figf8 mRNA
domain (244). In addition, double mutants for Raldh2 and iv, whose mutation randomizes situs,
display somite formation defects on either the left or right side, demonstrating that the
directionality of the somite formation defect upon RA deficiency is indeed downstream of LR
determining signals (245,249). These findings suggest that bilateral symmetry is not the default
state of somitogenesis but must be actively maintained by various mechanisms against various

sources of asymmetry.

36



One reason somitogenesis and somites have been assumed to be symmetric is that
asymmetric gene expression underlying LR patterning is most apparent in the LR organizer and
the LPM, on which traditional research on LR patterning mainly focused. However, early somite
development in the chick embryo spatially, temporally, and molecularly overlaps with LR
patterning. Indeed, there are known, yet largely overlooked, instances of molecular asymmetry in
the paraxial mesoderm that are exceedingly pertinent to somite development. For instance,
Caronte/CERI1 is a key signaling molecule in the LR pathway responsible for the propagation of
NODAL to the left LPM, whose main function is BMP inhibition. While explant experiments
showed that paraxial mesoderm tissue is necessary for peri-nodal SHH to induce NODAL in the
LPM, CERI is asymmetrically expressed by both the paraxial mesoderm and the LPM
(199,206,207). This finding not only evidences molecular asymmetry of the paraxial mesoderm
but also indicates that the left and right paraxial mesoderm are exposed to distinct signaling
environments. For instance, the left paraxial mesoderm of the chick embryo experiences SHH
and NODAL signaling as well as BMP inhibition by CER1. BMP signaling plays a critical role
in mediolateral patterning of the somite and mesoderm in general (118—120). Thus, it is
conceivable that the anterior-most somites, as well as the LPM at the same level, on the left side
form before or during CER1 activation under weaker lateralizing effects due to BMP inhibition.
In addition, one of the earliest traveling waves of Notch signaling oscillation has been shown to
be asymmetric and crucial for the induction of NODAL at the HN (202,203). Specifically, the
fifth traveling wave of LFNG, proposed to underlie the patterning of one of the occipital somites,
is apparently asymmetric, as the left expression domain is more anteriorly positioned (203,250),
and this asymmetry is lost upon treatments that perturb the upstream H'/K'-ATPase activity

gradient (202). This finding provides strong evidence for not only the molecular asymmetry of

37



early somitogenesis but also the fundamental link between mechanisms underlying
somitogenesis and LR patterning. However, the consequences of asymmetries in the molecular
profile, signaling environment, and patterning of early somites have not been investigated.
Furthermore, the fact that most derivatives of the somite are apparently symmetric
reinforced the assumption that somites are bilaterally symmetric. Indeed, the asymmetry of
midline structures poses unique challenges to both observation and measurement, compared to
bilaterally separate structures. However, various approaches have been taken to quantitatively
analyze the asymmetry of somite-derived musculoskeletal structures (251-258). For instance,
morphometric analysis of unaffected human thoracic vertebrae demonstrated a right bias in
vertebral rotation and a left bias in pedicle length (252,257). The human sacrum also exhibits
significant directional asymmetry in various morphometric parameters (258). As such,
population-level directional asymmetry has been reported in human midline skeletal structures.
In addition, idiopathic scoliosis, a major type of human spine deformity displaying curvature, is
predominantly right-curved at the thoracic level, suggesting an intrinsic directional bias of the
vertebrae (259,260). Interestingly, scoliosis patients whose organ situs are completely reversed
(situs inversus) due to primary ciliary dyskinesia exhibit left-biased thoracic curvature,
demonstrating that the convexity of idiopathic scoliosis correlates with the situs of the body
(253). Although their developmental origin is yet unclear, directional asymmetries identified in
both unaffected and scoliosis vertebrae strongly argue against the notion of symmetric vertebrae

as the default state.
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Thesis overview and roadmap

The findings described in the earlier chapter strongly suggest that bilateral symmetry is
not the default state. Early somitogenesis proceeds with various sources of asymmetry. As such,
beyond the traditional sets of organs and cell types, somites have the potential to serve as a
paradigm for how bilateral symmetry is regulated in biology. Traditionally, however, somite
bilateral symmetry has been studied only when it is obviously perturbed, and often with
qualitative descriptions. In other words, with the assumption that somites are bilaterally
symmetric, “whether” somites are symmetric has been primarily asked under specific
perturbation conditions. Thus, whether somites are actually symmetric, or, more precisely, how
symmetric somites are, is unknown.

The current thesis aims to provide a comprehensive characterization of bilateral
asymmetry in the paraxial mesoderm and elucidate the modes by which LR asymmetry is
regulated in the paraxial mesoderm. To this end, the asymmetry of the paraxial mesoderm will be
operationalized and highlighted from multiple angles, including morphometry, gene expression,
and developmental trajectories. This work is expected to provide a novel framework and
foundation for future research in LR asymmetry while expanding the scope of LR asymmetry
research beyond its traditional set of tissues and genes.

In the following chapters, first, morphological asymmetry of left and right somites, as
well as gene expression asymmetry underlying somite patterning, will be measured to identify
reproducible patterns of asymmetry in the wildtype chick embryo. Asking “how symmetric” with
the view of symmetry as a continuum will be critical, as it will not only provide a more detailed,
quantitative description of the system but also enable research on asymmetry in wildtype models.
Next, the link between the LR determining pathway and somitogenesis will be determined. The

effect of LR patterning signals on somite asymmetry patterns and somitogenesis dynamics will
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be evaluated using both the chick embryo and an in vitro human iPSC model. Then, the
molecular asymmetry of the early paraxial mesoderm will be demonstrated. Single-cell RNA
sequencing and HCR RNA-FISH of the chick embryo are complementarily employed to identify
novel gene expression asymmetry in the paraxial mesoderm. Finally, the asymmetry in
developmental trajectories of the left and right somites will be demonstrated through side-
specific fate mapping experiments using the chick embryo. The significance of the molecular
laterality of the somite in the proper development of the embryo and in fate contribution will be

additionally tested, leveraging the discoveries on somite molecular asymmetry.
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INTRODUCTION

Bilateral symmetry is one of the fundamental features of most metazoans and defines the
Bilateria clade. In vertebrates, this bilateral symmetry is largely conferred by the musculoskeletal
system, in contrast to the asymmetry of visceral organs such as the lungs, heart, and spleen. In
human health, the proper regulation of both symmetry and asymmetry in the body is critical. For
instance, loss of bilateral symmetry in the vertebral column leads to scoliosis. Conversely, while
patients with complete inversion of organ situs (situs inversus totalis) generally do not display
major health issues, those with partial inversion of situs (heterotaxy) often suffer from a range of
medical complications due to impaired coordination across organs and reduced life expectancy
(1,2). However, the etiology of many laterality-related diseases remains poorly understood.

Somites are embryonic precursors of most of the vertebrate musculoskeletal system,

including the vertebrae and skeletal muscles. Somites have long fascinated biologists because of
their sequential and rhythmic formation. For instance, every 1.5 hr in the chick embryo and every
5 hr in the human embryo, a new pair of somites buds off from the anterior tip of the
unsegmented, mesenchymal paraxial mesoderm, called the presomitic mesoderm (PSM) (3,4).
The complex interplay among signaling pathways and transcription factors underlying this
striking rhythmicity has long been an active area of research. Another feature of somites that is
widely noted but rather poorly understood is their bilateral symmetry. Somites have long been
considered one of the earliest hallmarks of bilateral symmetry, as they emerge as bilateral
columns of epithelial spheres flanking the midline.

Recent studies of somite bilateral symmetry have challenged the view that bilateral
symmetry is the default state, instead suggesting that somitogenesis occurs in the context of

multiple sources of asymmetry. For instance, in zebrafish, nascent somites display fluctuating
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asymmetry—an asymmetry without consistent directionality—in anteroposterior (AP) position
and length, which gradually converges toward symmetry through shape adjustment (5).
Furthermore, studies in multiple vertebrate model organisms have demonstrated that the retinoic
acid (RA) pathway is crucial for ensuring bilateral symmetry of somitogenesis, functioning as a
buffer against the Left-Right (LR) determination pathway (6—8). When RA signaling is
perturbed, LR coordination of gene expression underlying somite patterning is disrupted, leading
to directional defects in somitogenesis. Together, these findings suggest that bilateral symmetry
of somites is actively achieved through multiple regulatory mechanisms.

Traditionally, symmetry in somites has been evaluated qualitatively as a binary feature,
and such approaches naturally limit research to the few perturbation conditions in which somite
bilateral symmetry is visibly compromised. Consequently, bilateral symmetry under wildtype
conditions has not been thoroughly investigated, and the extent to which somites are symmetric
remains unclear. Without a proper characterization of somite bilateral symmetry under wildtype
conditions, it is difficult to accurately assess the effects of factors that either compromise or
promote bilateral symmetry.

The current work presents a systematic and quantitative characterization of somite
bilateral symmetry in the wildtype chick embryo, identifying a novel directional asymmetry both
in the morphology of anterior somites and in the gene expression patterns underlying
somitogenesis. This novel directional asymmetry is driven by signals involved in LR
determination. Using both the chick embryo and a human iPSC in vitro model, we show that
Nodal signaling, a member of the TGF-3 superfamily, accelerates the dynamics of somitogenesis.
We recapitulated the interaction between Nodal and RA signaling pathways in vitro to

demonstrate that NODAL accelerates somitogenesis only under RA inhibition. Thus, our results
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not only provide a foundation for the study of bilateral symmetry in wildtype somites but also
establish a mechanistic link between LR determination and RA signaling pathways in the context

of somitogenesis.

RESULTS
Morphological asymmetry of somites

To quantify somite bilateral symmetry, we first compared the volume of bilateral somite
pairs. Chick embryos at HH8-9 were stained with hybridization chain reaction (HCR) RNA-
FISH using the somite marker MEOXI mRNA to visualize and segment the somites (9). We next
compared the volume of each somite from contralateral pairs (Fig.2.1A). This analysis
uncovered a novel directional asymmetry, in which the left anterior somites are larger than the
right ones (Fig.2.1B). For instance, the 2nd somite (counting from the most anterior, first-formed
somite to indicate the rostral-to-caudal axial level) on the left side was on average 17% larger
than the contralateral somite on the right side (Log(L/R) = 0.06987; L/R ~ 1.175).

Next, using chick embryos at the 5-13 somite stage (Hamburger Hamilton (HH) stage 8-
10), we compared the AP position of left and right somites to evaluate asymmetry in somite
alignment (Fig.2.1.C). Somite posterior boundaries were identified by marking the two
endpoints of each boundary and determining its midpoint. These midpoints were then projected
onto an abstracted midline manually drawn along the dorsal midline of the neural tube, and the
relative AP positions of contralateral pairs were compared. Embryos with less than 5 somites
were not included because they often did not exhibit a clear dorsal midline due to the wide
opening of the neural tube. The analysis revealed another previously unrecognized directional

asymmetry, in which the left anterior somites are more anteriorly positioned than their right
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counterparts (Fig.2.1.D). For instance, the left 5™ and 6™ somites were on average more
anteriorly positioned than their right counterparts by 14um. Notably, this leftward bias increased
progressively from the first to the fifth somite before declining, raising the possibility that somite
AP position asymmetry is progressively amplified at the level of the occipital somites during
successive rounds of somitogenesis (an “augmenting phase”). Wildtype embryos imaged in
culture in vitro and GFP embryos imaged in ovo showed a nearly identical trend, indicating that
this directional asymmetry is not strain-dependent nor an artifact of the culture conditions
(Fig.2.1.D’) (10). Binning embryos by somite stage revealed that the left bias is most
pronounced at early stages. The left bias in AP position of both formed and nascent somites

gradually resolves toward symmetry over development (Fig.2.1.D”).
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Figure 2.1. Morphological asymmetry of the anterior somites
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Figure 2.1. (A) A 7-somite stage chick embryo labeled with HCR RNA-FISH for the somite
marker MEOXI. Automatic segmentation based on the thresholded MEOX] signal was used to
calculate the volume of individual somites. (B) Left anterior somites are larger than the right
ones in early chick embryos (5- to 9-somite stage). As the plot represents Log(L/R), a positive
value means that the left somites are larger. The left bias in volume is most pronounced in the 2"
somite and decreases in more posterior somites. (C) Measurement of somite AP boundary
position asymmetry. (D) Left anterior somites are more anteriorly positioned than the right ones.
A positive value means that the left somite boundary is more anterior. The analysis of early chick
embryos (5- to 13-somite stage) displays a trend where the left bias increases from the 1% to the
5% somite. (D) Such asymmetry is nearly identical between wildtype and GFP embryos. (D)
Somite AP position asymmetry is most pronounced in early-stage embryos (5-to-7-somite stage)
and decreases later.
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Gene expression asymmetry underlying somitogenesis

To understand the origin of this somite asymmetry, we analyzed asymmetry in gene
expression underlying somitogenesis. Traditionally, somite formation is described with the
“clock and wavefront model” positing the interaction between the oscillatory phases of PSM
cells (“clock™) and the slowly regressing front of maturation (“wavefront), which triggers
somite formation (11). LR desynchronization of these components can be translated into
misalignment of somite positions. To determine the asymmetry in “wavefront” positioning, we
compared the mRNA expression patterns of the posterior PSM markers MSGNI and FGFS on
the left and right sides using HCR RNA-FISH (Fig.2.2.A,C) (12,13). For these genes, we drew
ROIs parallel to the midline along the PSM to quantify left and right gene expression gradients.
The analysis revealed that the expression patterns of these genes were more extended anteriorly
on the left side during the 1- to 5-somite stage. This suggests an asymmetric expansion of the
posterior PSM identity (Fig.2.2.B,D). The left bias in MSGN1 expression resolves over
development. At the 11+ somite stage, the MSGNI gradient is nearly symmetric (Fig.2.2.D,K,L).

The cyclic genes regulated by the segmentation clock are expressed as periodic traveling
waves sweeping across the unsegmented PSM (3). The waves are first expressed in a broad
posterior domain of the PSM, and they progressively narrow while traveling anteriorly. Loss of
coordination between LR traveling waves can manifest as differences in AP position and/or
length of the expression domain, which together indicate differences in oscillation phase
(Fig.2.2.E). Analysis of the cyclic gene lunatic fringe (LFNG) during the 1- to 5-somite stage
revealed a directional asymmetry (14,15): the left LENG traveling waves are more anteriorly
positioned, and the AP length of their domain is smaller than the right ones (Fig.2.2.F-H). This

analysis suggests that the segmentation clock phase is more advanced on the left side. These
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asymmetries persist until the 5- to 6-somite stage and progressively resolve later, such that the
traveling wave is symmetric after the 11-somite stage (Fig.2.2.F,G,K,L). Analysis of the
segmentation gene MESP2 (16), which appears as stripes at the level of determination front, also
showed a similar asymmetric pattern (Fig.2.2.1-L). In short, occipital somites demonstrate robust
and extensive asymmetries in both their morphology and the gene expression patterns underlying

their formation.

Figure 2.2. Gene expression patterns underlying somitogenesis show corresponding
asymmetry

Figure 2.2. (A) Measurement of MSGN/I asymmetry. Parallel ROIs along the left and right PSM
were drawn to identify the AP position at which the left and right MSGNI signals reach a
common, normalized threshold. (B) MSGNI is more anteriorly extended on the left side during
the augmenting phase (1- to 5-somite stage), whereas this asymmetry is resolved to symmetric
MSGNI expression at later stages (11+ somite stage). A positive value means that left MSGNI is
more anteriorly extended. The right panel shows MSGNI asymmetry from the 1- to 13-somite
stage. (C) Measurement of FGF§8 asymmetry. The same approach as for MSGN1 was applied.
(D) FGF$ in the PSM extends more anteriorly on the left side during the augmenting phase. (E)
Measurement of LFNG asymmetry. AP levels over which LFNG signals exceed a common,
normalized threshold represent the LFNG expression domain. Midpoints and the AP length of
left and right LFNG domains were extracted to analyze LFNG asymmetry. (F) Left LFNG
traveling waves are more anteriorly positioned than the right ones in early stages. A positive
value means that left LFNG is more anteriorly positioned than the right one. This early left bias
is maintained throughout the augmenting phase and decreases later. (G) Left LFNG traveling
waves are shorter than the right ones in early stages. A negative value means that the left LFNG
traveling wave is shorter than the right one. Similarly, the asymmetry in the length of LFNG
traveling waves decreases later. (H) Left-advanced LFNG traveling waves in wildtype HH7-8
chick embryos. (I) Measurement of MESP2 asymmetry. The peaks of MESP?2 signal represent
the AP position of the MESP2 expression domain. (J) MESP2 expression shows similar left bias
in AP position. A positive value means that left MESP?2 is more anteriorly positioned. (K) HCR
RNA-FISH of LENG, MSGN1 and MESP? at an early stage demonstrates striking asymmetry,
compared to the later stage (L). Statistics are unpaired two-sided t-test. * is p < 0.05; ** is p <
0.01. Scale bar = 100um
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Figure 2.2. (continued)
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LR determining signals cause somite asymmetry

During the earliest rounds of segmentation clock gene oscillations specifying occipital
somites, Sonic hedgehog (SHH) is asymmetrically expressed on the left side of the HN (HH4-5)
and activates NODAL (HHS5-6), a conserved determinant of the vertebrate left side (17). Soon,
NODAL is transferred to and transiently amplified in the LPM to activate a downstream
signaling cascade that confers left identity. In early somite stages, the posterior PSM is exposed
to the asymmetric signals emanating from the HN (Fig.2.3.A). Therefore, to explain the
directional asymmetry in somitogenesis, we hypothesized that signaling factors involved in the
LR determination pathway asymmetrically affect gene expression underlying somite formation.
To test this hypothesis, we applied various treatments that perturb LR determination (Fig.2.3.B).
For instance, we placed a bead soaked in SAG on the right side of the HN at HH4 to induce
ectopic NODAL expression on the right side of the embryo. Conversely, to preempt the
activation of NODAL on either side, we treated embryos at HH4 with the SHH inhibitor
cyclopamine. In addition, we also used beads soaked in human recombinant NODAL protein
placed along the right paraxial mesoderm to induce ectopic NODAL expression on the right side
of the embryo. The success of these treatments was assessed by the NODAL expression pattern.
All these treatments were highly effective in eliciting the expected outcomes. For instance, in a
pool of embryos treated with SAG beads (200-500uM), cyclopamine (100uM), or NODAL beads
(50pg/ml), the NODAL expression pattern was altered as predicted in 50/65 (77%), 51/51
(100%), and 39/48 (81%) of embryos, respectively.

