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Development of a multicellular organism, from a unicellular zygote to the fully 
shaped adult form, is a complex process where growth and identity of organs, 
tissues and individual cells must be temporally and spatially coordinated to 
guarantee the formation of functional individuals. 
 Since the most primordial one-cell stage, developmental progression 
relies on the ability of cells to undergo cell fate decisions that will make them 
cross their fate landscapes until their terminal differentiated state. In the early 
era of cell fate studies, cell identity and fate determination were mostly 
established based on the descriptive analysis of cell phenotype and lineage 
history, as well as through the persistence of these features upon ectopic 
transplantation of cells within the developing embryo (Solini, Dong, & Saha, 
2017). With the advent of molecular genetic studies, it was possible to understand 
that cell fate decisions result from the expression of master transcription 
factors, necessary to orchestrate the onset of these choices. However, it also 
became clear that most of these master regulators have a role in distinct cell 
lineages as well as in multiple steps within the same lineage. An illustrative and 
well described example of this is the transcription factor SOX2, which has been 
involved in the control of pluripotency, neural lineage determination and adult 
tissue homeostasis (Masui et al., 2007; Miyagi et al., 2008; Sarkar & Hochedlinger, 
2013) . These observations led to the discovery that these master regulators do 
not exert their function as single entities but rely on other transcription factors 
to co-regulate fate specification in a context-specific manner. In recent years, 
the possibility of assessing cell and lineage-specific gene expression on a 
genome-wide scale offered by RNA-sequencing (RNA-seq) technologies, has 
opened the door, not only to the identification of context-specific co-regulators 
of fate, but also to a more extensive understanding of the gene regulatory 
networks that are orchestrated by these fate regulators and how these networks 
change over time (Francis et al., 2019; Rizvi et al., 2017; Ruan et al., 2019; Wang 
et al., 2017). Even though our knowledge of these processes has increased at an 
unprecedented pace over the last years, we still do not understand some of its 
most fundamental properties. The morphological simplicity and invariant cell 
number combined with the low complexity and stereotypical hierarchy of its 
cell lineages makes the nematode Caenorhabditis elegans (C. elegans) an 
appealing model organism for the study of cell fate decisions. In fact, due to 
these particular features, C. elegans was the first and, so far, only animal to have 
the hierarchy of all its somatic cell lineages fully described and mapped, from 
the one-cell zygote to adulthood (Kimble & Hirsh, 1979; Sulston & Horvitz, 
1977; Sulston, Schierenberg, White, & Thomson, 1983). Moreover, seminal work 
on cell fate processes, such as the discovery of the mechanisms driving 
programmed cell death was pioneered by studies with this model organism 
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(Conradt, Wu, & Xue, 2016). The aforementioned features of C. elegans also 
make it an ideal model to apply RNA-seq technologies for the discovery of the 
mechanisms driving cell fate decisions in vivo. So far, such approaches have 
been restricted to two lines of research, on the one hand, to address embryonic 
lineage progression by producing descriptive transcriptional maps of all 
embryonic cells and lineages (Burdick et al., 2016; Hashimshony, Wagner, Sher, 
& Yanai, 2012; Packer et al., 2019; Tintori, Osborne Nishimura, Golden, Lieb, & 
Goldstein, 2016). On the other hand, RNA-seq has also been used to studied 
post-embryonic cell fate determination by comparing two sister cells which 
acquire different fates, or by describing expression along the functionally 
polarized adult germline (Diag, Schilling, Klironomos, Ayoub, & Rajewsky, 
2018; Mathies et al., 2019). Even though these post-embryonic studies lack true 
temporal resolution, they paved the way for the application of RNA-seq 
approaches to more in-depth analyses aiming at unraveling temporal 
transcriptional dynamics involved in differentiation and cell fate decisions of 
entire post-embryonic lineages in C. elegans.
 In parallel to cell fate decisions and differentiation, correct development 
is tightly dependent on the processes driving morphogenesis, in particular, cell 
migration. Migration can be a collective or individual process, where cells leave 
their initial place of birth and move towards the location where they will 
perform their function. A well-studied example of collective cell migration 
occurs during zebrafish and Xenopus gastrulation, where the mesendoderm 
undergoes a rearrangement process which relies on convergent extension 
movements and intercalation to elongate the anteroposterior axis of the embryo 
without an additional increase in cell number (Tada & Heisenberg, 2012). The 
migration of neural crest cells is another classical example of collective cell 
movement. This population of embryonic stem cells that is formed adjacent to 
the neural tube, undergo epithelial-to-mesenchymal transition (EMT) in order 
to leave its place of origin and colonize different regions of the embryo where 
they will differentiate and give rise to a plethora of different cell types (Knecht 
& Bronner-Fraser, 2002). Processes of single cell migration have also been 
described during development, as in the case of primordial germ cells. These 
cells are formed during early embryogenesis and undergo long-range migrations 
until arriving at their final location where they will contribute to the formation 
of gonads (Kanamori, Oikawa, Tanemura, & Hara, 2019; Kunwar, Siekhaus, & 
Lehmann, 2006). Another example of single cell migration are the cortical 
interneurons which are generated from progenitor cells in the mammalian 
embryonic subpallium and undergo a complex migratory process to contribute 
to the formation of the cerebral cortex (Inamura et al., 2012; Lim, Mi, Llorca, & 
Marín, 2018). The importance of cell migration is not restricted to development, 
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having also a major importance during the adult life of organisms in processes 
such as immune response, tissue homeostasis and regeneration (Goichberg, 
2016).  Furthermore, cell migration is also a key process in cancer progression, 
as it is the basis of cancer cell invasion and metastasis. Overall, the role of cell 
migration in development, homeostasis and disease makes the understanding 
of its mechanisms of utmost importance, with relevant implications in clinical 
and therapeutic advances.
 In the process of cell migration, it is crucial for cells to know when the 
right moment is to start moving, in which direction to go, if and when to switch 
direction, and when to terminate their migration (Petrie, Doyle, & Yamada, 
2009). These different aspects of cell motility are generally dependent on a 
variety of chemical and physical extracellular signals that can act in sequential 
or simultaneous manner, and are, typically, from one of two types. Instructive 
signals consist of asymmetrically distributed cues which can provide 
directionality, or trigger distinct local responses according to, for instance, their 
concentration in the case of chemotactic signals. Alternatively, signals can be 
permissive, where an external cue can trigger a specific cell response such as 
initiation of migration or stimulate directional persistence of a motile cell.
 A broad range of signal transduction systems have been described as 
acting downstream of these external signals to intracellularly regulate cell 
migration, amongst which is the Wnt signaling. This signaling system 
encompasses a set of conserved signaling pathways which are recurrently used 
during development in virtually all metazoan groups (Adamska, Degnan, 
Green, & Zwafink, 2011; Pires-daSilva & Sommer, 2003; van Amerongen & Nusse, 
2009). The Wnt/β-catenin pathway is the most extensively studied of these 
pathways and, for historical reasons, has earned the epithet of canonical. In the 
canonical Wnt/β-catenin pathway, binding of a Wnt ligand to a Frizzled 
receptor results in the inactivation of the so-called destruction complex which 
would otherwise mediate the degradation of cytoplasmic β-catenin. Stable 
cytoplasmic β-catenin can subsequently translocate to the nucleus where it will 
act as a co-activator of members of the TCF/LEF family of transcription factors 
in the regulation of target gene expression. While canonical Wnt//β-catenin 
signaling is involved in a multitude of developmental and homeostatic processes 
such as neurectoderm anteroposterior patterning in zebrafish and Xenopus, 
and mammalian small intestine self-renewal, abnormal function of this 
pathway has been associated with several diseases including colorectal cancer, 
some types of lymphoma, myeloma and metabolic diseases (Clevers, 2006; 
Clevers & Nusse, 2012; Grainger, Traver, & Willert, 2018; Petersen & Reddien, 
2009). Non-canonical Wnt signaling, on the other hand, encompasses a myriad 
of different pathways that share the common feature of not involving β-catenin-
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dependent gene expression regulation. These pathways can differ significantly 
in most aspects of their mechanism of signal transduction. For instance, while 
some are also dependent on Frizzled receptors, others rely on alternative 
receptors such as the members of the receptor tyrosine kinase superfamily Ror 
and Ryk (Clark, Nourse, & Cooper, 2012).  Non-canonical Wnt pathways have 
been extensively involved in the regulation of multiple migratory processes 
occurring during development, such as neural crest cell migration, neural tube 
formation and angiogenesis, as well as during melanoma metastasis (Carvalho 
et al., 2019; Clark et al., 2012; Mayor & Theveneau, 2014; M P O’Connell et al., 
2010; Michael P. O’Connell et al., 2013). Even though much is now known about 
the role of Wnt signaling in controlling cell migration, we are still far from fully 
understand the mechanisms by which this group of signaling pathways can 
tightly regulate different aspects of this process. Multiple Wnt signaling 
pathways have also been described to regulate the migration of several cells 
during embryonic and post-embryonic development of C. elegans (Ji et al., 
2013; Mentink et al., 2014; Sawa & Korswagen, 2013; Silhankova & Korswagen, 
2007). An interesting aspect of these migrations is the fact that they are single 
cell events, making this roundworm a prominent model organism for the in 
vivo study of the role and mechanisms of Wnt signaling in the control of cell 
migration with an almost incomparable resolution.

Outline of the thesis

In Chapter 1, the bilateral pair of post-embryonic Q neuroblast lineages, the in 
vivo model system that is used in all the experimental work presented in this 
thesis, is introduced. A detailed explanation of the hierarchy and temporal 
progression of these lineages is provided as well as an overview of the genetic 
mechanisms underlying their biology, mainly focused on the regulation of their 
migration.

Chapter 2 describes an improved protocol developed to allow efficient 
fluorescent-activated cell sorting of large numbers of rare types of cells, such as 
the Q lineage cells, that is the basis of the Q lineage-specific RNA-seq that is 
presented in the subsequent chapters.

In Chapter 3, a comprehensive resource for the discovery of novel genes 
involved in the regulation of QR lineage fate is presented. Using FACS-based 
isolation of this lineage combined with RNA-seq, we generated a genome-wide 
transcriptional profile that we further validated through the more systematic 
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analysis of mRNA and protein dynamics of a selected set of transcription 
factors.

In Chapter 4, we focus on the role of canonical Wnt/β-catenin signaling in the 
termination of migration of QR descendants. Using Q lineage RNA-seq and 
functional genetic studies we discover that this pathway activates a specific 
transcriptional program, and that two of its direct targets, the Slt - Robo 
pathway component EVA-1/EVA1C and the Rho GTPase activating protein RGA-
9b/ARHGAP, are necessary and sufficient for migration inhibition. Furthermore, 
we propose a new model where the crosstalk between canonical and non-
canonical Wnt signaling occurs through antagonistic regulation of Rho GTPases 
to regulate migration of these cells.

Chapter 5 addresses the mechanisms by which the canonical Wnt/β-catenin 
signaling target gene mab-5 regulates posterior migration of QL descendants. 
Starting from a Q lineage-specific transcriptional profiling, we unveil a novel 
list of targets regulated by this transcription factor, and demonstrate that vab-
8, eva-1, and ebax-1 are involved in this migratory process. Moreover, we show 
that the E3 ligase PLR-1/ZNRF3/RNF43 integrates the negative feedback that 
results in robust mab-5 expression, which is an essential mechanism for the 
correct migration of these cells.

Finally, in Chapter 6 the results presented in this thesis are summarized and 
discussed.
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Abstract

During development, cell migration plays a central role in the formation of 
tissues and organs. Understanding the molecular mechanisms that drive and 
control these migrations is a key challenge in developmental biology that will 
provide important insights into disease processes, including cancer cell 
metastasis. In this review, we discuss the C. elegans Q neuroblasts and their 
descendants as a tool to study cell migration at single cell resolution in vivo. The 
highly stereotypical migration of these cells provides a powerful system to study 
the dynamic cytoskeletal processes that drive migration as well as the 
evolutionarily conserved signaling pathways (including different Wnt signaling 
cascades) that guide the cells along their specific trajectories. Here, we provide 
an overview of what is currently known about Q neuroblast migration and 
highlight the live cell imaging, genome editing and quantitative gene expression 
techniques that have been developed to study this process.
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Introduction

During late embryogenesis of C. elegans, the two Q neuroblasts, QL and QR, 
are born at similar positions within the lateral row of seam cells on the left and 
the right side of the embryo (Figure 1B, C) (Sulston and Horvitz, 1977). Both 
neuroblasts generate an identical lineage of migrating descendants, but 
interestingly, the direction of this migration is opposite between the two 
lineages. Following hatching of the larva, the QL neuroblast polarizes and 
migrates a short distance towards the posterior, whereas QR polarizes and 
migrates towards the anterior (Figure 2A). After this initial short-range 
migration, the two Q neuroblasts divide symmetrically, each generating two 
cells (Q.a and Q.p) which continue to move in the same direction as their 
progenitor cells. During this migration, Q.a divides once, giving rise to a sensory 
neuron (AQR in case of QR.a and PQR in case of QL.a) and an apoptotic cell, 
whereas Q.p divides twice to generate a mechanosensory neuron (AVM in case 
of QR.p and PVM in case of QL.p), an interneuron (SDQR from QR.p and 
SDQL from QL.p) and a cell that undergoes apoptosis (Chalfie and Sulston, 
1981; Sulston and Horvitz, 1977). By migrating in opposite directions, the Q 
neuroblast descendants are positioned both in the front and back of the animal, 
which may be a requirement for the sensory processes these neurons are 
involved in.
 During the past two decades, it has been shown that complex and 
evolutionarily conserved mechanisms govern this highly stereotypical cell 
migration, involving interplay between the basic cell polarity and migration 
machinery, Wnt signaling, and Hox genes (reviewed in (Middelkoop and 
Korswagen, 2014). A number of these mechanisms come into play simultaneously 
to regulate certain stages of the migration, while at the same time some play a 
pivotal role in determining which machineries are activated in subsequent 
steps. The linear nature of this process allows the study of interactions and 
transitions between these different molecular mechanisms. Moreover, the 
relative morphological simplicity of C. elegans, the ease of gene expression and 
protein localization analysis, combined with a powerful toolbox for genetic 
manipulation, makes the Q neuroblast system an excellent model to address 
important cell and developmental biological questions.
 Without being exhaustive, we here review multiple aspects of Q cell 
migration which emphasize the usefulness of the Q neuroblast linages as a 
single cell model system. First, we discuss what mechanisms control the initial 
left-right break of symmetry. Subsequently, we discuss the role of multiple Wnt 
signaling pathways in regulating the migration of the Q descendants to their 
final positions. Finally, we will give an overview of the known roles of the 
cytoskeleton-associated machinery in the migration process.
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Establishment of L/R asymmetry and initial migration

Establishment of left-right asymmetries is essential during metazoan 
development. For instance, laterality is critical for proper nervous system 
function, both in vertebrates and invertebrate organisms (Hobert et al., 2002). 
The Q neuroblasts provide a valuable model to better understand the 
mechanisms underlying these processes. In the 4-cell stage embryo, the 
blastomere ABp divides, generating two daughter cells located on the left and 
right sides of the embryo. These cells give rise to two lineages, which are 
bilaterally symmetric during the next 6 cell divisions, i.e., until the birth of the 
Q neuroblasts (Figure 1A) (Chalfie and Sulston, 1981; Sulston and Horvitz, 
1977). In QR and QL, this symmetry is broken when asymmetric polarization 
leads to formation of protrusions extending anteriorly and posteriorly, 
respectively, which will determine the direction of the subsequent cell migration 
(Figure 2A, B) (Honigberg and Kenyon, 2000; Middelkoop and Korswagen, 
2014). Although it is not clear if symmetry disruption is intrinsic to the cell 
lineages or if it is triggered by asymmetric external cues, several studies have 
provided important insights into the mechanisms governing this process.
 One of the first landmarks of Q neuroblast asymmetry is the formation 
of protrusions that are projected anteriorly and posteriorly by QR and QL, 
respectively (Figure 2A, B). In dpy-19 null mutants, at least 78% of both Q 
neuroblasts project protrusions in multiple directions, consistent with a role of 
dpy-19 in initial Q neuroblast polarization. Moreover, analysis of a DPY-19::GFP 
reporter gene shows that it is expressed in the Q cells, pointing towards a 
potential cell-autonomous role which still needs to be further explored 
(Honigberg and Kenyon, 2000). dpy-19 encodes a c-mannosyltransferase which 
has four mammalian orthologs (Buettner et al., 2013; Carson et al., 2006). 
mDPY19l1, one of these orthologs, has been implicated in the control of radial 
migration of glutamatergic neurons in the mouse cerebral cortex, suggesting a 
conserved role in metazoan neural migration (Watanabe et al., 2011). 
 Another gene that has been implicated in the regulation of initial Q 
neuroblast polarization and migration is mig-21 (Du and Chalfie, 2001). In mig-
21 mutants, both QR and QL lose the ability to properly polarize their protrusions 
in one direction resulting in erroneous initial migration, a phenotype that 
resembles what is observed when dpy-19 is mutated (Du and Chalfie, 2001; 
Middelkoop et al., 2012). The evidence that mig-21 is expressed transiently at 
similar levels in both Q neuroblasts, and that cell-specific knockdown of mig-21 
phenocopies the mutants while cell-specific expression rescues the phenotype, 
shows that this transmembrane protein functions cell-autonomously 
(Middelkoop et al., 2012; Sundararajan and Lundquist, 2012). Simultaneous 
mutation of mig-21 and dpy-19 does not enhance the phenotype, suggesting a 
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Figure 1. The Q neuroblast lineage. (A) The Q cells belong to a pair of symmetrical cell lineages 
which follow a stereotypical pattern of division, a common feature to all C. elegans cells. QL (B) 
and QR (C) are born within the two lateral rows of seam cells (V1 to V6) on the left and right side 
of the L1 larva, respectively. The left-right symmetry is broken when QL polarizes and migrates 
posteriorly, while QR migrates anteriorly. After this opposite migration, both lineages undergo 
an identical cell division pattern, although migrating in opposite directions. Ultimately, the Q 
lineages will generate two sensory neurons (PQR and AQR), two mechanosensory neurons (PVM 
and AVM), two interneurons (SDQL and SDQR), and four apoptotic cells (Q.aa and Q.pp). Note 
that (B) and (C) represent the lateral views of an L1 larva. For convenience, not all seam cells are 
represented.
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common genetic pathway (Middelkoop et al., 2012). Interestingly, this idea is 
supported by the in vitro evidence that mannosylation of the MIG-21 
thrombospondin repeats by DPY-19 is necessary for the secretion of a soluble 
form of MIG-21 (Buettner et al., 2013).
 Initial polarization is also dependent on the LAR receptor tyrosine 
phosphatase-like protein PTP-3 in a cell-autonomous manner (Sundararajan 
and Lundquist, 2012). In ptp-3 mutants, the Q neuroblasts show initial 
migration defects, which are rescued by Q cell-specific expression of ptp-3b. 
Compared to the single mutants’ phenotype, mig-21; ptp-3 double mutants do 
not show any enhancement (Sundararajan and Lundquist, 2012), implying that 
ptp-3/LAR is also part of the mig-21 - dpy-19 genetic pathway.
 UNC-40/Deleted in Colorectal Cancer (DCC) is another transmembrane 
protein cell-autonomously involved in this migratory process (Honigberg and 
Kenyon, 2000). DCC and its orthologs have been implicated in multiple aspects 
of development and disease, including neuronal migration and axon guidance 
(Duman-Scheel, 2009). Although UNC-40/DCC is known for its role as the 
receptor for the UNC-6/netrin ligand, its function in Q neuroblast polarization 
is independent of this ligand as well as of the putative co-receptor UNC-5 
(Honigberg and Kenyon, 2000). Similar to what is observed in dpy-19 and mig-
21 mutants, the direction of the initial polarization of the Q cells is randomized 
in the absence of unc-40, a phenotype that is rescued when unc-40 is expressed 
with a Q cell-specific promoter. Analysis of different mutant combinations 
indicates that unc-40 functions in parallel and/or redundantly with dpy-19, 
mig-21 and ptp-3/LAR (Honigberg and Kenyon, 2000; Middelkoop et al., 2012; 
Sundararajan and Lundquist, 2012).
 CDH-4, a cadherin repeat-containing transmembrane protein broadly 
involved in cell-cell contacts, has also been implicated in the migration of Q 
neuroblasts (Schmitz et al., 2008). This member of the Fat-like cadherin family, 
which also plays a role in axonal development, functions non-cell-autonomously 
at the onset of Q cell migration (Schmitz et al., 2008; Sundararajan et al., 2014). 
Mutant analysis revealed that cdh-4 functions differently in the two Q 
neuroblasts. In QR, cdh-4 acts in both the ptp-3/LAR and unc-40/DCC genetic 
pathways. However, in QL it acts in the ptp-3/LAR genetic pathway but in 
parallel to unc-40/DCC (Sundararajan et al., 2014).
 Based on the observation that in unc-40; mig-21 double mutants QR 
never migrates posteriorly, Sundararajan and colleagues proposed that, while 
in QL the two distinct regulatory branches are required for posterior polarization 
and migration, in QR they inhibit each other, allowing the cell to migrate 
anteriorly (Figure 2C) (Sundararajan and Lundquist, 2012). Moreover, the 
authors suggested that CDH-4 might be the cue directing posterior migration 
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in QL via the dpy-19 - mig-21  -ptp-3/LAR pathway, whereas in QR it facilitates 
the hypothetical mutual inhibition (Sundararajan et al., 2014). This model 
suggests that breaking of symmetry between the two cell lineages has already 
happened when the function of these genetic pathways takes place. Alternatively, 
the presence of an (as yet unknown) asymmetrical external cue could trigger an 
asymmetrical response in cells that are still symmetrical.
 It should be noted that other molecules that are not discussed here have 
been implicated in the initial migration possibly acting downstream of the actors 
mentioned above. Some of these will be further discussed later in this review.
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Figure 2. Asymmetric initial polarization and migration. (A, B) Epifluorescence microscopy 
images (false color images of nuclear and membrane localized GFP in the Q and seam cells) 
illustrating multiple steps of the initial Q neuroblast polarization and migration. At 1-2 hours 
after birth, QL (A) and QR (B) form protrusions (arrowheads) towards the posterior and anterior, 
respectively. In the following 2-3 hours, the Q cells migrate in the same direction to a position 
above the nearest seam cell, where they undergo cell division. (C) A model of the genetic 
interactions involved in initial Q neuroblast polarization and migration (Sundararajan et al., 
2014). According to this model, a posterior polarization propensity is established by the action of 
two parallel pathways. This symmetrical behavior is broken by asymmetrical genetic interactions 
between these pathways, which lead to opposite migratory directions.



28

Q descendant migration

Initial L/R asymmetry determines which signalling pathway is activated

As previously introduced, at the end of the initial asymmetric migration, both 
Q neuroblasts divide, giving rise to an anterior (Q.a) and a posterior (Q.p) 
daughter cell which continue to follow the migratory direction of the respective 
progenitor (Figure 1B, C). Accompanying this division comes a change in the 
molecular regulation of the migration, as the mechanisms controlling the 
initial polarization of the Q cells become mostly dispensable, with migration 
becoming dependent on different Wnt signaling pathways.
 In the QL descendants, posterior migration is maintained through the 
activation of canonical Wnt/β-catenin dependent signaling, which ultimately 
results in the expression of the Hox gene mab-5/Antennapedia, which is both 
necessary and sufficient for this process. In the QR descendants, anterior 
migration is regulated by non-canonical (β-catenin independent) pathways, 
which do not involve the activation of mab-5 (Harris et al., 1996; Korswagen et 
al., 2000; Maloof et al., 1999; Mentink et al., 2014; Middelkoop et al., 2012; Salser 
and Kenyon, 1992). 
 While the determinants of initial polarization may not be required for 
the actual migration of the Q descendants, they seem to be pivotal in 
determining which Wnt signaling pathway is activated. Middelkoop and 
colleagues found that in mutants such as unc-40/DCC and mig-21, where the 
direction of initial migration is randomized, mab-5/Antennapedia expression, 
i.e., activation of canonical Wnt/β-catenin dependent signaling, is not 
(Middelkoop et al., 2012). Using single molecule mRNA FISH (smFISH) (see 
toolbox), they noticed that anterior polarization was associated with lower 
levels of mab-5, while posterior polarization was associated with higher levels. 
These observations suggest that differential Wnt pathway activation is 
dependent on initial asymmetric polarization, with anterior and posterior 
polarization leading to activation of β-catenin-independent, and β-catenin-
dependent pathways, respectively. 
Interestingly, the two lineages respond to the same ligand, EGL-20/Wnt, despite 
the fact that this will activate two different signaling systems (Harris et al., 
1996; Maloof et al., 1999). EGL-20, which has no role in the initial migration, is 
secreted in the tail region and forms a posterior-to-anterior gradient, until the 
mid-body of the L1 larva (Coudreuse et al., 2006; Harris et al., 1996; Pan et al., 
2006; Whangbo and Kenyon, 1999). One could speculate that, due to initial 
migration, QR and QL would be exposed to different levels of EGL-20, which 
could explain the difference in pathway activation. This hypothesis suggests 
that the asymmetrical response is not due to an intrinsic mechanism, but rather 
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dependent on the location of the Q cells at the onset of this activation. However, 
dose-dependent analysis of EGL-20 activity revealed that the Q neuroblasts 
respond differently when exposed to the same EGL-20 levels (Whangbo and 
Kenyon, 1999). At low levels of EGL-20, only QL is capable of activating 
canonical Wnt/β-catenin signaling, whereas at higher levels also QR activates 
canonical Wnt signaling. Moreover, when the EGL-20 source is manipulated to 
form an anterior-to-posterior gradient in egl-20 mutants, both QR and QL 
descendant migration defects are rescued (Whangbo and Kenyon, 1999). 
Altogether, these results support a model where the differential response to 
EGL-20 arises as a consequence of intrinsic differences between the two cells. 
Alternatively, an unidentified asymmetric external cue could be upstream of 
this differential response. In both hypotheses, the initial asymmetric 
polarization and migration would underlie the subsequent left-right asymmetric 
response to the EGL-20/Wnt ligand. The questions that remain to be answered 
make this system a very exciting model to understand how Wnt-independent 
mechanisms can lead to differential activation of Wnt-dependent signaling in 
two apparently symmetric cells, ultimately resulting in the break of left-right 
symmetry.

