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Abstract

One of the most intriguing questions in developmental biology is how cells acquire

their specific cell identities during embryonic development. With the significant development

of methods in molecular biology during the last several years and specifically single-cell RNA

sequencing, there are more pieces of evidence that development is not necessarily a

canalized, linear process. There are more and more pieces of evidence that cells can follow

different developmental trajectories to achieve the same terminal identity, through a process

that is called convergent differentiation. Nowadays, with the development of single-cell RNA

sequencing methods, we have an opportunity to explore changes in cell transcriptomes

during development and reveal unconventional ways of lineage specification. In this project,

we made an attempt to study the mechanisms that might be responsible for convergent

differentiation of a small group of body wall muscle cells in the mesodermal (MS) cell lineage

in C. elegans embryos. We obtained single-cell RNA-seq data for ~6500 individual cells,

derived from MS cell lineage. We tried to identify potential mechanisms that could be

responsible for the activation of the body wall muscle identity in cells that are originally

committed to different developmental trajectories. This included experiments with NHR-67

transcription factor, as well as components of the Notch signaling pathway. In addition, we

tried to explore the role of pha-4 and hnd-1 transcription factors in the process of

establishing commitment of MSxa and MSxp cell lineages during early stages of

embryogenesis. Another aspect of the body wall muscle biology that we highlighted in this

work is the surprising diversity of terminally differentiated cells in the embryo, diversity that is

partially kept at later larval stages.

This study serves as a framework for further research projects, providing a good

resource for addressing various questions regarding cell identity establishment.
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Chapter I

Introduction

Muscle cell type evolutionary conservation

One of the characteristic features of animals that has developed during evolution is

the ability to actively perform complex movements thanks to a musculature system. The

appearance of this ability was enabled by the diversification and evolution of the

myoepithelial sheets into the complex nervous and musculature systems and the associated

development of complex behavior and diverse life strategies1–3. The musculature system

allowed animals to search for food sources actively, travel long distances, evade various

dangers, and conquer new habitats.

Over evolution, animals acquired smooth and striated types of muscles,

characterized by differences in ultrastructure, formed by specific motor protein variants

derived from one common ancestor4. According to recent work, those cell types likely

originated from one common ancestor cell type before the last common

protostome/deuterostome ancestor, and later diverged during evolution5.

Interestingly, it was proposed that striated muscles have evolved independently in

bilaterian and some non-bilaterian eumetazoans2,6,7 (i.e. ctenophores and cnidarians), though

muscles demonstrate the remarkable similarity of ultrastructure (Fig. 1). Proteins that are

responsible for the contraction (such as actin, muscle myosin, titin, and many others) are

organized in repeating units called sarcomeres. These are formed and function through the

cross-linking of M-band and Z-band structures8. It was shown that ctenophores and

cnidarians have Myosin type II Heavy Chain motor proteins orthologs, but, as opposed to

bilaterians, defining components such as titin genes and troponin complexes are absent2.

In addition to the conservation of function and in structural elements of the muscle

cells, the gene regulatory network elements that are responsible for the establishment of the

1
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muscle identity in the precursor cells are also conserved. Despite such conservation,

myogenesis is regulated differently in invertebrates and in vertebrates. The development of

skeletal muscles in vertebrates is strictly dependent on a series of transcription factors (TFs)

collectively referred to as myogenic regulatory factors (MRFs). These include MyoD family

TFs (MyoD and Myf-5), MRF-4, and Myogenin9. These TFs are necessary and sufficient for

establishing muscle identity in vertebrates10. Underscoring this, loss of expression of MyoD

and Myf5 leads to the total loss of skeletal muscles in mice11. Interestingly, in mice, loss of

only MyoD does not lead to such a strong effect on muscle, which demonstrates the

functional redundancy between these two factors12. In humans, on the contrary, the loss of

MyoD1 leads to lethal fetal akinesia deformation13. Interestingly, C. elegans and Drosophila

show higher redundancy of muscle cell development programs, in comparison to

vertebrates. Loss of the single MRF factor HLH-1/MyoD in C. elegans14 or Nautilus in

Drosophila does not lead to failure in establishing muscle identity15. This fact highlights the

robust nature of the gene regulatory network in C. elegans and Drosophila, suggesting the

existence of other redundant factors that play a role in establishing the muscle identity. I will

discuss this further for the C. elegans system, which has been at the center of my work, and

where at least three TFs are required to specify muscle identity.

Figure 1.  Schematic indicating the location of most of the known components of the sarcomere and membrane
attachment sites of nematode body wall muscle.

Understanding the roles of individual factors and the process of establishing body

wall muscle (BWM) identity in C. elegans will contribute to our understanding of how cell

2
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identity is established and evolves. In the sections below, I describe the current state of our

understanding of how muscle specification occurs in C. elegans as well as open questions in

the field.

Convergence of cellular programs through distinct lineage trajectories

Body wall muscles in C. elegans have diverse developmental lineage origins with

intriguing differences, as will be described in detail below. Thus, studying muscle

specification in C. elegans also enables the exploration of how a terminal differentiation

program is established through different developmental trajectories. Lineage trajectories are

a sequence of binary cellular diversification events. With every cell division, cells acquire the

expression of different TFs and other regulatory factors. This diversification is driven by the

asymmetric segregation of cellular components across two daughter cells, or by the

asymmetric activation of signaling pathways. These asymmetries result in further differences

in gene product expression, repression, and turnover (Fig. 2).

Figure 2. Generally accepted concept of the cell fate establishment - different cell trajectories, driven by different
sets of transcription factors, establish a diverse set of cell identities. However, in some situations by the event of

converging differentiation, the same cell type can be established through several independent cell trajectories.

It is therefore intriguing that some cells adopt their identity through what is known as

convergent differentiation: a phenomenon in which seemingly identical cell identities are

3



established through different cell lineages (Fig. 2). Cell fate convergence in C. elegans was

known since the first complete lineage tree history was revealed. But one of the most studied

examples is the neural crest and mesoderm in vertebrates. These two embryonic lineages

are able to produce several similar cell types, including the same type of heart cells16,17.

Moreover, with the development of single-cell RNA sequencing methods, it was revealed that

convergent differentiation is a common feature in the development of diverse animals18–21.

However, the exact molecular mechanisms in such events remain unclear and unrevealed.

Several interesting questions are associated with convergent differentiation, some of

which we are trying to address in the current study. One of these questions is if the

establishment of the same cell identity relies on the same or distinct genetic programs. We

know from the literature that in some cases, convergent identities are established with help

of different set of transcription factors that ultimately lead to the activation of the same

terminal identity22. On the other hand, most likely the lineages that result in producing

convergent cells share a substantial amount of gene regulatory network. Potentially, the

mechanisms that lead to the activation of these gene modules indeed belong to different

GRNs and respond to different sequences of developmental events. Another very important

aspect that is generally overlooked and not systematically explored is how the

developmental potential is regulated and changing in convergent lineages. If cells originate

from different lineages that generally produce different sets of cells and contribute to

different tissues, their commitment determines the developmental plasticity. The question of

how plasticity changes with the activation of a convergent program remains open, and

presents a very important perspective for general understanding of the establishment of the

cell identity, with important implications for developing tissue technology in regenerative

medicine.

Early lineage specification of the C. elegans body wall muscle

C. elegans development is highly stereotypic, with all cells following a specific

division pattern as they acquire their unique identities23. This feature makes this animal an

4
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excellent model to study how cell identities are established. In the C. elegans body, there are

several types of muscles, including pharyngeal, enteric, gonadal, sex-specific muscles, and

body wall muscles. Body wall muscles comprise the largest group of muscles, making up to

10% of all somatic cells in the adult (95 out of 959 with 81 cells being born embryonically

and 14 cells post-embryonically)24,25. Most muscles are formed during embryogenesis and

are organized into 4 stripes running from the anterior to posterior ends of the embryo.

Figure 3. Lineage tree of the C. elegans development. Body wall muscle cells are labeled with red color. D lineage
produces 20 body wall muscle cells, Cxp lineages - 32, MS lineage - 28 cells and ABp - 1.

Body wall muscle cells are derived from almost all lineage-founder blastomeres: AB,

MS, C, and D (with all cells after that being called by the founder name followed by the

direction of the cell divisions that follow)23. The D lineage is the only lineage in C. elegans that

establishes exclusively body wall muscle cells (20 in total) and not any other cell type (Fig. 3).

The C lineage in addition to 32 body wall muscle cells also contributes to the establishment

of hypodermal cells and two neurons, akin to neuromesodermal progenitors in mammals26.

The AB lineage is thought to be primarily an “ectodermal” lineage, but it still contributes a

single body wall muscle cell – ABprpppppa. The most interesting lineage is the MS, which

contributes to 28 body wall muscle cells. In addition to BMW cells, MS lineage also

contributes to pharyngeal muscles (Fig. 4), neurons, and valve cells, which all establish the

pharynx, as well as non-pharyngeal cells such as the GLRs, the coelomocytes, and the

precursors to the somatic gonad (Z1 and Z4).  Body wall muscles arising from different

founder blastomeres that give rise to distinct developmental lineages, is a clear example of

5
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developmental convergence. In addition, there is an instance of convergence within the MS

lineage, in which cells that initially commit to a pharyngeal identity later abort that program

and execute the body wall muscle program (Fig. 4). The multipotent nature of the MS lineage,

together with this interesting instance of cell fate convergence made it a perfect subject of

study to understand how muscle cell identity is distinguished from other cell types and

through alternative paths.

Figure 4. After the first division, the MS lineage establishes two cells MSa and MSp, which will give rise to two
pseudo-symmetric lineage. After the next division, the 4 main lineage founders are established. Anterior cells MSaa
and MSpa (collectively MSxa) mainly contribute to pharyngeal cells. Posterior cells - MSap and MSpp (MSxp) give
rise to the majority of the body wall muscles found in the MS lineage, mainly contributing to the head and neck
musculature. Interestingly, 10 cells from the MSxa lineages also acquire the body wall muscle identity, despite the
initial commitment of the MSxa lineage to the pharyngeal fate. These convergent cells contribute to the midbody
section of the two ventral stripes of muscle cells, together with cells from the C lineage.

During the last several decades of C. elegans research, many factors were

discovered that play roles in committing lineage founders to the different specific

trajectories27. The most studied stages are the first divisions, which lead to the formation of

the six founder cells - AB, MS, E, C, D, and P4, mainly because of the convenience of the

stereotypical development and simplicity of the readouts. Perturbations disrupting these

early commitments usually lead to either loss or transformation of one cell type into another.

6
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Once these founder cells are formed, the second series of specifications involve

commitments of the cells to specific tissues, within the developmental potential of a specific

lineage.

From previous studies, we know that the specification of the C and D lineages

depends on the maternal and zygotic activity of pal-1 - Caudal-like gene28. Moreover, ectopic

expression of this TF in anterior blastomeres leads to induction of the body wall muscle

program in cells that would normally give rise to non-muscle cells29. The translation of the

maternally deposited pal-1 is restricted to the posterior blastomeres (EMS and P2) by the KH

domain, RNA binding protein MEX-329. As it was shown, the pal-1 gene is essential for the

activation of three muscle-specific genes - hnd-1, unc-120 and hlh-1, all of which encode

TFs with conserved expression in bilaterian muscles28. Importantly, disruption of the pal-1

activity affects the establishment of the BWM identity in cells derived from the C and D

lineages, but it is not necessary for the specification of the MS-derived or the single

AB-derived BWM cells. Apart from these core body wall musculature TFs, there are others,

often lineage-specific, that are necessary for proper morphogenesis and identity

establishment. For example, it was shown that two genes from the T-box family - tbx-8 and

tbx-9 are also required for the formation of the hypodermis and muscles from the C lineage.

Loss of these two genes leads to severe morphological defects, misalignment of hypodermal

cells, and sporadic loss of cell identity across the lineage30. Despite our knowledge of the

factors that are important for the proper establishment of BWMs or hypodermis, the exact

mechanisms that lead to the activation of one or another gene regulatory network are still not

known.