To test the role of LR patterning signals on the morphological asymmetry of occipital
somites, we analyzed somite volume asymmetry upon cyclopamine treatment. We observed a

decrease in volume asymmetry at the occipital level, most significantly for the 2"¢ somite
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(Fig.2.3.C). Similarly, we measured somite AP position asymmetry after perturbing of LR
determination with cyclopamine, SAG bead, and NODAL bead treatments. All these treatments
modified the left bias in somite AP position, with somites becoming almost symmetric or even
right biased. (Fig.2.3.D)

To test whether the modulation of somite asymmetry is mediated by the effect of LR
determining signals on the patterning process, we evaluated the asymmetry of gene expression
underlying somitogenesis (Fig.2.3.E,H). The asymmetry analysis of the cyclic gene LFNG
displayed significant shifts toward symmetry in both the AP position and the length of the
expression stripes (Fig.2.3.F,G). On the other hand, the left bias in the expression pattern of the
posterior PSM marker MSGN1 was not affected by SAG bead treatment on the right side of the
HN. This suggests that posterior PSM identity is likely not the target of modulation by LR
patterning signals (Fig.2.3.1). Altogether, these results suggest that LR determining signals
primarily act on the dynamic expression of cyclic genes to generate somite asymmetry in the

wildtype chick embryo.

Figure 2.3. Asymmetries in somites and gene expression patterns are modulated by LR
determining signals

Figure 2.3. (A) During the early somite stages (HH7), NODAL is expressed in the anterior PSM
adjacent to the HN and in the left LPM. Early somitogenesis spatially and temporally overlaps
with LR determination. (B) Treatments perturbing LR determination. The success of each
treatment is determined by the NODAL expression. (C) Cyclopamine treatment decreases the
volume asymmetry of the 2" somite. (D) Somite AP position asymmetry is modulated by
cyclopamine, SAG bead, and NODAL bead treatments. Upon these treatments, anterior somites
become either near symmetric or even right biased. The right panel shows the shift toward
symmetry of the 4", 5" and 6™ somite upon these treatments. (E) LFNG traveling waves in the
augmenting phase upon NODAL and SAG bead treatment. (F) AP position asymmetry and (G)
length asymmetry of LFNG traveling waves are altered upon treatments perturbing LR
determination. (H) MSGNI expression upon SAG bead treatment. (I) MSGNI asymmetry in the
augmenting phase is not affected by SAG bead treatment. Statistics are unpaired two-sided t-test.
*is p <0.05; **is p < 0.01; *** is p < 0.001. Scale bar = 100um
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Figure 2.3. (continued)
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NODAL accelerates clock gene oscillation under RA inhibition

Our observations and experiments in the chick embryo uncovered a novel directional
asymmetry of somite and identified LR determining signals as the underlying cause. However,
precisely dissecting how the oscillation is affected by LR determining signals is difficult in chick
embryos due to the lack of tools to analyze segmentation clock oscillation in real time. To
address this limitation, we took advantage of a human iPSC fluorescent reporter line, which can
be differentiated into posterior-PSM-like cells to image cyclic gene oscillations in vitro
(Fig.2.4.A) (4). In these experiments, human iPSCs were cultured for 2 days in DMEM/F12
supplemented with a WNT agonist (Chir) and a BMP inhibitor (LDN) for 2 days and replated
into an ibidi 24-well imaging plate at 500k/well in the so-called “clock medium” containing a
WNT agonist (Chir), a BMP inhibitor (LDN), FGF4 protein, ROCK inhibitor (Y-27632), and the
RA inverse agonist (BMS493). Using a human cell line with a segmentation clock reporter
(HES7-Achilles), the oscillation of HES7 can be observed for over 2 days.

To test the effect of NODAL on oscillation dynamics, we added human recombinant
NODAL protein to the clock medium and assessed oscillation dynamics. Interestingly, addition
of NODAL to a final concentration of 0.2ug/ml (B+N+) and 0.5pug/ml (B+N++) to the regular
clock medium (B+) decreased the oscillation period of HES7 up to 4.6% and 5.6%, respectively
(B+:4.679hr; B+N+:4.463hr; B+N++: 4.417hr) (Fig.2.4.B,B’). This suggests that NODAL can
accelerate the oscillations of the cyclic genes on the left side, resulting in the left traveling waves
of the cyclic genes to appear more advanced on the left than on the right side. Thus, our data
demonstrate that NODAL can accelerate clock gene oscillations in vitro.

Previous experiments demonstrated that the LR determination pathway can interact with

somitogenesis and generate lateralized somite asymmetry when RA signaling is inhibited (6-8).
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For instance, in mouse and zebrafish mutants for the RA biosynthetic enzyme RALDH2,
somitogenesis is advanced on the left side, compared to the right side. However, the precise role
of RA in buffering against an asymmetric signaling environment has remained elusive. In our
experiments, the RA inverse agonist BMS493, which inhibits RA signaling, was included as it is
a component of the “clock medium”, which enhances segmentation clock oscillations (4).
Removal of BMS493 from the clock medium led to an ~1.7-fold increase in RA target RARB
mRNA expression and did not affect the maintenance of HES7-Achilles oscillations
(Fig.2.4.C,E,F). Surprisingly, we observed that when RA signaling was not inhibited by
BMS493, NODAL failed to accelerate the clock (Fig.2.4.D). When the detrended mean HES7-
Achilles oscillation traces were compared, NODAL addition under RA inhibition caused clear
divergence between conditions (B+ vs. B+N+) (Fig.2.4.E,F). In contrast, when the RA pathway
was left unperturbed, the average oscillation traces with and without NODAL remained closely

aligned, showing little phase divergence between conditions (B- vs. B-N+) (Fig.2.4.E’,F’).

Figure 2.4. Segmentation clock gene oscillation is accelerated by NODAL under RA
inhibition

Figure 2.4. (A) Protocol to differentiate human iPSCs into a posterior-PSM-like state. At 48hr,
cells are replated with clock medium including NODAL and/or BMS493. (B) Addition of human
recombinant NODAL protein (N+: 0.2ug/ml; N++: 0.5ug/ml) to the clock medium (B+:
BMS493 2.5uM) accelerates HES7-Achilles oscillations. The right panel represents the same
data normalized to the average period of B+. (C) Removal of BMS493 from the clock medium
significantly increases RARB mRNA expression determined by qPCR after 24hr in clock
medium. n=6 for each condition. (D) NODAL (N+: 0.2pg/ml) accelerates HES7 oscillations
under RA inhibition by BMS493 (B+: 2.5uM). Without RA inhibition, NODAL does not
accelerate the clock. The right panel represents the same data normalized to the average period of
B+. (E,F) Detrended mean HES7-Achilles oscillation traces from representative individual sets
of experiments show that under RA inhibition NODAL treatment accelerates HES7 oscillations
(B+ vs. B+N+). (E’,F’) By contrast, without RA inhibition, oscillations remain closely aligned
regardless of the addition of NODAL (B- vs. B-N+). Statistics are unpaired two-sided t-test. * is
p <0.05; **is p < 0.01; *** is p < 0.001.
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Figure 2.4. (continued)
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qPCR analysis of NODAL expression in NODAL-treated culture conditions revealed
strong upregulation under RA inhibition by BMS493 (B+N+) at 12hr after treatment (Fig.2.5.A).
At 24hr after treatment, NODAL expression was significantly upregulated in all three conditions
(B+N+, B-, and B-N+) compared to the base clock medium (B+), with the highest expression in
the B-N+ condition (Fig.2.5.A”). The NODAL gene locus contains a highly conserved retinoic
acid response element and is regulated by both activation and inhibition of the RA pathway (18—
23). This result indicates that RA might modulate the response kinetics of NODAL signaling. In
addition, the gene expression levels of posterior PSM markers at 24hr— MSGNI1, TBX6, FGFS,
and DUSP6—were mostly unaffected by the treatments (Fig.2.5.B-E). These results suggest that
the various conditions likely did not affect the cells’ posterior PSM identity. In summary, the
experiments with in vitro system allowed us to determine that NODAL accelerates clock gene
oscillations and to model signaling interactions in the developing paraxial mesoderm. Together,
our in vitro experiments suggest that RA maintains LR symmetry in somitogenesis, at least in

part, by buffering the NODAL-mediated acceleration of clock gene oscillations.
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Figure 2.5. qPCR analysis of the in vitro human cell model with BMS493 and/or NODAL
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Figure 2.5. (A) NODAL mRNA level after 12hr in clock medium shows the most dramatic
upregulation of NODAL mRNA in the B+N+ condition (BMS493 2.5uM; human recombinant
NODAL 0.2pg/ml). NODAL mRNA is also significantly upregulated in the B-N+ condition
(human recombinant NODAL 0.2pug/ml). n=6 for B+N+, B-, and B-N+; n=5 for B+. (A”)
NODAL mRNA expression at 24hr is most sharply upregulated in the B-N+ condition. n=6 for
B+N+, B-, and B-N+; n=5 for B+. (B-E) mRNA level of the posterior PSM markers MSGN1,
TBX6, FGF8, and DUSP6 at 24hr. Statistics are unpaired two-sided t-test. * is p < 0.05; ** is p <
0.01; *** is p < 0.001.

RA treatment makes LFNG traveling wave symmetric

We next decided to revisit the role of the RA signaling pathway in somite bilateral
symmetry in the chick embryo. The pharmacological inhibition of RA production with
disulfiram, an inhibitor of the RA synthesis enzyme RALDH?2, has been shown to produce
asymmetry in somite boundary position (7). In these experiments, somite boundaries on the left
side at the cervical level were located more anteriorly than those on the right side. This
phenotype has been traditionally interpreted as acceleration of somitogenesis on the right side,
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which is opposite to the somitogenesis acceleration on the left side observed in mouse and
zebrafish embryos (6,8).

To revisit the role of the RA pathway in the control of somite bilateral symmetry in
chicken embryos, we used the RA inverse agonist BMS493 (100uM) and the RALDH?2 inhibitor
DEAB (100uM). We first confirmed that these treatments could significantly decrease the
expression of RARB mRNA in vivo, indicating that they effectively decrease RA signaling
(Fig.2.6.A). Unexpectedly, when examined in 5- to 9-somite embryos, RA signaling inhibition
with these drugs led to a smaller magnitude of left bias in somite AP position asymmetry
(Fig.2.6.B). Consistently, LFNG traveling waves were less left-biased and therefore more
symmetric upon RA inhibition (Fig.2.6.C,D). This phenotype differs from earlier reports of the
effect of RA inhibition in vertebrate embryos, which described that RA inhibition triggers somite
asymmetry (6-8). This discrepancy may reflect the fact that different modes of RA inhibition are
not functionally equivalent and may have distinct effects on the regulation of NODAL (8,20-24).
In various vertebrate embryos, RA signaling has been shown to be necessary for the induction of
NODAL in the LPM. Indeed, in 3- to 6-somite-stage embryos, BMS493 and DEAB treatment led
to repression or even loss of NODAL expression in the LPM in 7/10 (70%) and 8/26 (31%) of
embryos, respectively, compared to 1/30 (3%) in control embryos, possibly resulting in overall
weaker lateralization of the anterior somites (Fig.2.6.E,F). Therefore, these unexpected increases
in somite symmetry observed upon treatment with BMS493 and DEAB are likely caused by
suppression of NODAL induction.

To assess the effect of RA signaling on the wildtype left bias in somite patterning that we
observed, we treated chick embryos at HH4 with all-trans-RA (2uM). RA treatment disrupted the

epithelial organization of the occipital somites, so it was not possible to reliably quantify somite
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AP position asymmetry (Fig.2.6.G). Therefore, we quantified the asymmetry in LFNG traveling
waves at the 1- to 5-somite stage while monitoring NODAL expression (Fig.2.6.H). As
previously reported, RA treatment occasionally induced bilateral NODAL expression (20,21,23).
In embryos with unilateral NODAL expression on the left side (n=14/15), we consistently
observed that RA treatment rendered LFNG traveling waves more symmetric (Fig.2.6.1,J). This
result is consistent with the expected buffering role of RA in maintaining the bilateral symmetry

of somitogenesis dynamics, independently of NODAL transcriptional regulation.
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Figure 2.6. RA treatment makes early LFNG traveling waves more symmetric
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Figure 2.6. (A) RARB mRNA level determined by qPCR upon treatment with the RA inverse
agonist BMS493 (100uM) and the RALDH?2 inhibitor DEAB (100uM). Embryos were treated at
HH4-5 and collected after reaching somite stages (HH7 or later). n=6 for the control, and n=9 for
BMS493 and DEAB. (B) Somite AP position asymmetry is dampened upon BMS493 and DEAB
treatments although the characteristic up-and-down patterns are maintained. (C) AP position and
(D) length asymmetry of LFNG traveling waves during the augmenting phase are also less
asymmetric upon BMS493 and DEAB treatment. (E) BMS493 and (F) DEAB treatment often
led to weakening or loss of NODAL expression in the LPM at HH7-8. (G) RA (2uM) treatment
of chick embryos at HH4 disrupts the epithelial organization of the occipital somites. (H)
NODAL expression in the anterior LPM is prolonged at HH9 upon treatment with RA (left).
Occasionally, RA treatment induces ectopic NODAL expression on the right side. (I) AP position
asymmetry of LENG traveling waves during the augmenting phase shows a trend toward a
reduced left bias upon RA treatment. (J) AP length asymmetry of LFNG traveling waves is
altered to near symmetry upon RA treatment. Statistics are unpaired two-sided t-test. * is p <
0.05; ** is p < 0.01; *** is p < 0.001. Scale bar = 100um
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The facts that (1) wildtype occipital somites and their underlying patterning processes are
asymmetric and (2) RA treatment makes early LFNG traveling waves more symmetric suggest
that the early paraxial mesoderm producing occipital somite is likely under a low-RA
environment, where RA buffering is not fully effective. While an anterior-to-posterior gradient of
RA has been demonstrated in the PSM (25), this well-described RA gradient is not established in
early stages (26). Thus, the expression patterns of genes encoding enzymes involved in RA
metabolism were analyzed with HCR RNA-FISH (Fig.2.7.A). Interestingly, at HH7, CYP26A41
mRNA, which encodes an RA-degrading enzyme, is highly expressed in the tissues surrounding
the PSM, including the HN, neuroectoderm, endoderm, and LPM (27). These tissues can act as a
RA sink, making RA levels insufficient to protect somitogenesis from the action of NODAL
(28,29). Unexpectedly, at HH7, left-biased expression of CYP26A41 in the LPM was observed
(Fig.2.7.A). Quantification of CYP2641 mRNA signal on the left and right LPM with confocal
images of wildtype HH7 chick embryos indeed revealed a robust directional asymmetry of
CYP26A1 (Fig.2.7.B,C), raising the possibility that the left paraxial mesoderm might be more
dramatically depleted of RA. Additional approaches will be needed to confirm the lack of RA
activity in the PSM during the augmenting phase, as well as the asymmetric CYP26A1 protein

levels and enzyme activity.
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Figure 2.7. mRNA encoding the RA-degrading enzyme CYP26A1 is expressed in the tissues
surrounding the early PSM
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Figure 2.7. (A) Confocal images of a 2-somite stage (HH7) chick embryo with HCR RNA-FISH
for ALDHIA2, CYP26A1, and NODAL. (B) Scheme showing quantification of CYP26A1 signal
in the left and right LPM adjacent to the anterior PSM. (C) Comparison of the normalized
CYP26A1 signal at HH7 demonstrates that CYP26A41 is significantly enriched in the left LPM
adjacent to the anterior PSM, revealing a novel molecular asymmetry. n=6. Statistics are a paired
two-sample t-test. ** is p <0.01. Scale bar =200um

DISCUSSION

Paraxial mesoderm has been largely overlooked in traditional research on LR asymmetry,
as bilateral symmetry has been assumed to be the default state of somites. Thus, somite
symmetry was mostly studied under specific perturbation conditions, in which it was apparently
affected. In other words, under this conventional paradigm, wildtype embryos were easily
dismissed as a potential model system for studying bilateral symmetry. Thus, the current work
represents one of the first systematic and quantitative analyses of somite bilateral symmetry. In

this work, we identified a robust lateralized asymmetry of the anterior-most somites in the early-
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stage chick embryo. We expect that this work will provide a solid foundation for future research
on somite bilateral symmetry, not only in the chick embryo but also in other vertebrate species.
Given the conservation of NODAL as the key left determinant across vertebrate species, it is
likely that such somite asymmetries are also present in other model organisms. It is noteworthy,
however, that a zebrafish study examining LR asymmetry in somite AP length and boundary
position in embryos at the 1- to 6-somite stages did not detect a statistically significant
directional bias in these parameters, despite an apparent skew in AP boundary position
asymmetry toward one side in the data (5).