The migration of the Q neuroblast descendants depends on multiple 
WNT signalling pathways

Wnt signaling encompasses a group of conserved signaling pathways which are 
characterized by Wnt-dependent activation of intracellular signaling cascades 
(Figure 3) (Clevers and Nusse, 2012). The different pathways are brought into 
play repeatedly in different developmental processes and stages where they 
trigger specific responses. These pathways have been classified into two main 
categories according to the intracellular mediators that they recruit. On the 
one hand, canonical Wnt signaling is characterized by its regulation of 
β-catenin-dependent gene expression, through the binding of Wnt ligands to 
Frizzled receptors and the co-receptor LRP5/6 (Figure 3A)  (Angers and Moon, 
2009; Clevers and Nusse, 2012). On the other hand, non-canonical Wnt 
signaling acts independently of β-catenin. Non-canonical Wnt signaling 
encompasses several distinct intracellular pathways that are initiated through 
binding of Wnt to Frizzled receptors, but also to alternative receptors such as 
the tyrosine kinase containing receptors Ror1/2 and Ryk (Figure 3B) (Angers 
and Moon, 2009; Niehrs, 2012).
 It has been shown that Wnt-dependent signaling is not involved in the 
initial polarization and migration of the Q neuroblasts (Sundararajan et al., 
2014). In contrast, several studies have reported an essential role for Wnt 
signaling in the migration of the Q neuroblast descendants (Forrester et al., 
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2004; Harris et al., 1996; Ji et al., 2013; Korswagen et al., 2000; Maloof et al., 
1999; Mentink et al., 2014; Zinovyeva and Forrester, 2005; Zinovyeva et al., 
2008). As previously stated, different Wnt pathways act in the QL and QR 
lineages, providing a useful model to study the mechanism and interplay of 
these signaling pathways in cell migration.
 A particularly intriguing case is the migration of the QR descendants 
QR.p and QR.pa (Figure 3C). While the long range migration of these neuroblast 
is driven by non-canonical Wnt signaling, termination of migration of QR.pa is 
dependent on activation of canonical Wnt/β-catenin dependent signaling (see 
below) (Mentink et al., 2014). Complex interactions and cross-talk between 
canonical and non-canonical Wnt pathways have been described before 
(Debebe and Rathmell, 2015; van Amerongen and Nusse, 2009). For instance, 
melanoma cells undergo a “phenotypical switching” between a proliferative 
(less invasive) state, and an invasive state. Associated with these two markedly 
different states is the activation of canonical Wnt signaling in the first and non-
canonical Wnt signaling in the latter (Debebe and Rathmell, 2015; O’Connell et 
al., 2010; Webster et al., 2015). Because of these similarities, the switch in Wnt 
signaling response in QR.pa may serve as a powerful model where such 
mechanisms can be further explored and better understood.

Canonical Wnt/β-catenin signalling in Q neuroblast descendant 
migration

In Wnt/β-catenin dependent signaling, binding of Wnt ligand to Frizzled (Fz) 
receptors and the co-receptor LRP5/6 initiates a signal transduction cascade 
that is dependent on the cytoplasmic protein Dishevelled (Dvl) and ultimately 
leads to the translocation of cytoplasmic β-catenin to the nucleus. Here, 
β-catenin functions as a transcriptional co-activator for TCF/LEF transcription 
factors. When Wnt ligand is not present, β-catenin is phosphorylated by a 
“destruction complex” which promotes its ubiquitylation and proteasome-
mediated degradation. The destruction complex is composed of the scaffold 
proteins Axin and APC, and the kinases GSK3β and CK1α (Figure 3A) (Clevers 
and Nusse, 2012).

QL descendant migration requires canonical Wnt/β-catenin signaling

In the course of the initial migration of QL, egl-20/Wnt interacts with mig-1/Fz, 
lin-17/Fz and mom-5/Fz to activate transcription of the Hox gene mab-5/
Antennapedia (Harris et al., 1996; Ji et al., 2013; Maloof et al., 1999; Salser and 
Kenyon, 1992; Zinovyeva et al., 2008). Expression of mab-5 in the QL lineage is 
both necessary and sufficient to drive posterior migration of these cells. 
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Extensive genetic analysis revealed that, together with these genes, this cascade 
also involves other key components of canonical Wnt/β-catenin signaling, 
namely, MIG-5/Dvl, BAR-1/β-catenin, POP-1/Tcf, PRY-1/Axin, AXL-1/Axin and 
GSK-3/GSK3β (Herman, 2001; Korswagen et al., 2002; Korswagen et al., 2000; 
Maloof et al., 1999; Oosterveen et al., 2007; Walston et al., 2006; Zinovyeva et 
al., 2008). In a recent paper, Ji and colleagues unraveled a new degree of 
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Figure 3. Wnt signaling controls Q descendant migration. (A) In canonical (β-catenin dependent) 
Wnt signaling, binding of Wnt ligand to the receptors Frizzled and LRP5/6 stabilizes β-catenin, 
which subsequently translocates to the nucleus to co-activate the expression of Wnt target genes. 
(B) Non-canonical Wnt signaling comprises several pathways which do not involve β-catenin 
and are mostly involved in the regulation of cytoskeletal remodeling. (C) The migration of QR.p 
and its descendants is controlled by the sequential activation of three different Wnt signaling 
systems (non-canonical, canonical and PCP-related) during the migratory process. (D) Network 
model of Wnt target gene regulation by the canonical Wnt pathway in the QL neuroblast (Ji et 
al., 2013). In this model, a network of positive and negative feedback loops explains the robustness 
of mab-5/Antennapedia expression. Importantly, this model postulates a conceptual change in 
how we envision canonical Wnt signaling in QL migration, by shifting the previous unidirectional 
view of this pathway to a more complex and feedback-rich network.
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complexity in the regulation of this process (Ji et al., 2013). By combining 
mutant and smFISH-based expression analyses, the authors found a strong 
correlation between the penetrance of the migratory phenotypes and variability 
in mab-5 expression. Theoretical modelling of this genetic system allowed the 
establishment of a network model of both positive and negative feedback loops 
between Fz receptors and the Wnt signaling cascade (Figure 3D). In a nutshell, 
activation of mab-5 causes a positive feedback on expression of lin-17, while 
repressing mom-5 and its own expression. Moreover, activation of the 
intracellular machinery which mediates signal transduction from the receptors 
to the mab-5 locus also generates feedback loops on lin-17 (positive) and mig-1 
(negative) expression. This work illustrates the potential of the C. elegans Q 
neuroblast system to study cell-to-cell endogenous control of gene expression 
variability and signal transduction robustness.

Termination of QR.pa migration is regulated by canonical Wnt/β-catenin 
signaling

After QR division, its descendants undergo a long-range anterior migration 
which is controlled by multiple non-canonical Wnt signaling mechanisms (see 
below for further discussion). Surprisingly, termination of migration when 
QR.pa reaches its final position requires cell-autonomous activation of a 
canonical Wnt/β-catenin dependent pathway. Mutation of core components of 
canonical Wnt signaling causes overmigration of QR.pa, while early or 
constitutive activation of this pathway results in premature termination of 
migration (Korswagen et al., 2002; Mentink et al., 2014; Whangbo and Kenyon, 
1999). These observations suggest that Wnt/β-catenin signaling may halt 
QR.pa migration by inhibiting non-canonical Wnt signaling. Alternatively, 
termination of migration may occur as a consequence of Wnt/β-catenin 
signaling promoting QR.pa division. 
 Similar to what is observed in QL descendant migration, activation of 
Wnt/β-catenin signaling in QR.pa relies on the cell-autonomous role of LIN-
17/Fz and MIG-1/Fz (Figure 3C) (Mentink et al., 2014). Quantitative analysis of 
expression by smFISH revealed profound differences in the temporal expression 
of these Frizzled receptors. Although lin-17/Fz expression remains relatively 
constant throughout the anterior migration of the QR descendants, mig-1/Fz 
expression is highly dynamic. In QR, mig-1/Fz expression reaches an average of 
19 transcripts, which drops to almost zero in QR.p, to be sharply upregulated in 
QR.pa (Figure 3A, B). Moreover, it was shown that upregulation of mig-1 in 
QR.pa is both necessary and sufficient to terminate anterior migration. Notably, 
mig-1 expression does not seem to be induced by external positional cues, 
leading to a model where upregulation of mig-1 is mediated through a cell-
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intrinsic timing mechanism. Supporting this model is the observation that the 
rise in the expression of mig-1 is not dependent on QR.pa position along the 
anterior-posterior body axis. The upregulation of mig-1 in QR.pa may provide a 
useful model to study how cell-intrinsic temporal regulation of gene expression 
can be controlled at the molecular level.

Non-canonical Wnt signaling regulates different steps of QR descendants 
migration

Non-canonical Wnt signaling comprises all the pathways that act independently 
of β-catenin (Figure 3B). These signaling pathways have been shown to have a 
major role in the regulation of cell and tissue polarity (Angers and Moon, 2009). 
Besides the Frizzled receptors, these non-canonical signaling pathways require 
other Wnt receptors such as Ror2 and Ryk and elicit both transcriptional and 
non-transcriptional responses in cells (Niehrs, 2012). In contrast to canonical 
Wnt signaling, not much is known about the downstream components that 
transduce the Wnt signal into specific cellular responses.
 The QR neuroblast descendants provide an amenable system to study 
how non-canonical Wnt signaling regulates cell migration in vivo. Among the 
five Wnt ligands included in the C. elegans genome, only egl-20/Wnt and cwn-
1/Wnt mutants significantly affect QR descendant migration (Whangbo and 
Kenyon, 1999; Zinovyeva et al., 2008). egl-20; cwn-1 double mutants show more 
severe defects than single mutants, showing that they work in two parallel 
pathways. As previously mentioned, egl-20 is expressed in the tail region of the 
L1 larva and forms a concentration gradient along the anteroposterior body axis 
(Coudreuse et al., 2006; Harterink et al., 2011; Pan et al., 2006). At the same 
developmental stage, cwn-1 is similarly expressed in the posterior part of the 
worm (Harterink et al., 2011; Pan et al., 2006). Given this posterior expression 
and the fact that EGL-20 forms a concentration gradient, it was hypothesized 
that both Wnt ligands could act instructively in QR descendant migration, for 
example by acting as repellent guidance cues. Interestingly, it was found that 
ubiquitous or anterior expression of egl-20 and cwn-1 partially rescued their 
respective mutant phenotypes, indicating that they function permissively in 
QR descendant migration (Mentink et al., 2014; Whangbo and Kenyon, 1999).
Even though EGL-20 and CWN-1 do not provide positional information to the 
migrating QR descendants, it was found that mild overexpression of egl-20 
from a ubiquitously expressed promoter increases the speed of QR.p migration 
(Mentink et al., 2014; Whangbo and Kenyon, 1999). As a result, the QR 
descendants localize at more anterior positions than in wild type animals. In 
contrast, overexpression of cwn-1 did not affect the migration of the QR 
descendants. Taken together, these results suggest that EGL-20 and CWN-1 act 
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in parallel to permissively regulate QR descendant migration. In addition to 
this permissive role, EGL-20 also has a more direct role in controlling the final 
position of the QR descendants by influencing the speed of QR.p migration 
(Mentink et al., 2014). 

CAM-1/Ror2 and MOM-5/Fz regulate the long-range anterior migration 
of QR.p

After a short Wnt signaling-independent migration, QR divides at a position 
dorsal to the seam cell V4. After this division, the QR daughter cell QR.p performs 
a long-range anterior migration which is regulated by two different Wnt receptors, 
the Ror2 ortholog CAM-1 and the Frizzled MOM-5 (Mentink et al., 2014). 
Examination of the genetic relationship between the Wnt ligands involved in 
QR.p migration and these receptors showed that egl-20 is part of the same 
pathway as cam-1, while cwn-1 functions in the same pathway as mom-5. This 
suggests that these receptors act in two parallel genetic pathways by responding 
to different Wnt signaling cues. Gene expression analysis performed by smFISH 
experiments showed that cam-1 and mom-5 are both expressed in QR.p. Together 
with Q cell-specific knock-down experiments, these data support a cell 
autonomous function of these receptors in Q cell migration. 
 Since QR.p migrates individually during this phase, this process 
represents a powerful tool to investigate dynamic aspects of a single migrating 
cell in vivo (see toolbox). Live and static imaging performed on QR.p migration 
showed that MOM-5 and CAM-1 regulate two distinct dynamic aspects of the 
migration. While CAM-1 is required for persistent polarization of QR.p (the 
direction of the leading edge becomes randomized in cam-1 mutants), MOM-5 
controls the speed of QR.p migration, independently of its polarization. The  
long-range migration of QR.p represents the first example of a cellular migration 
process that is regulated by two different non-canonical Wnt pathways.
 Wnt-Ror2 signaling has also been reported to play an important role in 
mammalian cell migration. In the mouse, for example, migration of primordial 
germ cells (PGCs) to the nascent gonads is deregulated when Ror2 is mutated. A 
comparable phenotype is observed upon mutation of Wnt5a. Similarly to what 
was found with the EGL-20/CAM-1 pathway in QR.p migration, signaling of 
Wnt5a through Ror2 functions permissively in PGCs migration (Laird et al., 2011).

The dorsoventral migration of the final QR descendants QR.pap and 
QR.paa depends on vang-1 and prkl-1

After QR.pa terminates its migration along the anteroposterior body axis, it 
divides to generate the final descendants QR.paa and QR.pap. In contrast to 
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QR.p and QR.pa, the migration of these cells is mostly along the dorsoventral 
axis (Figure 3C). QR.pap moves dorsally and slightly anteriorly and differentiates 
into the neuron SDQR. QR.paa, on the other hand, migrates ventrally and a 
short distance to the posterior, where it differentiates into the mechanosensory 
neuron AVM (Figure 1C).
 The migration of QR.pap and QR.paa is dependent on two components 
of the planar cell polarity (PCP) pathway, an evolutionarily conserved non-
canonical Wnt pathway that controls cell polarity and migration (Devenport, 
2014). Animals carrying mutations in the C. elegans orthologs of Van Gogh like 
(Vangl)/vang-1 and Prickle/prkl-1 display several defects in the dorsoventral 
positioning of QR.pap and QR.paa, such as reduced or even reversed migration 
trajectories (Mentink et al., 2014). The similarity of the defects in vang-1; prkl-1 
double mutants compared to the single mutants suggests that the two genes act 
in the same pathway. smFISH experiments showed that vang-1 and prkl-1 are 
expressed in the QR descendants (Figure 4A). Interestingly, the expression 
dynamics of prkl-1 during QR lineage progression are significantly different 
from vang-1. While vang-1 maintains a similar average level of expression 
throughout the QR lineage, prkl-1 expression is strongly upregulated at the end 
of QR.pa migration (Figure 4B). This indicates that regulation of prkl-1 
expression may play an important role in specifying the switch from migration 
along the anteroposterior axis to migration along the dorsoventral body axis. In 
the final QR descendants, expression of prkl-1 is mostly restricted to QR.paa, 
indicating that prkl-1 may be particularly important for ventral migration.
 The UNC-6/netrin ligand and its receptors UNC-5 and UNC-40/DCC 
play an evolutionarily conserved role in regulating migration of cells and axons 
along the dorsoventral body axis (Duman-Scheel, 2009). This positioning 
system is also involved in the dorsoventral migration of QR.paa and QR.pap 
(Kim et al., 1999; Mentink et al., 2014). Double mutant combinations of unc-6 
with vang-1 or prkl-1 did not show any additive effects on the migration of QR.
pap and QR.paa, suggesting that these components may act in a common 
genetic pathway. Of note, cooperation between netrin and Wnt signaling has 
also been observed in C. elegans synaptogenesis (Poon et al., 2008). Taken 
together, these results establish the Q neuroblasts as a powerful system to 
examine the role of non-canonical Wnt signaling in cellular migration. 
Furthermore, future studies using this model may lead to deeper understanding 
of the cross-talk between Wnt signaling and other evolutionary conserved 
signaling pathways such as the Netrin pathway. 
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Canonical and non-canonical Wnt signaling act sequentially to regulate 
the anterior migration of the QR descendants

The non-canonical and canonical Wnt pathways that control Q neuroblast 
migration act in an opposite fashion. Non-canonical Wnt signaling promotes 
the long-range migration of QR.p and QR.pa along the anteroposterior body 
axis and the migration of QR.pap and QR.paa along the dorsoventral axis. 
Canonical Wnt signaling, on the other hand, inhibits the anterior migration of 
QR.pa (Figure 3C). Several lines of evidence suggest that these different Wnt 
signaling mechanisms act sequentially (Mentink et al., 2014). First, loss of 
canonical Wnt signaling does not affect the CAM-1/Ror2 and MOM-5/Fz 
dependent anterior migration of QR.p and QR.pa, nor the VANG-1 and PRKL-1 
dependent dorsoventral migration of QR.pap and QR.paa. Second, expression 
of the mig-1/Fz receptor that is hypothesized to trigger canonical Wnt pathway 
activation starts to be expressed once QR.p nears its final position and is further 
upregulated in QR.pa. Similarly, prkl-1 is only expressed when QR.pa nears its 
final position to divide into the QR.pap and QR.paa cells that undergo 
dorsoventral migration. Even though the canonical and non-canonical Wnt 
pathways act sequentially, it is likely that there is extensive cross-talk between 
these pathways. For instance, activation of canonical Wnt signaling in QR.pa 
may directly interfere with the CAM-1 and MOM-5 pathways to terminate 
migration. As discussed above, the Q cell system provides a powerful system to 
study such cross-talk mechanisms. 
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Figure 4. mig-1/Fz and prkl-1/Prickle expression is strongly upregulated in QR.pa. (A) smFISH 
analysis of endogenous mig-1 and prkl-1 expression in QR.p and QR.pa (outlined by white dotted 
line). Each red spot corresponds to a single mig-1 or prkl-1 mRNA molecule. (B) Quantification of 
mig-1 and prkl-1 expression during QR.p (green dots) and QR.pa (red dots) migration. The 
number of smFISH spots is plotted against the position of the cell along the anterior-posterior 
axis. Position is measured with respect to the seam cells H2 to V5. Although expression of both 
these genes is strongly enhanced in QR.pa, the expression dynamics of mig-1 and prkl-1 are 
different. mig-1 upregulation starts already in QR.p, while prkl-1 is enhanced more sharply at the 
end of QR.pa migration. Images and expression data are from (Mentink et al., 2014).
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Q neuroblasts as a model to study cytoskeletal remodeling and 
cell adhesion in single migrating cells

Cytoskeletal remodeling during migration of the Q neuroblasts and 
their descendants

The Q cells and their descendants offer a tractable model to study cytoskeletal 
dynamics in single migrating cells. While microtubule dynamics has been 
relatively poorly studied in this system, several studies have focused on the 
dynamic remodeling of the actin cytoskeleton.
 Central players in actin cytoskeletal rearrangements are members of 
the Rac small GTPase family. These signaling proteins oscillate from an active 
GTP-bound state to an inactive GDP-bound state (Bourne et al., 1991). Among 
them, CED-10/Rac and MIG-2/RhoG have a significant role in Q cell migration, 
and their function is maintained during Q descendant migration. Genetic 
analysis shows that these two factors act redundantly in the Q cells: double 
mutants of ced-10 and mig-2 severely affect not only the ability of these cells to 
extend protrusions during the initial polarization of the Q neuroblasts, but 
also the migratory capacity of the Q cell descendants (Dyer et al., 2010). 
Modulators of these small GTPases are the so-called GEFs (Guanine Exchange 
Factors), which enable their activation by promoting the exchange of GDP for 
GTP. Mutation of one of these GEFs, unc-73/Trio, produces a phenotype that is 
similar to what is observed in the mig-2; ced-10 double mutant. The phenotype 
is however less severe, indicating that unc-73 may act redundantly with other 
GEFs. One such GEF is pix-1, which produces a weak Q migration phenotype on 
its own and strongly enhances the phenotype of unc-73. Based on these results, 
Dyer and colleagues have proposed a model in which UNC-73 and PIX-1 act in 
parallel to regulate cytoskeletal remodeling in the Q cells. UNC-73 orchestrates 
the activity of both CED-10 and MIG-2, while PIX-1 may predominantly control 
CED-10/Rac (Dyer et al., 2010). 
 Through the study of MIG-2 and CED-10, the Q neuroblasts represent 
an ideal system to analyze how small GTPases differently regulate actin 
remodeling in their ON and OFF states. mig-2/Rho gain-of-function mutants 
show several defects in many migrating cells, but among those, only the Q 
neuroblasts and their descendants are also affected in mig-2 loss-of-function 
mutants (Zipkin et al., 1997). This fact not only shows that mig-2 is necessary 
for migration of these cells, but it also allows the examination of differences 
between mig-2 absence or constitutive activation. During the migration of 
QR.p, time-lapse live cell imaging (see toolbox) shows that in the absence of 
mig-2, the cell is mostly unpolarized and lacks a clear leading edge. mig-2 gain-
of-function mutants show a similar phenotype, but also display ectopic 
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formation of filopodia-like protrusions. These results show that MIG-2 is 
necessary for the formation of a leading edge, but that its activity needs to be 
restricted to be able to form a single protrusive front  (Mentink et al., 2014; Ou 
and Vale, 2009)
 A mechanism that links MIG-2 to actin remodeling was recently 
demonstrated by Tian and colleagues (Tian et al., 2015). Anillin is a multimeric 
scaffold protein that interacts with different cytoskeletal components and 
contributes to cleavage furrow formation during cytokinesis (Piekny and 
Maddox, 2010). In the Q neuroblasts ANI-1 accumulates at the cleavage furrow 
during cell division, and it translocates to the nucleus during cell migration. 
Surprisingly, in QR.ap, QR.paa and QR.pap, ANI-1 transiently localizes in the 
nucleus after cell division, but then redistributes to the leading edge during 
migration.  Furthermore, Q lineage specific deletion of ani-1 (see below) not 
only affected cytokinesis, but also resulted in defects in QR descendant 
migration. Interestingly, binding assays showed that ANI-1 physically interacts 
with MIG-2, indicating that MIG-2 may recruit ANI-1 to the leading edge. 
Indeed, it was shown that the localization of ANI-1 to the protrusive front of the 
migrating QR descendants was lost in mig-2 mutants. Together, these results 
are consistent with a model in which MIG-2 recruits ANI-1 to the leading edge 
and promotes protrusive activity by stabilizing F-actin (Tian et al., 2015).
 COR-1/Coronin is also implicated in regulating actin cytoskeletal 
remodeling in QR descendant migration. cor-1 mutants, like the ani-1 mutant 
described above, are embryonic lethal. In order to remove these genes from the 
Q neuroblast lineage, tissue-specific knock-outs of cor-1 were generated 
through the use of somatic CRISPR/Cas9 mediated deletion mutagenesis (Shen 
et al., 2014) (see CRISPR toolbox). This study indicates that COR-1 functions 
together with UNC-60/Cofilin to modulate actin branching at the leading edge 
of the QR descendants. 
 This polarized enrichment of COR-1 in the protruding front of the QR 
descendants is disrupted in mig-13 mutants (Wang et al., 2013). mig-13 encodes 
a homolog of the mouse low density lipoprotein receptor-related protein Lrp12, 
which regulates tangential neuronal migration during corticogenesis in the 
developing brain (Schneider et al., 2011). MIG-13 is required for the formation 
of protrusions in the anterior migration direction of the QR descendants and 
can even induce anteriorly directed protrusions when ectopically expressed in 
the QL lineage. The mechanism by which MIG-13 polarizes the QR descendants 
is still unknown, but it has recently been shown how its activity is regulated 
between the left and right Q cell lineages. Although mig-13 was previously 
thought to act cell-non-autonomously, it was found that mig-13 is expressed in 
the QR descendants – but not in the QL descendants – and that its activity in 
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these cells is necessary and sufficient for posterior migration (Sym et al., 1999; 
Wang et al., 2013). This left-right asymmetric expression of mig-13 is mediated 
through the antagonistic activity of the Hox genes lin-39 and mab-5. The 
expression of mig-13 is dependent on lin-39, which is expressed in the QR 
lineage. In the QL lineage, the expression of lin-39  is repressed by mab-5 and 
therefore mig-13 fails to be expressed (Wang et al., 2013).