The development of the EMS lineage is more complex in comparison to the C or D

lineages, as the output includes a very diverse repertoire of cell types, contributing to several

distinct organ systems. The identity of the EMS lineage founder is dependent on the

maternally deposited specification factor SKN-1, encoding a homeodomain/bZIP

transcription factor31–33 (Fig. 5). Since this is a maternally deposited factor, it is also present in

other cells, including C and P3, however, its activity is suppressed there by the CCCH finger

7
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proteins PIE-1, MEX-1, and OMA-134–36. Loss of activity of these proteins leads to elevated

levels of SKN-1 in the C blastomere and results in a C-to-EMS fate conversion, ultimately

leading to embryo lethality. SKN-1 activates two targets - med-1 and med-237,38 - which

encode two members of the GATA transcription factor family. The activity of these two genes

is required for the specification of the two daughters of EMS, E and MS. These two cells are

produced from an asymmetric division, and give rise to a mesodermal lineage (MS) and an

endodermal lineage (E, producing exclusively intestinal cells).

The contribution of protein turnover mechanisms to cell diversification

Although SKN-1 is important for activation of the downstream target genes that are

involved in the further specification of the MS and E lineages, it was shown that activation of

SKN-1 in EMS is not sufficient for correct differentiation to MS and E cells39. The activity of

ubiquitin-mediated protein degradation machinery is essential for proper MS lineage

specification, primarily for clearance of protein products present in the mother cell and that

need to be asymmetrically segregated among daughter cells. Specifically, knockdown of

rpn-8 (a 26S proteasome component) or members of a Cullin-RING E3 ubiquitin ligase

CRL1/SCF complex - cul-1 and skr-1/2, leads to a reiteration of the EMS fate. The

specification of the E lineage is not affected, but the MS lineage keeps the identity of its

mother cell and in the next division produces another E lineage, instead of the normal

posterior daughter of MS, MSp40, leading to the duplication of the intestinal cells. It was

shown that the degradation of SKN-1 is very specific and depends on several

substrate-binding proteins - LIN-23/β-TrCP and FBXB-3 act as adaptors for the CRL1/SCF

complex, and ZYG-1/ZYG11B for the CRL2 complex40, and EEL-1, which is a predicted Hect

E3 ubiquitin ligase41. In addition, the degradation of OMA-1, a factor that is responsible for

the repression of the SKN-1 degradation, is equally important for proper EMS to MS and E

lineages specification.  Excessive presence of OMA-1 leads to SKN-1 stabilization, through

an unknown mechanism of SKN-1 degradation inhibition36 and leads to the same EMS

identity reiteration. Interestingly, it was shown that not only EMS but anterior AB (8-64 cells),

8
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C, P3, and posterior P2 also require the CRL1/SCF protein degradation complex for correct

lineage specification (inhibition of the cell identity reiteration)40.

C. elegans significantly relies on such protein turnover-based mechanism of

specification likely because of its very short first cell divisions, and the fact that lineage

founders must change their identity after one division. This likely requires the removal of TFs

defining prior states. Consistent with this, bioinformatic analysis showed significant

enrichment for some components of E3 ligase complex genes that correspond to time

windows of stage transition40 (e.g. maternal-to-zygotic transition, transition from

developmental plasticity to differentiation). We can speculate that this highly stereotypic type

of development requires precise regulation of the presence of lineage specification factors,

and that only protein degradation can provide the necessary fast and reproducible control.

Potentially, this  could be one of the reasons why C. elegans has 326 predicted F-box

proteins, in comparison to 38 in H. sapiens and 22 in Drosophila42. This is especially

interesting, since the number of other components of the E3 ligases complexes is generally

smaller in C. elegans relative to humans. For example, C. elegans has only 9 HECT-domain

E3 ligases and 152 RING-type E3s40, in comparison to 28 and about 600 E3s respectively, in

humans.

Asymmetric division of EMS driven by the Wnt asymmetry pathway

As mentioned above, specification of both E and MS founder cells depends on

SKN-1 activity, In particular its activation of transcription of two nearly identical, paralogous

genes – med-1 and med-237,43 (Fig. 5). Lack of SKN-1 and MED-1/2 leads to failure of the

proper cell identity establishment in E and MS cells and their transformation into a C-like

mesectodermal precursor33,44. In the E blastomere, MED-1/2 activate the

endoderm-specifying genes end-1 and end-3, whereas in  MS this activation is prevented by

the repressive activity of POP-1, the TCF/LEF homolog38. The asymmetry between E and MS

lineages is established already in the EMS cells by the Wnt/MAPK/Src pathway, activated by
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a signal from the P2 cell45–48.  In the absence of the Wnt signaling, the E lineage loses its

identity and converts to MS49,50.

Figure 5. The endomesoderm gene regulatory network as an example of a C. elegans gene regulatory network for
cell specification. Maternal transcription factors (SKN-1, POP-1 and PAL-1) act in combinations to activate zygotic
blastomere specification factors, which in turn leads to activation of tissue specification factors. SKN-1 activates
med-1,2.  In MS, MED-1/2 activate tbx-35 and ceh-51, which determine MS identity. Farther downstream, the
pharynx organ identity factor PHA-4, and the muscle identity network consisting of Hand/HND-1, MyoD/HLH-1, and
SRF/UNC-120 are activated. In the MS lineage POP-1 represses the endoderm specification genes end-1/3. Activity
of POP-1 in the E lineage is modified by the Wnt/β-catenin asymmetry pathway. The blastomere specification
factors are expressed only transiently, for as little as one or two cell cycles.  In the MS lineage SKN-1 is degraded by
the help of a Cullin ubiquitin ligase using the F-box adaptor LIN-23, preventing the reiteration of the EMS identity.

The Wnt pathway is a key developmental player in animal development, and in C.

elegans in particular, it is recurrently used, in different forms. In the canonical Wnt pathway,

the Wnt signal results in the stabilization of the β-catenin, which leads to its translocation to

the nucleus and interaction with TCF/LEF TF, followed by activation of the Wnt target genes.

In the absence of nuclear β-catenin, TCF/LEF functions as a transcriptional repressor due to

its interaction with the co-repressor Groucho. However, upon binding to β-catenin TCF/LEF

becomes a transcriptional activator.

A modified version of this pathway, called the Wnt asymmetry pathway, is used to

diversify every anterior-posterior division during C. elegans embryogenesis. This pathway

can be illustrated with the polarization of the EMS cell in order to produce its asymmetric

daughter cells E and MS. The Wnt/MOM-2 ligand is produced by the P2 blastomere at the
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posterior end of the embryo. The whole process also involves also other important

components of the pathway - Dishevelled (DSH) proteins – DSH-2 and MIG-551,52,  β-catenins

– SYS-1 and WRM-153–56, NLK kinase LIT-1, and APC homolog - APR-154,56–58. Wnt/MOM-2

binds MOM-5/Frizzled receptor primarily on the posterior side of the EMS cell, which leads to

the accumulation of the receptor and MIG-5/Dishevelled on the posterior cortex. During

telophase, the APC homolog, APR-1 is enriched on the anterior cortex, where it binds and

stabilizes microtubules to create an asymmetry in the number of astral microtubules. At the

same time, WRM-1/β-catenin is bound by the NLK kinase LIT-1, to form a WRM-1-LIT-1

complex that is re-localized to the opposite, posterior side51,58. The LIT-1-WRM-1 complex

phosphorylates POP-1/TCF, which then binds to PAR-5, leading to the export of POP-1 from

the nucleus of the posterior daughter cell. This process results in higher nuclear

concentration of POP-1 in the anterior cell (e.g. the MS blastomere) and lower in the

posterior (e.g. the E blastomere). Another component, that is responsible for polarizing the

EMS cell, is SYS-1 – another β-catenin-like protein that is also asymmetrically distributed,

showing enrichment on the posterior side53,53. In EMS cells this asymmetry depends on the

Wnt, Frizzled, and cytoplasmic APR-1. Surprisingly, SYS-1 asymmetry is also dependent on

the proteasomal degradation system, as a typical β-catenin in the canonical Wnt pathway.

This is somewhat unexpected because neither SYS-1 nor WRM-1 have the GSK-3β kinase

phosphorylation sites that are required to trigger degradation of β-catenin in other

organisms. This indicates that the asymmetry of WRM-1 and SYS-1, despite both being

β-catenin homologs, depends on two separate mechanisms.

The asymmetry of gene expression in newly divided EMS to MS and E cells is

dependent on the differential abilities of SYS-1-POP-1 and WRM-1-POP-1 complexes to

activate gene transcription59–61. In the anterior cell (MS) the level of SYS-1/β-catenin is low

and nuclear POP-1/TCF is high, so POP-1 is mostly not bound to SYS-1. Without SYS-1,

POP-1 acts as a transcriptional repressor. In contrast, high levels of SYS-1 and low nuclear

POP-1 in the posterior cell (E), result in most POP-1 being bound to SYS-1, turning it into a

transcriptional activator. These differential modes of POP-1 activity lead to suppression of
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the endodermal program mediated by the end-1/3 genes in the MS blastomere and its

activation in the E cells. In the MS lineage, additional repressors - UNC-37 and HDA-1 are

necessary to suppress E lineage fate activation, and in the E lineage CBP-1 is required for

end-1/3 activation62.

Gene regulatory network defining the MS blastomere

The identity of the MS blastomere is characterized by the expression of the T-box

transcription factor tbx-3563. (Fig. 5) The expression of this gene is dependent on the activity

of MED-1/238 and the suppression of the E lineage-specific end-1/3 genes. MED-1/2 proteins

bind the promoter region of the tbx-35 at 4 sites, containing the consensus RAGTATAC

sequence. It was also shown that the ectopic expression of MED-1 is sufficient to promote

the widespread activation of a tbx-35 reporter. Intriguingly, the expression of tbx-35 is POP-1

independent, which means that the mechanism that restricts tbx-35 expression to MS, and

exclusion from its sister E is not known. It was demonstrated that loss of tbx-35 leads to

highly penetrant defects in the development of MS-derived muscle cells and pharynx and the

adoption of a C-like hypodermis identity. Intriguingly, these negative effects can be partially

compensated by overexpression of two bHLH transcription factors, hlh-25/2738. Despite the

high penetrance of the defects, some embryos manage to correctly specify the

above-mentioned tissues, which led to the discovery of another transcription factor from

NK-2 homeodomain class – CEH-51, having overlapping functions with TBX-3564. It was

shown that ceh-51 is a direct target of the TBX-35 and its loss leads to larval arrest with

subtle pharynx and muscle morphological defects, although these tissues appear to be

specified correctly. However, simultaneous loss of ceh-51 and tbx-35 results in a highly

penetrant loss of MS-derived tissues and an embryonic arrest phenotype that is strikingly

similar to that of med-1,2(-) embryos. The difference between tbx-35 and ceh-51 is that

ceh-51 has a weak ability to specify the pharynx, as was illustrated by the inability of

mutants in this gene to activate the pha-457or myo-258 expression64. At the same time, ceh-51

is capable of rescuing the specification of muscle and coelomocyte precursors in
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skn-1(RNAi); pal-1(RNAi) background which blocks the specification of nearly all body

muscles67. It was demonstrated that ceh-51 is capable of activating the expression of genes

of the body wall muscle genetic program, including unc-120 and myo-3, and coelomocyte

identity. Interestingly, both T-box and NK-2 class homeodomain factors play important roles

in heart development in vertebrates and Drosophila, and it has been proposed  that CEH-51

and TBX-35 function in a similar way in C. elegans, contributing to the mesoderm

specification.

Diversification of the pharynx and body wall muscle lineages of MS

Further division of the MS blastomere creates MSa and MSp (MSx), two

transcriptionally indistinguishable cells68, that produce similar repertoires of daughter cells23.