The current work mainly focused on how robust lateralized asymmetry is generated in the
early PSM. Our analysis of somite AP position asymmetry and gene expression asymmetry
underlying somitogenesis also revealed a consistent trend toward progressive achievement of
symmetry during development. The initial left bias in somite AP position and associated gene
expression is likely generated when NODAL is activated in the anterior presomitic mesoderm
and transferred to the LPM. The transient nature of NODAL expression may explain why more
posterior asymmetries are not observed. What remains unclear is how asymmetries already
present in formed somites, as well as in dynamic somitogenesis processes such as LFNG
traveling waves, are corrected over time.

One of our most intriguing findings is that asymmetry is mostly observed in the occipital
somites. The occipital somites represent the earliest, anterior-most somites (the 15-5" somites)
that later give rise to anatomical structures that are not overtly segmented, such as the basal part
of the skull, and the neck, glossal, hypoglossal, and laryngeal muscles (30,31). In addition,
although the core machinery for somitogenesis is also involved in the formation of occipital

somites (32,33), mouse and zebrafish mutants hint at potential differences in the somitogenesis
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of the anterior-most somites. For instance, many mutants that fail to form trunk somites still form
varying numbers of anterior-most somites (34—37). Moreover, although it is debated, the
occipital somites in the chick embryo were described as forming almost simultaneously, not
sequentially (38). While the precise nature of such differences is poorly understood, it is possible
that the unique characteristics of occipital somitogenesis contribute to the generation of
asymmetry in the occipital somites.

The asymmetries in somite AP position and traveling waves as well as their connection to
NODAL signaling have been reported in different contexts. For instance, Amphioxus, an
invertebrate chordate representing the sister clade of vertebrates, forms asymmetric somites.
Remarkably, this asymmetry, in which the left somites are more anteriorly positioned than the
right ones is downstream of NODAL (39,40). The staggered arrangement of left and right
somites underlies the LR asymmetry of Amphioxus anatomical structures, including the mouth
and pharyngeal organs, which develop on the left side. Although this asymmetry of Amphioxus’s
somite is reminiscent of our findings in the chick embryo, the functional relevance of
morphological asymmetry of somites in the chick embryo remains unclear. Further investigation
into the anatomical asymmetry of somite derivatives and adjacent organs might provide a hint
about this question.

The Amphioxus somite asymmetry suggests that somitogenesis modulation by the LR
machinery may represent an ancestral state. RA-mediated buffering of this asymmetry could
represent an evolutionary innovation in vertebrates (40). The findings of the current work,
however, suggest that RA-mediated buffering is incomplete and that occipital somites are still

sensitive to LR patterning signals.
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Furthermore, NODAL mRNA expression was detected in the lateral parts of the left
occipital somites (Fig.2.6.E,F). Moreover, both SAG and NODAL bead treatments in the chick
embryo induced ectopic NODAL expression not only in the LPM but also in the lateral somite on
the right side (Fig.2.3.B). These unexpected observations further support the competence of the
paraxial mesoderm to be lateralized. The molecular asymmetry of the paraxial mesoderm as well
as its developmental consequences will be covered in the next chapter.

In addition, asymmetric expression of Notch-responsive genes and their proposed role in
NODAL induction at the HN have previously been described in chick embryos (41,42). A series
of studies demonstrated that Notch signaling—including DLL1 and LFNG—are hyperactivated
on the left side of HN to induce NODAL at HH6 (pre-somite stage), downstream of a LR
asymmetric extracellular Ca2" gradient. The authors showed that treatment with the Ca2™
chelator BAPTA and H'/K" ATPase inhibitor omeprazole reduced the asymmetry of DLL1 and
LFNG (43). However, treatment with beads soaked in either SHH or an anti-SHH blocking
antibody did not alter the reported asymmetry of these gene expression patterns (41). These
results appear inconsistent with our results, which show that treatment with beads soaked in
SHH-agonist SAG affects the symmetry of LFNG traveling waves. However, the two sets of
findings are not directly comparable. Our findings are based on the quantitative measurement of
LFNG traveling wave asymmetry in embryos at early somite stages (HH7-8). Importantly,
embryos included in this analysis were labeled by HCR RNA-FISH for NODAL, allowing
selection of embryos in which LR laterality had been successfully modulated. By contrast, the
earlier studies appear to have focused on the pre-somite stage (HH5-6) and did not directly
confirm laterality in the treated embryos (41). Moreover, our work did not investigate cyclic

gene expression asymmetry at the pre-somite stage (32,33). Thus, while the previous studies
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from the Izpisua-Belmonte group provided early evidence for asymmetry in cyclic gene
expression (41,42), it is difficult to directly compare their findings with those of the present
study because of differences in developmental stage, laterality validation, and analytical
approach.

The role of RA signaling in protecting the bilateral symmetry of somitogenesis from the
asymmetric signaling environment of LR determination is well established (6—8). Yet the precise
role of RA in this process has remained elusive. For instance, the targets through which LR
determining signals perturb somitogenesis appeared to vary across species. Mouse mutants for
Raldh2 and zebrafish raldh2-morphants showed right-sided expansion of the FGF8 gradient
(6,8), but a similarly lateralized alterations to FGF8 gradient was not reported in chick embryos
treated with disulfiram (7). Moreover, the opposite directionality of the somitogenesis defect
reported in chick embryos, compared with mouse and zebrafish, has remained difficult to
explain, although it was attributed to the different directionality of FGF8 in chick and mouse LR
determination (7,44). These factors contributed to the lack of consensus on questions such as
whether the primary defect reflects left-sided acceleration or right-sided delay, and which aspect
of LR asymmetry RA actually buffers against.

Our findings connecting the chick embryo and the human iPSC model provide key
insights to these long-standing questions. While other aspects of somitogenesis may also be
lateralized by NODAL or by other asymmetric factors, we focused on the modulation of cyclic
gene oscillations by NODAL. The experiments in the chick embryo showed that the more
anteriorly positioned somite boundary on the left side is likely to result from more advanced
traveling waves in the left PSM downstream of NODAL. The human iPSC model provided a

compelling mechanistic explanation to this observation, as NODAL was shown to accelerate
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HES7 oscillations. Together, these findings offer a possible framework for reconciling the
seemingly opposing phenotypes of RA-deficient chick, mouse, and zebrafish embryos. In RA-
inhibited chick embryos, somite asymmetry manifested as misalignment of somite boundary
positions, where the left somites were more anteriorly positioned than the right ones; by contrast,
in mouse and zebrafish mutants for RALDH2, somitogenesis appeared delayed on the right side.
It is possible that both phenotypes commonly—and, at least, partially—represent the acceleration
of the clock gene oscillation in the left PSM, manifested differently across systems.

At the same time, our RA inhibition experiments in the chick embryo with DEAB and
BMS493 differed from the outcomes of earlier work that used disulfiram to inhibit RA signaling
in the chick embryo (7). Our results suggest that reduced or absent NODAL induction in the left
LPM upon RA inhibition by DEAB and BMS493 led to attenuation of the left bias of somite AP
position and LFNG traveling waves. Interestingly, different modes of RA inhibition appear to
elicit different NODAL outcomes. For instance, pharmacological inhibition of the RA pathway in
mouse and zebrafish affects NODAL expression patterns (21,23), whereas mouse genetic
mutants for Raldh2 -/- and zebrafish raldh2-morphant exhibit normal left-sided expression of
NODAL (8,19). Vitamin A-deficient quail embryos demonstrate left-sided but truncated NODAL
expression in the LPM (22). In our data, BMS493 produced stronger suppression of NODAL
than DEAB. Thus, it is possible that the differences in the mode of RA inhibition contributed to
the discrepancies with previous work. Moreover, our work focused on early-stage embryos
(before the 10-somite stage) and on the occipital somites, whereas the somite asymmetries
previously described upon RA inhibition by disulfiram in the chick embryo were more posterior

in the cervical region and based on the analyses including later-stage embryos (7). It is therefore
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also possible that embryos normally engage symmetry-restoring mechanisms at later stages, and
that RA inhibition perturbs this corrective process.

Overall, we identify a set of robust lateralized asymmetries in the anterior somites of the
chick embryo. Using complementary chick embryo and human iPSC models, we show that the
conserved left determinant NODAL underlies this asymmetry by accelerating clock gene
oscillations. Our work is expected to provide a novel framework for investigating somite
bilateral symmetry, which will motivate future research on both the generation of lateralized

asymmetry and the achievement of symmetry in the paraxial mesoderm.
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METHODS

Chick embryos
Fertilized chick eggs were acquired from the Charles River Laboratories (for wildtype)
and the Susan Chapman Laboratory of Clemson University (for wildtype and transgenic lines

ubiquitously expressing GFP (10)). Eggs were incubated at 37°C and 60% humidity.

HCR RNA-FISH

HCR RNA-FISH was performed following the manufacturer’s protocol for whole-mount
chick embryos (HCR v3.0; Molecular Instruments). Embryos were fixed with 4%
paraformaldehyde (PFA) or 4% formaldehyde/2mM EDTA in PBS overnight at 4°C or for 1-2hr
at room temperature, washed with PBS, dehydrated in ethanol, and kept in ethanol at -20°C for
long-term storage. Before hybridization, embryos were rehydrated through 50% ethanol/50%
PBST (PBS with 0.1% Tween 20) and two washes in 100% PBST for Smin each at 4°C.
Embryos were then treated with 10png/mL proteinase K in PBST for 2-3min, post-fixed with 4%
PFA for 20min at room temperature, and washed sequentially in PBST and 5x SSCT at 4°C.
Embryos were pre-hybridized in probe hybridization buffer (Molecular Instruments) for 30min at
37°C, then incubated overnight at 37°C in 500uL hybridization buffer (Molecular Instruments)
containing 2-3pmol of each probe set. HCR probe sets were designed and manufactured by
Molecular Instruments. The following day, embryos were washed four times for 15 min each in
probe wash buffer at 37°C and twice for 5 min each in 5x SSCT at room temperature. Embryos
were then pre-amplified in amplification buffer (Molecular Instruments) for 30 min at room

temperature. For amplification, 30pmol each of hairpins h1 and h2 were heated to 95°C for
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90sec, cooled to room temperature for 30min, and added to 500uL amplification buffer to
prepare a hairpin solution. Embryos were incubated overnight in hairpin solution at room
temperature, then washed five times in 5x SSCT. In all experiments except volume asymmetry

analysis, Hoechst33342 (Invitrogen; 1:1000) was added to one of the final washes.

Chick embryo manipulation

Chick embryos were collected and cultured using the EC culture protocol in the ventral-
up position (45). For bead treatment, Affi-Gel Blue Gel beads (Bio-Rad) were washed in PBS 2-
3 times and soaked in SAG (Sigma-Aldrich) or in recombinant human NODAL protein (R&D
Systems) diluted in PBS with calcium chloride and magnesium chloride (Sigma-Aldrich; PBS).
Depending on the SAG stock used, control beads were soaked either in PBS containing the
corresponding dilution of DMSO or in PBS alone. For NODAL experiments, control beads were
also soaked in vehicle-matched PBS. A SAG bead was implanted on the right side of the HN at
HH4. Multiple NODAL beads were implanted along the right paraxial mesoderm at HHS. For
global treatment, embryos were treated with cyclopamine (Selleck Chemicals), DEAB (Sigma-
Aldrich), BMS493 (Sigma-Aldrich), or all-trans retinoic acid (Tocris) diluted in PBS. Depending
on the cyclopamine stock used, control embryos were treated with PBS containing the
corresponding dilution of DMSO or ethanol. For other treatments, control embryos were treated
with PBS containing the corresponding dilution of DMSO. For these experiments, 100uL of the
treatment or control solution was applied below and above the embryo. The treated embryos

were incubated until they reached the desired stages for analysis.

Analysis of somite AP position asymmetry
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For the characterization of somite AP position asymmetry in the untreated condition, GFP
embryos were windowed in ovo and imaged with a macroscope in the GFP channel from the
dorsal side; wildtype embryos were transferred to EC culture with ring-shaped filter paper and
imaged with a macroscope in the brightfield channel from the ventral side. Treated/control
embryos were imaged with a macroscope from the ventral side before fixation. For experiments
perturbing LR determination, only embryos with the expected NODAL expression pattern were
used. Control embryos for LR-perturbation and RA-modulation experiments were pooled
separately for each analysis

Using these images in F1JI, the embryonic midline was defined by manually drawing a
segmented line along the midline of the neural tube dorsally or along the notochord ventrally.
Next, the posterior boundary of each somite was defined by manually marking two endpoints of
a segment of the boundary. The endpoints of each boundary segment were projected onto the
midline, and the midpoint between the resulting projection points on the midline was used to
represent the AP position of the somite boundary. The distance between the left and right
boundary positions was used as a measure of AP position asymmetry for each somite pair. A
positive value was assigned when the left somite boundary was positioned more anteriorly than
the right boundary, and a negative value was assigned in the opposite case. A custom R script

was used for this analysis.

Analysis of somite volume asymmetry
Treated/untreated embryos were collected at the 5- to 9- somite stage and labeled with

HCR RNA-FISH for the somite marker MEOX] and the left marker NODAL. Embryos were
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mounted in a block of 1-2% agarose for the iDISCO+ clearing protocol (46). The agarose cube
with the embryo was dehydrated in a series of methanol/water solutions (20, 40, 60, 80, 100,
100%) for 1hr each, incubated in a 66% dichloromethane/33% methanol solution for 3hr on a
shaker, washed in 100% dichloromethane twice, and incubated in dibenzyl ether. The cleared
embryos were imaged with a LaVision Ultramicroscope II (Neurobiology Imaging Facility,
Harvard Medical School).

Embryos were imaged such that the AP axis ran roughly in-plane along the Y-axis of the
image. To avoid potential effect of laser power imbalances, each sample was imaged twice: once
in a position where the left-right body axis ran left-right through the image (“normal”), and once
in a reversed position (“reversed’’) where it ran right-left.

Images were down-sampled in X- and Y-dimensions by a factor of 0.5 (bilinear
interpolation) without a change to Z resolution, rotated in 3D such that the AP axis of the embryo
was further placed within the image plane and extended from the top to bottom of the in-plane
image. AP somite boundaries—and, sometimes, medial boundaries, if necessary—were defined
manually as FIJI line segments using a maximume-intensity projection and stored as ROIs. The
rest of the boundaries were defined automatically through segmentation of MEOXI expression. A
gaussian blur of sigma = 3 was applied to the fluorescent MEOXI image, and an intensity
segmentation threshold was applied at a level uniquely set for each embryo. This threshold was
held constant for each “normal” and “reversed” pair of images. Thresholds were set by visually
maximizing the potential amount of segmented territory within the somite while minimizing
potential background from non-somite tissue. Different thresholds were necessary across

embryos due to inter-embryo differences in staining intensities.
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Volume measurements of each somite were then produced by a FIJI macro that read the
anterior-posterior somite ROIs for each embryo and applied the pre-set threshold. This produced
discrete, binarized masks of each embryo’s somite. ‘Find Connected Regions’ was then used
within the script to connect all somites in 3D, output a labeled image where each 3D somite has
its own unique pixel value, and generate volume measurements corresponding to each 3D
somite.

Overlays of the connected regions were constructed on top of the original fluorescent
image to evaluate the segmentation. Embryos with visually accurate segmentation of all somites
were considered complete. Where tweaking of segmentation was needed, embryos could be re-
run with a modified segmentation threshold applied to both the “normal” and “reversed” images
in a pair.

For embryos lacking MEOXI expression in the core of the somite and thus resulting in
holes in the segmentation, a 2nd FIJI macro was used to model the somites as a convex hull.
Here, the generated labeled image from macro #1 was provided with a list of somite labels that
needed correction. If a somite on one side of the embryo needed convex hull adjustments, the
corresponding somite on the contralateral side also received the same treatment, as did the
corresponding pair of somites in the other image of the “normal”/“reversed” image-pair.

Output .csv files were produced containing somite IDs and somite values that were analyzed in
R.