Cell adhesion dynamics in the migrating Q neuroblasts and their 
descendants

Cell adhesion plays a crucial role in cell migration, because it provides the 
traction that is necessary for a cell to move over its substrate. The role of cell 
adhesion proteins in Q cell migration is, however, still poorly understood. One 
cell adhesion protein that has been shown to be required for Q cell migration is 
INA-1, one of the two C. elegans integrin alpha-subunits. ina-1 is expressed in 
the Q cell descendants and may act cell-autonomously in the migration process 
(Baum and Garriga, 1997). In ina-1 mutants, the overall polarity of QR.p is 
normal, but the speed of migration is strongly reduced (Mentink et al., 2014). 
This phenotype is similar to what is observed in mom-5 mutants, suggesting a 
potential link between the MOM-5 pathway and integrin dynamics. 
Interestingly, analysis of ina-1 expression in the QL lineage has shown that cells 
with the highest migratory capacity have lower levels of INA-1 than cells which 
migrate at lower speed, indicating that an optimal level of INA-1 is necessary for 
efficient migration (Ou and Vale, 2009). 
 A potential link between integrin mediated adhesion and the Rac 
GTPases discussed above is provided by the NIK kinase mig-15 (Chapman et al., 
2008; Shakir et al., 2006). NIK kinases contain a citron-like NIK (CNH) domain 
which interact with Rac GTPases and the integrin β-subunit, and have been 
shown to regulate cytoskeletal remodeling in Drosophila development and 
mammalian tissue-culture cells (Baumgartner et al., 2006; Su et al., 1998). 
Expression and mosaic analysis showed that mig-15 affects both initial 
polarization and the migration of the Q descendants in a cell-autonomous 
manner (Chapman et al., 2008). Moreover, epistatic analysis showed that mig-
15 and mig-2 might be involved in the same pathway (Shakir et al., 2006).
The extracellular matrix (ECM) also plays an important role in cell adhesion 
and migration. The complex structure of the ECM includes heparan sulfate 
proteoglycans (HSPGs). These glycoproteins, both plasma membrane bound or 
secreted in the ECM, have been shown to regulate different aspects of neuronal 
development, including cell migration and axon outgrowth (Bulow and Hobert, 
2004). In order to function correctly, HSPGs need to be properly synthetized 
and folded before reaching the cell surface or being secreted. Recent work 
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shows that hse-5 is required for the proper initial polarization and migration of 
the Q neuroblasts (Sundararajan et al., 2015; Wang et al., 2015).  hse-5 encodes 
the C. elegans ortholog of heparin sulfate-modifying glucuronyl C5-epimerase, 
an enzyme necessary for HSPG biosynthesis. hse-5 is not expressed in the Q 
cells, and migration defects in these mutants are rescued by expressing hse-5 
with a hypodermal promoter, indicating that hse-5 acts cell-non-autonomously 
in Q neuroblast migration. Of the membrane bound HSPGs, the single 
Syndecan ortholog of C. elegans, sdn-1, was already known to regulate different 
neuronal migrations (Rhiner et al., 2005). Wang and coworkers found that sdn-
1/Syndecan is also required for the migration of the Q descendants, but not for 
the initial polarization of the Q neuroblasts (Wang et al., 2015). Together with 
the evidence that sdn-1 is expressed in the Q cells, these results show that hse-5 
and sdn-1 act in distinct processes to regulate Q cell migration.

Conclusions and perspectives

The Q neuroblast system has provided important insight into cell migration 
mechanisms. An intricate picture has emerged of the mechanism that 
establishes the initial left-right asymmetry of the Q neuroblasts, of the basic 
cell migration machinery and the function of proteins such as ANI-1 and COR-
1 in actin dynamics, and the role of both canonical and non-canonical Wnt 
signaling in guiding the QR descendants through the different phases of their 
migration. 
 Of course there are still many questions on the molecular mechanisms 
that are involved in these different aspects of Q cell migration. Recently, several 
new techniques have been developed that will be instrumental in answering 
these questions. The CRISPR/Cas9 system provides an efficient method to 
engineer specific mutations into the genome and to generate knock-in strains 
in which genes are endogenously tagged with fluorescent proteins. Such knock-
in strains will be invaluable to examine the subcellular localization of proteins 
at endogenous expression levels. Furthermore, methods have been developed 
that enable the isolation of specific cell types for gene expression analysis 
(Spencer et al., 2014). Such cell isolation experiments will provide insight into 
the gene expression changes that drive the different phases of Q neuroblast 
migration.
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Toolbox

Imaging of Q neuroblast migration 

Several promoters can be used to express fluorescent proteins in the Q 
neuroblast lineage. A relatively specific promoter is the egl-17 promoter, which 
is predominantly expressed in the Q cell lineage during the L1 larval stage 
(Burdine et al., 1998). Also promoters that are expressed in the seam cell lineage, 
(such as the wrt-2 promoter) can be used, as these also drive expression in the 
Q cells.
 Live time-lapse imaging of Q cell migration was pioneered by Ou and 
Vale (Chai et al., 2012; Ou and Vale, 2009), using Levamisole to immobilize L1 
larvae. The use of Levamisole can be avoided if L1 larvae are immobilized using 
polystyrene micro-beads (Kim et al., 2013; Middelkoop et al., 2012). Using this 
method, animals can be imaged for up to 8 hours with spinning disc confocal 
microscopy.

Single molecule mRNA Fluorescent in situ hybridization (smFISH)

smFISH provides a powerful tool to study endogenous gene expression in C. 
elegans (Ji et al., 2013; Ji and van Oudenaarden, 2012). smFISH is performed by 
using a library of short oligo-nucleotides probes (around 20 nucleotides) that 
are each labelled with the same fluorophore. Hybridization of this library to the 
sample will produce a bright spot when a large fraction of the probes bind to the 
corresponding mRNA molecule. Since such a spot in principle represents a 
single mRNA molecule, it is possible to obtain quantitative measurements of 
gene expression dynamics by simply counting the number of spots in the cell 
(Figure 4A, B). 

CRISPR/Cas9 mediated genome editing

Forward genetic screens have been the primary source of mutants to study Q 
cell migration. Recently, the application of the CRISPR/Cas9 system for genome 
editing has added a novel tool to generate specific mutations (Waaijers and 
Boxem, 2014). Beside the conventional use of this system to generate specific 
mutations and knock-ins of fluorescent tags, recent studies have adapted the 
CRISPR/Cas9 system to delete genes in specific cells, included the Q neuroblasts 
(Shen et al., 2014; Tian et al., 2015). This is accomplished by expressing the Cas9 
protein only in the tissue or cell of interest, which will restrict gene editing to 
that specific cell or tissue. This method is particularly useful for studying genes 
that have essential functions during early development.
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Abstract

Single-cell isolation and transcriptomic analysis of a specific cell type or tissue 
offers the possibility of studying cell function and heterogeneity in time-
dependent processes with remarkable resolution. The reduced tissue complexity 
and highly stereotyped development of Caenorhabditis elegans, combined with 
an extensive genetic toolbox and the ease of growing large tightly synchronized 
populations makes it an exceptional model organism for the application of 
such approaches. However, the difficulty to dissociate and isolate single cells 
from larval stages has been a major constraint to this kind of studies. Here, we 
describe an improved protocol for dissociation and preparation of single cell 
suspensions from developmentally synchronized populations of C. elegans L1 
larvae. Our protocol has been empirically optimized to allow efficient FACS-
based purification of large number of single cells from rare cell types, for 
subsequent extraction and sequencing of their mRNA.
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Value of the Protocol

	Generation of single cell suspensions can be achieved in 2.5 h compared 
to the 3 h of previous protocols, reducing transcriptional effects due to 
stress and loss of viable cells when FACS sorting.

	Efficient isolation for rare cell types.

	The quality of single cell suspensions allows its use for single cell RNA 
sequencing.

Experimental design

This protocol consists of four main steps:

1. C. elegans culture preparation and growth.

2. Synchronization of larvae at L1 arrest.

3. Obtaining synchronized populations of specific developmental stages.

4. Larvae dissociation and preparation of single-cell suspension.

Reagents and tools

	90mm Nematode Growth Media 
(NGM) agar plates

	NA22 bacteria
	M9 buffer
	5M NaOH
	Fresh sodium hypochlorite 

(household bleach)
	SDS-DTT solution (*)
	20 mg/mL Pronase E solution (*)
	Egg buffer (*)
	L-15/FBS medium (*)
	50 mL conical centrifuge tubes

	Glass funnel
	20 µm nylon filter
	5 µm filter, 
	21G1½ needles (or bigger),
	1 mL syringe,
	1.5 mL microcentrifuge tubes
	2 mL microcentrifuge tubes
	Centrifuge (compatible with 50 

mL conical centrifuge tubes)
	Benchtop microcentrifuge
	Tube rotator
	Pellet pestle motor

* See Appendix A: Supplementary material for a full description of the solution 
preparation.
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Description of the protocol

Here, we present an optimized protocol for the isolation of large numbers of 
rare cell types from C. elegans L1 larvae. We built on the knowledge from 
previous work (Zhang et al, 2011; Zhang et al, 2013; Spencer et al, 2014), and 
empirically developed a faster and more robust protocol. This protocol was 
optimized for the isolation of neuroblasts (Q lineage) as well as epidermal cells 
(seam cells), but it has also been successfully applied to other cell types such as 
mesoblasts (M lineage) (Molly Godfrey and Sander van den Heuvel personal 
communication). Note that even though this protocol was optimized for the 
isolation of cells from the L1 larval stage, adjustments in the chemical and 
mechanical treatments steps would in principal make it amenable for the 
isolation of cells from other larval stages.
 To improve the overall output and reduce the time needed for the 
procedure, we have introduced new steps such as filtration of the L1 arrested 
larvae sample and filtration of the final cell suspension, as well as the adjustment 
of the sample washing upon SDS-DTT treatment, which substantially reduces 
the time of this critical step. In addition, we reformulated the laborious 
mechanical treatment of the sample by introducing the use of a pellet pestle 
motor, which allows a more consistent and user-friendly procedure. Finally, we 
have removed the need for aseptic conditions when growing the C. elegans 
cultures, a change that had no impact on the quality of the cell sample and the 
downstream processing. This change not only contributes to a more user-
friendly procedure, but also reduces its technical requirements. It should be 
noted, however, that this protocol was optimized for use of the cell suspension 
for FACS and subsequent RNA isolation. If cell culturing is intended, the aseptic 
C. elegans culturing conditions presented by Zhang and colleagues should be 
taken into consideration.

1. C. elegans culture preparation and growth

1.1. Seed one hundred 90 mm NA22 plates by chunking approximately 100 
worms from an ongoing (non-starved) culture. 
NOTE 1: Use NGM plates seeded with 800-1000 µL NA22 bacteria.
NOTE 2: Animals to be seeded can be obtained from both synchronous 
and asynchronous populations. The use of a synchronous population 
allows maximizing the output of the protocol.
NOTE 3: In our experience, 80-100 plates ensure a good cell yield even 
in situations where there is a higher loss of sample during the steps of 
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this protocol or when chemical and mechanical treatments are less 
efficient. 

1.2. Incubate at 20 °C for multiple generations until the plates are full of gravid 
adults (shortly before the plates reach starvation). 
NOTE: It is important to not let the plates starve completely as this may 
affect development and gene expression.

IMPORTANT: C. elegans culture on solid plates can be replaced by growth in 
liquid cultures. In Appendix B, we present an adapted protocol for such culture. 
If this method is chosen, ignore steps 1.1 and 1.2.

2. Synchronization of larvae at L1 arrest

2.1. Collect animals with M9 buffer into 50 mL conical centrifuge tube tubes. If 
necessary, use multiple tubes.
NOTE: We typically use 2-3 tubes for this step. 

2.2. Centrifuge for 2 min at 800g.
2.3. Remove the top part of the M9 buffer, leaving the bottom 35 mL. 

NOTE: If there is too much bacteria in suspension, remove most of the M9 
buffer (being careful with the pellet), resuspend in M9 buffer, and repeat 
steps 2.2 and 2.3.

2.4. Add 5 mL 5M NaOH and 10 mL fresh sodium hypochlorite.
NOTE: Do not use sodium hypochlorite open for more than two weeks as 
this reduces the efficiency of the worm dissociation.

2.5. Vortex the sample for 5 min at maximum speed.
NOTE: Vortex time can be extended in order to decrease the number of 
carcasses and debris. However, this may result in a decrease in the number 
of hatching eggs.

2.6. Immediately centrifuge the sample for 2 min at 1300g.
2.7. Remove most of the supernatant and resuspend the pellet in 50 mL M9 

buffer. 
2.8. Centrifuge the sample for 1 min at 1300g.
2.9. Repeat steps 2.7 and 2.8 two more times.
2.10. Resuspend the sample in 25 mL M9 buffer.
2.11. Place the tube in a rotator and incubate overnight (12-18 h).

NOTE: Incubation times shorter than 12 h will result in a suboptimal 
number of hatched eggs.
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2.12. Place two 20 µm nylon filters into a glass funnel and pour the suspension 
of overnight hatched larvae into a new 50 mL conical tube. 
NOTE: If a large number of carcasses and debris are present in the 
suspension this will result in clogging of the filters and consequent loss of 
a significant part of the sample. In order to minimize the number larvae 
lost in this step, two approaches can be taken: 1) split the sample into two 
50 mL conical tubes, and filter the content of each tube separately; or 2) 
resuspend the clogged fraction of the sample and repeat step 2.1 using new 
filters.

IMPORTANT: If L1 arrested larvae are intended to be used proceed to step 3.6, 
ignoring steps 3.1-3.5, otherwise proceed with step 3.1.

3. Obtaining synchronized populations of specific developmental stages

3.1. Centrifuge filtered larvae for 1 min at 1300g.
3.2. Remove most of the supernatant, leaving 2.5-5 mL in the tube.
3.3. Resuspend the pellet by gently pipetting up-and-down and transfer the 

larvae suspension onto fresh NA22 plates previously incubated at room 
temperature. 
NOTE 1: Typically, 5 to 10 plates are necessary for this step. This number 
should be adjusted to the number of larvae present in the sample.
NOTE 2: It is important to ensure that the larvae are not pipetted onto 
areas of the plate not covered with bacteria as this will affect the 
developmental synchrony of the population.

3.4. Incubate at 20 °C until animals have reached the desired developmental 
stage.
NOTE: Going through the L1 arrested stage affects the timing of 
developmental events compared to non-starved populations. We 
recommend prior optimization to determine the optimal incubation time 
by performing steps 1.1-3.6 of this protocol followed by an evaluation of the 
desired developmental stage. Multiple incubation times can be tested 
with a single batch of L1 arrested larvae.

3.5. After incubation, collect animals with M9 buffer into a 50 mL conical tube.
3.6. Pellet the sample by centrifuging for 1 min at 1300g.
3.7. Remove most of the supernatant and resuspend the sample in 50 mL M9 

buffer.
3.8. Repeat 1-2 times steps 3.6 and 3.7 to remove as much bacteria as possible.
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NOTE: This step is not necessary if L1 arrested worms are being used.

3.9. Remove most of the supernatant, leaving approximately 1.5 mL (including 
pellet).

IMPORTANT: At this point, place the SDS-DTT and Pronase E aliquots at room 
temperature. Before using it, make sure the SDS-DTT solution is clear of 
precipitates. If this is not the case, warm up the aliquot in the hand and vortex 
until it is clear.

4. Larvae dissociation and preparation of single-cell suspension

4.1. Prepare a 1.5 mL microcentrifuge tube by filling it with 100 µL of sterile 
water and marking the water level on the tube. Remove the water.

4.2. Resuspend the larvae pellet and transfer it to the marked 1.5 mL tube.
4.3. Centrifuge for 2 min at 16000g to pellet the larvae.
4.4. Carefully remove nearly all the supernatant, leaving the pellet as compact 

as possible.
NOTE: If the volume of the compacted larvae pellet exceeds the 100 µL 
mark, split the sample into multiple 1.5 mL tubes, and repeat steps 4.4 and 
4.5. Note that in this case it will be needed to thaw as many SDS-DTT and 
Pronase E aliquots as the number of 1.5 mL tubes used.

IMPORTANT: Execute steps 4.5-4.9 as fast as possible, as cell viability decreases 
if incubated in SDS-DTT solution for more than a couple of minutes.

4.5. Add 500 µL SDS-DTT solution to each tube and gently flick the bottom of 
the tube until mixed. Incubate for 2 min in the rotator.

4.6. Immediately after the SDS-DTT incubation, add 800 µL egg buffer to the 
reaction. Flick gently to mix.

4.7. Pellet the larvae by centrifuging at 16000g for 15 s.
4.8. Remove the supernatant and add 1 mL egg buffer. Resuspend the pellet by 

flicking the tube.
4.9. Repeat steps 4.7 and 4.8 at least 4 times.
4.10. Pellet the larvae at 16000g for 15 s. Remove supernatant until the 100 µL 

mark.
4.11. Add 500 µL of 20 mg/mL Pronase E and incubate for 10 min in the rotator.
4.12. Use the pellet pestle motor for 2 min, to dissociate worms and cells by 

mechanical force.
NOTE: Be careful as the solution may spill out from the tube during this step.
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4.13. Place the tube back on the rotator and let the sample incubate in Pronase 
E for an additional 30-35 min.

4.14. Add up to 800 µL cold L-15/FBS to stop the reaction.
4.15. Pellet the dissociated cells by centrifuging at 9600g for 5 min at 4 °C. 

Remove the supernatant.
4.16. Add 1 mL cold L-15/FBS and resuspend the cell pellet by gently pipetting 

up-and-down.
4.17. Repeat steps 4.15 and 4.16 two more times. Put the tube on ice.

IMPORTANT 1: From this moment on, always keep the sample on ice.
IMPORTANT 2: Place a 2 mL tube on ice before proceeding. 

4.18. Assemble a sterile 21G1½ needle onto the 1 mL syringe and take in 1 mL 
cold L-15/FBS.

4.19. Replace the needle with a 5 µm filter and slowly discharge the content of 
the syringe by applying constant force. Register the volume at which the 
solution starts to come out of the filter tip.

4.20. Reassemble the needle on the syringe and take in the 1 mL of cell 
suspension.

4.21. Replace the needle with the 5 µm filter and slowly push the sample 
through the filter by applying constant force until the value registered in 
3.17.

4.22. Filter the rest of the sample into the 2 mL tube previously placed on ice.
4.23. Assemble a new sterile needle on the syringe and take in 1 mL cold L-15/

FBS.
4.24. Replace the needle with the 5 µm filter and slowly push the full 1 mL into 

the 2 mL tube containing the sample.
4.25. Pellet filtered cells by centrifuging at 9600g for 5 min at 4 °C.
4.26. Remove the supernatant and resuspend the cells in 1 mL cold L-15/FBS by 

gently pipetting up-and-down.
4.27. Keep the tube on ice until cell sorting.

NOTE: To maximize the output of the experiment, it is important to 
minimize the time between the end of the protocol and the sorting of the 
cells. We typically FACS sort the cells no more than 30 min after the last 
step of the protocol.
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Final considerations regarding quality control and FACS 
optimization

Efficiency of the protocol and quality of the sample can be assessed by analyzing 
the cell suspension samples using a hemocytometer and an adequate microscope 
as described in Zhang & Kuhn, 2013. However, the detection of rare and small 
fluorescent cells using this procedure is very inefficient and hard to implement. 
We, therefore, recommend using this procedure only at initial trials of the 
protocol to assess the overall quality of the procedure, i.e., if cell dissociation is 
occurring as expected. In our hands, the most efficient way of evaluating the 
presence and quality of rare fluorescent cells is by FACS-based isolation of these 
cells followed by culture on lectin-coated glass bottom dishes as described in 
Zhang & Kuhn, 2013. Cells should be incubated for 24 to 48 h to allow adhesion 
to the bottom of the plate before further analysis.

Optimization of the FACS settings is highly dependent on the 
morphological features of the cell type of interest, quality and spectral features 
of the fluorescent markers, and the characteristics of the sorting equipment 
used. It is, therefore, necessarily a trial and error approach, since it is difficult to 
establish general rules for this procedure. Nevertheless, the following 
recommendations can contribute to minimize the optimization time:
	Use C. elegans strains carrying stably integrated transgenes with high 

expression of the fluorescent marker(s).
	When setting up the gating strategy, keep in mind that C. elegans cells 

are generally small. Flow cytometry facilities are commonly used to 
develop strategies to sort mammalian cells which are much larger in size.

	In each trial, sort different sub-populations that could fit the criteria for 
the desired cells separately. This can decrease the number of trials needed 
to find the correct population of cells.

	In parallel to the evaluation based on the cell culture mentioned above, a 
fraction of the sample can be resorted to access its purity and efficiency 
of the sorting.
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Appendix A: Supplementary materials

Egg Buffer

Reagents

	2M NaCl
	1M HEPES, pH 7.3 (store at 4 °C)
	2M KCl
	1M CaCl2

	1M MgCl2

Preparation

1. Combine the following reagents at room temperature:

Reagent Volume Final concentration

NaCl 29.5 mL 118 mM

HEPES pH 7.3 12.5 mL 25 mM

KCl 12.0 mL 48 mM

CaCl2 1.0 mL 2 mM

MgCl2 1.0 mL 2 mM

ddH2O 444.0 mL

Total 500.0 mL

2. Before proceeding with the measurements, calibrate the osmometer.
3. Measure the osmolarity. If necessary, adjust osmolarity to 340±5 mOsm by 

diluting with sterile ddH2O.
4. In a tissue culture hood, sterilize the buffer with a 0.22 μm vacuum filter 

unit.
5. Aliquot the egg buffer in 50 mL tubes to avoid contamination.
6. Store at 4 °C.

L-15/FBS medium

Reagents

	L-15 insect media (Invitrogen 21083-027)
	Fetal Bovine Serum (FBS, Invitrogen 16000-077)

NOTE: To avoid freezing and thawing of FBS, sterilely aliquot a new bottle 
into 50 mL tubes.
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	Penicillin-Streptomycin solution (Sigma P4458)
NOTE: 5,000 units penicillin and 5 mg streptomycin/mL

	60% w/v Sucrose, in ddH2O (sterile)

Preparation

1. Equilibrate the osmometer to room temperature overnight.
2. Thaw FBS overnight at 4 °C.
3. In a cell culture hood, combine the following reagents sterilely:

Reagent Volume

L-15 insect media 450.00 mL

10% FBS 50.00 mL 

Penicillin-Streptomycin solution 5.00 mL

Total 505.00 mL

4. Before proceeding with the measurements, calibrate the osmometer.
5. Measure the osmolarity. If necessary, adjust osmolarity to 340±5 mOsm by 

diluting with sterile 60% sucrose.
6. In a tissue culture hood, sterilize the buffer with a 0.22 μm vacuum filter 

unit.
7. Aliquot the L-15/FBS medium in 15 mL tubes to avoid contamination.
8. Store at 4 °C.

Pronase E solution

Reagents

	Pronase E (Sigma P8811)
	Egg buffer

Preparation

1. In a tissue culture hood, dissolve Pronase E to 20 mg/mL in cold sterile egg 
buffer.

2. Vortex thoroughly until dissolved.
3. Sterilely split the solution into 500 μL aliquots.
4. Store at -20 °C.
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SDS-DTT solution

Reagents

	1M HEPES, pH 8 (store at 4 °C)
	10% (w/v) Sodium dodecyl sulfate (SDS) (store at 4 °C)
	1 M Dithiothreitol (DTT) (store at -20 °C)
	60% (w/v) Sucrose

Preparation

1. Combine the following reagents at room temperature:

Reagent Volume Final concentration

HEPES pH 8.0 0.40 mL 20 mM

SDS 0.50 mL 0.25%

DTT 4.00 mL 200 mM

Sucrose 1.00 mL 3%

ddH2O 14.60 mL 2 mM

Total 20.50 mL

2. In a tissue culture hood, sterilize the solution using a 0.2 μm syringe filter.
3. Split the solution into 500 μL aliquots.

4. Store at -20 °C.
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Appendix B: C. elegans liquid culture

1. C. elegans worm preparation and growth for liquid culture

1.1. Seed ten 90 mm HB101 plates and put 15 L4 worms per plate.
NOTE: Use NGM plates seeded with 700 μL HB101 bacteria, spread out 
well over the plate as HB101 bacteria are very viscous.

1.2. Incubate at 20 °C until the plates are full of gravid adults.

2. Growth of HB101 bacteria for liquid culture

2.1. Inoculate 4 Erlenmeyer with 600 mL sterile Terrific broth plus 10 mM 
MgSO4 with HB101 bacteria derived from a clean streak and grow for 18 h 
at 37 °C and 200 rpm.
NOTE 1: Growth of HB101 in Terrific Broth increases yield almost two-fold 
compared to growth in LB at the same growth conditions. Addition of 10 
mM MgSO4 was found to be optimal to increase bacterial yield.
NOTE 2: Use sterilized Erlenmeyer and work sterile in preparation of the 
bacterial cultures.

2.2. Spin down bacterial cultures in 1 L sterilized buckets for 10 minutes at 
>3,500g at 4 °C.

2.3. Pool all bacteria in 100 ml freshly prepared S Medium and store at 4 °C 
until use.
NOTE 1: HB101 bacteria are preferably prepared the day before the liquid 
culture is started, to avoid storage for extended periods. If necessary, the 
pellets without addition of S Medium can be stored at -20 °C.

NOTE 2: 400 mL S Medium should be prepared fresh right before the start 
of the liquid culture.

3. Preparation and start of liquid culture

3.1. Collect animals with M9 buffer into a 50mL conical centrifuge tube.
3.2. Centrifuge for 2 minutes at 800g and remove most of the M9 without 

disturbing the worm pellet.
3.3. Wash the worm pellet with fresh M9 once, resuspending the worm in 35 

mL M9.
3.4. Add 5 ml 5M NaOH and 10 ml fresh sodium hypochlorite.