The next division results in the establishment of 4 cells - two anterior daughter cells, MSxa,

and two posterior ones, MSxp. MSxa cells are characterized by the expression of pha-4 –

encoding a forkhead box A (FoxA) transcription factor that specifies organ identity for

pharyngeal cells65,69. In the MS lineage, it’s proposed that the main activator of the pha-4 is

the tbx-35, but not ceh-5163,64. Loss of pha-4 leads to a complete deletion of the entire

pharynx in C. elegans, illustrating its central role in the development of this organ65,69,70.

PHA-4 has been proposed to act as a pioneer TF, necessary for the expression of multiple

downstream pharynx-related genes. As has been proposed for other pioneer factors, PHA-4

itself is often not the trigger for the transcriptional onset, but rather it binds to regulatory

sequences and maintains genes poised for activation by a second TF71,72. The exact

mechanism by which PHA-4 modulates transcription is not known, but potentially it is

associated with chromatin alterations, changing the accessibility of specific regions to other

transcription factors73,74. The commitment of MSxa-derived cells to pharyngeal cell fates,

mediated by pha-4 involves a variety of different genes at different developmental stages.

For instance, it includes a transcriptional activation of hlh-6, tbx-2, ceh-22, pha-275–78, and

many other TF-encoding genes, as well as repression of others, such as elt-2 and lin-2665,79.

The repressive activity of PHA-4 is mediated by the presence of the Nucleosome
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Remodeling and Deacetylase (NuRD) complex and TAM-1 factor79,80.  It was shown that the

plasticity of the cells, committed to pharyngeal identity is decreasing over time, and at

developmental stages, after gastrulation cells become more resilient to the effects of

expression of specific fate-inducing factors, such as hlh-181.

Figure 6. Upper panel - stereotypic arrangement of body wall muscle cells in wild type embryos at 430 min after first
cell division. Lower panel – arrangement of nuclei of body wall muscle cells in the embryo at comma stage. Yellow
cells belong to the dorsal head region. Orange cells contribute to ventral head rows. Red cells - MSxapp-derived
cells.

The posterior sister cells of MSxa, MSxp, mainly contribute to the three most anterior

rows of body wall muscles (Fig. 6), i.e. muscle cells around the head and neck of the worm23.

Specification of the MSxp muscle precursor identity is regulated by reciprocal signaling by

the Wnt and Notch pathways, happening at 4, 8, and 12 cells stages82. However, we do not
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know how these signaling events result in the activation of the body wall muscle program.

BWM cells derived from MS also require the activation of the myogenic transcription factors

introduced above - hnd-1 - bHLH transcription factor, HAND1 homolog, hlh-1 - MyoD

homolog, and unc-120 - SRF83. As opposed to the BWM cells from the C and D lineages,

where these genes are under control of the Caudal-like TF, PAL-1, we do not know how the

muscle program is triggered in MS. Interestingly, C. elegans demonstrates an incredible level

of robustness in the BWM genetic program. It was shown that only the removal of all three

myogenic TFs is able to abolish the production of muscle myosin heavy chain (MHCA) in the

embryonic muscle cells. Importantly, this was examined only early in embryogenesis, shortly

after muscle cells are born83.

Gene regulatory network of the MS-derived body wall muscles

The first transcription factor out of three that can be observed being expressed in the

MS lineage is the HAND1 homolog hnd-184. In comparison to HLH-1/MyoD and

UNC-120/SRF,  the expression of hnd-1 is transient and based on its ability to induce the

production of ectopic muscle cells, it has been proposed that HND-1 is the least potent in

the ability to inducebody wall muscle identity85. However, even the presence of hnd-1 alone

is enough to partially rescue the absence of the other two factors and induce the body wall

muscle specification. Potentially this gene has slightly different importance in different cell

lineages. It plays a more significant role in the specification of C and D lineages, in MS the

functions of hnd-1 are potentially partially redundant with ceh-5164. Both of these factors

has strong genetic interaction with hlh-1 and unc-120 but do not interact with each other,

reflecting lineage-dependent subdivision within muscle specification.

The second key TF for muscle specification is HLH-1/MyoD24,81,83. This family of TFs

is known as early markers of muscle specification in invertebrates and vertebrates. Despite

the fact that hlh-1, potentially has the highest potency to induce the body wall muscle

identity, its absence does not lead to the complete failure of the regulation of the body wall

muscle program83. Embryos, homozygous for hlh-1 deficiency still manage to induce the
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expression of the myo-3 (MHCA) and produce a normal number of body wall muscle cells.

However, these embryos have morphological defects, fail to properly elongate, and have

weak uncoordinated contraction during late embryogenesis, which could be a piece of

evidence for deregulation of the BWM gene regulatory network (GRN)14,86. On the other hand,

overexpression of hlh-1 leads to the conversion of other cells into a BWM-like fate. However,

despite hlh-1 being able to induce the activation of many muscle-specific genes (including

β-integrin PAT-3, or obscuring UNC-89), these HLH-1-induced cells have no sarcomere

assembly, which probably requires the presence of other TFs or of other tissues that help

shape the muscle81. It was shown that in MS lineage activation of hlh-1 depends on ceh-51,

and partially on hnd-1, as well as on self-activation. However, the regulation of

lineage-specific expression is still elusive. A recent study showed that there are multiple

additional genes involved in the regulation of the lineage specificity of hlh-1 expression87.

According to it, there were 10 genes (C37H5.5, ceh-20, mrps-17, pie-1, gad-1, tads-1, nifk-1,

cogc-2, tbc-2, and ced-5) whose knockdown by RNAi led to changes in expression pattern

of hlh-1 in the MS lineage. However the exact molecular mechanism behind these regulators

are not known. This fact demonstrates the complexity of the gene regulatory network that is

responsible for the regulation of the lineage-specific expression of hlh-1. Additionally, it was

shown that hlh-1 is involved in the regulation of the expression of muscle chaperones, which

are required for the proper assembly of sarcomeres88. The inability to properly fold and

assemble the myofilaments leads to disrupted myogenesis and ultimately embryonic

lethality, as any proteins that form sarcomeres require chaperones89. For instance, it was

shown that muscle-specific chaperones UNC-45 or Hsp90 are as important for proper

muscle differentiation, as the presence of muscle-specific TFs90,91.

The third transcriptional factor known to be involved in the induction of the body wall

muscle genetic program is unc-12083. This gene is an ortholog of human SRF (serum

response factor) and is able to induce body wall muscle-like identity upon overexpression in

embryonic cells92. Like HLH-1, UNC-120 is also expressed post embryonically and it was

shown that it is involved in controlling muscle aging and lifespan in C. elegans93. It was
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demonstrated that loss of UNC-120 leads to reduced expression of body wall muscle genes,

disrupts the mitochondria morphology, and leads to accumulation of autophagic vesicles.

Another similarity to HLH-1 is the ability to affect the expression of some chaperones,

regulating muscle proteostasis94.  It was also shown that UNC-120 plays a critical role in

nonstriated egg-laying muscle development.

These three transcription factors - unc-120, hlh-1, and hnd-1 have overlapping

functions and reciprocal regulations among them, forming an intricate gene regulatory

network. It was shown that the robust myogenesis induced by UNC-120 is dependent on

HLH-183. Because hlh-1 is able to positively regulate its own expression95 and can activate

unc-120, the stable unfolding of the myogenesis program depends on the hlh-1-mediated

positive autoregulation feedback loop. This fact explains why C. elegans myogenesis is not

dependent on MEF-2 (a MADS-box TF, essential for vertebrate myogenesis)9,96,97. In

comparison to vertebrates98, C. elegans mef-2-null mutants are viable and do not have any

BWM phenotypic defects, potentially, because mef-2 functions were partially adopted by

unc-120.

Core genes hlh-1, unc-120, and hnd-1 create an incredibly stable and resistant gene

regulatory network that is able to activate the downstream gene program. In one study by M.

Krause and collaborators83 it was shown that only loss of all three factors leads to the loss of

MHCA expression in body wall muscle cells at the comma stage. At the same time, the

results of their study suggest that some BWMs could be more sensitive to the loss of these

core transcription factors, as well as some cells are more resistant. For instance, the loss of

hlh-1, together with unc-120, or hlh-1 together with hnd-1, potentially leads to a patchy loss

of myosin expression in D lineage, which could be a sign of the differential role of those

factors in different cell lineages. At the same time, removal of the entire gene module leads to

almost complete loss of MHCA production. This highlights the complexity behind the

regulatory network that establishes body wall muscle identity.
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Open questions related to muscle convergence

In this study, we focused on the convergent development of body wall muscles from

the MS lineage. Most BWM cells derive from the posterior branches of MS (MSxp). However,

a group of cells derived from the MSxa lineage founder, which is committed to pharyngeal

identity expressing pha-4 TF, later in development change this commitment and start

expressing the GRN of the body wall muscle identity - hlh-1, unc-120, and hnd-1. Activation

of this gene regulatory network ultimately leads to the establishment of the body wall muscle

identities, however, the mechanisms of induction are still elusive. Specifically, we do not

know why cells in this branch stop expressing pha-4 and what triggers the activation of the

myogenic TFs. In this study, we explored the mechanisms that are responsible for such

induction.

In addition to body wall muscles, other cells are also established through different

trajectories, originating from distinct lineage founders. In the MS lineage 6 GLR cells,

creating a sheet-like structure around pharynx, are produced from MSxpaaaax and

MSaaaaaax lineages. These lineages are derived from MSxp and MSxa lineages founders,

which are committed to body wall muscle, or pharyngeal programs respectively. The

mechanisms of induction of this particular genetic program are also not known. However,

there are two cases of convergence that have been studied a bit further - although we also

do not really understand yet how the different paths lead to activation of the same terminal

programs. The four ILso glial cells represent one of these cases. Three of the four cells are

established from the ABal lineage founder, and the one converging dorsal cell derives from

ABpr99. It was shown that the TF unc-130 is important for correct specification of the dorsal

cell, however how unc-130 is activated in that cell, and whether there is a counterpart in the

other cells derived from ABal, is unknown. Other studies showed similar phenomena in

CEPsh glial cells, which are also established from different lineages and specification of a

subset of these cells is dependent on expression of the TF mls-2/Nkx100. Probably, the most

studied example of cell fate convergence is the specification of the ASE pair of neurons (Fig.

7). These two sensory neurons are produced from the ABa and ABp lineage founders
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(diverging at the 4-cell stage) and follow different trajectories, ultimately converging to the

sensory cell type identity. The terminal identity of both neurons depends on CHE-1 TF,

leading to activation of the ASE-specific genes101,102. In this case, a symmetric cascade of

TFs has been identified, acting at earlier stages and ultimately activating expression of

CHE-1. However, the molecular event that makes these two asymmetric lineages symmetric

is still unknown.

The ASE example, moreover, highlights another interesting aspect of cell fate

convergence: that cells that arise through different lineages, even though they execute the

same terminal program, can still maintain differences from their distinct trajectories.

Remarkably, despite both ASE neurons being very similar in various aspects, and being

specified by the same terminal TF, they perform different functions: ASEL senses Na+ ions103

when ASER is sensitive to Cl- and K+ ions104,105. The functional diversification of those

neurons is set up early in the development by transient expression of tbx-37/38 in

ABa-descendant cells. Such phenomenon is especially interesting for several reasons. First,

the role of transient activity of a TF that is temporarily very distant from the event of cell

specification. It demonstrates all the potential complexity of gene expression regulation

behind the cell fate convergence. Another reason is the fact that despite convergence to

sensory neuronal cell type, these cells have significant functional differences. It indicates that

even after convergence, cells preserve the history of their lineage identity that contributes to

their heterogeneity.

This raises the final question that I addressed in this thesis -whether body wall

muscle cells that arise through convergence display molecular diversity that depends on

their distinct transcriptional histories.  Heterogeneity of muscle cells is an especially

interesting question. In vertebrates, skeletal muscles have highly diverse origins, roles and

shapes, yet only relatively recently the first attempts to systematically examine the

transcriptional diversity in skeletal muscles were made106–110. It was shown that in humans,

more than 50% of transcripts are differentially expressed among different skeletal muscles.