For cyclopamine treatment, the success of treatment could not be assessed by NODAL
staining because the signal-to-background ratio was not sufficiently consistent for reliable
scoring in the staining and imaging conditions used. However, cyclopamine treatment was

validated in parallel experiments, in which the success rate was 51/51 (100%).
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Analysis of gene expression asymmetry

Treated/untreated embryos were collected at the 1- to 13-somite stage and labeled with
HCR RNA-FISH for different combinations of LFNG, MSGNI1, MESP2, or FGF'8 probes. For
experiments perturbing LR determination, NODAL was also visualized to select embryos
showing successful treatment outcome. Embryos were mounted on a glass-bottom dish (MatTek)
with Fluoromount-G mounting medium (SouthernBiotech) and a glass cover slip. For FGFS8
analysis, embryos were imaged with a Zeiss LSM880 confocal microscope (NeuroTechnology
Studio, Brigham and Women’s Hospital), and maximum-intensity projections were used for
analysis. For other analyses, embryos were imaged with a Leica DMi8 widefield microscope
(NeuroTechnology Studio, Brigham and Women’s Hospital). Control embryos for LR-
perturbation and RA-modulation experiments were pooled separately for each analysis

Fluorescence images for a channel of interest were rotated so that the anterior PSM was
vertically aligned. Then, a straight ROI was drawn from the anterior boundary of the most
recently formed somite to capture the gene expression profile along the PSM of a given side.
Next, the ROI was shifted horizontally (without re-aligning it to the anterior boundary of the
most recently formed somite on the opposite side) to capture the gene expression profile of the
contralateral side. The gene expression profiles of the two sides were normalized by the
minimum and maximum values obtained from the combined left and right profiles.

For LFNG, the AP range at which the normalized gene expression level exceeds a
common threshold (in most cases, 0.5; if this threshold failed to define the left and right traveling
waves, a different arbitrary threshold that best matched the apparent traveling waves of both

sides was used) was identified as the AP extent of the LFNG traveling wave. The AP positions of
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the midpoints of the left and right traveling waves were compared to represent the AP position
asymmetry of the LFNG traveling wave. The distance between the left and right midpoints was
used to represent the magnitude of LFNG AP position asymmetry. When the left traveling wave
was more anteriorly positioned, a positive sign was assigned to the measured distance. The AP
extent of the LFNG traveling waves were directly compared to analyze LFNG length asymmetry.
When multiple expression domains were identified, the most anterior pair showing measurable
signals on both sides was used for analysis.

For MESP2, the peak points of the left and right expression profile were compared to
represent the AP position asymmetry of the MESP?2 expression domain. The same logic was
applied for sign assignment.

For MSGNI and FGF8, because the expression profiles showed AP gradients with higher
expression posteriorly, the AP levels at which the expression profiles exceeded the common
threshold of 0.5 were compared to quantify AP extent asymmetry of MSGNI and FGF§
expression. For FGF§ analysis, to avoid FGFS§ expression in the primitive streak and the HN and
to specifically capture the FGF8 profile in the PSM, the ROIs were positioned along the PSM

such that it does not capture the FGF§ expression of the midline.

CYP26A1 quantification

Chick embryos labeled with HCR RNA-FISH for CYP26A41 were imaged with a Zeiss
LSMS880 confocal microscope (NeuroTechnology Studio, Brigham and Women’s Hospital).
Maximum-intensity projections were used for analysis. Using FI1JI, an ROI (approximately
800um (ML) * 207um (AP)) was drawn perpendicular to the midline at the level of the anterior

PSM. The measured CYP26A1 signal intensity across 150um at each end of the ROI was used to
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represent CYP26A1 expression in the left and right LPM. CYP26A1 intensities were normalized
first to the Hoechst33342 channel to control for differences in tissue density and then to the

average normalized intensity of each embryo to account for between-embryo variation.

Human pluripotent stem cell culture

Human stem cell work was approved by the Partners Human Research Committee
(2017P000438/PHS) and performed in compliance with all relevant ethical regulations. We used
NCRM1 iPS cells (RUCDR, Rutgers University) with the written informed consent of the donor
obtained by Rutgers University at the time of sample collection. For maintenance, 500000 cells
were initially seeded in each well of Matrigel-coated 6-well plates (Corning) in mTeSR1 medium
(StemCell Technologies) supplemented with 10uM ROCK inhibitor Y-27632 (Tocris). Fresh
mTeSR1 medium was applied every day. Cells were passed every 3-5 days depending on

confluency. For passages, cells were dissociated with Accutase (Corning).

2D Differentiation of human iPSCs and time-lapse imaging

For differentiation to a posterior-PSM-like state, 300000 cells carrying HES7-Achilles
were seeded in each well of Matrigel-coated 6-well plates (Corning) in mTeSR1 medium
(StemCell Technologies) supplemented with 10uM ROCK inhibitor Y-27632 (Tocris). Cells
were cultured for 24hr and, on day 0, the medium was replaced with the DICL medium:
DMEM/F-12 GlutaMAX (Gibco) supplemented with 1% Insulin Transferrin Selenium (Gibco),
3uM Chir99021 (Tocris), and 0.5uM LDN193189 (Stemgent). On day 1, the medium was
replaced with fresh DICL medium. On day 2, cells were dissociated with Accutase (Corning) and

resuspended in the clock medium: DMEM/F-12 GlutaMAX (Gibco) supplemented with 1%
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Insulin Transferrin Selenium (Gibco), 3uM Chir99021 (Tocris), 0.5uM LDN193189 (Stemgent),
10uM Y-27632 (Tocris), S0ng/ml mFGF4 (R&D Systems), 1ug/ml Heparin (Sigma Aldrich), and
2.5uM BMS493 (Sigma Aldrich). 500000 cells were seeded in each well of a fibronectin-coated
ibidi 24-well plate with polymer coverslip bottom (ibidi). For B- conditions, BMS493 was
removed from the base clock medium. For N+ and N++ conditions, 0.2 or 0.5pg/ml recombinant
human NODAL protein (R&D Systems) was added. For the controls of experiments with
NODAL treatment, a corresponding volume of 4mM HCI was added to the clock medium.

Cells in the clock medium with or without treatment were imaged with a Zeiss LSM780
confocal microscope with an incubation chamber for temperature and CO2 control. Achilles YFP
fluorescence was excited with an argon laser (514nm, 20-40uW). A Plan-Apochromat 20x/0.80
objective was used to capture a 2x2 tile (1600x1600 pixel; 850x850um) region per well every 10

minutes.

Analysis of HES7-Achilles time-lapse image

FIJI was used for background subtraction and Gaussian blurring. An ROI was drawn to
acquire the mean fluorescence intensity over time. The peaks of the oscillating mean
fluorescence intensity were manually identified to calculate the period. For the period analysis,
the first five periods of samples displaying at least five periods were used. The experiment
included cells with the base clock medium and base clock medium containing vehicle control for
NODAL treatment (a corresponding volume of 4mM HCIl). These two conditions showed very
similar distributions of periods and thus were pooled as B+ for analysis (Base clock medium
median period=4.767hr [4.667,4.842]; Base clock medium containing the vehicle control median

period=4.767hr [4.633,4.867)).
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For the visualization of detrended HES7-Achilles traces, the mean fluorescence intensity
for each well of an experiment was detrended with robust LOESS regression (span=0.3). The
average detrended trace for each condition was smoothed with LOESS (span=0.18) for

visualization.

RT-qPCR

For chick embryo tissue, embryos were treated at HH4-5 with 100uM BMS493 or DEAB
diluted in PBS and collected after reaching somite stages (HH7 or later). Embryonic tissues from
the first somite to the posterior PSM, including some LPM tissue, were dissected and used for
mRNA extraction using the RNeasy Micro Kit (Qiagen). A Nanodrop spectrophotometer was
used to evaluate RNA concentration. A cDNA library was constructed with the iScript cDNA
Synthesis Kit (Bio-Rad), using 90ng of RNA. The resulting cDNA library was diluted 1:8 with
water, and RT-qPCR was performed. Each well consisted of 5ul iTaq Universal SYBR Green
Supermix (Bio-Rad), 0.4ul of primer solution (10uM forward and reverse primers), and 4.6ul of
cDNA. Primer sequences are listed in the table below (Table.2.1.). Three technical replicates
were performed. For RT-qPCR, the following protocol was used: 95°C for 1min; 40 cycles of
95°C for 5sec, 60°C for 40sec; 65°C for 31sec; 60 cycles of 65°C for 5sec, with +0.5°C/cycle
and a ramp 0.5°C/s. For gene expression analysis, Ct values were normalized to RPL135, and the
resulting normalized Ct values were then normalized against the average of the control samples.
When the standard deviation of Ct values among triplicates exceeded 0.5, the obvious outlier was
excluded, and the standard deviation was recalculated. If the standard deviation remained above

0.5 after outlier exclusion, that sample was excluded from analysis for the corresponding target.
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For human iPSCs, cells were washed with PBS twice, suspended using a cell scraper in
PBS, and centrifuged at 4000rpm for Smin to remove the supernatant. mRNA was extracted with
the RNeasy Plus Mini Kit (Qiagen). A cDNA library was constructed with the iScript cDNA
Synthesis Kit (Bio-Rad), using 1pug of RNA. The resulting cDNA library was diluted 1:30 in
water. The same RT-qPCR protocol described above was used. For gene expression analysis, Ct
values were normalized to PPIA, and normalized Ct values were then normalized against the

average of the base clock medium (B+).

Table.2.1. Primer sequences for gPCR

Gene Forward Reverse Reference
hPPIA TCTGCCCACCTTAACAGACC AATTCACGCAGAAGGAACCA Diaz-Cuadros et al.
hRARB CCCCAGAACAAGACACCATGA TTTTGTCGGTTCCTCAAGGTC ](3413tsri et al.
hNODAL | AGACATCATCCGCAGCCTA CAAAAGCAAACGTCCAGTTCT 1(\‘/}2tyn et al.

(48)

hMSGNI | AGAGGGAGAAGCTCAGGATGAG | GTGTCTGGATCTTGGTGAGAGG | OriGene

hTBX6 CATCCACGAGAATTGTACCCG AGCAATCCAGTTTAGGGGTGT PrimerBank

hFGF8 TCATCCGGACCTACCAACTC CTCGGACTCGAACTCTGCTT Diaz-Cuadros et al.
hDUSP6 | CCAAATCATGGGCTCACTTT CCATGCTCACACACACACAC ](;‘i)az-Cuadros etal.
cRPLI5 GCTCGCAGGCTGGGATATAA GCACAGGCTTCCCATAGGTT g\an etal.
cRARB GTGTCAGTGCTTGTGAGGGA TGCAGTACTGGCAGCGATTT "(lf‘h9i2:de etal.

(50)
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INTRODUCTION

Left-right (LR) asymmetry is a conserved feature of the vertebrate body plan that is
established early in development and essential for the proper positioning and morphogenesis of
visceral organs. Central to this process is the NODAL signaling pathway, a member of the
transforming growth factor beta (TGF-P) superfamily (1). The earliest known symmetry-
breaking mechanisms vary across different vertebrate species (2—5), but they converge on the
left-sided activation of NODAL signaling in the embryonic organizer, such as Hensen’s node
(HN) in the chick embryo. Asymmetric NODAL signaling in the embryonic organizer is
transferred to and transiently amplified in the lateral plate mesoderm (LPM) to activate a
downstream signaling cascade, including the induction of the left-specific transcription factor
PITX2 (6-8). The regulation and downstream effectors of NODAL signaling in the embryonic
organizer, the LPM, and asymmetrically developing organs have been extensively studied.
However, whether other embryonic tissues are molecularly and developmentally lateralized
during these early stages is poorly understood.

The paraxial mesoderm and somites have generally been overlooked in research of LR
asymmetry, while being assumed to be bilaterally symmetric. However, previous observations of
molecular asymmetry in the paraxial mesoderm of the chick embryo during the LR patterning
process argue against such a view. For instance, CER 1, an antagonist of the bone morphogenetic
proteins (BMP) signaling pathway, is broadly expressed in the left LPM and anterior paraxial
mesoderm and is necessary for the induction of NODAL in the LPM (9,10). Moreover, the
NODAL transcript itself is also asymmetrically expressed in the left anterior PSM (1,11). These
observations align with a classic co-culture experiment using chick tissue explants: a co-culture
of right LPM tissue and a SHH bead alone failed to induce NODAL, whereas a co-culture of right

LPM tissue with a SHH bead and paraxial tissue induced NODAL, showing the necessity of
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paraxial tissue for the proper induction of NODAL in LPM explants (12). Yet the view of a
bilaterally symmetric paraxial mesoderm persisted despite these observations. Whether the
somites themselves are molecularly lateralized has not been investigated.

The anterior occipital somites (1%-5" somites) are a promising model for investigating
molecular asymmetry in the paraxial mesoderm. These somites form concurrently with the LR
patterning process and exhibit distinguishing developmental properties, compared to the trunk
somites, including maturation dynamics and gene expression profiles (13—16). They also lie
between the major centers of NODAL induction at the HN and the LPM and are adjacent to
tissues associated with LR-asymmetric morphogenesis, including the cardiac mesoderm and
cardiac neural crest cells (CNCCs). If anterior somites are molecularly asymmetric, they could
be a previously unrecognized contributor to LR asymmetric organogenesis.

Here, we analyzed LR asymmetry in the paraxial mesoderm of the early chick embryo.
Using HCR RNA-FISH, we found that the lateral parts of the anterior somites are molecularly
asymmetric. We performed side-specific single-cell RNA sequencing and identified novel
asymmetric genes in a tissue-specific manner. Leveraging these findings, we also revisited the
fate map of these asymmetric occipital somites in a side-specific manner to demonstrate that left
and right anterior somites asymmetrically contribute to the heart. Lastly, we show that
modulation of the molecular laterality of anterior somite grafts affects their fate contribution and
normal cardiac development, highlighting a functional role for somite molecular laterality in

vertebrate LR-asymmetric development.

RESULTS

NODAL is expressed in the lateral parts of the anterior somites

112



To revisit molecular asymmetry in the paraxial mesoderm during the early LR patterning
process, NODAL mRNA expression in Hamburger-Hamilton (HH) stage 7-8 chick embryos was
analyzed using HCR RNA-FISH (17). Traditionally, at HH7-8 (1-6 somite stage), NODAL has
been described to be expressed in the anterior part of the PSM adjacent to the HN and in the
LPM, but not in the somites (1). Unexpectedly, however, our analysis revealed that NODAL is
very strongly expressed in the lateral parts of anterior somites, most commonly in the 1%-4%"
somites (Fig. 3.1A,B). Indeed, NODAL expression was observed in cells showing clear
signatures of epithelial somite cells and expression of the somite marker MEOX]I (18). When we
implanted beads soaked with human recombinant NODAL protein (50pg/ml) next to the paraxial
mesoderm of HH5-8 chick embryos and incubated them for 6hr, strong expression of both
NODAL and PITX2 was observed by HCR RNA-FISH on the lateral side of the anterior somites
(Fig. 3.1C). Moreover, this pattern of NODAL expression in the lateral parts of the anterior
somites during the transfer of NODAL signaling to the LPM is likely conserved in mammals as
well, as HCR RNA-FISH for NODAL and MEOX]I in E8.0 mouse embryos (4-somite stage)
exhibited NODAL expression in the corresponding parts of the anterior somites (Fig. 3.1D).
These findings demonstrate that lateral somite cells at the occipital level are competent to

become lateralized and molecularly asymmetric, expressing core left-determining factors such as

NODAL and PITX2.
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Figure 3.1. Molecular asymmetry of anterior somites
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Figure 3.1. (A) A HH7 (3-somite stage) and (B) a HHS8 (5-somite stage) chick embryo labeled
with HCR RNA-FISH for MEOX] and NODAL. The lateral parts of the anterior somites express
NODAL. (C) Implanting beads soaked in human recombinant NODAL (50ug/ml) along the
paraxial mesoderm of HH5-8 chick embryos induced ectopic expression of NODAL and PITX2
in the lateral parts of the right anterior somites. Yellow arrowheads point to ectopic NODAL
(cyan) and PITX2 (green) expression in the lateral parts of the right 13-4 somites. (D) An E8.0
(4-somite stage) mouse embryo labeled with HCR RNA-FISH for MEOXI and NODAL. Yellow
arrowheads point to NODAL expression in the lateral parts of the left 2% and 3™ somites. The

asterisk indicates the node. Scale bar = 100pum
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Single cell RNA sequencing of left versus right sides of chick embryo

To further investigate the molecular asymmetry of the early chick embryo in an unbiased
manner, we performed side-specific single-cell RNA sequencing. Using this approach, we aimed
to characterize the transcriptomic landscape of these lateral somite cells that are molecularly
asymmetric and to discover novel LR asymmetric genes. The 4-somite stage embryos were
bisected along the midline, and the left and right tissues—from the first somite to the 30-50%
level of the PSM in the AP direction, and from the midline to the border between LPM and the
extraembryonic tissue in the ML direction—were separately collected by pooling 4 embryos
(Fig.3.2A). The left and right samples were separately sequenced and merged for downstream
analysis. We sequenced a total of 17490 cells (left: 9057 and right: 8433; n=4).