NOTE: Do not use sodium hypochlorite open for more than two weeks as 
this reduces the efficiency of the worm dissociation.
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3.5. Vortex the sample for 5 min at maximum speed, immediately followed by 
centrifugation for 2 minutes at 1,300g.

3.6. Remove the supernatant without disturbing the worm pellet.
3.7. Add fresh M9 and centrifugate for 2 minutes at 1,300g.
3.8. Repeat step 3.6 and 3.7 twice, not adding M9 after the last washing step.
3.9. Resuspend the embryos in 50 mL freshly prepared S Medium.
3.10. Add 250 mL S Medium to a sterilized 2 L plastic Erlenmeyer.
3.11. Add the HB101 bacteria in S Medium to the Erlenmeyer, followed by the 

embryo suspension in 50 mL S Medium.
3.12. Grown cultures in shake incubators at 20 °C at 175 rpm for 4 days (adjust 

to 1 generation depending on strain).
NOTE: Prior to continuation to the next step, take a sample (while maintain 
sterility of the culture) to check for the presence of gravid adults or 
contaminations.

3.13. Spin down the worm cultures in 200 mL buckets for 3 minutes at 450g and 
4 °C. Place the buckets on ice for 5 minutes after centrifugation to ensure 
worms settling to the bottom.

3.14. Remove supernatant and transfer the worms to a 50 mL conical tube.
3.15. Wash the pellet with M9 until most bacteria are cleared from the worm 

suspension.
3.16. Continue with ‘2. Synchronization of larvae at L1 arrest’ section from the 

main protocol.
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Reagent Volume Preparation Manufacturer

Terrific 
Broth

1L 47.6 g Terrific Broth powder 
4 mL glycerol

VWR (J869)
Boom (76050772) 

1M K2HPO4 1L 174.2 g K2HPO4
H2O to 1 liter
Autoclave

Merck (105104)

1M KH2PO4 1L 136.09 g KH2PO4
H2O to 1 liter
Autoclave

Boom (76020922)

1M MgSO4 1L 120.37 g MgSO4
H2O to 1 liter
Autoclave

Acros Organics 
(213115000)

1M CaCl2 1L 110.98 g CaCl2
H2O to 1 liter
Autoclave

Sigma-Aldrich (C2661)

Cholesterol 100 mL 500 mg cholesterol
Ethanol to 100 mL

Sigma-Aldrich (C3045)

Potassium 
phosphate

1L 132 mL 1M K2HPO4*3H2O (228.23 g/L) 
868 mL 1M KH2PO4  
Adjust to pH 6.0 by changing balance 
between solutions

Trace 
Metals 
solution

1L 1.86 g disodium EDTA 
0.69 g FeSO4*7H2O 
0.20 g MnCl2*4H2O 
0.29 g ZnSO4*7H2O
0.025 g CuSO4*5H2O 
H2O to 1 liter
Autoclave and store in the dark

Sigma-Aldrich (E4884)
Sigma-Aldrich (F8633)
Sigma-Aldrich (M3634)
Sigma-Aldrich (Z0251)
Sigma-Aldrich (C8027) 

Pen/Strep 5000 Units/mL penicillin 
5000 µg/mL of streptomycin

Gibco (15070-063)

Nystatin 10,000 Unit/mL in DPBS Merck (N1638)

S Basal 1L 5.844 g NaCl
Autoclave solution

Boom (76028327)

S Medium 1L 10 mL 1M potassium citrate pH 6.0
10 mL Trace Metal solution
3 mL CaCl2
3 mL MgSO4
PenStrep (to a final concentration of 200 μg/mL) 
Nystatin (to a final concentration of 10 μg/mL) 
S Basal to 1 liter
Add all reagents using sterile technique, do 
not autoclave
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Abstract

Understanding the temporal dynamics of mechanisms driving processes such 
as cell fate decisions and migration is pivotal in improving our knowledge of 
development. Advances in high-throughput RNA sequencing (RNA-seq) have 
allowed assessing genome-wide gene expression with unprecedented detail. 
Here, we have combined FACS-based cell isolation with RNA-seq to generate a 
genome-wide transcriptional profile of the C. elegans post-embryonic QR 
lineage with temporal resolution. We demonstrate that our results capture the 
known genetic make-up of this lineage and show that our findings are supported 
by more sensitive methods. Finally, we extended our gene expression analysis to 
protein dynamics to illustrate and validate its potential to capture relevant 
developmental decisions. Altogether, we have created a comprehensive resource 
for the discovery of novel genes involved in the regulation of QR lineage fate, 
and we demonstrated for the first time the applicability of FACS-based RNA-
seq to unveil temporal genome-wide transcriptional dynamics in post-
embryonic lineages of C. elegans.
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Introduction

Development of metazoan organisms is a complex process which must be 
timely regulated and coordinated to ensure the correct formation of functional 
and healthy individuals. Understanding temporal dynamics of gene expression 
is critical in understanding the developmental mechanisms underlying 
differentiation and morphogenesis, i.e., how cells progress in their fate 
landscape, from early precursors to terminally differentiated cells, and how 
they navigate to reach the correct spatial location, necessary for their function. 

In recent years, RNA sequencing (RNA-seq) has emerged as a prominent 
approach for genome-wide profiling of gene expression which has been used to 
elucidate the mechanisms driving development in different in vivo and in vitro 
metazoan model systems (Camp & Treutlein, 2017; Kumar, Tan, & Cahan, 2017; 
Packer et al., 2019; White et al., 2017; Yang et al., 2016). The possibility of using 
fluorescence-activated cell sorting (FACS) to isolate and purify large numbers 
of cells for transcriptomic profiling via RNA-seq has expanded our capacity to 
understand lineage-specific developmental events in vivo, even of rare cell 
types. Moreover, this approach has been successfully applied to unveil temporal 
genome-wide transcription dynamics driving such events (Berger et al., 2012; 
Bergsland et al., 2011; Burns, Kelly, Hoa, Morell, & Kelley, 2015; Lescroart et al., 
2018; Singh et al., 2018; Wissel et al., 2018; Yang et al., 2016). Such studies face, 
however, some challenges since most model organisms exhibit high 
morphological and developmental complexity, where even the simplest cell 
lineages can encompass tens or hundreds of cells. Even though the cells of these 
lineages can have a reasonably simultaneous progression through their fate 
landscapes, these are not fully synchronized processes, making comprehension 
of the underlying transcriptional dynamics extremely challenging.

The reduced complexity of the nematode Caenorhabditis elegans (C. 
elegans) makes it an appealing model organism for the study of temporal 
transcriptional dynamics driving development. The 959 somatic cells of an 
adult hermaphrodite compose defined tissue types such as muscles and the 
nervous system which display conserved morphogenic and functional 
properties (Corsi, Wightman, & Chalfie, 2015; Sulston & Horvitz, 1977; Sulston, 
Schierenberg, White, & Thomson, 1983). Combined with its anatomical 
simplicity, its invariant somatic cell lineage and the reduced interindividual 
time variation of developmental events, have allowed the use of RNA-seq to 
generate lineage-resolved transcriptional atlases of virtually all cells of the C. 
elegans embryo and L2 larval stage at single cell resolution (Cao et al., 2017; 
Hashimshony, Wagner, Sher, & Yanai, 2012; Packer et al., 2019; Tintori, Osborne 
Nishimura, Golden, Lieb, & Goldstein, 2016). Furthermore, RNA-seq of FACS-
isolated cells has also been successfully applied for the study of embryonic 
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(Warner, Gevirtzman, Hillier, Ewing, & Waterston, 2019) and post-embryonic 
cells of C. elegans (Deffit et al., 2017; Kaletsky et al., 2016, 2018; Kroetz & 
Zarkower, 2015; Lockhead et al., 2016; Mathies et al., 2019; Spencer et al., 2014). 
While studies focused on embryonic development aimed at characterizing 
lineage-specific transcriptional changes with temporal resolution, post-
embryonic studies have been restricted to understanding the biology of 
differentiated cells. This methodology offers, however, the possibility of 
studying genome-wide transcription changes of post-embryonic lineages with 
unprecedented resolution. 

Here, we have used RNA-seq of FACS-isolated cells to characterize the 
temporal transcriptional dynamics of an entire neuronal post-embryonic 
migratory lineage, the QR lineage, by focusing our attention on developmental 
stages encompassing the generation of its progenitor QR, up to the start of the 
terminal differentiation programs that specify the identity of its postmitotic 
neuronal descendants. The QR lineage arises during late embryogenesis with 
the birth of the QR neuroblast amid the row of ventrolateral seam cells located 
at the right side of the animal (Figure 1A) (Sulston & Horvitz, 1977). During the 
early L1 larval stage, QR polarizes anteriorly and migrates over seam cell V4, 
where it divides and originates an anterior (QR.a) and a posterior (QR.p) 
daughter cell. The QR.a neuroblast continues to migrate anteriorly until it 
asymmetrically divides into QR.aa and QR.ap. While QR.aa will go into 
programmed cell death, QR.ap will migrate towards the head of the animal 
where it will terminally differentiate into the sensory neuron AQR (Chalfie, 
Horvitz, & Sulston, 1981; Sulston & Horvitz, 1977). Similar to QR.a, the QR.p 
neuroblast also migrates anteriorly and divides asymmetrically  to generate the 
QR.pa neuroblast and the apoptotic cell QR.pp. Upon a short anterior migration, 
QR.pa will undergo a morphologically symmetrical cell division. Its daughter 
cells will then migrate dorsoventrally, with QR.paa moving ventrally to 
differentiate into the mechanosensory neuron AVM, while QR.pap moves 
dorsally to become the interneuron SDQR. The QR lineage offers an excellent 
model to study temporal transcriptional dynamics driving migration and 
differentiation. The 9 cells that compose this lineage offer a simple and trackable 
model with reduced complexity, while this model is complex enough to allow 
the study of mechanisms that are upstream of very diverse cell fate decisions 
such as programmed cell death and differentiation into different neuronal 
fates.

In this study, we have employed an improved protocol for the FACS-
based isolation (Fernandes Póvoa et al, manuscript submitted) which we 
combined with CEL-seq method (Hashimshony et al., 2016, 2012) to generate a 
transcriptional profile with temporal resolution of the QR lineage. We show 



71

3

that this can be used as an important resource for the discovery of relevant 
genetic players involved in the regulation of mechanisms of cell migration and 
cell fate decisions of this lineage.

Results

Isolation of C. elegans QR neuroblasts and seam cells

We aimed at describing the transcriptional program dynamics during QR 
neuroblast lineage progression by employing a method optimized for the 
isolation of rare cells from L1 C. elegans larvae (Fernandes Póvoa et al, submitted 
for publication) (Figure 1C). In addition to the QR lineage we also aimed at 
characterizing the transcriptional program of the seam cells present at the 
same developmental stage as the QR neuroblast. Our choice to include the 
seam cells was driven by two main reasons. On the one hand, seam cells are 
constituents of the epidermis (or hypodermis) (Sulston & Horvitz, 1977; Sulston 
et al., 1983), a tissue that is expected to have marked transcriptional differences 
compared to neuroblasts, therefore, allowing the assessment of genes 
transcriptionally enriched in the QR lineage. On the other hand, the QR 
neuroblast and seam cell V5, one of the seam cells present at this developmental 
stage, arise from the division of a common progenitor cell (AB.prapapaa). Even 
though V5 is only one of the ten seam cells present at this stage, we speculated 
that comparing QR lineage transcriptional profiles with those of seam cells 
could nevertheless give insights in the process of differentiation of the QR 
lineage, in particular of the initial commitment of QR to its neural fate.

The accurate sorting of the correct cells is essential for the 
implementation of our approach. However, there are no reported single 
promoter markers that we could have used to reliably distinguish between QR 
neuroblast lineage and seam cells, since all the seam cell markers are also 
expressed in the QR lineage, most likely due to the aforementioned lineage 
relationship between QR and V5. Therefore, we decided to implement an 
intersectional strategy by combining the expression of two different markers 
which allowed us to distinguish the two cell populations. To achieve this, we 
used C. elegans strains carrying a combination of two stable integrated 
transgenes: huIs166 and ayIs9, or huIs166 and bcIs133. huIs166 relies on the 
promoter of wrt-2 to drive expression of mCherry in the QR lineage and seam 
cells, while ayIs9 and bcIs133 express GFP in the Q lineage as well as in other 
cells, through the promoters of egl-17 and toe-2, respectively (Figure 1B). In this 
way we could accurately distinguish between the QR lineage cells (GFP and 
mCherry positive) and the seam cells (only mCherry positive) (Figure 1D). In 
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addition, another two constraints to our sorting strategy required further 
refinement. First, the lack of markers that are only expressed in the QR lineage 
but not in its sister QL lineage. To overcome this problem, we chose to use 
animals carrying the loss-of-function mab-5(gk670) allele where the QL lineage 
adopts a QR-like identity. mab-5 has been shown to be both sufficient and 
necessary for the posterior migration of Q neuroblasts, with mab-5 loss-of-
function mutants having a QL lineage that phenocopies the cell division and 
anterior migratory patterns of the QR lineage (Harris, Honigberg, Robinson, & 
Kenyon, 1996; Salser & Kenyon, 1992; Tamayo, Gujar, Macdonald, & Lundquist, 
2013; Zinovyeva, Yamamoto, Sawa, & Forrester, 2008). To ensure that the QL 
lineage truly adopts a QR-like identity at the transcriptional level, we used 
single-molecule mRNA fluorescent in situ hybridization (smFISH) to test if the 
previously reported QR lineage-specific expression pattern of mig-1 is 
recapitulated in these cells (Mentink et al., 2014), and observed that this is 
indeed the case (SFigure 1A and B). Second, the absence of markers that are 
specific for all the different cells that encompass the QR lineage posed another 
constrain to our ability to characterize the entire QR lineage. In order to 
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circumvent this, we decided to categorize the lineage into four developmental 
stages - Q (QR), Q.x (QR.a and QR.p), Q.xx (QR.aa, QR.ap, QR.pa and QR.pp), 
Q.xxx (AQR/QR.ap, AVM/QR.paa and SDQR/QR.pap) - and determined the 
time on food at which most larvae were in each of these stages (Figure 1E). 
Starting from a fully synchronized population of L1 developmentally arrested 
larvae, we observed that 1 hour of feeding was sufficient to release the animals 
from the arrest stage and have most of the population (96%) at the Q stage. We 
further determined that 7 and 7.5 hours were the best times for the Q.x and 
Q.xx stages, respectively. However, for both situations we could only get around 
60% of animals at the desired stage. We speculate that these suboptimal 
synchronizations are a consequence of interindividual variation in recovering 
from the potentially strong effects caused by the arrest stage, which adds on top 
of the developmental variation that is naturally observed between different 
individuals. Nevertheless, we considered that such an enrichment would still 
be enough to clearly differentiate the various stages at the transcriptional level. 
Interestingly, we observed that feeding for 7.5 and 8 hours resulted in 
approximately the same fraction of animals at Q.xx stage but the latter resulted 
in an enrichment of Q.xxx stage compared to Q.x stage. We decided to take 
advantage of this enrichment and used it to generate two subsets of the Q.xx 
stage: early Q.xx (Q.xx(e), 7.5 hours) and late Q.xx (Q.xx(l), 8 hours). We 
hypothesized that Q.xx(e) and Q.xx(l) would be enriched in genes expressed 
earlier and later, respectively, in the Q.xx stage. No synchronization time was 
determined for Q.xxx as this stage comprises differentiated neurons which were 
out of the scope of this work. 

RNA-seq of QR lineage captures previously described dynamics 

We collected 3 biological replicates for Q, Q.x, and Q.xx(l) stages, and 4 
biological replicates for Q.xx(e). In addition, while collecting the Q stage 
replicates, we also obtained 3 biological replicates for the seam cells (Figure 
1D). Each biological replicate was composed of a pool of 2000 cells which were 
processed for bulk mRNA sequencing. Each sequenced sample had at least 
68661 unique transcripts (mean = 245787.1) corresponding to at least 6101 genes 
(mean = 8282.3) (Figure 2A). There was a clear variation both in the number of 
transcripts and the number of genes detected. A closer look at the data showed 
a positive relationship between these two variables, with increasing number of 
transcripts corresponding to an increasing number of detected genes. 
Furthermore, the distribution of the samples suggests that the observed 
sample-to-sample differences are independent of the stage of the isolated cells, 
being most likely the result of technical variability between different 
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experiments. We tested how well the samples cluster together based on 
Euclidean distances. The results showed that samples corresponding to the 
same stage are more closely related, with the seam cell cluster being the 
most distinct of all the clusters (Figure 2B). Accordingly, principal 
component analysis also showed that, in general, same-stage samples 
cluster together, with samples of the initial Q stage being more spread than 
the others (Figure 2C). The main variance in the data (77%) results from 
the differences from seam cells to the QR lineage, as well as from the initial 
Q stage to the later stages, while 8% of the variance is explained by the 
differences along the Q lineage. Not surprisingly, the samples from both 
the Q.xx(e) and Q.xx(l) stages appear very close together, evidencing the 
expected similarity between these two substages.

Next, we sought to test if our approach could detect the genes 
previously reported to be expressed in the QR lineage during the L1 larval 
stage, by comparing our datasets to the data obtained from f luorescent 
reporters and antibody staining, which was available in the most 
comprehensive C. elegans database (www.wormbase.com). We observed a 
high coverage of the previously described genes for all the stages of interest: 
Q (26 of 29, 89.7%), Q.x (16 of 18, 88.9%), and Q.xx (35 of 37, 94.6%) (Figure 
2D). Furthermore, 87.4% (76 of 87) of genes reported in the final 
descendants of the QR lineage (AQR, AVM and SDQR) were detected in 
both Q.xx(e) and Q.xx(l) data sets. Having qualitatively validated our data, 
we subsequently examined if our approach would also be capable of 
capturing previously reported gene expression dynamics. The only 
quantitative evaluation of gene expression in the QR lineage comes from a 
single work previously published by our group where smFISH was used to 
quantify mRNA levels of the genes cam-1, lin-17 and mom-5, in QR and 
QR.x (Mentink et al., 2014). To be able to compare the two different types 
of measurements (RNA-seq and smFISH) we calculated the expression 
fold-change between Q and Q.x stages. In all cases the transcriptional 
dynamics of both datasets are the same, with all genes being upregulated 
from Q to Q.x (Figure 2E). Furthermore, in the cases of cam-1 and lin-17 the 
fold-changes were very similar between the two measurements. We 
conclude that our approach is not only capable of identifying most of the 
genes previously reported to be expressed in the different stages of the QR 
lineage but is also capable of capturing relevant dynamics in gene expression 
between the different stages, therefore, validating our data sets as a valuable 
resource for the discovery of new genes involved in the regulation of the 
QR lineage.
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Lineage-specific RNA-seq is a tool to discover new candidates for the 
regulation of QR lineage biology

Having validated our data, we proceeded to explore the insights it could provide 
us about the QR lineage. The entire dataset comprises a total of 6764 expressed 
genes. Strikingly, the vast majority of these were present in all stages (5486, 
81.1%) (Figure 3A). Moreover, only a small fraction of genes was exclusively 
expressed in the QR lineage (352, 5.2%), or in the seam cells (97, 1.4%). Such a 
result could partially be explained by the presence of housekeeping genes as 
well as common signaling pathways which orchestrate the biology of both 
tissues. An example of such an overlap is, for instance, the well-known role of 
Wnt signaling in regulating both QR lineage migration and seam cell polarity 
(Middelkoop & Korswagen, 2014; Rella, Fernandes Póvoa, & Korswagen, 2016; 
Wildwater, Sander, de Vreede, & van den Heuvel, 2011; Yamamoto, Takeshita, & 
Sawa, 2011). We reasoned that even though these genes are present in both 
tissues, their expression levels could be markedly different. Therefore, we 
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performed a differential expression analysis between the QR lineage and the 
seam cells and observed that, despite the extensive overlap, a large fraction of 
these genes was expressed at significantly different levels between the two 
(Figure 3B and C). Of the 5486 genes found in all stages, 2204 (40.18%) were 
differentially expressed (fold change > 2, adjusted p-value < 0.1). In total, 3339 
of the 6764 detected genes were differentially expressed, with 1282 (18.95%) 
being enriched in the QR lineage while 2057 (30.41%) were enriched in the 
seam cells. Gene ontology and anatomy enrichment analyses shows that genes 
enriched in the QR lineage are typically associated with processes of 
neurogenesis and neuronal development, and are characteristic of neuronal 
cells, contrasting with those of the seam cells, which are significantly related to 
the epithelial system  (Figure 3D and E). 

Signal transduction plays a central role in both cellular differentiation 
and migration, two fundamental processes occurring in the QR linage. 
Approximately 12% (148) of the genes enriched in the QR lineage have been 
associated with signal transduction, including 23 genes that encode receptors 
(Figure 3F). Remarkably, of these, only 32 (including 8 receptors) have been 
previously reported to be involved in the regulation of the QR lineage. These 
included genes involved in different signaling systems such as Wnt (mig-1, 
mom-5, lin-17, pop-1 and fmi-1), or Netrin (unc-40). The remaining 78% of signal 
transduction genes that have not been reported to act in the QR lineage 
encompass components of a diverse group of signaling mechanisms among 
which are Notch, Hedgehog, Integrin-mediated, and G-protein signaling. 
Genes encoding transcription factors are another group which are pivotal in 
regulating temporally relevant processes such as differentiation and migration, 
due to their capacity to orchestrate entire gene networks and drastically change 
transcriptional landscapes. We observed the transcriptional enrichment of 82 
transcription factors in the QR lineage belonging to a total of 37 different 
classes. The zinc finger C2H2 class of transcription factors was the larger group 
detected, encompassing 25 of the 82 genes (30.5%), while most classes (59.5%) 
are represented by a single transcription factor (Figure 3G). Similar to the signal 
transduction genes, most of the transcription factor genes enriched in the QR 
lineage (95.1%) have not been functionally linked to this lineage yet. In the light 
of the discrepancy in numbers between what has been described in previous 
studies and what we can detect in this study, and considering the reliability 
provided by the validation presented above, we conclude that our transcriptomic 
profiling can be explored and used to discover novel genes with relevant roles 
in QR lineage biology.
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smFISH-based single gene analysis confirms RNA-seq transcriptional 
dynamics in QR lineage 

Driven by the realization that transcription factor genes are a group that has 
been poorly characterized in the QR lineage, we decided to focus on some of 
these for further analysis. We chose 7 genes (belonging to 5 different classes) for 
which transcriptional dynamics have not been, or were only poorly characterized 
in the QR lineage: lin-32 (bHLH), hlh-2 (bHLH), hlh-3 (bHLH), unc-86 (HMG 
POU), tbx-2 (T-box), ztf-11 (ZF C2HC), and hmg-11 (HMG AT-Hook). Antibody 
staining has shown the presence of HLH-2 in QR, and UNC-86 in QR.p and its 
descendants as well as in QR.ap/AQR (Finney & Ruvkun, 1990; Krause et al., 
1997). Transcriptional reporters have been used to confirm the UNC-86 pattern, 
while translational reporters showed that LIN-32 is present in all the QR lineage 
neuroblasts (Baumeister, Liu, & Ruvkun, 1996; Zhu et al., 2014). Recently, ZTF-
11 was also shown to be present in QR.a and QR.p, through tagging of the 
endogenous locus (Lee et al., 2019). Besides lin-32 and unc-86, the expression 
data of all the other genes comes from circumstantial observations in studies 
not focused on the QR lineage, which explains the limited information available.  
In addition to a poorly characterized expression, most of these genes have never 
been reported to have a relevant role in the QR lineage, with the exception 
being lin-32 and unc-86 which have been implicated in the regulation of fate 
decisions in different stages of QR lineage differentiation (Chalfie et al., 1981; 
Finney & Ruvkun, 1990; Zhao & Emmons, 1995; Zhu et al., 2014). The 
transcriptional profiles of these genes show that they cover a broad range of 
expression levels (Figure 4A). The differences in the highest expression means 
between the different genes can differ by almost two orders of magnitude, from 
genes that are generally lowly expressed, as in the case of hlh-3 where the highest 
expression is reached in Q.x (mean = 8.9 counts), to genes such as unc-86 and 
hmg-11 where expression peaks reach values close to 300 counts (in Q.x and 
Q.xx(e), respectively). The fluctuations throughout the QR lineage were also 
different between genes. Most genes (hlh-2, hlh-3, tbx-2 and ztf-11) have a 
relatively constant expression in all stages of the QR lineage, while others have 
a more dynamic behavior, reaching their maximum expression at specific 
stages. This is the case for lin-32 where the highest expression occurs in the 
initial Q stage and then decreases in the following stages, or unc-86, where the 
highest expression is only reached in the Q.x stage. Interestingly, these dynamics 
seem to reflect the known biological roles of these genes. For instance, lin-32 
was shown to be indispensable in the commitment of QR to its neural fate, 
since in lin-32 mutants these cells fail to become neuroblasts adopting instead 
a V5-like seam cell fate (Zhao & Emmons, 1995). Similarly, in unc-86 mutants 
QR.p re-adopts the fate of its progenitor QR and its descendants recapitulate 
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the QR.a lineage, resulting in the appearance of an extra AQR neuron and the 
complete absence of all QR.p descendants (Chalfie et al., 1981).