In C. elegans there was almost no systematic exploration of the diversity of muscle cells
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neither during embryogenesis, nor at later larval stages111,112. In this study we try to explore

this question using the body wall muscles derived from the MS lineage.

To address all these questions related to the transcriptional regulation of cell

identities over time, we generated a single-cell RNA sequencing dataset of the MS lineage

starting at the MSx stage. We took advantage of the invariant C. elegans lineage and could

assign a unique transcriptome to 91% of cells in this lineage. This has given us a high

resolution view into the transcriptional changes that underlie muscle specification, and has

permitted to deeply explore the regulatory mechanisms of this process.

Figure 7. An example of cell fate convergence. Two sensory neurons, ASEL and ASER, are specified by the activity
of the terminal selector CHE-1. However, despite this convergence, the cells are functionally asymmetric due to an
early asymmetry in their transcriptional histories (note the asymmetric, transient presence of TBX-37/38 in ABa
lineage).

20

https://www.zotero.org/google-docs/?lyyRhA


Chapter II

Results

The aim of this study was to explore the details of the cell fate convergence process.

In particular, we aimed to try to address a question – how does the activation of a seemingly

identical cell differentiation program occur in independent lineages? If the induction of the

convergence is external, or it’s an internal property of a cell lineage? What are the molecular

mechanisms that drive cells, originating from different lineages and with different molecular

histories to one specific cell type? It’s also important to understand how developmental

plasticity is changing during convergent differentiation. Another question that also stems

from the first one is, how does each particular lineage history affect the terminal identity of

cells that originate from convergent differentiation? We know from the work of our lab101,102

that two sensory neurons in C. elegans - ASEL and ASER originate from two lineages that

are separated from each other early in development. However, these neurons converge into

one class of sensory neurons, but they do acquire significant functional differences due to

differences in their lineage histories, which leave "molecular memories'' of their unique

transcriptional paths. Studying processes of cell fate convergence will provide a better

understanding of general principles of how cell identities emerge and develop.

Understanding the mechanisms of how convergence is achieved and what molecular

memories remain from specific developmental paths will provide new perspectives in the

generation of specific cell types for example for regenerative medicine, informing protocols

for efficient and accurate reprogramming of one cell type into another. In addition, we know

from the literature that vertebrate skeletal muscles show high level of heterogeneity, but this

phenomenon was never deeply studied in the C. elegans. Exploring the complexity and

heterogeneity of the muscle can provide new insights into the process of muscle

development and physiology.
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Trying to address these questions we are using C. elegans as a model organism.

This free-living nematode has several unique features that make this organism a perfect

model to study processes of cell type differentiation. This nematode is widely known for

highly stereotypic embryonic development. Every cell in the developing embryo follows the

same pattern of divisions, which allows building a lineage tree. Another very important

advantage of the model is the short development time and the limited number of cells. The

whole diversity of cell types and organs is established in only 9-11 cell divisions, which give

rise to 558 cells with unique lineage histories. These features allow us to explore how

transcriptomes change in different lineages over time, with exceptional resolution. We have

an opportunity to explore the transcriptome changes that are happening during each cell

division.

In this project, we decided to focus on a detailed exploration of the mesodermal cell

lineage, originating from the MS blastomere (Fig. 4). The founder cell of this lineage gives rise

to 14 percent of the cells in the larval body and produces at least 7 distinct cell types, which

mainly form two organ systems: the pharynx and body wall muscles. Interestingly, different

branches of the MS lineage vary greatly in the diversity of cell types they produce: on one

extreme, there are MSxppp branches that produce four seemingly identical muscle cells,

while on the other extreme the MSxapap branch gives rise to one neuron, one muscle cell,

one valve cell, and one cell death.

MS lineage presents a very convenient model to study cell fate convergence. Body

wall muscles are mainly formed within MSxp lineages, which become committed to this

particular identity early in development, by expressing conserved, muscle-determining

transcription factors (TFs) - hnd-1/HAND1, unc-120/SRF, hlh-1/MYOD. The opposite lineage

founders - MSxa express the foregut-defining gene - pha-4/FOXA. Intriguingly, later in

development, MSxapp cells stop expressing pha-4, activate BWM-associated TFs, and

eventually converge to the body wall muscle cell identity (Fig. 4). This particular branch is a

very convenient model to address questions about what TFs are involved in the induction of
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this identity switch and studying if these cells acquire unique features because of their

histories in comparison to the cells, derived from MSxp lineage.

Single-cell RNA sequencing library preparation and data processing

Exploring the dynamics of GRNs in different cell lineages with single-cell resolution

became possible by using low-input single-cell RNA-sequencing methods, developed over

the last decade. In this project, we decided to use the plate-based method SMART-Seq2, to

reach the maximal sensitivity of transcript detection, despite its lower throughput and rather

laborious protocol. We aimed to cover the stages of development from ~ 60 minutes to ~400

minutes when all cells in MS lineage are born.

Figure 8. Experimental design. The first step includes synchronization of the strain with fluorescent MS-specific
marker by hypochlorite treatment. After several rounds of synchronization, early stage embryos were harvested,
washed several times and dissociated to single cells after digesting the egg shell with chitinase. After filtering debris
and staining with a viability dye, cells were sorted into 384-well plates. Sorting gates were chosen to remove any
potential doublets, debris, dead cells and non-MS cells. After sorting, the cells were used for preparing libraries with
SMART-seq2 protocol. Obtained libraries were sequenced and the data was processed and analyzed as described
in the methods.

We developed an experimental pipeline, consisting of several steps. We constructed

a fluorescent reporter containing tbx-35prom::mNeonGreen that specifically labels the

MS-derived cells. The obtained reporter was used for creating a transgenic strain using

microinjection method. The extrachromosomal array in this strain was integrated into the

genome of the C. eleagns by gamma irradiation method and the obtained strain was
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outcrossed with wild-type N2 to remove any potential extraneous mutations. The resulting

strain MLC1682 [lucIs46[tbx-35p::mNeonGreen::2xNLS::tbb2 3’UTR; ttx-3p::mCherry]] was

used in the next steps of the experiments.

Since we wanted to get a high temporal resolution of the lineage, we aimed to collect

embryos synchronized at the same development stage (Fig. 8). This was achieved by

optimization of cultivation timings of the strain and the protocol for embryo synchronization.

MLC1682 strain development was synchronized by two rounds of the standard protocol of

hypochlorite treatment. After the final round of synchronization, the collected embryos were

thoroughly washed and incubated until they reach the desired stage. The obtained

population of embryos was dissociated into single cells and GFP-labeled MS-derived cells

were FACS sorted into 384-well plates. Prior to the sorting, we stained filtered cells to

remove any non-dissociated aggregates and stained them with 7AADvanced Sytox dye to

label damaged, dead cells. Viable, GFP-positive sorted cells were used to prepare libraries.

We choose the SMART-seq2 as a method, and not the 10X Genomics platform. As a

result, we could get higher sensitivity, detect more genes per cell on average, which leads to

more robust downstream analyses. We adapted the SMART-seq2 method for use with a

pipetting robot, to increase the speed and precision of the library preparation. One big

advantage of the plate-based method is that we could record the FACS information for every

single sorted cell, which was used in further analysis. Sequencing of the libraries was

performed on Illumina Next-Seq 500 75bp Single-read High output platform. Our aim was to

get roughly 1 million raw reads per cell, to reach saturation in sequencing depth. We have a

dataset, containing ~6500 cells that passed quality control.

The MS single-cell transcriptomes were visualized with the UMAP (Uniform Manifold

Approximation and Projection) algorithm. To validate the general data structure and identify

the time axis, we estimated the cell timing/age for every single cell using two complementary

approaches. The first approach used the FACS information that was collected for each

individual cell. One feature of C. elegans development is that cells during the development

process are changing their size (Fig. 9a) . The volume of the embryo stays constant, and
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cells, therefore, get smaller with every division, which can be detected with FACS. This

approach gave us a rough estimation of the timing for each cluster and delineated the "time

axis" in the dimension-reduced data (Fig 9b). The complementary approach was based on

the correlation analysis of the transcriptome of each individual cell to the previously

published whole-embryo time-series dataset, which was resolved with extremely high

temporal resolution (10-30 minutes) (Fig. 9c) Both approaches showed a good representation

of the time course of the development and validated the global structure of the data (Fig. 9d).

This also helped us to assign identities to the clusters because we could see the correct

temporal relationships between mother and daughter cells.

To assign the identities to transcriptomes we performed iterative clustering with the

following identification of the marker genes for each cluster (Fig. 9e). We used the

information about cluster-specific genes to determine the identity of corresponding clusters.

Over the years, the C. elegans community accumulated a lot of information about the

expression patterns of different genes during embryonic development. We used open-source

databases – WormBase, Epic2, Du’s lab TF atlas as well as available literature and published

single-cell datasets to assign clusters to individual branches in the lineage. Selected

assigned cluster identities were additionally validated. We designed and created several

transgenic C. elegans strains with fluorescent reporters (Fig. 10a) for some of the identified

marker genes for specific clusters. Examination by microscopy (Fig 10b,c) of the obtained

strains showed that our cluster assignments were correct and only minor adjustments were

required. Importantly, because of the pseudo-symmetric nature of the MS lineage, 16% of

cells were identified unambiguously, whereas the rest of the cells are identified as pairs, one

originating from MSa and the other from MSp (these are labeled as MSx descendants). In

total, the identity of 91% of cells in our dataset was determined, these covered 86% of all

MS lineage cells.

As the result of these bioinformatic analyses, we managed to obtain single-cell

transcriptomes from the mesodermal cell lineage of C. elegans, which were assigned to

specific cell identities and validated by previously published data and experimentally.
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Figure 9. a) Forward scatter (FSC) and side scatter (SSC) data for a typical population of embryonic sorted cells.  A
change in cell size can be observed; because embryonic cleavages are reductive, the approximate embryonic stage
can be inferred from cell size. b) Cell sizes were binned into 30 groups and projected onto the UMAP representation
of all sequenced cells c) Scheme of the analysis that was performed to estimate the cell stage using an available
whole embryo RNA-seq data resolved with very high temporal resolution113. The correlation of each individual
single-cell transcriptome to each timepoint in this dataset was calculated, and the timepoint with the highest
correlation coefficient is assigned to that cell. d)  Time estimation calculated as in c) was projected on the UMAP
plot. e) UMAP plot showing the clusters with assigned identities.
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Figure 10. a) Heatmap showing the expression patterns of the genes that were used for validation of the identity
assignments. b) Expression pattern of zig-6prom::mNeonGreen reporter in the L1 stage worms (only right side is
shown). c) Schematic illustration of the cells expressing the reporter, relatively to the other cells.

Early events of lineage commitment

As was described in the first chapter, during the first divisions in the MS lineage

there is a noticeable diversification of developmental potential across MSxa and MSxp cells.

This is known to rely on two Notch and Wnt interactions, which ultimately seem to determine

the level of POP-1/TCF and SYS-1/beta-catenin in the muscle cell precursors. However, the

lineage-specific effects of these widespread signaling pathways must be determined by

additional transcriptional regulators. To explore this, we performed differential expression

analysis across MSxa and MSxp (Fig. 11a), focused on TFs. We identified several TFs that

are differentially expressed (Fig. 11b), including two TFs that have been shown to play

important roles in pharynx and muscle specification, PHA-4/FOXA and HND-1/HAND1,
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respectively, and that were known to be asymmetrically expressed across these cells65,84.

Intriguingly, the MSx blastomeres already expressed some of the TFs that are then

asymmetrically expressed in the two daughter cells (Fig. 11b), a phenomenon that has been

termed multilineage priming. Many of the asymmetric TFs (e.g. TBX-11, CEH-36, CEH-49,

NHR-57, etc.), do not have reported functions in either pharynx or BWM development. Even

though their potential combinatorial role still needs to be explored, we further focused on the

expression and function of the other two, PHA-4 and HND-1, in MS descendants. Whereas

PHA-4 and HND-1 have established roles in the development of pharynx and BWM cells,

their expression and function in the convergent BWM branch have been mostly overlooked.