The left and right cells on the UMAP mostly overlapped, except for a domain outlined by
a dotted line where left and right cells were separated by side (Fig.3.2B). The expression patterns
of the somite marker MEOX]I, the LPM marker HAND1, and the left determinant NODAL
indicated that these cells represent LPM cells undergoing NODAL induction (Fig.3.2C).
Interestingly, the expression pattern of the W chromosome gene HINTW, which is ubiquitously
expressed by ZW (female) cells (19), revealed that LPM cells not only separate by side but also
by sex chromosome, generating four apparent cell clusters that represent the left and right LPM
of ZZ and ZW embryos (Fig.3.2C). The cells showed a bimodal distribution of HINTW
expression, revealing the inclusion of both ZZ (male) and ZW (female) embryos in our sample.
For ease of analysis, ZZ and ZW cells were separated based on HINTW expression (ZZ:

normalized expression < 0.1), and ZZ cells were primarily used for analysis.
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Figure 3.2. A side-specific single-cell RNA sequencing of HH8 chick embryo
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Figure 3.2. (A) Dissection of an HH8 (4-somite stage) chick embryo for left and right single-cell
RNA sequencing. Four embryos were pooled. (B) Single-cell RNA sequencing of left and right
tissue samples shows a region of the UMAP where cells are separated by side (dotted circle). (C)
The expression patterns of the somite marker MEOX1, the LPM marker HAND1, the W
chromosome marker HINTW, and the left marker NODAL show that a subset of mesoderm cells
separates by both side and sex chromosome. Cells were divided into ZZ (male) and ZW (female)
subsets, based on normalized HINTW expression.

The UMAP of ZZ cells demonstrated clear separation of LPM cells by side, whereas the
cells of other regions largely overlapped (Fig.3.3A). Clusters of different germ layers were
identified (Fig.3.3B), based on common markers for tissues at these early stages (Fig.3.3C). The
distribution of markers for mesoderm (PITX2, MSGNI, TCF15, HANDI) and ectoderm (SOX2,
PAX7, TFAP2A) suggested that cells belonging to these germ layers represent most of our
sample. Furthermore, the left-specific distribution of PITX2 together with the clear separation of
mesoderm cells by side not only validated the clean execution of the experiment but also

identified the mesoderm as the primary site of molecular lateralization during the early phase of

LR determination.
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Figure 3.3. Clusters representing various tissue types of ZZ cells
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Figure 3.3. (A) UMAP of ZZ cells displays a region with clear separation by side. (B) Cluster
assignment of ZZ cells. (C) Expression patterns of markers for different tissues. Green
arrowheads indicate cells with elevated marker expression that informed assignment of cluster
identity.

Identification and validation of novel asymmetric genes

As only the mesoderm cells demonstrated clear separation by side, we decided to focus
on the LR asymmetry of mesoderm cells by subsetting and further clustering these cells
(Fig.3.4A). We assigned mesoderm clusters, based on the expression of PCDHS8 (PSM), TCF15
and PAX3 (somite), and HAND1/2 and ISLI (LPM) (Fig.3.4B). In addition, the left lateral somite
cells expressing both MEOXI and NODAL lie at the interface of somite and LPM cells

(Fig.3.1A,3.4.A,C). Therefore, we reasoned that the cells expressing both MEOXI and NODAL
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between somite and LPM cells on the UMAP would represent the “left lateral somite”

(Fig.3.4C), with the corresponding right counterparts representing the “right lateral somite”. We

validated that side-specific clusters (left and right LPM; left and right lateral somite) consisted

predominantly of the cells of one side, whereas the non-side-specific clusters (PSM, somite)

exhibited a nearly 50:50 distribution (Fig.3.4D). The left and right lateral somite cells

demonstrated “mixed” identity, with slightly lower levels of somite markers compared to the

non-side-specific somite cluster and elevated levels of LPM markers (Fig.3.4B).

Figure 3.4. ZZ mesoderm subset and its cluster annotation
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Figure 3.4. (A) Clusters of the ZZ mesoderm subset. (B) Validation of ZZ mesoderm clusters by
the expression profiles of tissue-specific marker genes. PCDHS (PSM), TCF15 and PAX3
(somite), and HAND1/2 and ISL1 (LPM) were utilized to assign clusters. (C) The cells co-
expressing MEOXI and NODAL were assigned to the left lateral somite cluster. Cells with the
corresponding marker expression profile on the right side were assigned to the right lateral
somite cluster. (D) Clusters were further validated by the fraction of cells belonging to the left
and right sides, such that the side-specific clusters were predominantly composed of cells from a

given side.
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To validate these clusters, we performed differential gene expression analysis between
the left and right lateral somite clusters and selected a few novel asymmetric genes for HCR
RNA-FISH: SLITI and CHST11 for the left, and DLX2 and TCF21 for the right (Fig.3.5A-D).
Indeed, HCR RNA-FISH for these genes in HH8 chick embryos displayed clear LR asymmetric
expression at the lateral parts of occipital somites at HH8 (4-6 somite stage). Interestingly, at
HHS, these genes were asymmetrically expressed in distinct tissue combinations. For example,
SLITI and TCF21 were shown to be asymmetrically expressed in the lateral somite and LPM
(Fig.3.5A°,D’). On the other hand, CHST11 asymmetry was pronounced in the lateral somite and
the posterior halves of newly forming somites (Fig.3.5B’). One of the novel right-enriched genes
DLX2 exhibited highly specific expression in the right lateral somite, providing strong evidence
for the cluster assignment (Fig.3.5C”). When we performed HCR RNA-FISH for SLITI and
CHSTI1I in HH10 chick embryos to evaluate how long this newly discovered molecular
asymmetry persists, both SLIT1 and CHST11 demonstrated lasting asymmetric expression on the
left paraxial mesoderm (Fig.3.5A”°,B”).

To identify tissue-specific asymmetric genes, differential gene expression analyses were
performed between left and right cells of the subsets representing the PSM, LPM, somite, and
lateral somite. Using adjusted p-value = 0.05 and log-2-fold-change = 0.58 (1.5-fold) as
thresholds, the analyses identified the largest number of asymmetric genes in the LPM subset
(231 left-enriched genes vs. 244 right-enriched genes). Lateral somite cells displayed a
comparable number of asymmetric genes (120 left vs. 200 right). Heatmaps of the top 20
asymmetric genes (20 left-enriched and 20 right-enriched) for each of the LPM and lateral
somite subsets are shown for comparison (Fig.3.5E). On the other hand, only a few genes were

identified as asymmetrically expressed in the somite cells (21 left vs. 8 right) and PSM cells (9
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left vs. 1 right), consistent with the traditional expectation for the LR determination process. For
instance, BOLA3 (involved in mitochondrial of iron-sulfur cluster biogenesis (20,21)), CERI (a
BMP antagonist involved in NODAL induction in the LPM (9,22)), CHST11 (involved in the
regulation of sulfate chondroitin proteoglycans (23)), CXCL12 (a signaling factor broadly
involved in development and physiology (24)), NODAL, IDH?2 (a mitochondrial NADP-
dependent isocitrate dehydrogenase involved in metabolism and redox homeostasis (25)),
LDLRAD4 (a negative regulator of TGF-f signaling (26)), MFAP2 (involved in the formation of
microfibrils in the extracellular matrix (27)), PITX2, SLITI (a signaling factor of the Slit-Robo
pathway involved in axon guidance and cell migration (28)), and WFIKKNI (a secreted factor
involved in the regulation of TGF-J signaling (29,30)) are consistently left-enriched in the LPM,
lateral somite, and somite clusters (Fig.3.5F); on the other hand, ESY7 (a endoplasmic
reticulum (ER) membrane protein involved in ER-plasma membrane tethering and lipid transfer
(31)), ID3 (a negative regulator of basic Helix-loop-Helix transcription factors (32)), and SNA/I
(a transcription factor involved in epithelial-mesenchymal transition and cell motility (33,34))
are consistently right-enriched across the same clusters (Fig.3.5G). These lists include well-
known canonical asymmetric genes such as NODAL, PITX2, and SNAII as well as multiple
novel asymmetric genes. As such, our analysis of single-cell RNA sequencing provides a
resource for identifying promising candidates for novel effectors of LR asymmetric
development.

Next, we decided to apply the same logic for identifying left-right asymmetric genes to
the non-mesoderm clusters: endoderm, neural plate/tube, surface ectoderm, neural plate border,
and floor plate. The differential gene expression analysis with the same threshold (log-2-fold-

change > 0.58; adjusted p-value > 0.05) identified fewer asymmetric genes in each cluster,
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compared to the LPM and lateral somite clusters. For instance, the analyses identified 11 left and
13 right asymmetric genes for the endoderm; 14 left and 4 right for the neural plate/tube; 12 left
and 5 right for the surface ectoderm; 5 left and 4 right for the neural plate border; and 8 left and 2
right for the floor plate. Among the left-enriched genes, BOLA3 was the only gene significantly
asymmetric in all five clusters, followed by /DH?2 in four clusters except for the floor plate; and
by CCT3, PITX2, ENSGALG00010028735, and MFAP2 in different sets of three clusters. Among
the right-enriched genes, ESYT was the only gene significantly asymmetric in all five clusters.
The other 23 genes that were shown to be right-enriched in any of these clusters were

significantly right-enriched in only one of the five clusters.

Figure 3.5. Differential gene expression analysis of the ZZ mesoderm clusters identifies
novel asymmetric genes

Figure 3.5. (A) A novel left-enriched gene SLIT1, identified by the differential gene expression
analysis of the left and right lateral somite clusters, (A”) displays asymmetric SLIT expression
by HCR RNA-FISH in the LPM and the lateral parts of the anterior somites of the HHS8 chick
embryo. (A”) The asymmetric expression of SLIT1 persists in the LPM and lateral somites as
late as HH10. (B) A novel left-enriched gene CHST11 is asymmetrically expressed in the lateral
parts of the anterior somites and the caudal parts of newly forming somites (B’), and asymmetric
expression in the latter persists as late as HH10 (B”’). (C) A novel right-enriched gene DLX2
demonstrates relatively specific expression at the right lateral somite cluster. (C’) A HH8 embryo
labeled with HCR RNA-FISH for DLX2 shows clear asymmetric expression in the lateral parts
of the right anterior somites. (D,D”) A novel right-enriched gene TCF21 is asymmetrically
expressed in the lateral parts of the anterior somites and the LPM. Blue and orange arrowheads
indicate approximate positions of the left and right lateral somite clusters, respectively. (E)
Heatmap of the top 20 left- and right-enriched genes for the LPM (left panel) and lateral somite
(right panel) clusters. (F) Venn diagram of left-enriched genes in the LPM, lateral somite, and
somite clusters. Eleven genes are consistently left-enriched in all three tissue types. (G) Venn
diagram of right-enriched genes in the LPM, lateral somite, and somite clusters. Three genes are
consistently right-enriched in all three tissue types. The novel asymmetric genes used for the
validation of differential gene expression analysis via HCR RNA-FISH of (A-D) are written in
red. Scale bar = 100pum
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Figure 3.5. (continued)
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Lastly, our findings from the ZZ sample were validated in the ZW mesoderm subset
(Fig.3.6A). Just as with ZZ cells, the cells expressing both MEOXI and NODAL were assigned
to the “left lateral somite” cluster, with the right counterpart assigned to the “right lateral somite”
cluster (Fig.3.6B). These lateral somite clusters and left and right LPM clusters (determined by
HANDI/2 and ISL1) were predominantly composed of cells of a given side; conversely, the
somite cluster (determined by 7CF15 and P4X3) and the PSM cluster (determined by PCDHS),
as well as an unknown mesoderm cluster, included a nearly 50/50 mix of left and right cells
(Fig.3.6C,D). The asymmetric genes identified in the ZZ sample and validated by HCR RNA-
FISH—SLITI and CHST11 for the left and DLX2 and TCF21 for the right—consistently
demonstrated asymmetric expression on the UMAP of the ZW mesoderm subset (Fig.3.6E). The
tissue-specific differential gene expression analyses of left versus right cells identified
comparable numbers of asymmetric genes for each tissue as in the ZZ sample (Fig.3.6F).
Importantly, most of the genes that were consistently asymmetric in the LPM, lateral somite, and
somite clusters of the ZZ sample were also robustly asymmetric in the ZW sample (Fig.3.6F-
blue text). The agreement between ZZ and ZW samples further reinforces the robustness and

validity of our analysis underlying the discovery of novel molecular asymmetry.

Figure 3.6. Validation of novel asymmetric genes with ZW mesoderm subset

Figure 3.6. (A) UMAP of the ZW mesoderm. (B) Clusters of the ZW mesoderm. The same logic
demonstrated for the ZZ mesoderm analysis above was applied. (C) Validation of clusters by left-
right cell fraction. (D) Validation of clusters by tissue-specific marker expression profiles. (E)
The novel asymmetric genes discovered in the ZZ mesoderm are consistently asymmetric in the
ZW mesoderm. Blue and orange arrowheads indicate approximate positions of the left and right
lateral somite clusters, respectively. (F) Venn diagrams of left-enriched (top panel) and right-
enriched (bottom panel) genes in the LPM, lateral somite, and somite clusters. The novel
asymmetric genes whose asymmetry is demonstrated with HCR RNA-FISH are written in red.
Genes that were consistently asymmetric in the LPM, lateral somite, and somite clusters of the
77 mesoderm are written in blue.
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Figure 3.6. (continued)
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Potential non-autonomous role for somite molecular asymmetry in NC development

SLIT1I is one of the newly discovered asymmetric genes whose function is best
characterized in the context of neural crest (NC) cell migration and axon guidance (Fig.3.5A)
(28). When the early LR determination was perturbed at HH4 by either global treatment with
cyclopamine (100uM; to inhibit Sonic Hedgehog signaling and prevent left-sided NODAL
expression) or by implantation of a SAG bead on the right side of the HN (200uM; a Hedgehog
pathway agonist, to induce ectopic right-sided NODAL expression), the asymmetric expression
of SLITI at HH9-10 was abolished, showing that SLIT] asymmetry is downstream of the early
LR determination pathway (Fig.3.7A). When SLIT remained asymmetrically expressed at
HH10 (10-12-somite stage), CNCCs begin to migrate out of the midline, through the asymmetric
anterior somites (Fig.3.7B) (35,36). In addition to SLIT, various genes involved in NC
migrations were also found to be asymmetrically expressed by the lateral somite cells, including
genes belonging to the Semaphorin (SEMAS5B, SEMA3A), Plexin (PLXNB2), CXCL (CXCL12),
Netrin (UNC5C), Slit-Robo (SLIT1, ROBO2), and Ephrin-Eph (EFNB2, EFNBI) signaling
pathways (Fig.3.7C) (36-38).

To explore the potential function of this novel molecular asymmetry of somites, we
hypothesized that the molecular asymmetry of the lateral somite impacts CNCC migration. To
test this hypothesis, we evaluated asymmetry in CNCC migration in wild-type HH10 chick
embryos by segmenting and comparing SOX9 immunostaining signals from migratory NC cells
on the left and right sides beyond the neural tube (NT) domain (Fig.3.7D). CNCC migration is
highly temporally coordinated, such that at the 11-somite stage, CNCCs were only sparsely
observed beyond the NT, whereas at the 12-somite stage, they had extended into the somite

domain. CNCC migration determined by SOX9 segmentation beyond the NT was symmetric at
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the 11-somite stage (Fig.3.7E). Strikingly, by the 12-somite stage, however, a greater amount of
SOX9+ signal was detected on the left side, demonstrating a left-bias in NC development
(Fig.3.7E). When we treated embryos with either a SAG bead or cyclopamine at HH4 to perturb
early LR determination and incubated the treated embryos until the 12-somite stage, CNCC
migration at the 12-somite stage became more symmetric (Fig.3.7F). The modulation of CNCC
asymmetry here cannot be specifically attributed to the novel molecular asymmetry of the
anterior somites as the treatment perturbs LR determination across all tissues. Yet, considering
that various genes associated with NC migration are asymmetrically expressed by somites and
that the analyses were performed when CNCCs were migrating through these asymmetric
somites, these results argue for the potential non-autonomous role of the molecular asymmetry of

the occipital somites in regulating LR asymmetric development of adjacent tissue types.
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Figure 3.7. Molecular asymmetry of the anterior somites may contribute to asymmetric
cardiac neural crest cell migration
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Figure 3.7. (A) Asymmetric expression of SLIT1 at HH9-10 was abolished when chick embryos
at HH4 were treated with either cyclopamine (100uM) or a SAG bead on the right side of the HN
(200uM). Treated embryos were labeled with HCR RNA-FISH for SLIT1. (B) Migration of
cardiac neural crest cells (CNCCs) in a HH10 chick embryo labeled with immunostaining for
SOX9. CNCCs are confined within the closed neural tube by the 10-somite stage. Soon
afterward, they emigrate from the neural tube and pass through the anterior somites at the 11- to
12-somite stages. (C) Multiple genes associated with NC migration were identified as
asymmetrically expressed by differential gene expression analysis of the ZZ lateral somite
clusters. (D) Schematic of CNCC migration asymmetry quantification. (E) CNCC migration is
symmetric at the 11-somite stage but becomes left-biased at the 12-somite stage. (F) CNCC
migration at the 12-somite stage is more symmetric upon either global treatment with
cyclopamine (100uM) or implantation of a SAG bead on the right side of the HN (200uM) at
HH4. Statistics are unpaired two-sided t-test. * is p < 0.05. Scale bar = 100um
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Anterior somites contribute to the heart

To further investigate the developmental consequences of their molecular asymmetry, we
decided to revisit the fate map of anterior somites in a side-specific manner (39,40). To this end,
we performed GFP somite graft experiments in chick embryo (41). The 2™ to 5™ somites from
transgenic donor embryos at the 5-7-somite stage ubiquitously expressing GFP were grafted
orthotopically into non-fluorescent wildtype host embryos at the same stage (Fig.3.8A,B).
Embryos were incubated in ovo for 7 days until HH25-34, and the fate map was analyzed by 3D
imaging with light sheet microscopy after tissue clearing and anti-GFP immunostaining.