Next, we decided to verify our observations by characterizing the 
expression of each of these genes using smFISH, a more sensitive method 
(Figure 4B). We observed a general similarity in the expression dynamics 
between the RNA-seq and the smFISH data (Figure 4C). There were, however, 
some discrepancies between the two. We, therefore, assessed if there was a 
correspondence between the significant RNA-seq and smFISH expression 
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changes. Of the 9 significant changes observed in the RNA-seq data, 8 were 
also significant in the smFISH counterpart, with the only exception being the 
upregulation of unc-86 between seam cell and Q (Figure 4D). However, we 
noticed that in the smFISH data there were 5 significant changes that were not 
matched by the RNA-seq data. Interestingly, 4 of these 5 expression changes 
correspond to transcriptional downregulation from Q to Q.xx (hlh-2 and tbx-2) 
or from Q.x to Q.xx (ztf-11 and hmg-11). We speculate that the presence of cells 
other than Q.xx in the Q.xx(e) sample (see Figure 1D) which have higher 
expression of these genes, might be the underlaying cause of these differences. 
Taken together, the results above show that significant changes in gene 
expression detected in our RNA-seq data are confirmed by a more sensitive 
technique. Moreover, they can also be used to infer the occurrence of relevant 
biological events, as it was seen in the cases of lin-32 and unc-86. 

Relationship between mRNA and protein dynamics 

Gene function is ultimately the outcome of the activity of its protein product 
rather than of its intermediate mRNA. Moreover, transcriptional output and 
protein levels have been shown to not always be directly correlated (Liu, Beyer, 
& Aebersold, 2016; Vogel & Marcotte, 2012). Having characterized the expression 
of each of the 7 transcription factors in the QR lineage, we explored if the 
transcriptional dynamics observed by smFISH have correspondence at the 
protein level. To broaden the reach of our analysis, we also included the final 
stage of the QR lineage (Q.xxx) (Figure 5A).  We used stably integrated 
transgenes composed of fosmids in which our genes of interest were tagged 
with GFP. These fosmid-based reporters contain the gene in its surrounding 
genomic sequence and have been shown to more faithfully reflect endogenous 
gene expression than plasmid-based reporters (Boulin & Hobert, 2012; Conradt 
& Horvitz, 1999; Tursun, Cochella, Carrera, & Hobert, 2009). Quantification of 
GFP protein levels based on fluorescence intensity showed that most of the 
significant increases in mRNA levels are accompanied by significant increases 
in protein at the same stage, suggesting that the gene might have a function 
already at that stage, with the only exception being tbx-2, which reaches its 
maximum of mRNA expression in the Q stage, even though it has virtually no 
protein detected (Figure 5C and D). Despite this exception, this concept is 
clearly supported by the aforementioned role of lin-32 and unc-86 in QR and 
QR.p, respectively. We also observed that for 5 genes, a transcriptional 
downregulation is followed by a delayed, but expected, decrease of the protein 
levels, with all 5 genes having practically no detectable protein in the Q.xxx 
stage (Figure 5C). Interestingly, in the cases of unc-86 and hmg-11, while their 
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Figure 5. Gene expression upregulation is consistent between mRNA and protein levels (A) 
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transcription is also downregulated, their protein levels continue to increase in 
the differentiated descendants of QR.  A striking observation that comes out of 
our quantification is that mRNA and protein levels reach their maximum values 
at different stages. Besides ztf-11, all other genes reach their protein peak one or 
two stages after the peak of mRNA. While a delay between the synthesis of 
mRNA and synthesis of protein would be expected as a consequence of the 
sequential nature of these processes, it is surprising that this delay occurs with 
a such a large time interval, where one or two rounds of cell division occur. This 
suggests that these genes might act not only in the stages where mRNA 
upregulation occurs but also in later stages. Altogether, our observations 
indicate that transcriptional upregulation seems to be a reliable indicator of a 
functional role for a gene, however, mRNA dynamics might not be sufficient to 
fully unravel the extent of its role in all stages of the QR lineage.

Discussion

In this study we have generated a genome-wide transcriptional profile of a post-
embryonic neuroblast lineage with temporal resolution, by combining FACS-
based cell isolation with RNA sequencing (RNA-seq) (Figure 1). A total of 6666 
genes were detected in the QR lineage, including 92.6% (50 out of 54) of the 
genes previously reported to be expressed throughout the non-differentiated 
stages of the lineage (Figure 2). To better understand the transcriptional 
landscape that regulates specific aspects of QR lineage biology, we have also 
included the seam cells in our analysis. These epidermal cells constitute the 
tissue of origin of the QR lineage, which emerges from the asymmetrical 
division of a progenitor cell (AB.prapapaa) that gives rise to seam cell V5 and 
the QR neuroblast (Sulston & Horvitz, 1977; Sulston et al., 1983). Through 
differential gene expression analysis, we could show that, despite the large 
qualitative transcriptional overlap between the two tissues (81.1%), almost half 
of the detected genes (49.4%) were enriched in either the QR lineage or the 
seam cells (Figure 3). Moreover, gene ontology and anatomy enrichment 
analyses of differentially expressed genes, indicated that the differences 
between transcriptional programs are deeply connected to the nature and 
biology of these cells. Amongst the 1282 genes enriched in the QR lineage, there 
were 156 (12.2%) signal transduction genes as well as 82 (6.4%) transcription 
factor genes. Considering that signal transduction mechanisms and 
transcription factors are two of the most prominent regulators of cellular 
differentiation and migration, two major developmental processes occurring in 
the QR lineage, it is not surprising to find such a substantial number of these 
genes expressed. However, only 34 of these 238 genes have been previously 
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described as being expressed in the QR lineage, evidencing that there is still a 
vast, and likely relevant, genetic program to be explored. In sum, the extensive 
overlap between the literature and the data presented here, and the large 
number of uncharacterized genes with potential to have important regulatory 
functions in the QR lineage, demonstrates the robustness of our methodology 
in the qualitative gene expression profiling of this neuroblast lineage, and 
suggests that this data can be used as a valuable resource for the discovery of 
novel genetic players regulating different aspects of QR lineage biology, such as 
migration and fate decisions. Furthermore, this post-embryonic lineage-
specific transcriptional profiling can enable the discovery of relevant genes 
which are hard to detect through other methods, such as forward genetic 
screens, due to the lethality caused by their essential role during embryogenesis, 
or the functional redundancy that they may have with other genes.

Using single-molecule mRNA fluorescent in situ hybridization 
(smFISH), a previous study looked at the mRNA dynamics of the Wnt signaling 
components cam-1, lin-17 and mom-5, and reported that these genes are 
upregulated from the Q to the Q.x stages (Mentink et al., 2014). We observed 
that our RNA-seq data, not only showed similar dynamics, but also similar 
degree of fold-change for two of these genes (Figure 2E). Since the available 
data was restricted to the Q and Q.x stages, we selected a group of 7 transcription 
factor genes enriched in our QR lineage datasets and tested if the transcriptional 
dynamics that we captured for the entire QR lineage would be confirmed by a 
more sensitive method such as smFISH. This single gene quantification 
validated 88.9% (8 out of 9) of the significant changes detected by our RNA-seq 
approach (Figure 4). We conclude that, in addition to the qualitative insights 
for gene discovery, the temporal resolution of the datasets can also provide 
important information about transcriptional dynamics. We observed, however, 
that our method was not sensitive enough to reproduce all the significant 
changes observed by smFISH, in particular, downregulation events, which 
accounted for most of the non-detected changes (4 out of 5). The presence of 
cells other than those from the stage of interest, a constraint imposed by the 
methodology available for synchronizing the large numbers of animals 
necessary for these experiments, is the most plausible cause underlying this 
reduced sensitivity for transcriptional downregulation. In addition, the smFISH 
analysis also showed that the levels of mRNA can dramatically differ between 
the cells within a particular stage, as it is observed in the case of unc-86 which 
is highly expressed in QR.p but absent from QR.a, or the case of hmg-11 where 
mRNA is detected in QR.ap and QR.pa but is almost absent in the apoptotic 
cells QR.aa and QR.pp (Figure 4B, SFigure 2A). While designing our experimental 
strategy, we predicted that such cases could occur as a consequence of the use 
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of markers that are ubiquitously present in all the cells of the QR lineage. 
However, the lack of cell-specific markers, which would allow the isolation of 
each individual cell of the lineage, hampered us from overcoming this limitation. 
In recent years, single cell RNA sequencing (scRNA-seq) has been successfully 
established as a method to resolve cellular heterogeneity in C. elegans (Cao et 
al., 2017; Hashimshony et al., 2012; Packer et al., 2019; Tintori et al., 2016). 
Implementing scRNA-seq of FACS-isolated cells could provide a valid solution 
to overcome the two technical constraints mentioned above. On the one hand, 
this approach would make it possible to assess the individual transcriptome of 
each cell that composes the QR lineage and, therefore, allow the distinction 
between the different cells within each stage. On the other hand, by sequencing 
each cell separately, it would be possible to circumvent the cellular impurity 
caused by pooling 2000 cells together for bulk RNA-seq. In addition to tackling 
these two limitations, scRNA-seq could also improve the temporal resolution 
of our method, by allowing the quantification of transcriptional dynamics 
within each of the QR lineage cells. This shift from a discrete to a continuous 
time-course could provide important information on the hierarchy of the genes 
acting within each cell to regulate processes like fate decisions or migration. 
scRNA-seq has, however, some disadvantages compared to bulk RNA-seq 
(Chen, Ning, & Shi, 2019). Most prominently, the low mRNA capture efficiency 
due to the small amount of starting material, can be problematic for the 
detection of lowly expressed genes, especially in small cells such as those of the 
QR lineage. Moreover, compared to bulk mRNA-seq, scRNA-seq data can be 
more variable and noisier, making the downstream analysis more difficult. 
Nevertheless, the two approaches are far from being mutually exclusive, and 
the combination of both may offer the best approach to fully understand the 
details of the transcriptional program governing this neuroblast lineage.

Driven by the evidence that mRNA and protein levels may not be 
directly correlated (Liu et al., 2016; Vogel & Marcotte, 2012), we assessed the 
protein levels of the 7 transcription factors by measuring the fluorescence 
intensity of stably integrated transgenes encompassing fosmids where our 
genes of interest have been tagged with a fluorescent marker (Figure 5). We 
observed that in most cases (6 out of 7), a significant increase in mRNA levels 
is accompanied by a significant increase in protein levels at the same QR lineage 
stage. This indicates that increases in mRNA and protein production are closely 
associated events. This dual upregulation is illustrated by the cases of lin-32 
and unc-86, whose levels increase in the Q and Q.x stages, respectively. It has 
been shown that these two genes have important functions at these specific 
stages. On the one hand, lin-32 is necessary for the QR cell to commit to its 
neuroblast fate (Zhao & Emmons, 1995). On the other hand, unc-86 is 
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indispensable for the fate of the QR.p neuroblast, which reiterates the fate of its 
progenitor QR in the absence of the wild type form of this gene (Chalfie et al., 
1981). We, therefore, propose that, if the increase in protein levels is a strong 
indication that a gene has a functionally relevant role in a particular stage, as it 
is observed in the cases of lin-32 and unc-86, then mRNA upregulation can be 
a good proxy for gene function in that stage. It would be important to further 
test this hypothesis by assessing the functionality of the other genes 
characterized, in stages where upregulation of both mRNA and protein occurs. 
We observed, however, that the positive association between mRNA and protein 
levels appears to be restricted to upregulation events. In all the cases analyzed, 
the maximum level of protein is either reached or plateaus during stages 
subsequent to the mRNA maximum. This result is not completely unexpected, 
since differences between mRNA and protein production and half-life have 
been widely reported and are a consequence of processes such as translational 
and post-translational regulation (Cambridge, 2019; Hausser, Mayo, Keren, & 
Alon, 2019; Schwanhäusser et al., 2011). It is, however, remarkable to observe 
that mRNA and protein levels reach their maximum values at different stages of 
the QR lineage. At a first glance, one could argue that the sequential nature of 
mRNA and protein synthesis, as well as the time needed for full maturation of 
the protein could account for these differences. However, such explanation 
seems to be insufficient considering that the time intervals separating the 
different stages have a range of hours. These differences could also result from 
a technical artifact caused by the GFP component of the translational reporters 
used. On the one hand, maturation of the GFP could cause a delay or extend in 
time the appearance of fluorescent signal. On the other hand, its presence 
could retard protein degradation leading to a delayed disappearance of the 
signal. Even though we cannot fully exclude these possibilities, our results 
suggest that this is not the case since we observe several cases where fast increase 
or decrease in fluorescent intensity levels occurs. Therefore, our observations 
suggest that these genes, not only play a role in the stages where transcription 
is upregulated and maximal mRNA levels are achieved but may also have 
important functions beyond that point, even in stages where mRNA is almost 
absent, as it is observed in the cases of tbx-2 and hmg-11. Altogether, our data 
indicates that mRNA upregulation has the potential to be a good predictor of 
gene function in a particular QR linage stage. However, considering the 
differences between mRNA and protein dynamics, mRNA fluctuations may not 
be sufficient to reveal the full extension of its functional importance throughout 
the entire lineage.

The relevance of quantifying mRNA and protein levels for each of the 7 
transcription factors for all cells that encompass the QR lineage, goes beyond 
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the validation of our RNA-seq methodology since it provides novel and more 
detailed information about these genes that can set the starting point for 
further studies (SFigure 2) . mRNA levels have never been quantified for any of 
these genes, and the information about protein available in the literature is also 
scarce. Moreover, besides hmg-11, all the other genes have been implicated in 
the regulation of neuronal fate or function (Chalfie et al., 1981; Doonan, Hatzold, 
Raut, Conradt, & Alfonso, 2008; Krause et al., 1997; Lee et al., 2019; Singhvi, 
Frank, & Garriga, 2008; Zhu et al., 2014). lin-32 is probably the most well 
characterized transcription factor in the QR lineage. This ortholog of Drosophila 
atonal and human Atoh1, has been shown to be a true proneural gene in this 
lineage. In lin-32 mutants QR fails to adopt a neural fate assuming instead a 
V5-like seam cell fate (Zhao & Emmons, 1995). lin-32 also has a role in the fate 
decisions of QR descendants, specifically, in the QR.a descendants. In lin-32 
hypomorphic mutants QR.a division becomes symmetrical resulting in an 
enlarged QR.aa which instead of undergoing apoptosis, survives and becomes 
an AQR-like neuron (Zhu et al., 2014). A previous study has assessed LIN-32 
expression using a Plin-32::lin-32::gfp translational reporter, obtaining results 
similar to those presented here (SFigure 2B and C) (Zhu et al., 2014). LIN-32 
belongs to the helix-loop-helix (bHLH) transcription factors class. These 
transcription factors were first found in Drosophila, and later in other 
invertebrate and vertebrate species, and have been shown to be necessary and 
sufficient for progenitor cells to acquire a neural or neuronal fate during nervous 
system development (Bertrand, Castro, & Guillemot, 2002; Skinner, Rawls, 
Wilson-Rawls, & Roalson, 2010). An important feature of these transcription 
factors is that they function as dimers, often as heterodimers (Grove et al., 
2009). Besides LIN-32, our selection also included 2 of the 6 bHLH transcription 
factors enriched in the QR lineage: HLH-2/E/Daughterless and HLH-3/
Achaete-Scute. Although with variable levels, HLH-2 and LIN-32 have a broader 
expression pattern compared to HLH-3, which is temporally and spatially 
confined (SFigure 2). Interestingly, E/Daughterless proteins, like HLH-2, tend 
to be more broadly expressed, and often form functional heterodimers with 
more restricted bHLH proteins such as Achaete-Scute factors, like HLH-3 
(Bertrand et al., 2002). Therefore, it would be interesting to explore to which 
extent these bHLH may act as heterodimers to regulate specific aspects of QR 
lineage progression. Another appealing gene for further studies is ztf-11. ZTF-11 
is a C2HC-type zinc finger transcription factor, and the only C. elegans ortholog 
of the conserved Myt1 family. This family of transcriptional repressors was first 
identified in Xenopus and has been reported to be critical for correct neural 
development and differentiation in different vertebrate models by repressing 
non-neuronal programs (Bellefroid et al., 1996; Mall et al., 2017; Vasconcelos et 
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al., 2016). Moreover, it has also been shown that expression of Myt1l, together 
with the bHLH Ascl1, and Brn2, is sufficient to drive transdifferentiation of 
fibroblasts into neurons in vitro (Wapinski et al., 2013). In C. elegans, a recent 
study showed that ztf-11 is necessary for the repression of epithelial identity 
during neurogenesis of several neuronal lineages (Lee et al., 2019). Furthermore, 
in some of these lineages ztf-11 expression appears to be dependent on the 
bHLH transcription factors LIN-32 and HLH-2. Interestingly, in ztf-11 mutants 
UNC-86 expression is lost in the QR descendant AVM, indicating that the fate 
of this neuron might rely on the action of ztf-11. It is not clear, however, if this 
effect is restricted to this cell or if there is a more ubiquitous role for this gene 
in the QR lineage. Our data shows that ZTF-11 is present throughout the entire 
QR lineage, except for the cells that will undergo apoptosis (QR.aa and QR.pp) 
and the postmitotic neurons (AQR, AVM and SDQR) (SFigure 2B and C). This 
suggests that the role of ZTF-11 might not be restricted to the fate of AVM but is 
also necessary to maintain (or determine) the neural identity of the entire 
lineage, guaranteeing that this identity is preserved until the complete 
differentiation of the neurons. Understanding if there is a regulatory hierarchical 
relationship between the bHLH transcription factors and ztf-11 expression, as 
well as the mechanisms through which this gene contributes to the fate of the 
different neuroblasts, could provide crucial insights into the QR lineage 
differentiation program.
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Materials and methods

C. elegans strains and culture

All C. elegans strains were grown at 20°C, using standard culture conditions, 
except when stated otherwise (Lewis & Fleming, 1995).  The Bristol N2 strain 
was used as wild-type. The alleles and transgenes used in this work are LGIII: 
mab-5(gk670); LGV: heIs63 [Pwrt-2::PH::gfp; Pwrt-2::H2B::gfp; Plin-48:: 
tdTomato], ayIs9 [Pegl-17::gfp; dpy-20(+)]; LGX: huIs166 [Pwrt-2::PH::mCherry; 
Pwrt-2::H2B::mCherry; dpy-20(+)]; and unassigned: bcIs133 [Ptoe-2::gfp + 
pRF4(rol-6(su1006))], ddIs101 [hmg-11(fosmid):: TY1::EGFP::3xFLAG + unc-
119(+)], huIs165 [Pwrt-2::PH::mCherry; Pwrt-2::H2B:: mCherry; dpy-20(+)], 
otIs502 [hlh-2(fosmid)::gfp; Pmyo-3::mCherry], wgIs159 [tbx-2(fosmid)::TY1:: 
EGFP::3xFLAG + unc-119(+)], wgIs476 [unc-86(fosmid)::TY1::EGFP:: 3xFLAG + 
unc-119(+)], wgIs511 [ztf-11(fosmid)::TY1::EGFP::3xFLAG + unc-119(+)], wgIs650 
[hlh-3(fosmid)::TY1::EGFP::3xFLAG + unc-119(+)], wgIs740 [lin-32(fosmid)::TY1 
::EGFP::3xFLAG + unc-119(+)].

Determination of feeding times

Samples of synchronized L1 arrested larvae carrying the mab-5(gk670) mutation 
were prepared following the same procedure described for FACS-based cell 
isolation (see below). Larvae were then incubated at 20°C on NA22 bacteria for 
different time intervals, after which they were collected with M9 buffer. Scoring 
of the QR lineage cell stage was performed by epifluorescence microscopy 
based on ayIs9 and huIs166 or bcIs133 and huIs165 transgene expression. 
Appropriate feeding times were selected based on the results of three 
independent experiments in which the maximum number of cells were at the 
desired stage.

FACS-based cell isolation for RNA-sequencing

Whole-animal single cell suspensions were prepared according to an optimized 
protocol for the isolation Q lineage neuroblasts and seam cells (Fernandes 
Póvoa, submitted manuscript) that was developed based on a previous method 
(Zhang, Banerjee, & Kuhn, 2011). In brief, gravid adult animals carrying mab-
5(gk670) mutation were collected in a solution containing M9 buffer, 1M NaOH 
and 5% NAClO and lysed by vortexing for 5-7 minutes to release the eggs. These 
were washed at least 2 times with sterile M9 buffer, resuspended in 25 mL M9 
buffer, and incubated at room temperature in a tube rotator for at least 12 hours. 
Synchronized L1 arrested larvae were subsequently incubated at 20°C on NA22 
bacteria for 1 hour (Q stage and seam cells), 7 hours (Q.x stage), 7.5 hours (Q.
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xx(e) stage) or 8 hours (Q.xx(l) stage). After incubation, larvae were collected 
and washed 3 times with M9 buffer. Cell suspensions were then generated by 
chemical and mechanical treatments and collected in L15/FBS. Prior to sorting, 
cell suspensions were passed through a 5μm filter. Sorting of fluorescently 
labelled cells was done using a BD FACSAria equipment. Sorted cells were 
collected directly into Trizol containing tubes and stored at -80°C until further 
processing. Cells from Q, Q.x and Q.xx(e) were sorted based on double 
fluorescent labeling resulting from the ayIs9 (GFP) and huIs166 (mCherry) 
transgenes while seam cell sorting was based on huIs166 transgene only and 
performed from the same samples as Q stage cells. Q.xx(l) stage cells were 
sorted based on bcIs133 (GFP) and huIs165 (mCherry) transgenes.

Library preparation and sequencing data analysis

A pool of 2000 cells was used per sample. mRNA extraction, barcoding, reverse 
transcription and in vitro transcription were performed according to the CEL-
seq protocol (Hashimshony et al., 2012) using the Message Amp II kit (Ambion). 
Illumina sequencing libraries were prepared according to the CELseq2 protocol 
(Hashimshony et al., 2016) using the SuperScript® II Double-Stranded cDNA 
Synthesis Kit (Thermofisher), Agencourt AMPure XP beads (Beckman Coulter), 
and randomhexRT for converting aRNA to cDNA using random priming. The 
libraries were sequenced paired-end at 50 bp read length on an Illumina HiSeq 
2500. The Illumina sequencing reads were aligned to the C. elegans references 
transcriptome, which was compiled from the C. elegans reference genome 
WS249 (Ebbing et al., 2018). Count data was analyzed using R (v 3.5.3). Cosmid 
ID were converted to gene names, except for genes whose gene names were not 
available. Only samples containing at least 65000 transcripts and 6000 genes 
were used for further analysis. Data normalization was done using DESeq2 
R-package. For comparison with the literature, a gene was considered to be 
present in a stage if normalized mean count ≥ 1 for that stage. For all other 
analyses only genes that had a normalized mean count ≥ 5 for at least one 
condition were considered. Differential gene expression analysis was also done 
using DESeq2 R-package. Genes were considered to be differentially expressed 
if adjusted p-value < 0.1 and log2(fold change) > 1. R-packages pheatmap and 
ggplot2 were used for visualization.

Single molecule fluorescence in situ hybridization (smFISH) 

The smFISH protocol was performed as previously described (Ji & van 
Oudenaarden, 2012; Raj, van den Bogaard, Rifkin, van Oudenaarden, & Tyagi, 
2008). In short, animals synchronized for 0-2 (Q stage and seam cells), 4-6 (Q.x 
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stage), 6-8 (Q.xx stage) or 12-16 (Q.xxx stage) hours after hatching were fixed 
using 4% paraformaldehyde and suspended in 70% ethanol. Hybridization was 
done overnight by incubating the samples at 37°C in the dark. Short 
oligonucleotide probes were designed using a specially designed algorithm 
(www.singlemoleculefish.com) and chemically coupled to fluorescent dyes 
Alexa 594 (mig-1), Atto-565 (hmg-11, unc-86, tbx-2, ztf-11) or Atto-633 (hlh-2, 
hlh-3, lin-32, tbx-2). Animals were incubated in buffer containing DAPI for 
nuclear counterstaining before mounting. For mig-1, images were obtained 
using a Leica DM6000 microscope, equipped with a Leica DFC360FX camera, 
100x oil objective and TX2 (Alexa 594), A4 (DAPI) and GFP filter cubes. Z-stacks 
of 0.5 μm slice thickness were acquired with 1024 x 1024 resolution and subjected 
to a 2 x 2 binning. For all the others, images were obtained using a PerkinElmer 
Ultraview VoX spinning disk microscope with 100x oil objective and 
Cy5(Atto-633), RFP(Atto-565), GFP and DAPI filters. Z-stacks of 0.33 μm slice 
thickness were acquired with 574 x 724 resolution and subjected to a 2 x 2 
binning, using Volocity software. In all cases, quantification was performed 
manually using ImageJ software. mRNA spots were counted only when visible 
in two sequential focal plains. Cells of the QR and QL lineages were identified 
based on heIs63 transgene expression. Analysis was performed using ImageJ 
(v1.43u or v1.52p) software. mig-1 data for wild type control was obtained from 
Mentink el at, 2014. Results were processed using Microsoft Excel and R (v 
3.5.3). R-package ggplot2 was used for visualization.