Consistent with prior work65,69,111, we observed pha-4 expression in MSxa and

continuing in descendant cells during the whole time course (Fig. 11c,e); we did not detect

pha-4 in any MSxp-derived cells. Expression of hnd-1 seemed to mark the onset of the

BWM developmental program in MSxp and was followed by hlh-1 and unc-120 expression in

the subsequent cell divisions. Unexpectedly, we also detected hnd-1 expression in MSxa, in

cells that also expressed pha-4 (Fig. 11c,e). The co-expression of both factors was

additionally validated by smFISH (Fig. 11d). This co-expression of pha-4 and hnd-1 was not

detected in the published embryo dataset due to its lower sensitivity, highlighting the

importance of our deeper analysis as a complement  to existing data, in order to fully

understand cellular decisions. We also found that the mothers of MSxa and MSxp, MSx,

already expressed low levels of hnd-1, but pha-4 was practically undetectable at that stage,

suggesting that the pharyngeal program may be superimposed on a cell poised to generate

muscle cells. The observed hnd-1 expression in MSxa is at lower levels than in MSxp, but it

was specifically maintained in the posterior daughter cell, MSxap, which will give rise to the

convergent BWM cells. However, in the anterior sister cell, MSxaa, which gives rise to

pharyngeal cells, hnd-1 expression was lost (Fig. 11c). In sum, hnd-1 expression occurs at

the base of every sublineage that will give rise to BWM cells but is lost in sister lineages that

give rise primarily to the pharynx and express pha-4.
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Figure 11. a) MS lineage tree schematic with key TFs shown. b) Transcription factors differentially expressed
between MSx, MSxa and MSxp cells. c) pha-4 and hnd-1 expression levels in the MSxa and MSxa-derived cells,
suggesting the co-expression of both factors. d) Validation of the hnd-1 and pha-4 co-expression with smFISH
method. White triangles and arrowheads show expression of hnd-1 and pha-4 respectively. e) Scatter plot of hnd-1
and pha-4 expression values for individual cells, also supporting co-expression.

Given the expression patterns of pha-4 and hnd-1, and their prominent organ and

tissue specifying functions, we asked whether there may be cross repressive interactions

between the two (Fig. 12a). We first asked whether the presence of PHA-4 may suppress the

BWM program in MSxa. To test this, we knocked down pha-4 using RNAi and asked if this

would lead to ectopic expression of hnd-1, hlh-1, and unc-120 in MSxa-derived lineages,

using GFP fluorescent reporters for the aforementioned genes. Knockdown of pha-4 resulted

in the expected loss of pharynx, as well as in the loss of HND-1::GFP  expression in the D
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Figure 12. a) Regulatory network of activation of MSxa/p specific programs. Gray flattop arrows show hypothesized
inhibitory interactions. b) Empty vector control (WT) and pha-4 RNAi experiment on hnd-1 fluorescent reporter strain
in mid-stage embryos. 8 fluorescent cells labeled with white dashed line correspond to the MSxp-derived cells.
Cells labeled with yellow dashed lines are cells derived from D-lineage. Depletion of pha-4 leads to loss of the
D-derived cells but does not lead to ectopic muscle induction in other MS-derived cells. c) Empty vector (WT) and
hnd-1 RNAi experiment on pha-4 fluorescent reporter strain in mid-stage embryos.  All cells expressing the pha-4
marker are outlined with a white dashed line. There is no detected difference between WT and RNAi treatment. d)
Scheme of the body wall muscle architecture in L1 stage animals. BWM cells derived from the MSxapp lineages are
labeled in red. In the following panels these cells are labeled with white triangles. e) Empty vector (WT) and pha-4
RNAi experiment on hlh-1 fluorescent reporter strain in L1 staged animals. There is no detected difference between
WT and RNAi treatment. f) Empty vector (WT) and pha-4 RNAi experiment on unc-120 fluorescent reporter strain in
L1 staged animals. There is no detected difference between WT and RNAi treatment. g) Empty vector (WT) and
pha-4 RNAi experiment on myo-3 fluorescent reporter strain in L1 staged animals. There are no significant detected
differences between WT and RNAi treatment, except rare cases when some cells randomly lose their myo-3 reporter
expression (labeled with a red arrow).

lineage (Fig. 12b), which relies on a Notch induction from MSxa that is likely abnormal in

pha-4 depleted embryos. However, we did not observe ectopic expression of any of these

muscle markers in embryos or larvae (Fig. 12c-f). This suggests that PHA-4 alone does not

repress the BWM program in MSxa. Knockdown of hnd-1 using RNAi caused no effect on
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the expression of a PHA-4::GFP reporter. These experiments indicate that there are no

simple cross-inhibitory interactions between PHA-4 and HND-1.

PHA-4 is a well-established pioneer transcription factor and we wondered if the early

presence of PHA-4 in the MSxa lineage could somehow contribute to the acquisition of body

wall muscle identity in MSxapp descendants. To test this hypothesis we performed pha-4

RNAi and asked whether the convergent BWM cells derived from MSxapp still acquired

expression of the terminal muscle myosin reporter myo-3::gfp. We could not detect any

significant changes in the expression pattern in muscles derived from MSxapp lineages (Fig.

12g). Rarely, we observed loss of myo-3 expression in an occasional cell, but this

inconsistent effect could be indirect, due to severe defects in morphology caused by the loss

of pharynx.

The diversification of MSxa and MSxp requires a Notch induction and Wnt activation

that result in low POP-1/TCF and high SYS-1/beta-catenin in the posterior cell, that will give

rise primarily to BWM cells. How this activates the myogenic program, which seems to begin

with the expression of HND-1 is still unresolved, but we provide a series of candidate TFs

that likely control the asymmetric expression. The MSx blastomeres show some degree of

what has been termed multilineage priming, with expression of some TFs that then become

asymmetrically expressed across the daughter cells. These TFs could be integrated with the

asymmetric signals in a manner similar to what has been proposed for the generation of the

AIY neurons. For example, TBX-11 has been shown to be a target of the Wnt asymmetry

pathway.

Another very interesting aspect that came to our attention is the abundance of the

genes expressed across the MS lineage encoding F-box proteins. We could detect the

expression of 146 out of 326 genes that belong to this family (Fig. 13).

Interestingly, we could see that the majority of these genes are expressed only in the

early stages, until the  8 cell stage in MS and don’t show any cell-lineage specificity. We

speculate that such enrichment of the F-box proteins may be associated with the stage of
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Figure 13. Heatmap representing the expression dynamics and pattern of genes encoding F-box family proteins.
Only the genes that have expression in the MS lineage are shown (146/326 F-box genes in C. elegans). The majority
of genes stop being expressed at the MS8 stage with several exceptions that show cell-specific patterns of
expression.
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zygotic gastrulation. Most likely, early embryonic stages require fast and dramatic changes in

the regulation of the gene regulatory network, as a lot of lineage founders acquire their

identities and restrict their developmental potential to a limited set of cells. Another potential

explanation is that large changes in developmental program need to happen in a short period

of time (each cell division taking approximately 30-40 minutes at this stage) and the GRN

regulation cannot entirely rely on the regulation on the transcriptional level, since this

regulation cannot provide the same speed of response as the regulation of

post-transcriptional level. Interestingly, we can see a huge diversity of genes from the fbox

family following the same pattern of expression. The functional consequence of this large

diversity of F-box proteins is not clear. It could be, for example, that they share targets and

diversity is necessary to reach a specific concentration to efficiently degrade particular

subsets of target proteins. Alternatively, these proteins could have very high specificity and

target only specific targets. We didn’t pursue this observation in this project, but there are

several potential experiments that we could envision to explore the role of these proteins in

C. elegans development. To explore if individual genes encoding F-box protein family play a

role in establishing specific identities of the lineage founders it’s possible to carry out a

massive RNAi screen. A potential effect of the knockdown of individual fbx genes could be

observed on a set of strains with fluorescent reporters, labeling the identity of several lineage

founders (hnd-1, pha-4, ceh-22, etc). Another experiment could be designed in a more

lineage-focused way. It seems possible to perform a dominant negative experiment in a

lineage-specific way to study the general role of protein degradation machinery in the

establishing identity of certain lineage founders. Expressing a non-functional component of

the SCF ubiqutin-ligase (E3) complexes with a lineage-specific promoter will lead to a

deactivation of the protein degradation system. It would be possible to determine if this has

an effect on the identity, or the composition of a targeted lineage, using a specific reporter.

Such high diversity of F-box proteins in C. elegans is clearly an interesting phenomenon that

is insufficiently understood. Detailed exploration of this topic could open new perspectives
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on how gene networks are regulated during embryonic development and also shed the light

on evolutionary processes that led to such expansion within specific gene families.

Initiation of the BWM convergence in the MSxapp lineage

We next focused on the specification of the convergent BWM branch, the MSxapp

blastomere. This was readily identified in the UMAP plot, as a set of cells branching out of

the pharyngeal clusters and merging with the BWM ones (Fig. 9e). This cluster showed

substantial changes relative to it’s mother cell - MSxap in transcriptional profile – the poorly

expressed hnd-1 in MSxapp was increased, and pha-4 was downregulated (Fig. 14a). The

boost of hnd-1 expression was followed by upregulation of hlh-1 and unc-120 in the

following cell divisions, indicating activation of the complete body wall muscle genetic

program. Interestingly, although they begin to converge to the BWM program of

MSxp-derived cells, MSxapp-derived lineages retain their unique expression profile and

remain quite distinct from their posterior cousins. To identify potential regulatory genes that

may initiate the convergence in MSxapp, we again performed differentiation expression

analysis. This revealed a strong candidate gene, nhr-67/TLX1 (Fig. 14a). This gene encodes a

transcription factor from a nuclear hormone receptor family, which is an ortholog of tailless.

In C. elegans, this gene is known for its roles in vulva patterning114,115, and in neuronal fate

specification116. In the MS lineage, nhr-67 is expressed exclusively in the MSxapp lineage

(Fig. 14b). Expression is transient, and already in the next cell division, it is significantly

reduced. Two additional pieces of information suggested that nhr-67 could be an important

factor for induction of the convergent BWM cells: i) the progenitors of the single BWM cell

that derives from the AB lineage also express nhr-67, and ii) nhr-67 has been shown to be a

target of the Wnt asymmetry pathway, which could link the asymmetric cell division to the

acquisition of muscle progenitor identity. Based on all this, we hypothesized that nhr-67

could be involved in the induction of cell fate convergence in the MSxapp.
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Figure 14. a) Heatmap showing differentially expressed genes at the MS16 stage. nhr-67 is labeled with a red arrow,
showing exclusive expression in MSxapp. b) Lineage tree showing MS lineages that produce BMW, as well as an
ABprp-derived lineage, producing the only BWM cell from the AB lineage, which also expresses nhr-67. c) Wild-type
(nhr-67∆ rescued with nhr-67fosm) L1 animals with labeled body wall muscles and cells expressing nhr-67. White
triangles label converging MSxapp-derived cells, yellow triangle – the BWM cell from ABprp lineage. d) nhr-67-null
mutant L1 animals with labeled body wall muscles and cells expressing nhr-67. All converging BWM cells express
the myo-3 reporter, despite nhr-67∆ being larval-lethal.

To test this hypothesis we took advantage of an existing nhr-67 deletion allele

maintained with a rescuing wild-type copy as an extrachromosomal array,  as nhr-67 null

mutation causes larval lethality. We followed the muscle identity with a transcriptional

reporter for myosin heavy chain (myo-3prom::GFP) and used an nhr-67prom::mCherry

transcriptional reporter to label the MSxapp-derived muscle cells (Fig. 14c,d). We examined
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homozygous mutant, non-rescued embryos and larvae but did not observe any loss of

myo-3 expression, or significant changes in the position of the cells from the convergent

lineages. We also used RNAi against nhr-67 and followed expression of hnd-1, unc-120, and

hlh-1, but also did not observe obvious effects on acquisition of BWM identity in the

convergent lineages. These results suggest that NHR-67 is by itself not necessary to induce

BWM identity in the MSxapp lineages. However, given its expression pattern, possible

redundant functions merit further exploration.