At HH16, 2 days post-grafting, GFP-positive cells were predominantly localized in the
dermomyotome, as confirmed by PAX7 immunostaining, and were absent from the neural tube
(Fig.3.8C,S1A). Only a few SOX9-GFP-double-positive cells were observed, suggesting that the
donor graft contributed only minimally to the sclerotome. This was potentially because the
ventral parts of the endogenous host somites could not be completely removed without risking
puncture of the embryo, thereby limiting proper sclerotome differentiation of the ventral part of
the donor somites. Importantly, at the time of grafting (5-7-somite stage), NC cells had not yet
emigrated from the neural tube at the anterior somite levels, as attested by the restriction of
SOX9 expression to the closed neural tube (Fig.3.7B). NC emigration was first detected at the
11-somite stage as described earlier (35,36). At Day7, GFP-positive cells labeled known somite-
derived structures, including the cervical dermis, the larynx, and the tongue (Fig.3.8D-F),
consistent with the previously described fate map of occipital somites (39,40). However, GFP-
positive cells were not detected at the caudal parts of the skull or in the atlas and axis, which

respectively derive from 1%-5" somites and 5-6™ somites.
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The heart is widely known to undergo LR asymmetric organogenesis, and the heart
forming region in the chick embryo is directly adjacent to the NODAL-expressing anterior
somites (42,43). Strikingly, we detected a robust contribution of GFP-positive cells to the heart
for both left and right grafts. When left somites were grafted (n=10), GFP-positive cells were
robustly detected in the left sinus venosus (10/10, 100%) and frequently in the pulmonary artery
(8/10, 80%) (Fig. 3.8K-N). In contrast, when right somites were grafted (n=8), GFP-positive
cells were consistently found in the right sinus venosus (8/8, 100%), but only rarely in the
pulmonary artery (1/8, 13%) (Fig. 3.8G-J). Together, these results show that contribution to the
pulmonary artery was asymmetric, with a strong bias toward left somites.

To confirm these findings, we performed in ovo electroporation on 5-9-somite stage
embryos (Fig.3.80). We injected a cocktail of membrane-bound-dTomato-expressing plasmid
(mem-dTomato) flanked by Tol2 sequences and a plasmid containing a transposase into the
somitocoel of a single anterior somite (44). Upon electroporation, the mem-dTomato sequence is
randomly incorporated into the genome, so that the electroporated cells and their descendants
display a permanent red fluorescent signal. The embryos were electroporated to specifically
target the lateral side of the injected somite. Electroporation of the second left somite resulted in
mem-dTomato labeling of the pulmonary artery in 6/10 (60%) embryos and of the sinus venosus
in 6/10 embryos (60%) (Fig.3.S2A-D). Electroporation of the third left somite yielded mem-
dTomato signal in the pulmonary artery in 3/4 (75%) embryos and in the sinus venosus in 2/4
(50%) embryos (Fig.3.8P-R). Electroporation of the fourth left somite resulted in no signal in the
pulmonary artery (0/7) and only rare labeling in the sinus venosus (1/7, 14%) (Fig.3.S2E-H).
These results independently validate the somite-to-heart contribution identified by grafting and

indicate that this contribution arises predominantly from the 2"¢ and 3™ somites.
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To characterize the identity of somite-derived cardiac cells, we performed co-
immunostaining on grafted hearts upon paraffin sectioning. In the pulmonary artery, GFP-
positive cells co-expressed the epicardial marker cytokeratin (CKS555), consistent with an
epicardial identity (Fig.3.8S). In the sinus venosus, GFP-positive cells did not co-express smooth
muscle actin (SMA) but were localized to the innermost single-cell layer, consistent with an
endothelial identity (Fig.3.8T).

Taken together, these results demonstrate that anterior somites contribute cells to the
heart in a lateralized manner: they make a bilateral contribution to the endothelium of the
ipsilateral sinus venosus, and an asymmetric, left-specific contribution to the epicardium of the
pulmonary artery.

Figure 3.8. Anterior somites contribute to the heart in a lateralized manner

Figure 3.8. (A) Scheme of the side-specific GFP-somite graft experiment. The 2"%-5" somites of
a transgenic GFP-expressing chick embryo at the 5- to 7-somite stage were grafted orthotopically
into a wildtype host at the same stage. Grafted embryos were incubated for 7 days. Depending on
survival, grafted embryos at HH25-34 were collected for analysis (*earliest stage for analysis).
(B) A HHS8 embryo right after grafting of a strip of GFP somites. (C) At HH16, 2 days after
grafting, GFP+ cells were predominantly found in the dermomyotome (scale bar = 100um). (D)
3D light sheet image of a grafted embryo after 7 days of incubation. Collected embryos were
labeled with immunostaining for GFP and cleared with iDISCO+ (scale bar = 1000pm). GFP+
cells were found in the muscles of the (E) esophagus and larynx, and (F) tongue. (G) Upon right
somite graft, (H,I) GFP+ cells were robustly detected in the right sinus venosus, (J) while they
were only rarely observed in the pulmonary artery. (K) Upon left somite graft, (L-N) GFP+ cells
were consistently detected in the left sinus venosus and the pulmonary artery. (O) Parallel
validation by electroporation of a membrane-bound-dTomato-expressing plasmid (mem-
dTomato) and transposase-expressing plasmid. (P-R) When the plasmid cocktail was injected
into the somitocoel of the left 3™ somite at the 5- to 9-somite stage and electroporated
specifically on the lateral side, mem-dTomato-expressing cells were observed at the left sinus
venosus and pulmonary artery (scale bar = 500um). (S,T) An embryo with a left somite graft was
paraffin-sectioned, and co-immunostaining was performed. (S) Left somite grafts likely
contribute to endothelial cells of the left sinus venosus and (T) to epicardial cells of the
pulmonary artery (CK+). Left somite grafts likely contribute to endothelial cells of the left sinus
venosus and (S) to epicardial cells of the pulmonary artery (scale bar = 30 um). Abbreviations:
RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle; SV, sinus venosus (rSV,
ISV); Ao, aorta; PA, pulmonary artery; DM, dermomyotome; NT, neural tube; Oe, oesophagus;
La, larynx; To, tongue; aSMA, alpha-smooth muscle actin; CK, cytokeratin.
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Figure 3.8. (continued)
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Left-right identity of somites impacts cardiac development

Given the lateralized contribution of somites to the heart, we asked whether the left—right
identity of somites influences heart development. To address this question, we modulated the
laterality of somite donor embryos before grafting. Donor GFP embryos were treated at HH4
with cyclopamine (to inhibit Sonic Hedgehog signaling and prevent left-sided Nodal expression)
or with implantation of a SAG bead on the right side of the HN (a Hedgehog pathway agonist, to
induce ectopic right-sided Nodal expression). Treated somites (2"'~5™) were then grafted into
wildtype host embryos at HH8, and hearts were analyzed at HH25-34 (Fig.3.9A).

Impairment of left identity. When left somites from cyclopamine-treated donors were
grafted (n=5), GFP signal was detected in the sinus venosus in 5/5 (100%) embryos but in the
pulmonary artery in only 2/5 (40%), compared with 8/10 (80%) in controls (Fig.3.9B-E).
Cardiac anatomy was severely affected: 4/5 embryos (80%) displayed congenital heart defects,
compared with 1/10 controls (10%). These included ventricular malformations (3/5), such as
ventricular hypoplasia and abnormal ventricular cavities, and outflow tract defects (3/5),
including an outlet ventricular septal defect, persistent truncus arteriosus, severe subaortic
stenosis, and an aorta overriding the right ventricle (Fig.3.9F-I; Table.3.1.). Thus, the loss of left
identity in somites resulted in a high rate of cardiac malformations, affecting both the ventricles
and the outflow tract, indicating that left somite identity plays a critical role in cardiac
morphogenesis.

Ectopic right-sided Nodal expression. When right somites from SAG-treated donors
were grafted (n=5), GFP signal was detected in the sinus venosus in 5/5 embryos, as expected.
Ectopic GFP signal was observed in the aorta in 5/5 embryos (100%), whereas GFP was detected
in the pulmonary artery in only 1/8 control right-side grafts (13%) (Fig.3.9J-M). This suggests

that conferring left identity to right somites redirects their vascular contribution toward the aorta,
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mirroring the left-sided contribution to the pulmonary artery. Cardiac malformations were
observed in 2/5 embryos (40%), consisting exclusively of ventricular defects, predominantly
right ventricular hypoplasia (Fig.3.9N-O; Table.3.1.). No outflow tract defects were detected.
Control experiments. To confirm the specificity of these effects, we performed reciprocal
control experiments. Cyclopamine-treated right somites grafted to the right side (n=3) showed a
GFP distribution and cardiac anatomy that were indistinguishable from those of untreated right-
side grafts: signal in the right sinus venosus (3/3), minimal pulmonary artery signal (1/3), and no
cardiac defects (0/3) (Fig.3.S3A-F). Similarly, SAG-treated left somites grafted to the left side
(n=3) recapitulated untreated left-side grafts: signal in the left sinus venosus (3/3) and the
pulmonary artery (2/3), with no cardiac malformations (0/3) (Fig.3.S3G-L; Table.3.1.). These
controls demonstrate that cardiac defects arise specifically from modulation of the molecular
laterality of the grafted somites, rather than from unintended effects of pharmacological

treatment.

Figure 3.9. Molecular laterality of the anterior somites is critical for fate contribution and
proper heart development

Figure 3.9. (A) Scheme of modulating the molecular laterality of somite grafts. GFP-expressing
donor embryos were treated with either cyclopamine (100uM) or a SAG bead (200uM) at HH4
and incubated to the 5- to 7-somite stage for the graft experiment. (B,C) Untreated left grafts
contributed to the left sinus venosus and the pulmonary artery. (D,E) Left grafts whose left
identity was disrupted by cyclopamine treatment demonstrated compromised contribution to the
pulmonary artery. In addition, cyclopamine-treated left grafts led to a high frequency of
congenital heart defects (H,I), compared to untreated left grafts (F,G). (L,M,0O) Right grafts with
induced left identity by SAG bead treatment contributed to the right sinus venosus and the aorta,
(J,K,N) whereas the untreated right graft contributed robustly to the right sinus venosus, with
minimal contribution to the pulmonary artery. (P) Summary of the somite graft experiment with
molecular laterality modulation. Scale bar = 500um. Abbreviations: RA, right atrium; RV, right
ventricle; LA, left atrium; LV, left ventricle; SV, sinus venosus; Ao, aorta; PA, pulmonary artery;
CHD, congenital heart defect.
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Figure 3.9. (continued)
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DISCUSSION

LR asymmetry of the paraxial mesoderm and somites has long been overlooked, and,
consequently, the potential developmental asymmetry of somites has not been carefully
investigated. Our findings provide strong and direct evidence that anterior somites are
molecularly asymmetric, especially at their lateral sides. Our side-specific single-cell RNA
sequencing of the HHS8 chick embryo is expected to be an invaluable resource for understanding
the early molecular landscape during the early LR patterning process. As the efficacy of our
approach has been validated above, a series of side-specific single-cell RNA sequencing
experiments at later stages will be extremely useful in establishing a comprehensive picture of
the signaling cascades and the downstream effectors underlying LR asymmetric development of
the vertebrate embryo.

The occipital somites are known to exhibit a variety of distinguishing developmental
properties, compared to trunk somites. First, the occipital somites do not express many of the
widely recognized rostro-caudal polarity markers of somites. For instance, when the expression
of several RC markers of somites—deltal, notchl, hairyl, hey2, hairy2, and lunatic fringe—was
analyzed, the 1° to 3™ somites did not express any of these genes, while the 4" to 9™ somites
expressed only a subset of them, compared to somites at more caudal levels (13). Second, the
occipital somites exhibit different maturation dynamics. The activation of markers for somite
compartmentalization—PAX] for the sclerotome, and MYOD1 for the dermomyotome—is not
only much delayed but also simultaneous across occipital somites, whereas marker gene
expression is much faster and sequential in trunk somites (14). The developmental dynamics of
the myotome also demonstrate a similar pattern (15,16). These findings indicate that the

differentiation trajectories of occipital somites are different from those of trunk somites, in that
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the molecular maturation and compartmentalization of occipital somites are relatively delayed
and/or lacking. This prolonged or reduced differentiation state may underlie the ability of
occipital somites to respond to LR-determining signals.

The asymmetry in CNCC migration was evaluated as a potential, non-autonomous
contribution of somite molecular asymmetry to the asymmetric development of the embryo. Two
newly discovered left-enriched genes, SLITI and CHST11, have been implicated in the regulation
of NC migration. For instance, CHST1] encodes an enzyme involved in regulating chondroitin
sulfate proteoglycans, ECM components that act as a barrier to the migration of NC cells (23,45).
Chondroitin sulfate proteoglycans have been shown to be necessary for confining migratory NC
cells to the anterior half of the somite, as treatments that perturb their biosynthesis alter the NC
migration pattern (45). It remains to be explored whether the elevated CHST11 expression on the
left side, especially in the caudal parts of newly forming somites, is translated into higher levels
of chondroitin sulfate proteoglycans and into an asymmetric environment for NC migration
dynamics. Our finding that CNCC migration is more pronounced on the left side at the 12-somite
stage, however, contradicts the expected upregulation of chondroitin sulfate proteoglycans in the
left somites. However, as our single-cell RNA sequencing identifies multiple asymmetric genes
involved in NC migration, the combination of all these factors, each of which may not be
unilaterally biased, can generate the overall left-bias in CNCC migration. In addition, our
treatments perturbing LR determination affect the laterality of the entire embryo, not specifically
that of the anterior somites. Thus, experiments specifically modulating the molecular laterality of
somites will be needed to unequivocally determine whether somite molecular asymmetry plays a

non-autonomous role in regulating CNCC migration asymmetry.
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Interestingly, our results align with recent findings on the asymmetric contribution of
CNCC:s to heart development (46). It was shown that surgical ablation of left and right CNCCs
led to different heart defect outcomes and survival rates. While our results posit a non-
autonomous role for asymmetric somites in providing asymmetric fields for NC migration, it is
possible that NCs are intrinsically asymmetric, just as somites are. Regardless, our findings,
together with this recent finding of NC asymmetry, call for further investigation into the
asymmetry of tissues beyond the LPM and endoderm.

Our results demonstrate that anterior somites are a previously unrecognized source of
cardiac cells in the chick embryo, contributing endothelial cells to the sinus venosus bilaterally
and epicardial cells to the pulmonary artery specifically from the left side. Modulation of somite
laterality through pharmacological manipulation of the Hedgehog/Nodal pathway reveals that the
left-right identity of somites is functionally relevant for both their cardiac contribution and for
normal cardiac morphogenesis.

The cardiac and somitic lineages develop in close spatial and temporal proximity during
early embryogenesis. In the chick at HH8 (4—6 somites), the anterior somites are directly
adjacent to the cardiac mesoderm (42,43); in the mouse, equivalent proximity exists at E8.5 (47).
The heart is one of the first organs to undergo left—right asymmetric morphogenesis, with the
heart tube initiating rightward looping at this stage (48). Simultaneously, left-right patterning is
established in the heart field through transient left-sided Nodal signaling, which biases cell
behavior to control asymmetric heart tube remodeling (49). During heart looping, the venous
pole undergoes a leftward shift (50), a process dependent on left—right patterning that takes place

at the level of the anterior somites. Thus, two left—right patterned developmental processes,
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cardiac looping and somitogenesis, are occurring at the same time and place, raising the
possibility of functional interactions between them.

The mammalian heart is built from multiple cell lineages with distinct developmental
origins, progressively characterized over the past decades (47,51,52). The myocardium and
endocardium derive from two successive waves of progenitors: the first heart field, which forms
the initial heart tube and gives rise primarily to the left ventricle, and the second heart field, a
population of progenitors in the dorsal pericardial wall and pharyngeal mesoderm that is
progressively added to both poles of the heart tube, contributing to the right ventricle, outflow
tract, and atria (47,51). The epicardium originates from the proepicardial organ, a transient
mesothelial structure that emerges near the sinus venosus (53), and gives rise to smooth muscle
cells, fibroblasts, and mesenchymal cells of the valves. Single-cell transcriptomic profiling has
further refined this lineage map, revealing a common progenitor pool for the epicardium and
myocardium at early stages (52). CNCCs, of ectodermal origin, contribute to the outflow tract
septum, interventricular septum and coronary smooth muscle cells (54,55). Thus, the heart
integrates cells from the lateral plate mesoderm (first and second heart fields, proepicardial
organ) and the NC.