Confocal microscopy and quantification of fluorescent protein levels 

For static imaging, animals were synchronized for 0-2 (Q stage and seam cells), 
4-6 (Q.x stage), 6-8 (Q.xx stage) or 12-16 (Q.xxx stage) hours after hatching and 
mounted on 2% agarose pads containing 10 mM sodium azide. Images were 
made using a Leica SP8 confocal microscope using a 63x oil objective and 488 
nm (GFP) and 552 nm(mCherry) laser lines, with setting being kept the same 
for each strain. Q lineage cells and seam cells were identified based on huIs165 
or huIs166 transgene expression. Images of the mid-plain of the cell nucleus 
were acquired with 1024x1024 resolution and 16-bit grey levels and detector gain 
was set to avoid saturation. DIC images were acquired simultaneously with the 
fluorescence images. Quantification was performed manually using ImageJ 
(v1.52p) software. mCherry images were used to determine the regions of 
interest (ROI) encompassing each nucleus. The ROI was used to measure the 
average fluorescence intensity of each nucleus. In addition, an area of each 
animal outside the ROI was also measured in each worm to determine 
background to be subtracted from the average fluorescence intensity. 
Quantification results were processed using Microsoft Excel and R (v 3.5.3). To 
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determine the expression per Q lineage stage, the sum of the average fluorescence 
intensity of all the cells encompassing each defined stage was calculated only 
for animals where imaging of all these cells was possible. R-package ggplot2 
was used for visualization.

Gene ontology and tissue enrichment analysis

Enrichment analysis was performed using the Gene set Enrichment Analysis 
Tool available in wormbase (www.wormbase.org) (Angeles-Albores, Lee, Chan, 
& Sternberg, 2018; Angeles-Albores, N. Lee, Chan, & Sternberg, 2016). Genes 
significantly enriched in the QR lineage and in the seam cells were analyzed 
separately. R-package ggplot2 was used for visualization.

Statistical analysis

Statistical analysis for the gene specific normalized counts from RNA-seq data 
was done by doing pairwise comparisons between all stages using the DESeq2 
R-package statistical model (Love, Huber, & Anders, 2014). Results were 
considered significant at adjusted p-value (padj) < 0.05. smFISH and fluorescent 
intensity statistical analysis was performed using Kruskal-Wallis test followed 
by Dunn’s multiple comparison test. Results were considered significant at 
p-value < 0.05.
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Supplementary Figure 1 (related to Figure 1).  QL lineage adopts a QR-like identity at the 
transcriptional level in mab-5 loss-of-function mutants. (A) Quantification of mig-1 smFISH 
spots in QR.p and QR.pa cells in wild-type animals (n > 25). Data retrieved from Mentink et al. 
2014. (B) Quantification of mig-1 smFISH spots in QL.p and QL.pa cells in mab-5(gk670) mutant 
animals (n > 15)
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3

Supplementary Figure 2 (related to Figure 5). Gene expression can have variations in the cells 
that compose each QR lineage stage (A) Quantification of smFISH spots in the individual QR 
lineage cells and seam cells V4 and V5. n > 10. (B) Quantification of fluorescence intensity of 
GFP translational in the individual QR lineage cells and seam cells V4 and V5. n > 20. In (A) 
and (B) QR.ap and AVM refer to the same cell before and after terminal differentiation, 
respectively. (C) Overview of relative mRNA and protein levels in the QR lineage.
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Abstract

Members of the Wnt family of secreted glycoproteins regulate cell migration 
through distinct canonical and non-canonical signaling pathways. Studies of 
vertebrate development and disease have shown that these pathways can have 
opposing effects on cell migration, but the mechanism of this functional 
interplay is not known. In the nematode C. elegans, a switch from non-canonical 
to canonical Wnt signaling terminates the long-range migration of the QR 
neuroblast descendants, providing a tractable system to study this mechanism 
in vivo. Here, we show that canonical Wnt signaling activates a specific 
transcriptional program, and that two of its direct targets, the Slt - Robo 
pathway component EVA-1/EVA1C and the Rho GTPase activating protein RGA-
9b/ARHGAP, are necessary and sufficient for migration inhibition. Our results 
support a model in which cross-talk between canonical and non-canonical 
Wnt signaling occurs through antagonistic regulation of the Rho GTPases that 
drive cell migration.
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Introduction

Cell migration is a fundamental process in development and adult tissue 
homeostasis. During embryogenesis, for example, neural crest cells migrate 
throughout the embryo to form cell types like neurons, bone cells and the 
melanocytes of the skin (Szabo and Mayor, 2018). Once development is 
completed, cell migration remains important, especially in tissue repair and 
immune functions, while defects in cell migration are closely linked to disease.

Migration is regulated by specific membrane bound or secreted 
guidance cues, most of which have been highly conserved during evolution. 
Among these is the Wnt family of secreted glycoproteins that can trigger 
different signaling pathways in responding cells. In canonical Wnt signaling, 
binding of Wnt to the receptors Frizzled and LRP6 leads to stabilization of 
β-catenin, which in turn interacts with members of the TCF family of 
transcription factors to coactivate the expression of specific target genes 
(Clevers and Nusse, 2012). Wnt can also signal independently of β-catenin 
through different non-canonical pathways. These are activated by binding of 
Wnt to specific Frizzled members or alternative receptors such as the receptor 
tyrosine kinases Ror and Ryk (Angers and Moon, 2009). 

In neural crest cells, Wnt controls migration through a non-canonical 
pathway that regulates the activity of Rho family GTPases. This polarizes the 
cell, and ensures that protrusive activity is restricted to the lamellipodium at 
the leading edge of the cell (Carmona-Fontaine et al., 2008). Interestingly, 
activation of canonical Wnt signaling has been shown to inhibit neural crest 
cell migration (Maj et al., 2016), indicating that canonical and non-canonical 
Wnt signaling have opposing effects on migration. A similar antagonistic 
relationship has been observed in melanoma progression, where canonical 
Wnt signaling is associated with a proliferative but non-invasive phenotype, 
while non-canonical Wnt signaling is correlated with metastasis (Hoek et al., 
2006; Webster and Weeraratna, 2013). The mechanism of this functional 
interplay between canonical and non-canonical Wnt signaling in migration is, 
however, still poorly understood. 

The QR neuroblast lineage of the nematode C. elegans provides a 
tractable model system to study this cross-talk mechanism at single cell level, 
in vivo. During the first stage of larval development, the QR neuroblast divides 
into an anterior (QR.a) and a posterior (QR.p) daughter cell. Both cells migrate 
towards the anterior and divide at stereotypic positions to generate three 
functionally distinct neurons (Figure S1A) (Sulston and Horvitz, 1977). The 
migration of the QR descendants depends on Wnt signaling (Harris et al., 1996; 
Middelkoop and Korswagen, 2014; Zinovyeva et al., 2008) and detailed studies 
of the long-range migration of the QR descendant QR.p revealed that migration 
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is mediated through two parallel acting non-canonical Wnt pathways: an EGL-
20/Wnt and CAM-1/Ror dependent pathway that is required for persistent 
anterior polarization, and a CWN-1/Wnt and MOM-5/Frizzled dependent 
pathway that regulates migration independent of polarity (Mentink et al., 
2014). Importantly, once the QR.p daughter cell QR.pa reaches its final position, 
migration is stopped through a cell intrinsically regulated switch to BAR-1/β-
catenin dependent canonical Wnt signaling.

Here, we have investigated how activation of canonical Wnt signaling 
stops QR descendant migration. We found that activation of canonical Wnt 
signaling inhibits migration without affecting the ability of the cell to polarize 
towards the anterior. Consistently, genetic analysis demonstrated that it 
counteracts the CWN-1/Wnt - MOM-5/Frizzled dependent migration pathway 
and its downstream effector, the Rho activating protein PIX-1. mRNA sequencing 
of isolated QR descendants showed that canonical Wnt signaling induces a 
specific transcriptional program. We found that two direct target genes - eva-1, 
which encodes an essential component of the Slt - Robo pathway, and rga-9 
(isoform b), a conserved Rho GTPase activating domain containing protein - 
are necessary and sufficient for migration inhibition. These results show that 
termination of QR descendant migration is mediated through activation of Slt 
- Robo signaling, and a shift in the balance between the migration promoting 
activity of PIX-1/RhoGEF and the migration inhibiting activity of EVA-1/EVA1C 
and RGA-9b/ARHGAP. Given the evolutionary conservation of these different 
signaling components, we speculate that cross-talk at the level of Rho GTPases 
may also be important in the interplay between canonical and non-canonical 
Wnt signaling in vertebrate cell migration.

Results

Canonical Wnt/β-catenin signaling inhibits QR.p migration cell 
autonomously

We have previously shown that a switch from non-canonical to canonical Wnt 
signaling is necessary for terminating the anterior migration of QR.pa (Mentink 
et al., 2014). QR.pa migrates only a short distance, and therefore offers limited 
possibilities for studying migration dynamics and the mechanism of migration 
inhibition. We therefore focused on the long-range anterior migration of its 
precursor, QR.p, which was found to be similarly inhibited by constitutive 
activation of canonical Wnt signaling (Mentink et al., 2014). In these 
experiments, canonical Wnt signaling was activated using a mutation in pry-1, 
an ortholog of the β-catenin destruction complex component Axin (Korswagen 
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Figure 1. Activation of canonical Wnt signaling inhibits QR.p migration. (A) Time-lapse imaging 
of QR.p migration in wild type and animals specifically expressing ΔN-BAR-1 in the Q lineage 
(ΔN-BAR-1 Q). The seam (V) cells and QR.a and QR.p are marked with nuclear (H2B) and 
membrane localized (PH) GFP (huIs63) (Wildwater et al., 2011). Anterior is left, dorsal is up. 
Scale bar represents 15 μm (B) Average speed of QR.p during the first hour of migration (n>50 for 
all genotypes). Statistical significance was calculated using an unpaired t-test (*** p<0.001). (C) 
Position of QR.p division with respect to the seam cells. Position at the anterior (a), middle (m) 
or posterior (p) side of the seam cell are indicated as percentiles of the total number of cells 
analyzed (n>50 for all genotypes). Statistical significance was calculated using Fisher’s exact test 
(**** p<0.0001). (D) Quantification of QR.p polarity as calculated by the ratio of the distance 
from the nucleus to the posterior and the anterior side of the cell. Black lines indicate mean ± 
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SEM (n>30 for all genotypes). Statistical significance was calculated using an unpaired t-test. 
(E) Representative imagines of filamentous actin (F-actin) localization in QR.p in wild type 
and ΔN-BAR-1 Q expressing animals. A moesin actin binding domain fused to GFP 
(moeABD::GFP) was used to visualize F-actin (Zhu et al., 2016) and myristoylated mCherry as 
a marker for the Q cells. The ratio of moeABD::GFP along the anteroposterior and dorsoventral 
axes was quantified (n>20 for all genotypes). Scale bar represents 10 μm. Statistical significance 
was calculated using an unpaired t-test. The ΔN-BAR-1 (Q)  expressing strains contain mab-
5(gk670).

et al., 2002). During early larval development, pry-1 is expressed in the QR 
lineage, but also in other tissues, including the hypodermal and dorsal body 
wall muscle cells along which QR.p migrates. We therefore investigated whether 
the effect of canonical Wnt signaling on QR.p migration is fully cell autonomous. 
To specifically activate canonical Wnt signaling in the Q cell lineage, we used 
the egl-17 promoter (Branda and Stern, 2000) to express a constitutively active, 
N-terminally truncated form of BAR-1/β-catenin (abbreviated as ΔN-BAR-1 Q) 
(Gleason et al., 2002; Mentink et al., 2014). Moreover, a mutation in the Hox 
gene mab-5 was used to prevent activation of the posterior migration pathway 
that is normally induced by canonical Wnt signaling in the related QL lineage 
(Salser and Kenyon, 1992; Whangbo and Kenyon, 1999). As previously observed 
(Josephson et al., 2016; Mentink et al., 2014; Salser and Kenyon, 1992), this did 
not influence QR descendant migration (Figure 1C). We found that Q lineage 
specific expression of ΔN-BAR-1 strongly reduced the speed and distance of 
QR.p migration (Figure 1A, B, C). Furthermore, the decrease in QR.p migration 
distance was similar to pry-1/Axin mutants (Mentink et al., 2014). We conclude 
that canonical Wnt signaling acts cell autonomously in migration termination 
and that Q lineage specific activation of the pathway is sufficient to inhibit 
QR.p migration.

Canonical Wnt/β-catenin signaling inhibits the dynamic formation and 
collapse of filopodia at the QR.p membrane

At the onset of migration, QR.p and its sister cell QR.a polarize and form a 
lamellipodium-like protrusive front at the anterior side that is maintained until 
migration stops and the cell enters mitosis (Figure 1A). Time-lapse and static 
imaging showed that constitutive activation of canonical Wnt signaling does 
not influence the polarization of QR.p. Thus, we found that in ΔN-BAR-1 
expressing animals, QR.p still forms a major lamellipodium-like protrusion at 
the anterior side of the cell (Figure 1A, E). Moreover, the overall polarity - as 
measured by the ratio between the posterior and anterior sides of the cell - was 
similar in wild type and ΔN-BAR-1 expressing animals (Figure 1D). Consistently, 
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we found that the distribution of filamentous actin and its enrichment at the 
protrusive front of QR.p was not affected by activation of canonical Wnt 
signaling (Figure 1E). Taken together, we conclude that the inhibitory effect of 
canonical Wnt signaling on QR.p migration is independent of polarization and 
protrusive front formation.

Interestingly, time-lapse imaging of protrusive activity at the QR.p 
membrane showed that fewer filopodia-like protrusions were formed when 
canonical Wnt signaling was activated (Figure 2A, B). Furthermore, we found 
that these filopodia were more stable and significantly longer than in wild type 
animals (Figure 2A, C). We speculate that this reduction in filopodial dynamics 
contributes to the decrease in QR.p migration speed. 
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Figure 2. Activation of canonical Wnt signaling influences filopodial dynamics. (A) Time-
lapse imaging of QR.p in wild type and ΔN-BAR-1 (Q) expressing animals. Newly formed 
filopodia-like protrusions are indicated by pink arrowheads, stable protrusions by yellow 
arrowheads. The seam (V) cells and QR.p are marked with nuclear (H2B) and membrane 
localized (PH) GFP (huIs63) (Wildwater et al., 2011). The ΔN-BAR-1 (Q)  expressing strain 
contains mab-5(gk670). Anterior is left, dorsal is up. Scale bar represents 5 μm (B) Quantification 
of protrusive activity, as measured by the number of filopodia-like protrusions formed per 
minute. Data are represented as mean ± SEM (n=8 for all genotypes). Statistical significance 
was calculated using an unpaired t-test (*** p<0.001). (C) Length of filopodia. Data are 
represented as mean ± SEM (n>245 for all genotypes). Statistical significance was calculated 
using an unpaired t-test (*** p<0.001). 
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Canonical Wnt/β-catenin signaling genetically interacts with the CWN-
1/Wnt - MOM-5/Frizzled dependent migration pathway

Previous work has shown that QR.p migration is dependent on non-canonical 
Wnt signaling and a pathway that is defined by the Lrp12 ortholog MIG-13 
(Figure 3A) (Mentink et al., 2014; Wang et al., 2013; Zinovyeva et al., 2008). 
These pathways control distinct dynamic aspects of the migration process. 
Thus, the anterior polarization of QR.p is dependent on MIG-13 (Wang et al., 
2013) as well as the Wnt ligand EGL-20 and the non-canonical Wnt receptor 
CAM-1/Ror (Mentink et al., 2014). MIG-13 and CAM-1/Ror are part of distinct 
pathways, as double mutants of mig-13 and cam-1 show an additive phenotype 
(Figure S1B). Migration itself is dependent on CWN-1/Wnt and the receptor 
MOM-5/Frizzled, which are part of a non-canonical Wnt pathway that controls 
the speed of QR.p migration without affecting its polarity (Mentink et al., 2014). 
To investigate whether canonical Wnt signaling genetically interacts with these 
polarity and migration pathways, or inhibits QR.p migration through a different 
mechanism, we combined expression of ΔN-BAR-1 with mutations in cam-1/
Ror, mig-13/Lrp12 or cwn-1/Wnt. We found that the ΔN-BAR-1 induced defect in 
QR.p migration was strongly enhanced by cam-1 (Figure 3B, C), and that there 
was also a clear synergistic interaction between ΔN-BAR-1 and mig-13. Loss of 
cwn-1, on the other hand, had no additional effect. This is consistent with the 
phenotypic similarity between ΔN-BAR-1 and cwn-1/Wnt (and mom-5/Fz) 
mutants, both of which inhibit QR.p migration without affecting the ability of 
the cell to persistently polarize towards the anterior. We conclude that canonical 
Wnt signaling functions in the same genetic pathway as cwn-1, but in parallel to 
the cam-1/Ror and mig-13/Lrp12 polarity pathways.

Activation of canonical Wnt signaling induces a specific transcriptional 
program in the Q cell lineage

In canonical Wnt signaling, interaction of β-catenin with members of the TCF/
Lef1 family of transcription factors induces the expression of specific target 
genes (Clevers and Nusse, 2012). To investigate whether the ΔN-BAR-1 induced 
inhibition of QR.p migration is dependent on POP-1 - the single C. elegans 
TCF/Lef1 ortholog - we combined ΔN-BAR-1 with overexpression of a dominant-
negative, N-terminally truncated form of POP-1 (ΔN-POP-1) (Korswagen et al., 
2000). As shown in Figure 4A, ΔN-POP-1 strongly rescued QR.p migration, 
demonstrating that the effect of ΔN-BAR-1 on QR.p migration is mediated 
through POP-1/TCF dependent transcription.

To gain insight into the transcriptional changes that are induced by 
canonical Wnt signaling, we performed mRNA sequencing on Q cell descendants 
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imaging of QR.p migration in wild type, ΔN-BAR-1 (Q) and ΔN-BAR-1 (Q) combined with 
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isolated from control and ΔN-BAR-1 expressing animals. As detailed in the 
experimental procedures, similar populations of early Q cell descendants 
(predominantly QR.a and QR.p) were obtained by tightly synchronizing larvae 
before generating cell suspensions for fluorescence-activated cell sorting 
(FACS) (Figure S2A, B, C). Moreover, since both strains contain a loss-of-
function mutation in mab-5, the related QL lineage adopts the same anterior 
migration program as the QR lineage (Salser and Kenyon, 1992; Whangbo and 
Kenyon, 1999). The isolated cells are therefore a mixture of QR descendants 
and functionally transformed QL descendants. Three biological replicates were 
obtained for both control and ΔN-BAR-1 expressing cells, and a global analysis 
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of transcriptional differences showed that these datasets form distinct, non-
overlapping clusters in principle component space (Figure 4B). Differential 
gene expression analysis of the two genotypes revealed 78 differentially 
expressed genes, 72 of which were significantly upregulated in the ΔN-BAR-1 
expressing cells (false discovery rate, FDR < 0.1) (Figure 4C, S3A, Table S1). Most 
of these genes (59/78) contain at least one putative TCF binding motif 
(Bhambhani et al., 2014) within a 1.5 kb region upstream of the start codon, 
supporting the notion that these represent direct Wnt target genes (Table S2). 
Gene Ontology term analysis revealed an enrichment of genes involved in 
neural development and neuronal function (Figure S3B), including genes 
associated with the terminally differentiated state of the final Q cell descendants.

The canonical Wnt target genes eva-1 and rga-9b are necessary and 
sufficient for migration inhibition 

To identify potential mediators of ΔN-BAR-1 induced migration inhibition, we 
manually selected genes based on domain structure or previously reported 
roles in cell migration. Among these genes were (1) C02B10.3, an uncharacterized 
locus predicted to encode a secreted EGF-like repeat containing protein. (2) 
eva-1, which encodes a conserved transmembrane protein that functionally 
interacts with the SAX-3/Robo and UNC-40/DCC migration pathways (Chan et 
al., 2014; Fujisawa et al., 2007). (3) The isoform b of the uncharacterized gene 
2RSSE.1, which encodes a Rho GTPase-activating domain (GAP) containing 
protein that is related to Drosophila and mammalian ARHGAP family members. 
This gene was named rga-9. Since C02B10.3, eva-1 and rga-9 isoform b 
(abbreviated as rga-9b) were significantly upregulated in ΔN-BAR-1 expressing 
cells (Figure 4C, D), we first investigated whether expression of these genes is 
sufficient to inhibit QR.p migration. Q lineage-specific expression of C02B10.3 
had no effect on QR.p migration (Figure S1C). However, we found that migration 
distance was strongly reduced when eva-1 or rga-9b were expressed (Figure 5A, 
C). Importantly, and similar to ΔN-BAR-1, expression of eva-1 or rga-9b strongly 
decreased the speed of QR.p migration (Figure 5D) without affecting QR.p 
polarization (Figure 5E). 

Next, we tested whether eva-1 and rga-9b are required for the ΔN-BAR-1 
induced inhibition of QR.p migration. Because no mutant allele of rga-9 was 
available, we used CRISPR/Cas9-mediated genome editing and homologous 
recombination to generate a predicted null allele (deletion of the complete 
coding sequence, see experimental procedures). Loss of eva-1, rga-9b, or the 
combined loss of eva-1 and rga-9b did not affect the normal migration of QR.p 
(Figure S1D). However, as shown in Figure 5C, loss of eva-1 or rga-9b strongly 
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Figure 5. eva-1/EVA1C and rga-9b/ARHGAP are necessary and sufficient for the canonical Wnt 
pathway induced inhibition of QR.p migration. (A) Time-lapse imaging of QR.p migration in 
wild type and animals specifically expressing eva-1 or rga-9b in the Q neuroblast lineage using 
the egl-17 promoter. The seam (V) cells and QR.p are marked with nuclear (H2B) and membrane 
localized (PH) GFP (huIs63) (Wildwater et al., 2011). Scale bar is 15 μm (B) Schematic 
representation of the eva-1 and rga-9 loci and the predicted TCF binding sites that were mutated. 
(C) Position of QR.p division with respect to seam cells, indicated as percentiles of the total 
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rescued QR.p migration in ΔN-BAR-1 expressing animals.
Both the eva-1 and rga-9 loci contain consensus TCF binding motifs 

with predicted helper sites, a hallmark of functional POP-1 binding sites 
(Bhambhani et al., 2014). To investigate if eva-1 and rga-9b are direct target 
genes of canonical Wnt signaling, we used CRISPR/Cas9-mediated genome 
editing and oligonucleotide mediated repair to specifically mutate these sites 
(positioned 869 bp upstream of eva-1 and 3177 bp upstream of rga-9) (Figure 
5B). In case of eva-1, loss of the predicted POP-1 binding site strongly suppressed 
the ΔN-BAR-1 induced inhibition of QR.p migration (Figure 5C). Indeed, the 
phenotype of the TCF binding site mutation was similar to the eva-1 null 
mutant. Mutation of the predicted TCF site of rga-9 mildly suppressed the ΔN-
BAR-1 induced inhibition of QR.p migration, but this effect did not reach 
statistical significance. Since the rga-9 locus contains two additional predicted 
TCF binding sites with consensus helper site sequences (data not shown), we 
speculate that POP-1 may act through multiple sites in the rga-9 promoter. 
Taken together, these results show that eva-1 and rga-9b are canonical Wnt 
target genes that are both necessary and sufficient for inhibiting QR.p migration.

eva-1/EVA1C and the slt-1/Slit - sax-3/Robo pathway are necessary for 
canonical Wnt pathway dependent inhibition of QR.p migration

eva-1 encodes an evolutionarily conserved transmembrane protein with 
predicted galactose-binding lectin domains that is orthologous to human 
EVA1C (also known as C21ORF63) (Fujisawa et al., 2007). Previous studies have 
shown that EVA-1 functionally interacts with both the UNC-40/DCC and SAX-
3/Robo guidance pathways (Chan et al., 2014; Fujisawa et al., 2007). In 
combination with UNC-40, EVA-1 mediates the response of growing axons to 
the ligand MADD-4 (Chan et al., 2014). Since neither madd-4 nor the canonical 
UNC-40 ligand unc-6/netrin is required for QR descendant migration (Ebbing 
et al., 2019; Honigberg and Kenyon, 2000), we focused on the role of EVA-1 in 
SAX-3/Robo signaling. EVA-1 physically interacts with SAX-3 and functions as a 
co-receptor that confers specificity for the ligand SLT-1/Slit (Fujisawa et al., 
2007). Consistent with a shared site of action, we found that sax-3 is expressed 

number of cells analyzed (n>52 for all genotypes). Statistical significance was calculated using 
Fisher’s exact test (** p<0.01, *** p<0.001, **** p<0.0001). (D) Average speed of QR.p during the 
first hour of migration (n≥50 for all genotypes). Statistical significance was calculated using an 
unpaired t-test (*** p<0.001). (E) Quantification of QR.p polarity as calculated by the ratio of 
the distance from the nucleus to the posterior and the anterior side of the cell. Black lines 
indicate mean ± SEM (n≥19 for all genotypes). Statistical significance was calculated using an 
unpaired t-test (*** p<0.001). ΔN-BAR-1 (Q), eva-1 (Q) and rga-9b (Q) containing strains have 
mab-5(gk670).
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in the QR descendants (Figure 7B). Moreover, the ligand slt-1 is expressed in the 
dorsal body wall muscle cells along which QR.p and QR.pa migrate (Hao et al., 
2001). While a minor role for slt-1 and sax-3 has been reported for QR.ap (AQR) 
migration (Josephson et al., 2017), a function of these genes in the QR.p lineage 
has not been described. We found that loss of slt-1 strongly rescued QR.p 
migration in ΔN-BAR-1 expressing animals (Figure 5C). Indeed, this rescue was 
similar to what was observed in eva-1 null mutants. A slight (but not statistically 
significant) suppression was also found with sax-3(ky123). This weaker phenotype 
may result from residual sax-3 activity in this partial loss of function allele. Given 
the function of EVA-1 as a SLT-1 co-receptor and the similarity in phenotype of 
the eva-1 and slt-1 null mutants, we conclude that EVA-1 dependent activation of 
SLT-1 - SAX-3/Robo signaling is required for the ΔN-BAR-1 induced inhibition of 
QR.p migration.