Signaling via the Notch and Wnt pathways plays a role in the induction of the

MSxp-derived body wall muscles; we then asked whether these pathways may also be

involved in the specification of the convergent branch. We could detect the previously known

expression of the Notch ligand lag-2, in MSapa and MSapp117. Suggesting a possible

Notch-mediated induction (Fig. 15a), MSxap cells, the mothers of the convergent MSxapp

cells, show expression of one of the two Notch receptors, glp-1, together with lag-1/CSL,

and a Notch target118, ref-1 (Fig 15b). Moreover, the ligand expressing cells MSapa/MSapp,

are in direct contact with MSxap119. To test if Notch signaling is involved in the initiation of

the BWM convergence in the MSxapp, we took advantage of temperature-sensitive alleles of

glp-1 and lag-1. We crossed these alleles to the myo-3prom::GFP as a marker of body wall

muscle identity, and the nhr-67prom::mCherry reporter to label the MSxapp-derived cells.

GLP-1 is known to be essential for the first two embryonic Notch inductions, which

occur at the 4 and 16-cell stages. Later known embryonic Notch inductions are mediated by

both GLP-1 and LIN-12. Shifting glp-1 (ts) embryos at early stages caused the expected

embryonic malformations and lethality; however, when we shifted embryos at the 16-28 cells

stage, two or one cell divisions before the presumed notch induction, embryos continued to

develop permitting assessment of muscle specification. Loss of function of GLP-1 at this

stage did not lead to loss of myo-3 expression in the MSxapp-derived cells (Fig. 15c,d). Even

though we did not observe lin-12 expression in this lineage, we decided to test for possible
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Figure 15. a) Lineage tree of the MS lineage with expression patterns of Notch signaling pathway components and
physical contacts between cells (black arrows). b) Heatmap showing the expression of Notch pathway components
in the cells from the MS8 stage. c) Wild-type animals at late “3-fold” embryonic stage with labeled body wall
muscles and cells expressing nhr-67. White triangles label converging MSxapp-derived cells, yellow triangle - the
BWM cell from ABprp lineage. d) Animals with glp-1/Notch temperature-sensitive allele, shifted to the restrictive
temperature at the 28-cell stage. Embryos still induce the myo-3 expression in converging MSxapp-derived cells. e)
Animals with lag-1/CSL temperature-sensitive allele, shifted to the restrictive temperature at the 28-cell stage. In
general, embryos demonstrate severe morphological defects and severely reduced number of cells expressing
myo-3. f) DIC image of the lag-1 TS allele. Yellow dashed lines illustrate the potential pharyngeal cells.

redundancy by performing the same temperature shifts with the strain carrying the

experiments with lag-1 temperature-sensitive allele. Loss of function of LAG-1 at the same

stage led to severe morphological defects as expected from the loss of all Notch signaling

and additional Notch-independent functions of LAG-1120 (Fig. 15e,f). We also observed a

reduction in the number of cells expressing myo-3prom::gfp. Out of the expected 81

embryonic body wall muscle cells, we observed an average of 24. Due to the morphological

defects, we could not determine what groups of BWM cells are specifically affected by the

loss of functional LAG-1, and the embryos were too fragile to survive recordings on slides to

perform lineage analysis. Nevertheless, we observed that some of the myo-3 expressing

cells likely derive from MSxapp as they also express the nhr-67 reporter. This experiment

37

https://www.zotero.org/google-docs/?1y2ena


suggests that lag-1 has a role in establishing the body wall muscle identity in many cells, at a

later stage than the previously characterized Notch inductions required for MS BWM

development. Although the severe morphological defects do not allow us to conclude what

groups of muscles are affected in particular, in many embryos we observe fewer than 10

cells that we would assume are the convergent BWM cells (co-expressing nhr-67 and

myo-3).

Figure 16. a) Scheme of body wall muscle organization in comma stage embryos. b) Comma-stage embryos with
labeled BWM cells with myo-3 marker; wild-type embryos demonstrate strong expression of myo-3, with some
variability of cell positioning. hlh-1∆, hnd-1∆ strain with unc-120 RNAi demonstrate severe downregulation of myo-3
marker, with very low expression in few cells. c) Later stages of the same strain, showing that myo-3 expression
does eventually occur, however, there are severe morphological defects, including the failed elongation. d)
Comma-stage hlh-1∆, hnd-1∆ embryos demonstrate morphological defects associated with HLH-1 loss, however,
they have a strong myo-3 expression in comparison to the embryos with loss of all three TFs.

From the previous experiments, we could notice the robustness of the body wall

muscle program/myo-3 expression in the context of genetic perturbations. We therefore

attempted to determine MSxapp sensitivity to disruption of core BWM genes. We tried to
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assess if MSxapp cells are equally (as cells derived from MSxp lineage) sensitive to the

disruption of the activity of the core BWM genes - hnd-1/hlh-1/unc-120 that are responsible

for establishing body wall muscle identity. We constructed a strain with knocked out hnd-1,

hlh-1 balanced with mIn1, and markers for myo-3::GFP and nhr-67p::wrmCherry. The activity

of unc-120 was disrupted by RNAi. We could observe a severe downregulation of myo-3

expression at the comma or 1.5-fold stages (Fig. 16a,b). But, interestingly, at later stages, the

expression of myo-3 was partially recovered (Fig. 16c). The presence of myo-3 expression

notwithstanding, we did observe stereotypical morphological abnormalities, potentially

associated with an inability to properly elongate. These results demonstrate the incredible

robustness of genetic programs in muscle cells and could potentially serve as evidence of an

alternative way of activating the myogenic program, independent from hlh-1, unc-120 or

hnd-1.

Heterogeneity of transcriptomes of body wall muscle cells

The different BWM cells produced from the MS lineage all seem to converge to the

execution of the same terminal program that includes expression of the myogenic TFs and

shared terminal genes such as myo-3, unc-45, unc-97, unc-96, etc. However, we asked

whether these cells also display differences in their transcriptomes that could reflect

functional differences. We hypothesized that the different BWM cells may display differences

related to their position (head vs. mid-body), their connectivity but also possibly in other

functional properties.  To gain an overview of how cells change during development, we

quantified the differences between averaged expression for each BWM cell lineage using

Jenson-Shannon distances as a metric (Fig. 17a), as previously done for the AB lineage111.

Similarly to the AB lineage, we observed that transcriptome changes are not constant

throughout development, but that the largest change happens after the last division (Fig.

17b). We also observed that the MSxp-derived muscle cells are closer to one another than

they are to the convergent BWM cells derived from MSxa. This suggests that although the
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two different branches give rise to the same cell type, these cells likely maintain differences

associated with their distinct transcriptional trajectories.

Figure 17. a) Heatmap representing calculated JS Distances and the scheme of MS lineage, showing the
corresponding stages. b) Box plots showing the diversity of JSD within each cell stage and between
mother-daughter cells.

This can be explained by the fact that cells acquire their terminal identities, finally

restricting their developmental potential, which requires activation of cell type-specific gene

regulatory networks. This is associated with loss of developmental plasticity and activation of

big sets of cell-type specific genes. Another fact that can be a confirmation of such

hypothesis is that we could see that the variability within one timepoint is smaller than the

variability between daughter and mother cells (except for the pre-terminal divisions).

Progressing through embryogenesis lifts the necessity to keep the developmental plasticity,

as the number of cells produced by a lineage decreases with every division, which is also

associated with acquiring cell-type specific genetic programs. Analysis of the obtained

distances and transcriptome profiles shows us that the converging MSxapp-derived lineage

is more distant from the lineages derived from MSxp in comparison to distances within

MSxp-derived lineages. Most likely the converging lineage follows its unique developmental

way and does not repeat the developmental program of any of the MSxp lineages. Although,
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we face the problem of determining the weights of each gene during calculating the

distances. In our calculations, all genes are considered equal, though we know that in many

cases expression of even one gene can completely detour the development trajectory.

The JS distance differences fail to capture possibly meaningful differences provided

by a small number of genes. Thus, to gain a deeper understanding into the differences

across BWM cells, we performed differential expression analysis across the terminally

differentiated BWMs, derived from MS (Fig. 18). A gene ontology (GO) analysis revealed that

differentially expressed genes mainly belong to categories related to cytoskeleton, lipid

metabolism, carbohydrate metabolism, signaling pathways, and transmembrane proteins.

Genes from one functional category are often expressed together, and cells can be

distinguished from each other by the expression of such modules. For instance, cells that

comprise the first row of muscles, at the top of the head (i.e. MSxppapp, MSxpapap,

MSxpappp, MSxpappa and, MSxpaaap) are characterized by the expression of a module of

cytoskeleton-related genes (maph-1.3, maph-1.2 , ensh-1) among others. MSxappppx and

MSxapppax, which contribute to the BWMs on the ventral side, are characterized by the

expression of a series of genes implicated in lipid metabolism (lbp-3, far-1, and dhs-29), as

well as Wnt ligands (cwn-1, cwn-2), among others. When we focused specifically on

differences between the convergent (MSxa-derived) and the other (MSxp-derived) BWM

cells, we observed a few interesting differences. The convergent cells express the

transcription factor lin-39, a homeobox TF that has been implicated in the specification of

cells in the mid body121. Convergent cells also selectively express mig-1 (Wnt receptor) and

mig-6 (the extracellular matrix protease papilin), two genes implicated in neuronal

migration122, which may be related to the fact that even though these cells are born from

anterior MS lineages (MSxa), they end up occupying the more posterior positions of all MS

derived muscles and seem to migrate more than the MSxp derived cells. In addition, we

could see that genes that were used for validation of the cluster identity (clec-264, T08H10.1,

sul-2, zig-6, F41D9.2, col-111, lbp-2, tlp-1) demonstrate a very specific expression pattern
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among the BWMs in MS lineage (Fig. 10a). However they belong to different GO terms,

which makes it difficult to speculate about their potential role in the specific muscle cells.

It is possible to hypothesize that differences in the expression of the genes

associated with the Wnt pathway could play a role for the developing BWMs making them

tissue organizers, guiding the migration and/or cell type specification of neighboring cells.

This possibility, however, requires further investigation. Differentially expressed genes related

to lipid and carbohydrate metabolism could signify a differential metabolic status of muscle

cells, potentially associated with their differential localization and distinct workload.

Similarly, differential expression of cytoskeletal genes could potentially relate to the

differential mechanical properties of the BWM cells in different parts of the body. However,

because our sequencing data covers primarily the developmental process between 80 to

400 minutes, we cannot distinguish whether the observed differences are transient, during

development of the muscle system, or reflect more permanent physiological properties of

different BWM cells. To try to address this, we analyzed scRNA-seq data from L2 larvae from

the work of E. Ben-David with collaborators124. We tried to analyze if genes that were

differentially expressed at the terminally differentiated BWMs in embryos are still kept being

differentially expressed in the L2 stage. We could see that many of those genes indeed are

still differentially expressed between body wall muscle cells in larvae (Fig. 18, 19). However,

the L2 data are not annotated at the subcluster level, within the body wall muscle cells and

so we cannot unambiguously identify individual groups of muscles as we did for our dataset.