Our findings add anterior somites to this lineage map. Several lines of prior evidence
support the plausibility of a somite-to-heart contribution. First, somites are known contributors to
the trunk vasculature: the dermomyotome gives rise to endothelial cells, while the sclerotome
produces vascular smooth muscle cells and pericytes of the body wall, and smooth muscle cells
of the dorsal aorta share a common clonal origin with skeletal muscle of the myotome (56,57).
Second, mixed NC and somite contributions to the same structure have been documented in

other contexts, such as the tongue musculature (58) and the branchiomeric muscles (59),
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establishing a precedent for dual-origin tissues. Third, Meox1-Cre-based lineage tracing in the
mouse (60), although designed to target somite derivatives, has reported labeling in the
pulmonary artery and the epicardium. This observation, initially described as ectopic, is in fact
consistent with our findings and supports a genuine somite contribution to the heart in mammals.
Our identification of somite-derived endothelial cells in the sinus venosus and epicardial cells in
the pulmonary artery extends this contribution from the trunk vasculature to the heart itself.

A striking feature of our findings is the left-specific contribution of somites to the
pulmonary artery. Lateralized clonal relationships between cervical structures and cardiac
regions have been demonstrated in mice: left facial muscles share a common progenitor with the
pulmonary trunk, whereas right facial muscles derived from head mesoderm are clonally related
to the aorta (61). Similarly, left-sided progenitors of the trapezius muscle group are clonally
related to pulmonary trunk myocardium, while right-sided progenitors contribute to the right
venous pole (62). Our results extend this principle to the somitic mesoderm: left somites
contribute to the pulmonary artery, whereas right somites do not. Critically, our laterality reversal
experiments demonstrate that this asymmetry is determined by left—right identity rather than
anatomical position. When right somites are exposed to ectopic Nodal signaling (SAG bead
treatment), they contribute to the aorta rather than the pulmonary artery, effectively acquiring a
mirror pattern of the normal left-sided contribution. These observations indicate that the Nodal
signaling cascade determines the specific vascular destination of somite-derived cells within the
outflow tract.

A potential concern is that the grafted tissue could include NC cells. Several lines of
evidence argue against this possibility. First, at the time of grafting (5- to 7-somite stage), NC

cells had not yet emigrated from the neural tube at anterior axial levels, as demonstrated by the
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restriction of SOX9 expression to the neural tube. NC emigration was not detected until the 11-
somite stage. Second, NC contributions to the heart are primarily to the outflow tract septum and
the interventricular septum not to the epicardium (39), which is where we detect somite-derived
cells in the pulmonary artery. Third, isolated NC ablation produces conotruncal septation defects
but not the ventricular malformations we observe upon cyclopamine treatment (46), suggesting
that the ventricular phenotype reflects impairment of a distinct, somite-specific mechanism.

We cannot fully exclude minor contamination from the lateral plate mesoderm adjacent to
the somites (42,43). However, any such contribution would be expected to predominantly affect
the venous pole rather than the outflow tract. Moreover, parallel validation via an
electroporation-based fate map further corroborates the contribution of the anterior somites to the
heart, arguing against the possibility of LPM contaminants being a primary source of GFP-
positive signals in the heart.

Our findings that somites contribute to the heart and that their laterality influences
cardiac morphogenesis have potential clinical relevance. Congenital heart defects are frequently
associated with vertebral anomalies in the context of VACTERL syndrome (63) and VCRL
syndrome (64). The risk of developing scoliosis in children with congenital heart disease is more
than ten-fold that of idiopathic scoliosis (65), suggesting a shared developmental etiology.
Moreover, laterality defects further connect spine and heart: most idiopathic scoliosis cases
display right convexity, whereas in patients with reversed organ laterality (situs inversus),
scoliosis cases are predominantly left-convex (66). Our results suggest a developmental
mechanism that could underlie these clinical associations: disruption of left-right signaling in
somites may simultaneously impair both vertebral symmetry and cardiac morphogenesis,

explaining the co-occurrence of spine and heart defects in these syndromes.
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In summary, our work reveals extensive molecular asymmetry of the anterior somites and
1dentifies anterior somites as a novel source of cardiac cells, with a lateralized contribution
pattern that depends on Nodal signaling. Perturbation of somite laterality produces congenital
heart defects, establishing a functional link between somite left-right identity and cardiac
morphogenesis. These findings open new perspectives on the developmental origins of

congenital heart defects and their association with vertebral anomalies.
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METHODS

Chick embryos
Fertilized chick eggs were acquired from the Charles River Laboratories (for wildtype)
and the Susan Chapman Laboratory of Clemson University (for wildtype and transgenic lines

ubiquitously expressing GFP (41)). Eggs were incubated at 37°C and 60% humidity.

HCR RNA-FISH
HCR RNA-FISH for chick embryo was performed as described above. HCR probe sets

were designed and manufactured by Molecular Instruments.

Chick embryo manipulation

Chick embryos were collected, cultured, and treated as described above.

Single-cell RNA sequencing

4-somite stage chick embryos were collected with ring-shaped filter papers. The embryos
were first bisected along the midline. Next, for each side, dissection was performed to obtain the
rectangular tissue of interest, which spanned from the first somite to the 30-50% level of the
PSM in the AP direction, and from the midline to the border between the LPM and the
extraembryonic tissue in the ML direction. Left and right samples were processed and sequenced
separately. Tissue samples from the same 4 embryos were pooled for each side and incubated in
400l of 0.25% Trypsin-EDTA (Gibco) at 37°C for 25min with mechanical dissociation by

pipetting every Smin. Next, 600ul of ice-cold PBS supplemented with 1% bovine serum albumin
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(Sigma-Aldrich; PBS-BSA) was added and centrifuged at 400rcf for Smin at room temperature.
Supernatant was removed, and the cells were resuspended in 400ul of PBS-BSA to pass through
20um cell strainer (Stellar Scientific). After initial passage, additional 400ul of PBS-BSA was
applied to capture remaining cells. The cells were then centrifuged at 400rcf for Smin, and the
supernatant was removed to resuspend cells with 80ul of PBS-BSA. Cell density was determined
by manual counting. Cells were encapsulated with the Chromium Next GEM Single Cell 3’ kit
(v.3.1 Dual Index) with the Chromium NextGEM Chip and the 10x Chromium Controller
(Biopolymers Facility, Harvard Medical School). Libraries were prepared following the
manufacturer’s protocol and sequenced on a NovaSeq 6000 S1 system. After sequencing, the

libraries were aligned to the chicken genome (GRCg7b) with Cell Ranger (v7.1.0).

Analysis of single-cell RNA sequencing

The single-cell RNA sequencing data was analyzed with Scanpy (1.9.5), AnnData
(0.10.2), Numpy (1.24.4), Pandas (2.1.1), SciPy (1.11.2), and Matplotlib (3.7.2) on Python
(3.11.5). Left and right samples were merged, and cells with at least 1000 detected genes, and
genes expressed by at least 3 cells were retained for analysis. Next, cells with greater than 15%
mitochondrial transcripts or less than 10% ribosomal transcripts were excluded, based on the
quality control distribution. Mitochondrial and ribosomal genes were then removed from
downstream analysis. Predicted doublets were removed with Scrublet (0.2.3). Raw counts were
normalized and log-transformed. Highly variable genes were identified from the log-normalized
data, after which total counts and mitochondrial transcript percentage were regressed out,
followed by data scaling and principal component analysis. Putative ZZ and ZW cells were

separated using a threshold of 0.1 on the log-normalized expression of the W chromosome gene
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HINTW. After separation, neighbors and UMAP (n_pcs=40, n_neighbors=8) were recomputed
for each dataset. For the ZZ dataset, Leiden clustering was performed at resolutions of 0.2 for the
full dataset and 1.5 for the mesoderm subset. Cluster identities were assigned based on the
expression of known marker genes. In particular, clusters expressing both MEOX1 and NODAL
and showing a left-cell bias were annotated as the left lateral somite cluster, whereas the
corresponding contralateral clusters with a similar marker expression profile and a right-cell bias
were annotated as the right lateral somite cluster. For the ZW dataset, Leiden clustering was
performed at resolutions of 0.2 for the full dataset and 1.1 for the mesoderm subset. The same

annotation logic was applied to the ZW dataset.

Analysis of cardiac neural crest cell migration asymmetry

Treated or untreated embryos at HH10 (10-12 somite stage) were fixed in 4%
paraformaldehyde (PFA) for 1-2hr at room temperature or overnight at 4°C, washed three times
in PBS with 0.5% Triton X-100 for 10min, and blocked with 5% donkey serum in PBS with
0.5% Triton X-100 for 2hr at room temperature. Embryos were incubated with a primary
antibody solution (blocking solution with 1:500 rabbit anti-SOX9 (Chemicon, AB5535))
overnight at 4°C. Next, embryos were washed six times with PBS with 0.5% Triton X-100 for
10min at room temperature and incubated in a secondary antibody solution (blocking solution
with 1:1000 donkey anti-rabbit Alexa Fluor 647 (Invitrogen, A-31573)) overnight at 4°C. The
following day, embryos were washed six times with PBS with 0.5% Triton X-100 for 10min at
room temperature. Hoechst33342 (Invitrogen) was added at 1:1000 in one of the final washes.

The labeled embryos were imaged in Z stacks with an interval of Spum using a Zeiss LSM880
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confocal microscope (NeuroTechnology Studio, Brigham and Women’s Hospital) and a Plan-
Apochromat 20x/0.80 objective.

For a given batch of staining and imaging, a common threshold for segmentation of the
SOXO9 signal was determined. Next, left and right ROIs spanning from the first somite to the
seventh somite in the AP direction and lateral to the outer wall of the neural tube facing the
somites were manually drawn for slices showing SOX9-positive neural crest cells to capture NC
migration beyond the midline. The threshold for a given imaging batch was applied to both left
and right ROIs, and the sum of the areas of the remaining particles larger than 20um2 was used
to represent the amount of migratory neural crest cells on each side. Log(L/R) was calculated as
a measure of asymmetry of neural crest cell migration.

For the experiments perturbing LR determination, treatments were performed as
described above. Embryos were collected using the EC culture method and treated with either a
global treatment with cyclopamine (100uM) or implantation of a SAG bead (200uM) at the right
side of the HN at HH4 (67). Control embryos were treated with either vehicle-matched PBS or
beads soaked in PBS. In parallel experiments, cyclopamine (100uM) altered the NODAL
expression pattern in 51/51 embryos (100%), whereas SAG beads (200-500uM) did so in 50/65
embryos (77%). Therefore, SAG-bead-treated embryos were labeled with HCR RNA-FISH for
PITX2 so that only embryos showing the predicted treatment outcome were included in the

analysis.

Somite graft experiment

Wildtype and GFP-expressing chick embryos at 5-7 somite stage were used for grafting.
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For a host, 2-3ml of clear albumen was removed, and the eggs were windowed in an
orientation, in which the long axis was parallel to the ground. A few drops of PBS with calcium
chloride and magnesium chloride (Sigma-Aldrich; PBS) supplemented with 1% penicillin-
streptomycin (Gibco; 100units/ml Penicillin, 100pg/ml streptomycin) were applied to the
embryo. A solution of 1% Fast Green (Sigma-Aldrich) diluted in PBS was injected into the yolk
to visualize the embryo. After gently rupturing the vitelline membrane above the somites,
endogenous somites (2nd-5th somites on the left or on the right) were removed in ovo. Briefly,
longitudinal cuts were made along the apparent boundary between the somite and the neural tube
and along the boundary between the somite and the lateral plate mesoderm. Transverse cuts were
made at the anterior end of the 2nd somite and the posterior end of the 5th somite. Next, the
endogenous somites were carefully removed using a custom-made scalpel and a mouth pipette
with a pulled glass capillary, without puncturing the embryo.

For donor somites, GFP embryos were collected using the EC culture method, and, if
needed, incubated additionally in vitro to reach the desired stages (67). Next, GFP embryos were
washed in PBS, and placed ventral-up. Collagenase Type IV (Gibco) diluted in PBS to a final
concentration of 2800units/ml was applied for 1min, followed by the application of a small
volume of bovine serum albumin (Sigma-Aldrich) to stop collagenase activity. This treatment
was used to remove the endoderm and the lateral plate mesoderm from the somites using a
custom-made scalpel (In some early wildtype untreated graft experiments, the collagenase step
was omitted, but no effect on somite fate contribution was detected.). Next, the embryo was
excised from the filter paper and fixed with insect pins dorsal-up to dissect the strip of somites
(2nd-5th) to be grafted. Similar longitudinal and transverse cuts to those used in the host

preparation were made to dissect the somite strips. Dissection was performed ensuring that
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midline tissue (e.g., neural tube and neural crest) was not included in the graft, and therefore the
most medial parts of the somites were also excluded from the graft. The dissected graft was
transferred to the host and positioned appropriately by removing liquid using a mouth pipette and
a pulled glass capillary. The eggs were sealed with tape and incubated for 7 days at 37°C and
60% humidity.

For the graft experiments perturbing LR determination, treatments were performed as
described above. Donor GFP embryos were collected using the EC culture method and treated
with either a global treatment with cyclopamine (100uM) or implantation of SAG bead (200uM)
in the right side of the HN at HH4. Treated embryos were incubated until they reached the 5-7-
somite stage.

After incubation, grafted embryos were dissected out of the egg, washed in PBS several

times, staged, and fixed with 4% paraformaldehyde overnight at 4°C.

Immunostaining, clearing, and imaging of GFP somite graft embryos

Embryos were processed with a standard iDISCO+ protocol (68). Fixed embryos were
washed three times in PBS for 30min, dehydrated in a methanol/water gradient (20, 40, 60, 80,
100, 100%) for 1hr each, chilled at 4°C, and bleached in 5% H202 in methanol overnight at 4°C.
Embryos were then rehydrated in a methanol/water gradient (80, 60, 40, 20%), washed in PBS
and twice in PBS with 0.2% Triton X-100 (PTx.2) for 1hr at room temperature. Next, samples
were incubated in a permeabilization solution (400ml PTx.2 supplemented with 11.5g glycine
and 100ml DMSO) for 2 days in 37°C, transferred to a blocking solution (42ml PTx.2
supplemented with 3ml goat serum and Sml DMSO) for 2 days at 37°C, then incubated in a

primary antibody solution (PTx.2 supplemented with 10pg/ml Heparin (Sigma-Aldrich; PTwH),
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5% DMSO, 3% goat serum, and 1:400 rabbit anti-GFP (Invitrogen, A-11122)) for 4 days at
37°C. Embryos were washed 5 times in PTwH overnight, incubated in secondary antibody
solution (PTwH supplemented with 3% goat serum, 1:1000 goat anti-rabbit Alexa Fluor 647
(Invitrogen, A-21245)) for 4 days in 37°C, again washed 5 times in PTwH overnight, and
incubated in PTwH supplemented with 1:1000 Hoechst33342 (Invitrogen) for 2 days at room
temperature. The upper part of the head and the lower half of the body were removed by
dissection, and the embryos were embedded in 1-2% agarose. The agarose cube with the embryo
was dehydrated in a series of methanol/water gradients (20, 40, 60, 80, 100, 100%) for 1hr each,
incubated in 66% dichloromethane/33% methanol solution for 3hr on a shaker, washed in 100%
dichloromethane twice, and incubated in dibenzyl ether. The cleared embryos were imaged with

a LaVision Ultramicroscope II (Neurobiology Imaging Facility, Harvard Medical School).

3D imaging and cardiac analysis

3D reconstructions and analysis were performed using Imaris software (Bitplane). For
GFP signal analysis, systematic virtual sections were generated through each cardiac structure
(right and left ventricles, right and left atria, right and left sinus venosus, aorta, pulmonary
artery) and compared with the symmetric counterpart when applicable. For 3D rendering, each
cardiac chamber was manually segmented. GFP signal within segmented regions was extracted

using the Mask Channel function and surfaces were reconstructed from the extracted channel.

Cardiac phenotyping
Cardiac anatomy was assessed on 3D reconstructions following the sequential segmental

approach recommended by the International Paediatric and Congenital Cardiac Code (IPCCC)
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and ICD-11 nomenclature (69). Each segment was systematically evaluated: cardiac position in
the thorax, systemic veins, atria, atrial septation, atrioventricular valves, ventricles (morphology,
loop, and hypoplasia), ventricular septation, arterial valve position, and great artery anatomy
(pulmonary artery and aorta). For each sample, the Hamburger—Hamilton stage was recorded,
and findings were compared with a stage-matched control to account for developmental
processes still ongoing before HH34, such as ventricular septation and aortic wedging, which are

incomplete at HH31.

Immunostaining of chick embryo sections

Chick embryos with GFP somites were fixed in 4% paraformaldehyde, washed in PBS,
and processed by the Pathology Cores (Brigham and Women’s Hospital) to obtain paraffin
sections (Sum). Sections were incubated at 60°C for 30-60min to melt paraffin, washed 2-3 times
in xylene for Smin each, and rehydrated with ethanol/water series (100% x 3 times, 95% x 2
times, 80% x 2 times, 70% x 2 times, water x 2times) for 2-3min each. Next, antigen retrieval
was performed in a citric-acid-based antigen unmasking solution (Vector Laboratories) diluted
1:100 in water using a pressure cooker, followed by rinsing 3 times in PBS. Sections were
incubated in PBS with 0.5% Triton X-100 for 6min, rinsed 2 times in PBS, and bleached in 3%
H202 in PBS for 10min. A hydrophobic barrier pen was used to draw a barrier around the
sections, and the sections were horizontally positioned to apply a blocking solution (PBS with
0.1% Triton X-100, 3% goat serum) for 1hr at room temperature and then a primary antibody
solution (blocking solution with primary antibody) overnight at 4°C. Next the sections were
washed 3 times in PBS with 0.1% Tween 20 for Smin in a staining chamber, placed horizontally

again to apply a secondary antibody solution (blocking solution with secondary antibody and
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Hoechst33342), and again washed 3 times in PBS with 0.1% Tween 20 for Smin in staining
chamber, followed by incubation in PBS.