rga-9b/ARHGAP and the cwn-1/Wnt - mom-5/Frizzled pathway 
component pix-1/RhoGEF have opposing activities in QR.p migration

rga-9b encodes a Rho GAP domain containing protein that is related to 
Drosophila and mammalian ARHGAPs. Rho family members - which include 
different forms of Rho, Rac and Cdc42 - are small GTPases that play a central role 
in cell polarity and migration (Lawson and Ridley, 2018). They are regulated by 
specific binding partners that either promote (guanine nucleotide exchange 
factors, or GEFs) or inhibit (GTPase-activating proteins, or GAPs) their activity. 
Previous studies have shown that the initial polarization and migration of the Q 
neuroblasts, and the long-range migration of their descendants, is dependent on 
the redundantly acting Rho-family members MIG-2 and CED-10 (Dyer et al., 
2010). Polarization and migration also require UNC-73, a GEF related to 
Drosophila Trio (Dyer et al., 2010; Honigberg and Kenyon, 2000). In unc-73 
mutants, the Q neuroblasts fail to form a major lamellipodium-like protrusion 
(Honigberg and Kenyon, 2000), a phenotype that is different from both cam-1/
Ror, and cwn-1/Wnt or mom-5/Frizzled mutants. UNC-73 acts synergistically 
with another GEF, the p21-activated kinase interacting exchange factor (PIX) 
ortholog PIX-1 (Dyer et al., 2010). We found that pix-1 null mutants show a 
significant decrease in QR.p migration distance (Figure 6A, C). Furthermore, 
the speed of QR.p migration was reduced, but there was no effect on lamellipodium 
formation and persistent anterior polarization (Figure 6A, B, D). Since this 
phenotype is similar to that of cwn-1 and mom-5 mutants, we tested if pix-1 is 
part of the same pathway. As shown in Figure 6C, loss of pix-1 did not enhance 
the QR.p migration phenotype of cwn-1, which is in agreement with a function 
of pix-1 in the CWN-1/Wnt - MOM-5/Frizzled dependent migration pathway.
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Figure 6. The Rho activating protein PIX-1 is part of the CWN-1/Wnt - MOM-5/Frizzled pathway. 
(A) Time-lapse imaging of QR.p migration in wild type and pix-1(ok982) animals. The seam (V) 
cells and QR.a and QR.p are marked with nuclear (H2B) and membrane localized (PH) GFP 
(huIs63) (Wildwater et al., 2011). Anterior is left, dorsal is up. Scale bar is 15 μm. (B) Average speed 
of QR.p during the first hour of migration (n>50 for all genotypes). Statistical significance was 
calculated using an unpaired t-test (*** p<0.001). (C) Position of QR.p division with respect to seam 
cells, indicated as percentiles of the total number of cells analyzed (n>50 except pix-1, n=33). 
Statistical significance was calculated using Fisher’s exact test (** p<0.01, **** p<0.0001). cwn-
1(ok546) data are from (Mentink et al., 2014). (D) Quantification of QR.p polarity as calculated by 
the ratio of the distance from the nucleus to the posterior and the anterior side of the cell. Black 
lines indicate mean ± SEM (n>25 except cwn-1; pix-1, n=16). Statistical significance was calculated 
using an unpaired t-test (*** p<0.001). cam-1(gm122) data are from (Mentink et al., 2014). (E) 
Position of QR.p division with respect to the seam cells, indicated as percentiles of the total number 
of cells analyzed (n>50 for all genotypes). The pix-1 and rga-9b (Q) single and double strains contain 
mab-5(gk670). Statistical significance was calculated using Fisher’s exact test.
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Next, we investigated if RGA-9b/ARHGAP counteracts the migration 
promoting activity of PIX-1. We found that overexpression of rga-9b induced a 
similar decrease in QR.p migration as loss of pix-1 (Figure 6E). Importantly, 
overexpression of rga-9b did not further decrease QR.p migration in a pix-1 
mutant background, indicating that the inhibitory effect of RGA-9b depends 
on the Rho activating function of PIX-1. 

eva-1 and rga-9b are also necessary for the canonical Wnt pathway 
dependent termination of QR.pa migration

Our previous results show that canonical Wnt signaling is activated during the 
transition from QR.p to QR.pa (Figure 7A) (Mentink et al., 2014). To investigate 
whether the transcriptional program that is induced by ΔN-BAR-1 reflects the 
physiological response to canonical Wnt signaling in QR.pa, we examined 
normalized mRNA sequencing data from different stages of Q lineage 
progression (Fernandes Póvoa et al., manuscript in preparation). Focusing on 
FACS-isolated cell samples enriched in early Q cells (QR) and late Q cell 
descendants (QR.ap and QR.pa), we found that 57 of the 78 genes (73%) that 
were significantly upregulated (fold change ≥ 2) by ΔN-BAR-1 were also 
upregulated (fold change ≥ 2) in the QR.pa enriched sample (Figure 7C), 
indicating that these genes are part of the endogenous response to canonical 
Wnt signaling in the QR lineage. 43 of the upregulated genes have predicted 
TCF binding sites within 1.5 kb of upstream sequence, but there were also 14 
genes in which such sites could not be identified (Table S2). Moreover, there 
were 21 genes (including 16 genes with TCF binding sites) that did not show 
increased expression. These may be high-threshold target genes that are only 
induced when canonical Wnt signaling is constitutively activated. 

Importantly, eva-1 and isoform b of rga-9 - but not isoform a - were 
upregulated in the QR.pa enriched population (Figure 7B, C). Given their 
essential role in the ΔN-BAR-1 induced inhibition of QR.p migration, we 
investigated whether eva-1 and rga-9b are also necessary for the canonical Wnt 
pathway dependent termination of QR.pa migration. Using the position of 
QR.paa and QR.pap (abbreviated as QR.pax) as a proxy for the final position of 
QR.pa, we found that - similar to bar-1/β-catenin null mutants - the QR.pax 
localized significantly more anterior in eva-1 and rga-9b single mutants. This 
effect was enhanced in the double mutant (Figure 7D), consistent with a parallel 
function of eva-1 and rga-9b in migration regulation. Furthermore, in agreement 
with the role of eva-1 in slt-1/Slit - sax-3/Robo signaling, loss of slt-1 and sax-3 
induced significant overmigration of the QR.pax as well. We conclude that eva-
1 and rga-9b are key mediators of the canonical Wnt pathway dependent 
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inhibition of QR.pa migration.
A downstream effector of Slit - Robo signaling in mammalian axon 

guidance is the Rho GTPase activating protein srGAP (Wong et al., 2001). Given 
the role of rga-9b/ARHGAP in terminating QR descendant migration, we 
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Figure 7. The Wnt target genes eva-1/EVA1C and rga-9b/ARHGAP are upregulated during QR 
lineage progression and required for terminating the anterior migration of the final QR 
descendants. (A) Schematic representation of the QR lineage and the role of canonical Wnt 
signaling (BAR-1) in stopping the migration of QR.pa. (B) Normalized RNA-seq expression levels 
in populations enriched for early (Q) and late (Q.pa and Q.ap, abbreviated as Q.xx) Q descendants 
in mab-5(gk670). Bars represent mean ± SEM. (C) Fold change in expression of genes differentially 
expressed in ΔN-BAR-1 (FDR <0.1) compared to fold change in expression between populations 
enriched for Q and Q.xx. (D) Position of the final QR.p descendants QR.paa and QR. pap (QR.
pax) with respect to seam cell nuclei, indicated as percentiles of the total number of cells analyzed 
(n>50 for all genotypes). Statistical significance (compared to wild type) was calculated using 
Fisher’s exact test (*** p<0.001, **** p<0.0001). bar-1(ga80) data are from (Mentink et al., 2014) 
(E) Model of cross-talk between non-canonical and canonical Wnt/BAR-1 signaling in QR 
descendant migration.
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investigated whether the C. elegans srGAP ortholog srgp-1 is also involved. We 
found that loss of srgp-1 induced significant QR.pax overmigration (Figure 7D), 
which is consistent with a role of srgp-1 in the Slit - Robo pathway dependent 
inhibition of QR.pa migration. However, unlike eva-1 or slt-1, loss of srgp-1 was 
not sufficient to suppress the ΔN-BAR-1 induced inhibition of QR.p migration 
(Figure 5C). Therefore, it is likely that other downstream effectors of SLT-1/Slit 
– SAX-3/Robo signaling are required as well. 

Discussion

The migration of the QR neuroblast descendants is regulated through a complex 
interplay between canonical and non-canonical Wnt signaling (Mentink et al., 
2014). During the first phase of migration, in which the QR descendant QR.p 
moves a relatively long distance towards the anterior, migration is dependent 
on two non-canonical Wnt pathways that separately control polarity and 
motility (Mentink et al., 2014). In the second phase, when the QR.p daughter 
cell QR.pa reaches its final anterior position, migration is stopped through a 
cell intrinsically regulated switch to canonical Wnt/β-catenin signaling. Here, 
we have investigated how activation of canonical Wnt signaling inhibits 
migration. We focused on the long-range anterior migration of QR.p, which 
offers a more tractable system for studying migration dynamics than QR.pa. 
Our results show that activation of canonical Wnt signaling, through expression 
of a constitutively active form of BAR-1/ β-catenin (ΔN-BAR-1), inhibits 
migration without affecting the ability of the cell to polarize or maintain an 
anteriorly directed lamellipodium-like protrusion. Interestingly, ΔN-BAR-1 did 
induce a reduction in filopodial dynamics, which may be mechanistically linked 
to the decrease in migration speed.

To examine the transcriptional response to canonical Wnt signaling, we 
isolated QR descendants from control and ΔN-BAR-1 expressing animals and 
performed mRNA sequencing. This revealed a specific set of differentially 
expressed genes, the majority of which were upregulated by canonical Wnt 
signaling. The bias towards upregulated genes suggests that most of the 
differentially expressed genes are direct targets of canonical Wnt signaling. 
This is consistent with the presence of predicted TCF binding motifs in the 
upstream promoter regions of the majority of the genes, and the relatively short 
time period between pathway activation and cell isolation, which likely 
precludes the detection of secondary transcriptional effects. Importantly, 
mRNA sequencing of temporally synchronized Q descendants showed that the 
majority of these genes were also upregulated in QR.pa, indicating that the 
transcriptional program induced by ΔN-BAR-1 closely resembles the endogenous 
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response to canonical Wnt signaling.
Gene Ontology term analysis (Figure S3B) revealed an enrichment of 

genes involved in neuronal development and neuronal function, including 
genes associated with the terminally differentiated fate of the final Q cell 
descendants (such as mec-1, mec-3, mec-7, mec-12 and mec-18 for QR.paa/AVM, 
lad-2 for QR.pap/SDQR and gcy-32 for QR.ap/AQR). During their migration, 
the QR descendants transition from large motile neuroblasts into functionally 
specialized neurons. The upregulation of these neuronal markers indicates 
that besides a role in regulating migration, canonical Wnt signaling may also 
promote neuronal differentiation. However, expression of ΔN-BAR-1 in the 
early QR descendants did not induce morphological changes that are indicative 
of premature neuronal differentiation (Figure 1A). Moreover, in bar-1/β-catenin 
null mutants, a terminal differentiation marker of the QR.paa/AVM neuron 
(mec-7) was normally expressed (100% in wild type, 100% in bar-1(ga80), n=30), 
and the AVM axon was correctly directed towards the ventral midline (100% in 
wild type, 100% in bar-1(ga80), n=30). These results show that canonical Wnt 
signaling is not necessary for neuronal differentiation, but do not rule out the 
possibility that activation of the pathway at the end of the migration phase may 
enhance robustness of the neurogenesis process. 

To identify potential mediators of the canonical Wnt pathway dependent 
inhibition of QR.p migration, candidate genes were examined based on domain 
structure or previously reported roles in cell migration. Among these genes was 
eva-1, which encodes an evolutionarily conserved transmembrane protein with 
extracellular galactose-binding lectin domains that is similar to human EVA1C 
(also known as C21ORF63) (Fujisawa et al., 2007). We found that eva-1 is a direct 
target of canonical Wnt signaling that is both necessary and sufficient for the 
ΔN-BAR-1 induced inhibition of QR.p migration. Importantly, eva-1 is also 
required for the canonical Wnt pathway dependent termination of QR.pa 
migration. Thus, consistent with regulation by endogenous canonical Wnt 
signaling, mRNA sequencing showed that eva-1 expression was increased in 
samples enriched for QR.pa. Moreover, similar to loss of bar-1/β-catenin, the 
final position of the QR descendants was significantly more anterior in eva-1 
mutants, while the position of QR.p was unaffected. These results show that 
eva-1 is a critical mediator of canonical Wnt pathway dependent inhibition of 
cell migration, and validate our approach of using QR.p as a proxy for studying 
the endogenous response to canonical Wnt signaling in QR.pa. Previous studies 
have shown that eva-1 interacts with two of the major neuronal guidance 
pathways. It functions as a coreceptor of SAX-3/Robo that confers specificity to 
the ligand SLT-1/Slt (Fujisawa et al., 2007) and can also associate with the netrin 
receptor UNC-40/DCC to promote MADD-4 dependent signaling (Chan et al., 
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2014). Neither MADD-4 nor the canonical UNC-40 ligand UNC-6/netrin is 
required for QR descendant migration (Ebbing et al., 2019; Honigberg and 
Kenyon, 2000). However, we found that slt-1/Slt is necessary for the ΔN-BAR-1 
induced inhibition of QR.p migration. Furthermore, loss of slt-1 and sax-3/
Robo induced significant overmigration of the final QR descendants. slt-1 is 
expressed in dorsal body wall muscle cells (Hao et al., 2001), while sax-3 is 
expressed in the QR descendants. However, given the essential role of EVA-1 as 
a SLT-1 coreceptor (Fujisawa et al., 2007), SLT-1 dependent SAX-3 signaling will 
not be activated in the absence of EVA-1. We propose that the Wnt dependent 
induction of eva-1 expression functions as a switch that specifically turns on 
SLT-1 - SAX-3/Robo signaling in QR.pa.

In addition to eva-1, the target gene rga-9b is also required for ΔN-BAR-1 
and endogenous canonical Wnt pathway dependent inhibition of QR 
descendant migration. rga-9b encodes a Rho GAP domain containing protein 
that is related to Drosophila and mammalian ARHGAPs. Rho family members 
- small GTPases that include Rho, Rac and Cdc42 - are key regulators of cell 
polarity and migration (Lawson and Ridley, 2018). Their activity is stimulated 
by specific GEFs (guanine nucleotide exchange factors that promote binding of 
GTP) and inhibited by GAPs (GTPase-activating proteins that induce hydrolysis 
of the bound GTP). In case of QR and its descendants, polarization and 
migration are dependent on the partially redundantly acting Rho family 
members MIG-2 and CED-10 (Dyer et al., 2010; Ou and Vale, 2009), which are 
in turn regulated by the GEFs UNC-73/Trio and PIX-1/Pix (Dyer et al., 2010; 
Honigberg and Kenyon, 2000). In the absence of unc-73, QR and its descendants 
fail to form a major lamellipodium-like protrusion. Loss of pix-1, on the other 
hand, induces a defect in QR.p migration that is similar to cwn-1 and mom-5 
mutants, and double mutant analysis showed that cwn-1 and pix-1 are part of 
the same genetic pathway. We found that pix-1 plays a central role in the 
interaction with canonical Wnt signaling. Loss of pix-1 induces a similar 
decrease in QR.p migration as expression of ΔN-BAR-1 or RGA-9b. Furthermore, 
we found that pix-1 is required for the ability of rga-9b to inhibit QR.p migration. 
These results suggest that cross-talk between the CWN-1/Wnt - MOM-5/
Frizzled pathway and canonical Wnt signaling occurs at the level of Rho 
activation by PIX-1 and Rho inhibition by RGA-9b.

Interestingly, we found that the Rho GAP SRGP-1, which has been 
shown to negatively regulate CED-10 (Neukomm et al., 2011), also plays a role in 
terminating QR.pa migration. In mammalian neurons, the SRGP-1 ortholog 
srGAP functions as a downstream effector of Slt - Robo signaling. Although 
SRGP-1 lacks the SH3 domain that is required for direct physical interaction 
with Robo (Zaidel-Bar et al., 2010), the similar phenotype of slt-1/Slt, sax-3/
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Robo and srgp-1 in endogenous canonical Wnt pathway induced migration 
inhibition indicates that they are part of the same pathway. This suggests that 
migration is inhibited through the combined GAP activity of RGA-9b and 
SRGP-1. However, it should be noted that srgp-1 has a weaker phenotype than 
slt-1 (loss of srgp-1 is insufficient to suppress the ΔN-BAR-1 induced inhibition 
of QR.p migration), indicating that SLT-1/Slit - SAX-3/Robo signaling may also 
inhibit migration through other downstream mechanisms, including Rho 
independent effects on migration or adhesion.

Taken together, we propose that QR descendant migration is regulated 
by a balance between non-canonical Wnt pathway induced Rho GEF activity, 
and canonical Wnt pathway induced upregulation of Rho GAP activity (Figure 
7E). During the long-range anterior migration phase, signaling of CWN-1/Wnt 
through MOM-5/Frizzled promotes migration through PIX-1 dependent 
activation of Rho family GTPases, most likely including CED-10 and MIG-2. 
Once QR.p nears its final position and during the early stage of QR.pa migration, 
canonical Wnt signaling is activated, leading to the expression of rga-9b and 
eva-1. RGA-9b may directly inhibit the activity of MIG-2 and CED-10. In 
addition, expression of eva-1 will trigger SLT-1/Slit - SAX-3/Robo signaling, 
which may contribute to the inhibition of CED-10 through SRGP-1 and other as 
yet to be determined downstream mechanisms involved in migration inhibition.

Non-canonical and canonical Wnt signaling also have opposing roles in 
vertebrate cell migration. For example, activation of canonical Wnt signaling 
inhibits the Wnt dependent migration of neural crest cells during Xenopus 
development (Maj et al., 2016). Interestingly, and similar to the C. elegans QR 
neuroblast descendants, neural crest cell migration is inhibited by Slit - Robo 
signaling (Giovannone et al., 2012), indicating that an analogous link between 
canonical Wnt signaling and Slit - Robo pathway activity may be involved here 
as well. Another example of the antagonism between canonical and non-
canonical Wnt signaling is melanoma progression, where β-catenin signaling is 
associated with a proliferative but non-invasive phenotype, whereas non-
canonical Wnt signaling is correlated with invasion, metastasis and poor 
patient survival (Hoek et al., 2006; Webster and Weeraratna, 2013). Future 
studies will determine whether a similar convergence on Rho family GTPases 
underlies the antagonistic role of canonical and non-canonical Wnt signaling 
in vertebrate development and cancer cell migration.
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Materials and methods

C. elegans strains and culture

All C. elegans strains were grown at 20°C, using standard culture conditions. 
The Bristol N2 strain was used as wild-type. The alleles and transgenes used in 
this work are LGI: mig-1(e1787), pop-1(hu9), pry-1(mu38), eva-1(ok1133), eva-
1(hu266); LGII: cam-1(gm122), cwn-1(ok546), rga-9(hu281), rga-9(hu293), 
muIs32[Pmec-7::gfp]; LGIII: mab-5(gk670); LGIV: huIs179[Pegl-17::∆N-bar-1; 
Pmyo-2::mCherry]; srgp-1(ok300), srgp-1(hu294) LGV: heIs63[Pwrt-2::PH::gfp; 
Pwrt-2::H2B::gfp; Plin-48::tdTomato], ayIs9[Pegl-17::gfp; dpy-20(+)]; LGX: bar-
1(ga80), mig-13(mu225), huIs166[Pwrt-2::PH::mCherry; Pwrt-2::H2B::mCherry; 
dpy-20(+)], sax-3(ky123), slt-1(eh15), pix-1(ok982) and unassigned: casIs328[Pegl-
17::myri-mCherry; Pegl-17::mCherry-TEV-his-24, Pegl-17::GFP::moeABD], 
huIs5[Phs16::∆N-pop-1; rol-6(su1006)], huEx731 (subsequently integrated and 
named huIs214) [Pegl-17::eva-1; Plin-32::tdTomato; rol-6(su1006)], huEx737 
(subsequently integrated and named huIs221) [Pegl-17::rga-9b; Plin-
32::tdTomato; rol-6(su1006)], huEx740[Pegl-17::C02B10.3; Plin-32::tdTomato; 
rol-6(su1006)], huEx743[Plin-32::tdTomato; rol-6(su1006)].

C. elegans expression constructs and transgenesis

Expression constructs pKN576 [Pegl-17::C02B10.3 cds::unc-54 3’ UTR in 
pDESTR4-R3], pKN585 [Pegl-17::rga-9b cds::unc-54 3’ UTR in pDESTR4-R3] 
and pKN597 [Pegl-17::eva-1 cds::unc-54 3’ UTR in pDESTR4-R3] were injected 
into KN2591 [mab-5(gk670); heIs63] animals at 10 ng/μl. Co-injection markers 
pRF4 and pKN611 [Plin-32::tdTomato::unc-54 3’ UTR in pDESTR4-R3] were 
both injected at 5 ng/μl and pBluescriptII was added for a total concentration 
of 150 ng/μl. Expression construct pKN525 [Pegl-17::∆N-bar-1::unc-54 3’ UTR in 
pDESTR4-R3] was injected into N2 animals at 20 ng/μl with the co-injection 
marker Pmyo-2::mCherry at 20 ng/μl and pBluescriptII was added for a total 
concentration of 150 ng/μl. The rga-9b sequence cloned for overexpression is 
the longest transcript among the three rga-9 isoforms and corresponds to 
2RSSE.1b.1 on Wormbase. To clone the coding sequences of the genes chosen 
for overexpression experiments, Gateway compatible primers listed in Table S3 
were used. Table S4 lists the transgenic reporter strains used in this study. Heat-
shock conditions for Phsp16.42::∆N-pop-1 were as previously described 
(Korswagen et al., 2000). Synchronized L1 larvae were collected at 0 - 1 hours 
after hatching and incubated at 33°C in a volume of 50 μl for the indicated 
length of time.
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CRISPR/Cas9 mediated genome editing

The mutant alleles eva-1(hu266), rga-9(hu281), rga-9(hu293) and srgp-1(hu294) 
were generated using dpy-10 co-conversion and single stranded DNA (ssODN) 
repair templates as previously described (Paix et al., 2015). PCR fragments 
containing the T7 promotor and the sgRNA sequence of interest were used to 
produced sgRNAs via in vitro transcription. Repair templates and sgRNAs were 
co-injected with recombinant SpCas9 (D’Astolfo et al., 2015). sgRNAs and repair 
templates sequences are in Table S3. The sequence of the eva-1(hu266) and rga-
9(hu293) mutations are depicted in Figure 6B. rga-9(hu281) is a deletion of the 
entire rga-9 coding sequence (~10 kb deletion). srgp-1(hu294) contains the 
same 1406 bp deletion found in srgp-1(ok300).

Analysis of QR descendant migration 

The position of QR.p was determined relative to the seam cells V1 - V4 using the 
seam and Q neuroblast marker heIs63 (Wildwater et al., 2011) as described 
(Mentink et al., 2014). The speed of QR.p migration was measured in 
synchronized larvae by determining the average distance of migration during 
the first hour after QR division (Mentink et al., 2014). The final position of the 
QR.pax was determined with respect to the seam cell daughters V1.a to V6.p in 
late stage L1 larvae using DIC microscopy (Coudreuse et al., 2006).

Imaging 

For static imaging and time-lapse live imaging of QR.p migration, larvae 
synchronized at 4 - 6 hours after hatching were mounted in 1 μl of 0.1 μm 
diameter polystyrene microspheres in aqueous suspension (Polysciences 00876 
2.5% w/v aqueous suspension) on a 10% agarose pad (Kim et al., 2013). Animals 
were imaged using a PerkinElmer Ultraview Vox spinning disk confocal 
microscope. Imaging was performed with a 63x objective at 1x zoom, 1x binning, 
and 4% 488 nm laser power. Z-stacks (0.33 μm) were made every 2 minutes for 
a duration of 3 hours. Image acquisition was performed using Volocity software, 
and movies were created using ImageJ software.

FACS isolation of Q neuroblast descendants 

Adult animals were lysed with 1M NaOH and 5% NaClO for 5 - 7 min. The 
released eggs were washed 2 times with sterile M9, and hatched overnight (12 
- 15 hours) in the same buffer at room temperature. Starved L1 larvae were then 
fed for 7 hours with NA22 bacteria, collected with sterile M9 and washed 3 
times before further processing. Cells were isolated based on the method of 
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Zhang and colleagues, optimized for Q lineage cell isolation (Zhang et al., 2011). 
Whole animal cell suspensions were collected in cold L-15/FBS and passed 
through a 5 μm syringe filter prior to sorting. Using a FACS Aria, GFP and 
mCherry double positive cells were sorted directly into tubes containing Trizol 
and stored at -80°C before subsequent processing.