Despite this fact, from the observed results, we can conclude that a certain degree of

heterogeneity between muscle cells is present not only at the terminal divisions but also kept

at later stages as well.
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Figure 18 Heatmap showing the diversity of transcriptomes in the terminal MS-derived BWM cells.
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Figure 19. Expression at the L2 stage (data from Ben-David et. al. 2021124) of the 94 differentially expressed genes

we observed in the embryonic BMW cells. Many of the genes that are differentially expressed in embryos continue

to do so in L2 larvae. The UMAPs show all BWM cells identified in L2s, including those from C, D and MS. Note that

we cannot attribute lineage of origin to the different BWM cells at this stage.
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Chapter III

Discussion

In this study, we focused on resolving the transcriptional developmental histories of

the mesodermal cell lineage of C. elegans with single-cell resolution. In particular, we

explored the trajectories that contribute to the formation of the body wall muscles, with the

aim of understanding how the same terminal program is triggered through different

trajectories. The single-cell dataset that we obtained contains the transcriptomes of ~6500

cells, covering all cell stages of MS lineage development. The method of choice,

SMART-seq2, allowed us to detect more genes per cell on average than published datasets

obtained with droplet-based methods such as 10X genomics. We managed to assign the

majority of transcriptomes to precise cells in the lineage tree with high confidence, due to the

invariant nature of the C. elegans embryonic development. In summary, we managed to

obtain a high-quality dataset that became a foundation for the current research project, and

that will be used in the future for exploration of the mechanisms of cell type specification and

lineage determination.

Detailed exploration of the early stages of the MS lineage specification revealed an

interesting expression pattern of two major lineage determinants – pha-4 and hnd-1. The fact

that these two factors are co-expressed in MSxa and MSxap cells opens a new perspective

on how cells commit to one or another trajectory. It is known that the expression of pha-4 or

hnd-1 is sufficient to induce the development of pharynx or body wall muscle respectively. In

this study, we showed that these two factors most likely work independently from each

other, not showing genetic interaction. This fact leads us to the conclusion that the activity of

hnd-1 and other components of the BMW gene regulatory network is potentially suppressed

in the MSxa and MSxap cells by unknown mechanisms. This part of our study opens new

potential perspectives/topics/themes/ways for a deeper understanding of the role of pha-4

and hnd-1 factors in the development of C. elegans. Understanding the principles that
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restrict the developmental potential of cells contributes to our understanding of how cells

acquire specific identities and ultimately contributes to our ability to manipulate cell

identities.

In this study, we made an attempt to understand the principles of cell fate

convergence by trying to dissect what governs the induction of the body wall muscle genetic

program in the MSxapp cell lineage, originating from the pharyngeal MSxa lineage. We

identified a candidate transcription factor, NHR-67, that we hypothesized could play a role in

the induction of convergence. However, we performed multiple tests and could not reveal

any role for NHR-67 in the process of MSxapp convergence, or on the BWM gene regulatory

network (expression of hnd-1, hlh-1, unc-120).

Further exploration of expression patterns led us to hypothesize a potential role for

the Notch pathway in the induction of convergence. Whereas we did not see an effect of

glp-1/Notch loss on development of the convergent BWM cells, late loss of lag-1/CSL

showed a dramatic effect on embryogenesis. We observed a very strong reduction in the

number of body wall muscle cells and very severe morphological defects. It was generally

not possible to determine what lineage these cells belonged to, due to technical challenges.

However, we could see some cells that co-expressed nhr-67 and a body wall muscle marker,

suggesting that there were still cells derived from the MSxapp lineage that acquired a body

wall muscle identity. The discrepancy between the effects of loss of glp-1 and lag-1 could

be explained by the redundant role of another notch receptor, lin-12, expressed earlier at the

MSxa stage. Potentially, even a small amount of the receptor protein present on the cellular

membrane is enough for successful signal transmission. LAG-1 is the sequence-specific

DNA binding protein that acts downstream of both Notch receptors, so it would bypass the

redundancy. LAG-1 acts as a transcriptional repressor but then interacts with the intracellular

domain of Notch proteins to promote target gene expression123. LAG-1 has also been

proposed to have Notch independent functions120. It is possible that loss of function of such

a global transcriptional repressor leads to serious misregulation of gene regulatory networks

in many cells. The morphological defects could be explained by disruption of
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cell-autonomous programs leading to the inability of cells to migrate properly. Alternatively,

disruptions of the gene regulatory networks in many cells during the development can lead

to non-autonomous effects, as multiple cell interactions may be disrupted and certain cells

may lose their ability to act as tissue organizers. Taking these facts into consideration it is

surprising that we could still detect cells from the MSxapp lineage that adopt muscle identity

(based on co-expression of nhr-67 and myo-3. Whereas we only looked at a single marker of

muscle identity (myo-3),  this suggests that either the cell fate convergence is cell

autonomous, or dependent on other signaling pathways, such as the Wnt pathway. In C.

elegans, the Wnt signaling cascade is responsible for establishing anterior-posterior polarity

after nearly all divisions. Such widespread use of Wnt-dependent mechanisms for

establishing cell polarity, together with very rapid cell divisions in the embryo, make the

experiments with this pathway technically challenging

In this study, we made an attempt to revise the relationships between the genes that

are known as the core gene regulatory network of the body wall muscle identity - unc-120,

hnd-1, and hlh-1 and myo-3, as a marker for the muscle identity. From previous studies, it

was postulated that only the loss of all three of those TFs leads to the complete loss of body

wall muscle identity. However, the assessment of the BWM identity in these experiments was

done based on the stainings of MHCA with antibodies at the comma stage, which has some

downsides. At this stage, myo-3 has not yet reached its peak of expression, as well as,

potentially, lack of HLH-1 and associated down-regulation of the downstream chaperones,

slows down the proper folding of the MYO-3 protein. These two aspects could mask the real

expression of myo-3. We repeated these experiments with the intention of looking more

closely at the convergent lineage. In our experiments, we combined deletion alleles of hlh-1

and hnd-1, with RNAi against unc-120. We indeed observed an almost complete reduction

of myo-3 reporter expression at the comma stage, but in many animals, myo-3 signal still

prevailed in what we interpreted as some of the convergent BWMs (marked by nhr-67). This

suggests that these cells have a more robust mechanism for execution of the BWM identity

that is less sensitive to loss of the myogenic TFs (complete loss of HLH-1 and HND-1, and
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likely incomplete depletion of UNC-120 by RNAi). Another intriguing observation from this

experiment is that when we examined later-stage embryos, they did eventually manage to

activate expression of the myo-3 reporter, although they still showed dramatic morphological

defects that were caused by the loss of hlh-1 and reflected a loss of muscle activity during

morphogenesis. As we know, muscle identity depends on a complex structure of myofibrils

composed of multiple proteins and myo-3 encodes one of those components - myosin

heavy chain A (MHCA). Despite extensive research, we still have relatively limited

understanding about the exact regulatory pathways that lead to the activation of all genes

that encode the components of the muscle contractile unit.

How the three core TFs, hnd-1/unc-120/hlh-1, work together to establish body wall

muscle identity is still poorly understood. It is known that these genes are sufficient to trigger

parts of the program, but they are not individually (or even in pairs) necessary for the

unfolding of the body wall muscle GRN. It is feasible that these genes are important for the

timely, robust initiation of the BWM identity, as nonfunctional muscle cells during the

elongation phase of embryogenesis, potentially lead to severe morphological defects, which

we can observe in the experiment. We can hypothesize that extensive redundancy in the

BWM GRN could serve exactly this purpose, facilitating the proper, robust expression of all

necessary functional components of a muscle cell. Our observations on myo-3 expression

suggest that at least a part of the myogenic program can be triggered even with low

amounts of UNC-120 alone (or possibly even independently of the three myogenic factors,

something we cannot distinguish at the moment given that RNAi does not cause complete

depletion).  A future direction for this project would be to attempt to understand the exact

mechanisms regulating the expression of the structural components of the muscle fibers.

This will help us understand how the cell types are established and open new perspectives

for understanding evolutionary aspects of how cell types evolve and appear.

Another aspect that we tried to explore in our dataset, is how transcriptomes change

in MS cell lineages that establish body wall muscle cells. The first unexpected observation

was a distinctive heterogeneity of cell lineages that give rise to body wall muscles as well as
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terminal cells from these lineages. We could observe that during development the level of

heterogeneity across cells in the MS lineage increases, which can be explained by gradual

specialization and associated restrictions of developmental potential. Another interesting

observation was an increased level of transcriptome divergence between daughters and

mother cells in the course of the development. In addition, the divergence between

daughter-mother cells was higher than the divergence between daughter cells within a time

point. This fact speaks to both the quality and reproducibility of our dataset and also to the

fineness of developmental dynamics in developing lineages.

Finally, analyzing the terminally differentiated body wall muscles we could see

differences in the expression of several groups of genes, related to Wnt signaling, lipid and

carbohydrate metabolism, and transmembrane proteins. Seeing such heterogeneity in a cell

type that serves one main function was unexpected, but leads to interesting thoughts and

hypotheses. For example, we can imagine that muscle cells that express certain Wnt

pathway components can work as tissue organizers for the neighboring cells, potentially

regulating their migration or establishment of cell identity. Differentially expressed

metabolic-related genes and potentially associated differential metabolic status of the cells

can be associated with the position of the cells in different parts of the worm body and the

workload they may bear. At the moment, we cannot distinguish whether the differential

expression originates from the diverse transcriptional contexts of various lineages forming

the muscle cells or whether this heterogeneity is imposed on the terminal cells in a

non-autonomous manner. Our data also do not cover the end of embryogenesis, so we do

not know whether some of these differences are preserved or are eliminated towards the end

and muscle cells achieve a uniform transcriptome profile. However, exploration of available

L2 stage single cell sequencing data suggests that some transcriptional heterogenity is

maintained until at least this stage. This study reveals new opportunities for future research

to explore the role of such heterogeneity on muscle physiology and its role in

embryogenesis.
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In summary, this thesis attempted to deepen our knowledge of the development of

body wall muscles. It demonstrated an outstanding resistance of this cell type to

perturbation of the muscle gene regulatory network, and an intriguing mechanism for the

separation of the pharyngeal and BWM programs that will require further exploration.

Moreover, the observations on the role of the three myogenic TFs warrant revisiting how

these three factors act to execute a complete muscle program. We could not identify the still

missing TFs or signaling pathways that trigger the BWM program in the convergent branch,

but combinations of the candidates we explored may contain the answer to this.  Ultimately,

the work presented here opens a new perspective on understanding the mechanisms of

lineage commitment/determination and the hierarchy of transcriptional regulators.
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Materials and methods

C. elegans strains maintenance:

Worm strains were generally grown at 20˙C, unless other is specified and handled as

described125.

Construction of the strains

Transgenic strains with extrachromosomal arrays were produced with a standard

microinjection technique126. An extrachromosomal array, containing DNA of interest, a

co-injection marker (ttx-3prom::mCherry), and a carrier DNA (sonicated gDNA from E. coli

OP50) was injected into both gonads of young adults. One extrachromosomal array (lucIS46

– MLC1682) was integrated by gamma irradiation (14 minutes; 4000 rads) and the obtained

strain was outcrossed 6 times with wild-type N2.

Plasmid Construction

All constructs were assembled using standard molecular biology techniques - PCR,

Gibson assembly, and StrataClone Blunt end cloning [Agilent, cat.# 240207]. All constructs

were validated with sanger sequencing.

RNA Interference (RNAi)

RNA interference experiments were performed according to protocol 127. Bacteria

expressing dsRNA of target transcripts or control (empty vector pL4440) were grown on

NGM agar plates (containing 25 μg/mL carbenicillin and 1 mM IPTG). For each experiment,

20-30 L2s animals were placed on each plate and kept at 20˚C. After 3 days embryos of

those worms were used for microscopy, using a Zeiss Axio Imager.Z2, equipped with an

sCMOS camera with 100x objective. Bacterial clones, used in this study were obtained from

the Ahringer library128.
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Experiments with lag-1 and glp-1

Transgenic C. elegans strains that were used in the experiments with the Notch

pathway had temperature-sensitive alleles of glp-1 (e2144) and lag-1 (om13) genes. The

strains were grown at a permissive temperature of +15˚C. The two cell stage embryos were

obtained by dissecting gravid adults at +8˚C to avoid any exposure to a higher temperature.

Approximately 15-20 embryos were mounted on an agar pad on each slide and put at +15˚C.

Their development was carefully observed and after ~2h when embryos reach the 28 cells

stage the slides were shifted to +30˚C for 25 minutes. After the temperature shift, the

embryos were shifted to +25˚C and kept at this temperature until they reach the desired

stage and were imaged.