For imaging, Fluoromount-G mounting medium (SouthernBiotech) was applied and
covered with a cover slip, followed by sealing with nail polish. Sections were imaged with a
Zeiss LSM880 confocal microscope (NeuroTechnology Studio, Brigham and Women’s
Hospital).

For GFP somite graft on day 2, embryos were washed in PBS, incubated in PBS with
7.5% sucrose for 2hr and then in PBS with 15% sucrose overnight at 4°C. The embryos were
incubated in PBS with 7.5% gelatin and 15% sucrose for 2hr at 42°C, placed in molds, and
frozen in a dry ice/ethanol bath to obtain cryosections (18um). Sections were dried for 30min at
room temperature, incubated in PBS at 42°C to melt the gelatin, and then in a blocking solution
(PBS with 0.1% Triton X-100, 0.2% bovine serum albumin (Sigma-Aldrich)) for 4hr. Sections
were kept in a primary antibody solution (blocking solution with primary antibody) overnight at
4°C, washed 3 times for 1hr, incubated in a secondary antibody solution (blocking solution with
secondary antibody) for 2hr at room temperature, and again washed 3 times for 15min.

The antibodies used are listed in Table.3.2.

Table.3.2. Primary antibodies for immunostaining

Antibody Species Type Source Catalog # Dilution
SOX9 Rabbit Polyclonal Chemicon AB5535 1:500
FluoTag-X4 | Alpaca Single-domain NanoTag NO0304-At488-L | 1:250
anti-GFP

PAX7 Mouse Monoclonal DSHB PAX7-c 1:100
GFP Rabbit Polyclonal Invitrogen A-11122 1:400
ACTA2 Mouse Monoclonal Sigma-Aldrich A2547 1:400
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Cytokeratin | Mouse Multiclonal Abcam Ab86734 1:100

RFP Rabbit Polyclonal Rockland 600-401-379 1:400

Electroporation

Wildtype chick embryos at the 5-9-somite stage were used for electroporation. 2-3ml of
clear albumen was removed, and the eggs were windowed in an orientation, in which the long
axis was parallel to the ground. A few drops of PBS with calcium chloride and magnesium
chloride (Sigma-Aldrich; PBS) supplemented with 1% penicillin-streptomycin (Gibco;
100units/ml penicillin, 100pg/ml streptomycin) were applied to the embryo. A solution of 1%
Fast Green (Sigma-Aldrich) diluted in PBS was injected into the yolk to visualize the embryo.
After gently rupturing the vitelline membrane above the somites, a cocktail containing plasmids
for fate mapping was injected into the somitocoel of a single somite using a mouth pipette and a
pulled glass capillary. The injection cocktail consisted of 1% Fast Green (Sigma-Aldrich), 6%
sucrose, ~2.8ug/ul CAGGS:mbTomato (which ubiquitously expresses membrane-bound red
fluorescent protein and is flanked by Tol2 sequences), and ~1pg/ul CAGGS:Transposase (which
ubiquitously expresses transposase) (44). Electroporated cells were expected to integrate
CAGGS:mbTomato into the genome and to stably express the membrane-bound fluorophore.
The (+) and (-) electrodes were positioned to specifically target the lateral side of the injected
somite, such that the (+) electrode was positioned lateral to the injected somite with the (-)
electrode on the opposite side of the embryo. Three poring pulses of 20-30V, 10msec pulse
length, 50msec pulse interval, and 40% decay rate were used. Electroporated eggs were sealed

with tape and incubated for 7 days at 37°C and 60% humidity. After incubation, embryos were

154



dissected out of the egg, washed in PBS several times, staged, and fixed with 4%
paraformaldehyde overnight at 4°C.

The same staining, clearing, and imaging procedures were used, as for the GFP somite
graft experiments. For immunostaining, 1:400 rabbit anti-RFP primary antibody (Rockland) and

1:1000 goat anti-rabbit Alexa Fluor 647 secondary antibody (Invitrogen, A-21245) were used.
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During my Ph.D., I aimed to understand how bilateral symmetry in the paraxial
mesoderm is regulated. Biologists have long investigated the mechanisms by which initial
symmetry breaking occurs at the embryonic organizer as well as the molecular circuits
conferring lateralized tissue identity in the lateral plate mesoderm (1-3). Yet the paraxial
mesoderm has been largely overlooked in traditional research on LR asymmetry.

This project was launched by initially asking how the bilateral symmetry is maintained in
the paraxial mesoderm, with the goal of identifying mechanisms that correct fluctuating
asymmetry of somites. Soon it became clear that without thorough characterization of somite
bilateral symmetry, it would be extremely difficult to understand how symmetry is achieved.
Therefore, I decided to quantitatively and systematically measure somite bilateral symmetry in
chick embryos, with the goal of capturing the developmental window or molecular steps over
which symmetry is enhanced. The growing awareness of the field that somite bilateral symmetry
is not the default state and that somitogenesis occurs amid various sources of asymmetry was a
critical motivation to this goal (4-7).

I analyzed asymmetry in somite AP boundary position and in somite volume and
demonstrated that the anterior-most somites are morphologically asymmetric in a lateralized
manner and that gene expression underlying somitogenesis shows corresponding directional
asymmetry. Experiments perturbing the LR determination pathway showed that this directional
asymmetry in the paraxial mesoderm is indeed downstream of LR determining signals and that
the NODAL signaling pathway modulates somitogenesis in an asymmetric manner. The human
iPSC differentiation protocol developed by our lab was instrumental in clearly demonstrating the
effect of the NODAL signaling pathway on somitogenesis, as the addition of NODAL protein to

posterior-PSM-like cells accelerated clock gene oscillations (8). Moreover, this NODAL-
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mediated acceleration of somitogenesis dynamics was specific to conditions of RA inhibition, a
finding that aligns well with the classic works on the role of RA in somite bilateral symmetry (4—
6). As such, by modeling the interaction between the RA and NODAL signaling pathways, this
system allowed us to revisit classic findings on somite bilateral symmetry and suggest at least
one concrete function of RA in regulating somite bilateral asymmetry.

The findings in the chick embryo and human iPSCs indicated that the early paraxial
mesoderm is exposed to an asymmetric signaling environment that not only asymmetrically
modulates somitogenesis dynamics but also can drive molecular asymmetry between the left and
right paraxial mesoderm. Moreover, the experiments perturbing LR determination allowed us to
revisit NODAL expression dynamics, which showed clear expression in the lateral parts of the
anterior somites. While NODAL expression in the lateral parts of anterior somites was not
previously known, this finding extends reports of transient molecular asymmetry in the paraxial
mesoderm of the chick embryo, such as NODAL in the anterior PSM and CER! in the paraxial
mesoderm during NODAL induction in the lateral plate mesoderm (LPM) (2,9-11). Thus, we
decided to investigate the molecular asymmetry of the paraxial mesoderm in the chick embryo
with a side-specific single-cell RNA sequencing experiment. This approach uncovered extensive
molecular asymmetry of early chick embryo undergoing LR determination, identifying novel
asymmetric genes in a tissue-specific manner. These genes demonstrated lasting asymmetric
expression, making them promising candidates as downstream effectors of LR asymmetric
development.

The validation of molecular asymmetry in the paraxial mesoderm motivated us to
investigate its developmental consequences. First, as various genes involved in neural crest (NC)

migration regulation are asymmetrically expressed, we showed that cardiac neural crest cell
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(CNCC) migration was potentially lateralized, suggesting a possible non-autonomous
contribution of asymmetric somites to LR asymmetric development. Moreover, through an
extensive side-specific GFP somite graft experiment, we revisited the fate of occipital somites
and identified a robust contribution of anterior somites to the heart in addition to other known
derivatives of somites (12,13). The contribution of occipital somite cells to the heart was
independently validated in a second fate map experiment, in which the lateral parts of the
occipital somites were electroporated to stably express membrane-bound dTomato (14).
Importantly, we further demonstrated that the modulation of molecular laterality specifically in
grafted anterior somites can alter the fate contribution of somites and affect proper cardiac
development. This finding provides strong evidence that anterior somites are direct, functionally
relevant contributors to LR asymmetric organogenesis.

As such, my thesis challenges the traditional view of somites as bilaterally symmetric
structures and reveals previously overlooked dimensions of lateralized asymmetry in the early-
stage embryo. Importantly, LR asymmetry in the early embryo is not confined to Hensen’s node
(HN), the LPM, and the heart—the embryonic structures long regarded as the earliest signatures
of vertebrate handedness (15)—but extends to the paraxial mesoderm, as demonstrated by its
morphological and molecular asymmetries. Thus, our findings point to previously unrecognized
domains of vertebrate LR asymmetry. This perspective is consistent with recent findings showing
asymmetric developmental outcomes of left and right CNCC ablation (16).

One of the most striking findings of my thesis is that occipital somites contribute to the
heart in a lateralized manner and that their molecular laterality is important for proper cardiac
development. Somites have been described to contribute to various cell types of vasculature

including endothelium and smooth muscle (17-19). Also, MeoxI-Cre-based lineage tracing in
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the mouse showed reporter gene expression in the arterial pole of the heart (20). Therefore, our
finding that anterior somites contribute to the heart expands the traditional fate map of somites
and is consistent with these observations in the mouse. Moreover, our finding may be relevant to
single-cell RNA sequencing studies of E6.5-8.5 mouse embryos, which identified distinct
transcriptional trajectories for the anterior-most versus more posterior somites (21). In that study,
the trajectory of the anterior-most somites was marked by elevated expression of lateral plate
mesoderm markers, and these somites were proposed to share developmental origins with other
anterior mesodermal tissues, including cardiac and cranial mesoderm (21,22). This model is
consistent with our own characterization of the lateral parts of the anterior somites, which
contribute to the heart and display a mixed transcriptional identity with intermediate expression
of both paraxial and LPM markers. Thus, the anterior somite trajectory described in early mouse
embryos may correspond, at least in part, to the unique developmental properties of the lateral
anterior somites identified here.

An important remaining question is how asymmetries in morphology, transcriptional
profile, and developmental fate are mechanistically connected. Our GFP somite graft
experiments, in which molecular laterality was experimentally modulated, clearly establish a link
between somite molecular asymmetry and the lateralized fate map. However, the molecular
mechanisms by which side-specific transcriptional programs govern fate contribution remain
unclear. It is also not yet known whether the morphological asymmetries of occipital somites are
functionally linked to their asymmetric developmental fates. In particular, the fact that left
occipital somites are larger and more anteriorly positioned than the right raises the possibility
that these morphological asymmetries may contribute to the asymmetric fate contribution of

occipital somites, especially given that the more anteriorly positioned left somites contribute to
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the arterial pole of the heart. Addressing this question will require fate map experiments that
carefully track somite cells across multiple developmental stages. Another possible explanation
lies in asymmetric BMP signaling. BMP signaling is critical for specification of lateral fates,
including LPM and lateral somite identity (23-25), yet it is asymmetrically antagonized on the
left side, where CER 1-mediated BMP inhibition is necessary for NODAL induction in the left
LPM (2,9). It is therefore possible that the left and right anterior mesoderm experience different
degrees of lateralization and that this difference contributes to asymmetry in developmental fate
as well as in somite volume.

An interesting question that this project did not examine is the achievement of bilateral
symmetry. The quantification of asymmetry in somite AP boundary position and gene expression
underlying somitogenesis suggests that this asymmetry is most pronounced in early stages and
likely resolves toward symmetry over development. This means that asymmetry in both the
already asymmetrically formed somites and the formation process of nascent somites is
attenuated. An approach that allows detailed and extended tracking of asymmetry in somite
morphology and in underlying gene expression—such as, time-lapse imaging coupled with a
live-reporter of clock gene oscillation in the chick embryo—would be instrumental for
addressing this exciting question.

Another remaining question of this project is the molecular mechanisms by which the
NODAL signaling pathway accelerates segmentation clock gene oscillation and by which RA
buffers this NODAL-mediated acceleration. Mouse mutants and zebrafish morphants that lack
the RA-synthesizing enzyme RALDH2 show asymmetric expansion of the FGF gradient on the
right side, suggesting that posterior-PSM identity is likely a target of modulation by LR-

determining signals (5,26). Yet qPCR experiments with human posterior-PSM-like cells did not
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exhibit consistent alteration of posterior PSM identity upon NODAL treatment. Curiously, in the
early chick embryo during the formation of occipital somites, posterior PSM markers MSGN1
and FGF8 demonstrated more anteriorly expanded expression pattern on the left side, but
modulation of LR determination with a SAG bead did not alter MSGNI asymmetry. Moreover,
lateralized expansion of posterior PSM identity was not reported in chick embryos with
pharmacological inhibition of the RA pathway with disulfiram (4). Thus, it would be interesting
to further investigate the molecular mechanisms by which NODAL impacts somitogenesis
dynamics in a species-specific manner.

Lastly, the conservation of somite asymmetry delineated by this thesis in different
vertebrate organisms is an important question. My thesis showed that at least some features of
somite asymmetry are likely conserved, as E8.0 mouse embryos also express Nodal in the lateral
parts of the anterior somites. Also, our unpublished preliminary data suggest that left anterior
somites are larger than the right ones in early mouse embryos (data not shown). Indeed, our
quantification strategy for somite AP position asymmetry is not immediately transferrable to
mouse and human embryos due to differences in embryonic geometry and/or the scarcity of early
samples. Yet, the facts that Amphioxus embryos exhibit clear somite asymmetry and that Meox!-
Cre-based lineage tracing in the mouse embryo shows labeling in the arterial pole of the heart
support a broad conservation of previously unidentified somite asymmetry in different vertebrate
species (20,27,28). It remains to be determined to what extent morphological, molecular, and
developmental asymmetry in the paraxial mesoderm is conserved.

Overall, my thesis identifies extensive lateralized asymmetry in the anterior somites of
the chick embryo, spanning morphology, transcriptional landscape, and developmental fate. This

work provides a novel framework to investigate the question of asymmetry in other embryonic
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tissues that have traditionally been assumed to be symmetric and a valuable resource to explore
previously unrecognized aspects of LR asymmetry. I believe that my thesis research
demonstrates that revisiting familiar genes and tissues with different tools and perspectives has

the potential to reveal overlooked dimensions of classic biological questions.
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Appendix 1

Supplemental data for:

Molecular Asymmetry and
Developmental Fate of Anterior Somites
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Figure 3.S1. Characterization of somite graft after 48hr

(A) Transverse cryostat section through a GFP-somite-grafted chick embryo collected at HH16
(~48hr post-graft), co-immunostained for GFP (green), SOX9 (red), and PAX7 (yellow). GFP+
cells derived from the graft are distributed across the somite derivatives and overlap with Pax7+
dermomyotomal cells (lower row). Abbreviations: NT, neural tube; DM, dermomyotome. Scale
bar = 100pm
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Figure 3.S2. Fate map of anterior somites by electroporation
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(A-D) Electroporation of the left 2"? somite. (A) A membrane-bound-dTomato-expressing
plasmid (mem-dTomato) and transposase-expressing plasmid were injected into the somitocoel
of the left 2" somite at the 5- to 9-somite stage and electroporated on the lateral side. (B) 3D
light-sheet reconstruction at HH32-34 after whole-mount RFP immunostaining (green
arrowheads). (C,D) Light-sheet sections confirm RFP+ cells at the PA (C) and at the left sinus
venosus (ISV, D). (E-H) Electroporation of the left 4™ somite. (E) Same procedure applied to the
left 4 somite. (F) 3D reconstruction shows the absence of RFP+ signal at the left SV and PA
(open white arrowheads). (G,H) Light-sheet sections confirm the absence of RFP+ cells at the
PA (G) and at the left SV (H). Abbreviations: RA, right atrium; LA, left atrium; RV, right
ventricle; LV, left ventricle; PA, pulmonary artery; SV, sinus venosus (rSV, ISV). Scale bar =
500um.
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Figure 3.S3. Cardiac development and the somitic contribution to the heart are not affected

in embryos grafted with cyclopamine-treated right somite and SAG-bead-treated left
somite
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(A-F) Right somite grafts with cyclopamine-treated donor. GFP+ cells contribute to the right
sinus venosus in both untreated (A,B) and treated (C,D) conditions, with normal cardiac
morphology (E,F). (G-L) Left somite grafts with SAG-bead-treated donor. GFP+ cells contribute
to the left sinus venosus and pulmonary artery in both untreated (G,H) and treated (1,J)

conditions, with normal cardiac morphology (K,L). Abbreviations: RA, right atrium; LA, left

atrium; RV, right ventricle; LV, left ventricle; PA, pulmonary artery; Ao, aorta; SV, sinus
venosus. Scale bars = 500pum
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