Differential Interference Contrast, Fluorescence, and spinning disc Confocal

Microscopy

To obtain single timepoint z-stacks of C. elegans embryos, larvae, or adult animals

were mounted on microscopy slides with 5% bacto-agar pads. Larvae and adult worms

were preliminary immobilized using 50mM sodium azide. For imaging, we used Zeiss Axio

Imager.Z2 fitted for DIC optics and with a motorized stage, with an sCMOS camera and

X-Cite XYLIS Broad Spectrum LED Illumination System. To acquire images ZEN software

from Zeiss was used.

C. elegans lineage analysis

To get time-lapsed images of developing embryos 2-cells embryos were mounted on

microscopy slides with thin 5% bacto-agar pads. Time series of images were obtained with

Time to Live software (Caenotec), using a Zeiss Axioplan 2 withDIC, equipped with white

light LED illumination system. Recorded images were processed in SIMI BioCell software

(Schnabel et al., 1997). The position and division patterns of cells in embryos were followed

throughout embryogenesis to precisely assess the expression of GFP reporters.
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Single-cell sequencing

Worm Synchronization and Egg Extraction

MLC1682 [lucIs46[tbx-35p::mNeonGreen::2xNLS::tbb2 3’UTR; ttx-3p::mCherry]]

strain development was synchronized by two rounds of the standard protocol of hypochlorite

treatment. The initial, unsynchronized population of C. elegans was grown on 150mm plates

(NGM peptone-rich media, seeded with E. coli HB101) at 25˚C until the majority of the worms

reach adulthood and contain ~10 eggs. At this stage, adults were bleached by hypochlorite

treatment followed by three washed with M9. Collected embryos were hatched overnight

(~14h at +18˚C) with gentle shaking. The next day L1s were plated on 150 mm

peptone-enriched plates with concentrated HB101 and incubated at 21°C for ∼52h. When

worms reached the stage of young adults, the population was closely monitored and worms

were collected when~ 30% of the population reached the stage with ~4 embryos inside.

Collected worms were washed 3 times with ice-cold M9 buffer and embryos were harvested

by hypochlorite solution. Collected embryos were thoroughly washed with M9 with egg

buffer (25 mM HEPES pH 7,3; 118 mM NaCl; 48 mM KCl; 48 mM KCl; 2 mM CaCl2; 2 mM

MgCl2) to remove residual bleach solution and M9. Embryos were incubated at +21˚C until

they reach the desired stage.  The developmental stages of embryos were monitored using a

Zeiss SteREO Discovery.V8 equipped with Achromat S 1.5x FWD 28mm Objective.

Embryo Dissociation and Cell Sorting

To dissociate embryos the protocol from Strange et. al129 was used with several

modifications. Harvested embryos were concentrated to 500ul by centrifugation at 1.2krcf for

1 minute at +4˚C and kept on ice to prevent further development. The dissociation of the

eggshells was performed by adding 500ul of 2mg/mL chitinase solution [Sigma; cat #C6137]

and incubated for 20-30 minutes at +4˚C with periodical agitation. To dissociate the embryos

100ul of 15mg/mL pronase solution [Sigma; cat #P6911] was added to the sample and

incubated for 5 minutes. After this, a 2.5 mL syringe, fitted with a 21g needle was used to
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dissociate the embryos by repeatedly passing the suspension until ~80% of embryos are

dissociated into single cells. To stop the digestion reaction 1ml of complete L-15 medium

(L-15 no phenol red [Gibco; cat #21083027]; 10% FBS; 50 U/mL penicillin; 50 μg/mL

streptomycin [Sigma; cat #P4458]) was added. To remove cell aggregates and

nondissociated embryos the suspension was filtered using a 20 um cell strainer

[pluriStrainer; cat #43-10020-40]. Before sorting, the dead cells were labeled with SYTOX

AADvanced [Invitrogen; cat #S10349] at the final concentration of 1ul/mL, incubated on ice

for 5 min, and protected from light. Fluorescent Activated Cell Sorting (FACS) was performed

on a Sony SH800 cell sorter (equipped with 488, 561 nm lasers and Sort Deposition System),

using 100 um sorting chips [Sony; cat #LE-C3210] with standard settings.

scRNA-seq Library Preparation and Sequencing

For preparing libraries, we used SMART-Seq2 protocol130, with some modifications.

Individual cells were sorted into 384 well plates in 4ul of lysis buffer (0.1% Triton X-100

[Sigma; cat #T9284], 0.5 U/ul RNAseOUT [ThermoFisher; cat #10777019], 2.5uM Oligo dT

[5’-AATGATACGGCGACCACCGAGATCTACACTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3’;

IDT], 2.5 uM dNTPs [ThermoFisher; cat #R0191]). As the internal controls, several wells on a

plate were always filled with 100 cells, serving as a bulk control. After sorting the plates were

immediately frozen at -80˚C. All pipetting steps were performed with Bravo Liquid Handling

Platform [Agilent, cat #G5055A]. Before the reverse transcription, the frozen plates were

melted on ice, then placed in a thermocycler [BioRad; cat #1851138] at +72˚C, incubated for

2 minutes, and cooled down to +42˚C. RT buffer (200 U/ul SuperScript II [ThermoFisher; cat

#18064014], 40U RNAseOUT [ThermoFisher; cat #10777019], Superscript II first-strand

buffer (5×) [#18064014], 5 mM DTT [Sigma; cat #43816], 1M Betaine [Sigma; cat #B0300],

6mM MgCl2 [Sigma; cat #M1028], TSO

[5’-Biotin-AAGCAGTGGTATCAACGCAGAGTACATrGrGrG, IDT]) was added to the mix,

pre-heated to 42˚C (42˚C 90 min, (50˚C 2min, 42C 2 min, 10 cycles), 70˚C 15 min). cDNA was

amplified using KAPA HF Hotstart MM(2x) [Roche; cat #7958935001] and 2 primers (0.5uM
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ISPCR (AAGCAGTGGTATCAACGCAGAGT) [Sigma], 0.5uM P5PCR

(AATGATACGGCGACCACCGAGATCTACAC) [Sigma]) with the following program (98°C 3 min,

(98°C 20 sec, 67°C 15 sec, 72°C 5 min, 18 cycles),  72°C 4 min. The amplified libraries were

purified with AMPure XP Beads [Beckman Coulter; cat #A63882] and eluted with water.

Purified cDNA was tagmented with Tn5 [Illumina; cat #FC-131-1024] at 50˚C for 3 min. The

reaction was stopped with M-Binding buffer [Zymo Research; cat #D5040-3] and purified

with AMPure XP Beads [Beckman Coulter; cat #A63882]. The final amplification of the

libraries was done using the NEBNext High Fidelity 2x PCR Master Mix [New England

Biolabs; cat #M0541L] and Nextera i7 and i5 adapters [Nextera; cat #20027213] using the

following thermocycling protocol: 72°C for 5 min, (98°C 30 sec, 65°C 10 sec, 72°C 30 sec,

typically ~18 cycles). The number of PCR cycles required for amplification of individual

libraries was determined empirically by real-time monitoring of the amplification profiles of

the samples via their relative fluorescence units (RFUs) using EvaGreen [Biotium; cat

#31000]. The final libraries were clean-up with AMPure XP Beads [Beckman Coulter; cat

#A63882]. The quality of the libraries was checked selectively with a Fragment Analyzer

[Agilent; cat #M5311AA]. Pooling of the libraries was done, based on the RFUs, obtained

during the last amplification step. Pooled libraries were sequenced by Next Generation

Sequencing Facility (VBCF) on a NextSeq 500 platform [Illumina] with High Output Flow Cell,

generating ~400 million reads, equal to 1 million reads per cell.

Data Processing and Analysis

Sequencing data processing

Obtained BAM files were converted to FASTQ files using Bam2FASTQ (bedtools ver

2.27.1131). Further processing of the raw data, including mapping reads, filtering, etc. was

performed with the Nextflow132 framework. Reads were aligned with STAR 2.5.2b133 on C.

elegans genome WBcel235. The number of mapped reads to genes was counted using
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Htseq (v0.9.1)134. FastQC135 software (v0.11.5) was used to perform quality control and

access the supplementary metrics of reads.

For further general analysis, we used R (ver 4.1.1). The data processing pipeline is

available on the GitHub account. All data were aggregated into one Seurat136 object,

including the FACS information and the output metadata from FastQC. For filtering out

low-quality cells we set up several thresholds for each cell: a minimum of 10000 detected

transcripts, 750 expressed genes, and less than 8 percent of mitochondrial reads.

Normalization was performed with the SCTransform (Seurat package). For dimensionality

reduction, we used the tools provided in the Seurat package. The first step was running PCA,

using variable genes, determined in the previous step. The next step was running UMAP,

using 20 PCA dimensions and the following parameters (n.neighbors = 30; min.dist = 0.3).

Estimation of timing

To estimate the embryo timing of our cells, we identified a vector of timer genes

using the highly time-resolved bulk RNA-seq data in C. elegans embryo from Hashimsholy et

al. and use them to assign the timing based on the similarity of the gene expression profiles.

Specifically, with the RNA-seq time series data, for each gene we first calculated the

autocorrelation and performed the Ljung-Box test; significant genes with p-value < 0.001 and

maximum autocorrection > 0.5 were considered relevant to reflect the embryo timing.

Secondly, to assign the timing for a single cell, the normalized single-cell RNA-seq data of

timer genes was compared with bulk RNA-seq data of Hashimsholy et al. at each time point

and the Pearson correlations were calculated. Lastly, to overcome the wiggly profile of the

resulting correction, the loess smooth function was used and the predicted timing of the bulk

sample with the maximum correlation will be assigned to the single cell.

The complementary analysis of cell size was performed by processing the single-cell

associated FACS information. Since the changes of FSC and SSC over lime are not linear,

we used the principal curve137 to obtain a one-dimentional summary of the data. First, using

the R Package “princurve” (v2.1.6) we fit a curve to a two-dimensional data matrix,
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containing FSC and SSC values, recorded for every single cell. The calculated parameter

lambda - the projection of every point to a fitted curve was then used as a parameter

reflecting the cell size. The calculated lambda was projected to existing UMAP spaces using

the Seurat framework.

Calculation of Janson-Shannon Distances

To quantitate the differences between transcriptomes of different cell identities we

used Janson-Shanon Distances. The calculations of the distances were done on averaged

expression profiles (obtained with Seurat) with the use of the JDist function, from the

“cummeRbund” framework (v. 3.15). The visualization of the obtained matrix was done with

the “pheatmap” package (ver 1.0.12).

Clustering and cell identity identification

To annotate the cell identities in our scRNA-seq data, we adapted a hybrid approach

in which the reference-based systematic and manual annotations were combined. First, we

took the published scRNA-seq data of annotated MS lineage cells from J. Murray's paper111

as a reference and we applied both SCMAP and Seurat to systematically transfer cell labels

to our scRNA-seq data. Secondly, the coarse clusters were identified with Seurat. To get

refined cell identity, cells in each coarse cluster were subclustered with Seurat by searching

for highly variable genes and tuning the number of principal components used and cluster

resolution; resulting subclusters were annotated with individual or combination of known

mark genes from the literature or Murray paper.

Validation of the cell identity identification for MS-derived BWM cells

When initial cell identities were identified, the assignments were validated

additionally with fluorescent reporters. Several promoter fusion fluorescent reporters

(clec-264, T08H10.1, sul-2, zig-6, F41D9.2, col-111, lbp-2, tlp-1) were constructed and used

for creating C. elegans strains with extrachromosomal arrays. In those strains, the expression

pattern was observed in developing embryos, using the lineage technique (described above),
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or in L1s. Animals at L1 stage had an additional expression of myo-2/3p::mCherry, to label

all pharyngeal and body wall muscle cells, which facilitates the identification of cells

expressing a fluorescent reporter. The identification of those body wall muscle cells was

possible because of their invariant localization in the worm body.
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