Preparation of sequencing libraries and data analysis

Each Illumina sequencing library was prepared from a pool of 2000 cells, 
according to the CEL-seq protocol (Hashimshony et al., 2012). These libraries 
were sequenced paired-end at 50 bp length read length on Illumina HiSeq 
2500. The Illumina sequencing reads were aligned to the C. elegans reference 
genome WS249. Count data was analyzed using R (v 3.3.2). Cosmid IDs were 
converted to gene names. For genes whose gene names were not available, 
cosmid ID were used. Only data sets with more than 7000 genes and 100000 
total transcripts detected were used for differential gene expression analysis. 
Differential gene expression analysis was done using DESeq2 R-package using 
a false discovery rate (FDR) based on adjusted p-value < 0.1. ggplot2 and 
pheatmap R-packages were used for data visualization.

Quantification and statistical analysis

Statistical analysis of QR.p and QR.pa division position and final QR.pax 
position was performed using Fisher’s exact test. A Monte Carlo approximation, 
iterated 10000 times using R statistical computing software, was used to 
estimate significance. Analysis of differences in QR.p polarization variability 
was performed using Levene’s test for equal variance. In all other cases, 
statistical analysis was examined using the unpaired, two-tailed Student’s 
t-test. Results were deemed significant at p <0.05.

Promoter motif analysis

Upstream sequences for the differentially expressed genes were retrieved from 
Wormbase (wwww.wormbase.org). Identification of putative TCF binding sites 
was done with FIMO (v5.0.5) (Grant et al., 2011) by using the TBYTTTGAW 
consensus motif (Bhambhani et al., 2014) applying a threshold p-value < 0.0001.
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Supplementary Figure 1. QR neuroblast lineage. (A) QR neuroblast lineage and migration of 
the QR descendants. (B), (C) and (D) Position of QR.p division with respect to the seam cells, 
indicated as percentiles of the total number of cells analyzed (n≥50 for all genotypes). Statistical 
significance was calculated using Fisher’s exact test (**** p<0.0001). The ΔN-BAR-1 (Q)  and 
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Abstract 

Cell migration is a central process in the development and maintenance of 
tissues and organs, and tight regulation of the underlying transcriptional 
mechanisms ensures robustness of this process. In the nematode C. elegans, 
posterior migration of the QL neuroblast descendants is dependent on 
expression of the Wnt target gene mab-5, providing a sensitive model system to 
study transcriptional regulation of cell migration at single cell level in vivo. 
Here, we show through mRNA sequencing of QL descendants isolated from 
mab-5 loss and gain-of-function mutants that mab-5 induces a specific 
transcriptional program. We found that the downstream targets vab-8, ebax-1, 
and eva-1 are required for posterior migration, and that these genes display 
distinct functional interactions in different QL descendants. In addition, we 
identified plr-1, an ortholog of the E3 ubiquitin ligase ZNRF3/RNF43, and show 
that it functions as a feedback inhibitor of the Wnt dependent expression of 
mab-5. Our results demonstrate that MAB-5 initiates a transcriptional program 
that promotes posterior migration and fine-tunes its own expression through 

feedback regulation.



137

5

Introduction 

Cell migration is a fundamental process in the development and maintenance 
of multicellular organisms (Komiya & Habas, 2008; Nusse & Clevers, 2017). 
Here, we focus on the role of the Wnt target gene mab-5 - an ortholog of the 
homeobox transcription factor Antennapedia - in the regulation of the Q 
neuroblast descendants directional migration along the anteroposterior axis of 
the nematode C. elegans.

The Q neuroblasts are two neuronal precursors whose lineages provide 
a powerful model system to study Wnt dependent directional cell migration at 
single cell resolution in vivo. These neuroblasts (QL and QR) are born at the 
onset of post-embryonic development and are initially located within the 
lateral rows of seam cells, between the seam cells V4 and V5 (Sulston & Horvitz, 
1977). On the left side, QL migrates posteriorly to a position dorsal to seam cell 
V5, whereas on the right side, QR migrates anteriorly to a position dorsal to 
seam cell V4 (Figure 1A, D). After this initial migration, the cells divide and 
their descendants continue in the same anterior or posterior direction, during 
which they undergo several rounds of cell division prior to giving rise to fully 
differentiated neurons. While the initial migration is Wnt independent, the 
directional migration of the QL and QR daughter cells is regulated by canonical 
and non-canonical Wnt signaling. In the QL lineage, canonical Wnt/β-catenin 
signaling induces expression of the Hox gene mab-5/Antennapedia, which is 
both necessary and sufficient for posterior migration of the QL descendants 
(Harris, Honigberg, Robinson, & Kenyon, 1996; Salser & Kenyon, 1992; 
Zinovyeva, Yamamoto, Sawa, & Forrester, 2008). While the role of mab-5 in this 
process has been extensively described, the mechanism by which it controls 
posterior migration is unknown. It may require activation of genes involved in 
posterior migration, but it may also depend on inhibition of the anterior 
migration program that is adopted in the absence of mab-5 expression 
(Josephson, Chai, Ou, & Lundquist, 2016). Furthermore, previous studies have 
shown that the expression of mab-5 is tightly controlled through feedback 
regulation between the canonical Wnt/β-catenin pathway and mab-5 itself (Ji 
et al., 2013). However, the nature of this feedback regulation is still poorly 
understood. 

While upstream regulatory components linking Wnt/β-catenin 
signaling to mab-5 expression have been identified, downstream targets of 
MAB-5 have not been found in forward and reverse genetic screens (Ch’ng et 
al., 2003; Harris et al., 1996; X. Wang et al., 2013). Therefore, to gain insight into 
the mab-5 dependent migration and feedback mechanisms, it is important to 
examine the transcriptional program that is induced by this transcription 
factor. With the rise of genome-wide transcriptomics, novel approaches for 
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identifying downstream targets have become available (Zhong Wang, Gerstein, 
& Snyder, 2009). A comparative whole-organism transcriptomic analysis of 
wild type, mab-5 gain-of-function, and mab-5 loss-of-function mutants 
identified downstream target genes (Josephson, Miltner, & Lundquist, 2016; 
Tamayo, Gujar, Macdonald, & Lundquist, 2013). Even though some of these 
genes were functionally linked to QL descendant migration, it remains unclear 
whether they act cell autonomously within the migrating cells or cell non-
autonomously in the surrounding tissue. We therefore took an alternative 
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Figure 1. Q neuroblast daughter cell migration and the role of mab-5/Hox in posterior migration. 
(A) Schematic overview of Q neuroblast daughter migration. After initial migration the Q 
neuroblast divides on top of seam cell V5 or V4 for QL and QR, respectively. During migration 
both QL and QR daughter cells will undergo a similar pattern of divisions, giving rise to three 
fully differentiated neurons in the posterior and anterior sides of the worm. QL.a will migrate 
over QL.p before it migrates more posterior, whereas QL.p will remain near seam cell V5. L and 
R indicate the left and right side of the worm. Anterior is left and dorsal is up. Arrows indicate 
direction of migration. The different stages of Q descendant migration are accompanied by the 
time point in hours. (B) Schematic overview of Q neuroblast daughter cell migration in a mab-5 
gain-of-function (gof) mutant background. Even though, division of QR will still take place on 
top of seam cell V4, its daughter cells will migrate posteriorly, similar to QL daughter cell 
migration. (C) Schematic overview of Q neuroblast daughter cell migration in a mab-5 loss-of-
function (lof) mutant background. Even though, division of QL will still take place on top of 
seam cell V5, the daughter cells will migrate anteriorly, similar to QR daughter cell migration. (D) 
Representative stills from live imaging of QL daughter cell migration in animals synchronized 
4-7 hours after hatching. Red numbers indicate the time in minutes since start of live-imaging. 
Anterior is left and dorsal is up. Scale bar indicates 5 µm. 
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approach, combining fluorescence-activated cell sorting (FACS) of Q 
descendants with mRNA sequencing to identify Q lineage specific 
transcriptional targets of MAB-5.

Differential gene expression analysis of mab-5(gk670) loss-of-function 
and mab-5(e1751) gain-of-function mutants revealed over 500 genes that are 
transcriptionally regulated by MAB-5. Genetic analysis revealed that the 
downstream targets vab-8, which encodes a kinesin related protein, eva-1, a 
coreceptor of the guidance receptors UNC-40/DCC and SAX-3/Robo, and ebax-
1, a BC-box containing protein, have a significant role in the posterior migration 
of the QL descendants. Furthermore, synergistic phenotypic effects in 
compound mutants showed that these genes are part of a complex and partially 
redundant regulatory program which is required for posterior migration in a 
cell-specific manner. We also identified plr-1, an ortholog of the E3 ligases 
ZNRF3 and RNF43, as a downstream target of mab-5. In mammalian intestinal 
stem cells, ZNRF3 and RNF43 are Wnt target genes that constitute a negative 
feedback loop by targeting the Wnt receptor Frizzled for degradation (Hao et 
al., 2012; Koo et al., 2012; Moffat, Robinson, Bakoulis, & Clark, 2014). Here, we 
used single-molecule fluorescence in situ hybridization (smFISH) to show that 
plr-1 regulates the Wnt dependent expression of mab-5, which is consistent 
with a role for this gene in feedback regulation of canonical Wnt/β-catenin 
signaling in the QL lineage. However, in contrast to ZNRF3 and RNF43 in 
mammalian cells, our results show that the Wnt dependent upregulation of plr-
1 is indirect.

Results

Q lineage specific analysis of MAB-5 dependent gene expression

To gain insight into the transcriptional response triggered by MAB-5 in the Q 
lineage, we performed mRNA sequencing of Q descendants isolated from mab-
5(gk670) loss-of-function (lof) and mab-5(e1751) gain-of-function (gof) 
mutants (Figure 2A). As detailed in the experimental procedures, populations 
of Q neuroblasts after their first round of division - when mab-5 is required for 
posterior migration - were obtained from cell suspensions of tightly synchronized 
larvae of both mutant backgrounds using fluorescence-activated cell sorting 
(FACS) (SFigure 1A, B). 

We collected 3 biological replicates of 2000 cells per genotype, which 
were processed for bulk mRNA sequencing. The resulting dataset showed that 
each sample had at least 120000 unique transcripts, defining about 7500 genes 
(Figure 2B). Principle component analysis showed that these datasets form two 



140

A B

Synchronized larvae:
Q daughter cell migration

L1 developmental arrest

mab-5 gof and lof 
isolated embryos

RNA-seq

FACS sorting: 2000 cells/tube

Pegl-17::GFP
Pwrt-2::mCherry

C

D

6

545177

Tamayo et al., 2013
This study

E

mab-5mom-5

cam-1

lin-39

mig-13

eva-1

ebax-1

vab-8

plr-1

-4 40

10

20

30

40

log2(fold change)

-lo
g 10

(p
-v

al
ue

)

-8

mab-5 gof mab-5 lof 

Differential gene 
expression analysis

F

N
or

m
al

iz
ed

 c
ou

nt
s

0

50

100

150

ebax-1

0

50

100

150
eva-1

0

20

40

60

80
plr-1

0

250

500

750

vab-8

lof
gof

mab-5

3x105

5x105

1x106

8 9 10 11
Genes (x103)

Tr
an

sc
rip

ts
 (l

og
10

)

mab-5 lof mab-5 gof

-10

0

10

-10 0 10
PC1: 65% variance

PC
2:

 1
7%

 v
ar

ia
nc

e

mab-5 lof mab-5 gof

Overlapping genes
vhp-1
col-176
bath-15
Y58A7A.5

gof

gof
lof

gof
mtx-2 gof
cup-16 gof

Figure 2. Identification of Q neuroblast specific mab-5 target genes (A) Schematic overview of 
experimental procedure. Embryos of mab-5(e1751) gof and mab-5(gk670) lof mutant 
backgrounds were collected, hatched, and starved overnight. L1 synchronized animals were 
grown on NA22 for 7 hours. The animals, synchronized in a stage where the majority of Q cells 
are progeny of first division (SFigure 2A), were collected and processed into a single cell 
suspension. Q neuroblasts were sorted from the cell suspension using FACS based on the Pegl-
17::GFP and Pwrt-2::mCherry transgenic markers. Cells were collected in Trizol, in batches of 
2000 cells, and processed according to the CEL-seq(2) method (Hashimshony et al., 2016, 
2012). Samples were subsequently used for differential gene expression analysis. (B) Total 
number of genes (x) and transcripts (y) present in the mRNA dataset. mab-5 gof samples 
indicated in red and mab-5 lof samples indicated in green. (C) Principle Component Analysis 
(PCA) of mab-5 gof and lof samples. PC1 explains 65% of the variance, separating mab-5 gof 
from lof. PC2 explains 17% of the variance. (D) Volcano plot showing differentially expressed 
genes in mab-5 gof and lof mutants (FDR < 0.1). Colors depict the significance of differential 
expression. Dark green indicates adjusted p-value <0.002 and a log2(fold change) < -2, and 
light green an adjusted p-value < 0.02 and a log2(fold change) < -1.2 of genes upregulated in 
mab-5 lof. Dark red indicates adjusted p-value < 0.002 and a log2(fold change) > 2, and orange 
an adjusted p-value < 0.02 and a log2(fold change) > 1.2 of genes upregulated in mab-5 gof. 
Annotated genes indicate known downstream targets of mab-5 (mab-5, lin-39, mig-13, cam-1, 
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distinct clusters where the main variance in the data (65%) is explained by 
differences between the mab-5 gof and lof mutant backgrounds (Figure 2C, 
SFigure 1C). Next, we examined the transcriptional differences between the two 
datasets. Our analysis revealed that 542 genes were differentially expressed 
(FDR < 0.1, Figure 2D, STable 1, SFigure 1D). Among the genes downregulated 
in the mab-5 gof mutant background were lin-39, mig-13, cam-1, and mom-5. 
This is consistent with their function in anterior migration, and the reported 
negative regulatory role of MAB-5 in lin-39 expression (Forrester & Garriga, 
1997; Josephson, Chai, et al., 2016; Kim & Forrester, 2003; X. Wang et al., 2013; 
Zinovyeva et al., 2008). mab-5 itself was among the upregulated genes, which is 
in agreement with the e1751 gof mutation, which constitutively activates mab-5 
expression. Gene ontology (GO) analysis of the differentially expressed genes 
revealed functional enrichment in terms such as neurogenesis, cell projection 
organization, and neuron projection guidance (SFigure 1E, F). 

Comparison to the aforementioned whole-organism transcriptomic 
analysis of mab-5(gk670) lof and mab-5(e1751) gof mutants - which identified 
183 differentially expressed genes (Tamayo et al., 2013) - revealed that only 6 
genes are common to the two datasets (Figure 2E). This limited overlap 
illustrates the importance of using cell-specific approaches when studying 
broadly acting transcriptional regulators such as mab-5.

vab-8, ebax-1, eva-1 and plr-1 have conserved roles in directional cell 
migration and polarity

Since we were particularly interested in the mechanism of posterior migration, 
we focused on genes that were upregulated in the mab-5 gof mutant background. 
Based on the presence of potential MAB-5 binding sites in the promoter region 
(modENCODE) and previously reported roles in cell migration, polarity or Wnt 
signaling, we selected vab-8, ebax-1, eva-1, and plr-1 for further analysis (Figure 
2D, F, Table1).

vab-8 encodes a kinesin-related protein, an ortholog of the human 
kinesin family member 26B (KIF26B) which has been shown to affect 
polarization and subsequent directional migration of endothelial cells 

and mom-5) and novel candidate downstream targets of mab-5 (vab-8, ebax-1, eva-1, and plr-1). 
(E) Comparison of the whole worm differential gene expression dataset of mab-5(gk670) and 
mab-5(e1751) (Tamayo et al., 2013) with the Q neuroblast specific differential gene expression 
dataset used in this study. The six resulting overlapping genes are vhp-1, col-176, bath-15, 
Y58A7A.5, mtx-3, and cup-16. (F) Normalized expression values of candidate downstream 
target genes of mab-5. Bars indicate mean ± SEM. mab-5 gof samples indicated in red and mab-
5 lof samples indicated in green.
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(Guillabert-Gourgues et al., 2016). vab-8 is required cell autonomously for 
several posteriorly directed cell migration processes, including the migration 
of QL descendants (Levy-Strumpf & Culotti, 2007; Watari-Goshima, Ogura, 
Wolf, Goshima, & Garriga, 2007; Wightman et al., 1996; Wolf, Hung, 
Wightman, Way, & Garriga, 1998). In vab-8 mutants, QL.ap (PQR) is found at 
a clearly aberrant anterior position, while the two other final QL descendants 
- QL.paa (PVM) and QL.pap (SDQL) - were also found at slightly more 
anterior positions. The ability of VAB-8 to regulate directed cell migration 
and axon polarity has been attributed to its role in controlling the function of 
the guidance receptors SAX-3/Robo and UNC-40/DCC (Levy-Strumpf & 
Culotti, 2007; Watari-Goshima et al., 2007).

ebax-1 encodes a substrate recognition subunit of the BC-box Cullin-
RING E3 ligase (CRL), which has been shown to facilitate refolding of 
misfolded SAX-3/Robo and targeting permanently misfolded SAX-3 for 

Gene General Description Conserved Orthologs

vab-8(V) The vab-8 gene encodes an atypical kinesin-like motor 
protein that is required for many posteriorly directed cell 
migrations, axonal outgrowth, and pathfinding. It can 
regulate the guidance-cue receptors UNC-40/DCC and SAX-
3/Robo. A role in Q descendant posterior migration has been 
described (Levy-Strumpf & Culotti, 2007; Watari-Goshima et 
al., 2007; Wightman et al., 1996; Wolf et al., 1998).

Human KIF26A (kinesin 
family member 26A) 
and KIF26B (kinesin 
family member 26B)

ebax-1(IV) The ebax-1 gene encodes a conserved BC-box-containing 
protein that functions as a substrate-recognition subunit in 
an Elongin BC-containig Cullin-RING ubiquitin ligase (CRL) 
complex, promoting the degradation of certain proteins such 
as SAX-3/Robo. By regulating protein quality control, EBAX-1 
can ensure proper axon guidance. Moreover, a role in ventral 
axon guidance of AVM and PVM was described (Zhiping 
Wang et al., 2013).

Human ZSWIM8 (zinc 
finger SWIM-type 
containing 8)

eva-1(I) The eva-1 gene encodes a (co-)receptor that can interact with 
other receptors, such as SAX-3/Robo and UNC-40/DCC, to 
regulate axon guidance (Chan et al., 2014; Fujisawa et al., 
2007). 

Human EVA1C (eva-1 
homolog C)

plr-1(III) The plr-1 gene encodes a putative E3 ubiquitin-protein ligase 
capable of downregulating cell surface levels of the Wnt 
receptors CFZ-2, LIN-17, MIG-1, MOM-5, CAM-1, and LN-18. 
plr-1 mutants can affect cell polarity (Bhat et al., 2015; Moffat 
et al., 2014).

Human ZNRF3 (zinc 
and ring finger 3) and 
RNF43 (ring finger 43)

Table 1. mab-5 candidate target genes
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degradation (Zhiping Wang et al., 2013). Moreover, the netrin receptor UNC-
40/DCC is also a potential target of EBAX-1. The murine ortholog of ebax-1, 
ZSWIM8, shows a preference for Robo as well. By ensuring protein quality 
control of guidance receptors, EBAX-1 has been proposed to safeguard axon 
guidance (Zhiping Wang et al., 2013). 

eva-1 encodes a conserved transmembrane protein that functions as a 
co-receptor for SAX-3/Robo and UNC-40/DCC (Chan et al., 2014; Fujisawa, 
Wrana, & Culotti, 2007). The expression pattern of its mammalian ortholog 
EVA1C suggests a similar role in the mouse nervous system (James, Foster, 
Key, & Beverdam, 2013). 

plr-1 encodes a conserved RING-finger domain containing 
transmembrane protein with predicted E3 ligase activity, which has been 
shown to regulate neuronal polarity and axon extension (Bhat, Pan, & Hutter, 
2015; Moffat et al., 2014). The mammalian orthologs of PLR-1, ZNRF3 and 
RNF43, mediate the ubiquitylation, endocytosis, and subsequent degradation 
of Frizzled (Hao et al., 2012; Koo et al., 2012). This role in Wnt pathway 
regulation is highly conserved, since PLR-1 has also been reported to act as a 
negative regulator of Wnt signaling by downregulating Frizzled as well as 
other Wnt receptors in a Frizzled-dependent manner. Moreover, 
overexpression of plr-1 was shown to inhibit mab-5 expression, leading to 
migration of the QL descendants in the opposite, anterior direction (Moffat 
et al., 2014).

vab-8, ebax-1, and eva-1 are necessary for correct QL descendant 
migration 

To examine the function of vab-8, ebax-1, eva-1, and plr-1 in QL descendant 
migration, we determined the position at which QL.a and QL.p divide in wild 
type and in null or strong loss of function mutants of the four genes. In wild 
type animals, QL.p divides at a position close to seam cell V5.p, while QL.a 
migrates over QL.p to a position close to V6.p (Figure 1A, D, 3A, B). We 
observed that in ebax-1(tm2321) and, to a lesser extent, eva-1(ok133) mutants, 
QL.p division occurs at a more anterior position than in wild type (Figure 3B). 
This phenotype was partially suppressed in the double mutant. When 
examining QL.a, we found that loss of ebax-1 resulted in a more posterior 
division position, while no effect was observed in eva-1 mutants. Again, the 
ebax-1 phenotype was partially suppressed in the ebax-1; eva-1 double mutant 
(Figure 3A).

Since, vab-8 mutants show severe defects in posterior development, 
and loss of plr-1 may have wide-range effects on Wnt signaling, we decided to 
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examine their cell autonomous function in QL descendant migration. To 
achieve this, we implemented a lineage-specific protein degradation strategy 
(Armenti, Lohmer, Sherwood, & Nance, 2014). Using CRISPR-Cas9 genome 
editing, we endogenously tagged both genes with a sequence encoding a small 
zinc-finger containing domain (ZF1). This tag is recognized by ZIF-1 - a E3 
ubiquitin ligase substrate-recognition subunit - which we expressed in the Q 
lineage to specifically degrade the tagged protein in the Q descendants. VAB-
8 depletion had no significant effect on QL.p migration. However, it did affect 
the migration of QL.a, inducing a more posterior as well as more variable 
position of division (Figure 3A, B). Depletion of PLR-1, on the other hand, did 
not affect migration. Moreover, combined depletion of VAB-8 and PLR-1 
neither suppressed nor enhanced the effect of the single protein depletions. 
However, depletion of VAB-8 in an eva-1 mutant background enhanced the 
anterior displacement of QL.p. Together, these results show that ebax-1, eva-1 
and vab-8 are required for the directional migration of the QL descendants. 
Furthermore, the different phenotypic effects and genetic interactions in 
QL.a and QL.p indicate that these genes have different functions in the long 
and short range migration of these cells.

plr-1 functions as a negative feedback regulator of mab-5 expression

Previous work has shown that robust mab-5 expression in the QL lineage is 
ensured by a complex network of interlocked positive and negative feedback 
loops that regulate expression of the different Wnt receptors that mediate the 
transcriptional activation of mab-5 (Ji et al., 2013). However, the mechanism 
underlying this feedback regulation remains unknown. We hypothesized 
that mab-5 target genes could be involved in this mechanism, and based on 
the conserved function of ZNRF3/RNF43 in Wnt pathway regulation, we 
speculated that plr-1 may function as a potential feedback regulator of mab-5 
expression in the QL lineage. 

To test if plr-1 is a transcriptional target of mab-5, we used single 
molecule mRNA fluorescence in situ hybridization (smFISH) (Raj, van den 
Bogaard, Rifkin, van Oudenaarden, & Tyagi, 2008) and investigated how its 
expression is affected in mab-5 lof and gof mutants. Whereas in wild-type 
animals plr-1 expression was upregulated during the initial polarization and 
migration of QL, expression remained low in mab-5 lof mutants (Figure 4A). 
In contrast, in mab-5 gof mutants the expression of plr-1 was higher than in 
the control. Moreover, we also observed expression of plr-1 in QR (SFigure 
2A), which is in agreement with the ectopic expression of mab-5 induced by 
the e1751 gof mutation (SFigure 2B). These results strongly suggest that plr-1 



145

5

is a downstream target of mab-5. However, to rule out the possibility that plr-
1 expression is regulated by canonical Wnt/β-catenin signaling itself or one of 
its other downstream targets, we expressed a constitutively active, N-terminally 
truncated form of BAR-1/β-catenin (abbreviated as ΔN-BAR-1Q) specifically 
in the Q lineages, and asked if this could restore plr-1 expression in the mab-5 
lof mutant background. As shown in Figure 4A and SFigure 2A, we found that 
ΔN-BAR-1Q did not rescue plr-1 expression. We conclude that the expression 
of plr-1 is dependent on mab-5 and cannot be directly activated through 
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Figure 3. vab-8, eva-1, and ebax-1 have a role in QL descendant posterior migration. (A) Relative 
position of QL.a division in wild-type, single, and compound mutants (genotypes indicated). 
The blue column shows the starting position of the QL.a neuroblast, the orange column shows 
the main position of division. (B) Relative position of QL.p division in wild-type, single, and 
compound mutants (genotypes indicated). The orange column shows the starting position and 
main position of division. Schematic overview of stationary seam cells depicted below the graph. 
Heatbar indicates percentage of animals, n > 50. Fisher’s exact test was performed to determine 
significance (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).
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canonical Wnt/β-catenin signaling or any of its other downstream targets.
Next, we examined if plr-1 is involved in feedback regulation of mab-5 

expression. As shown in Figure 4B and D, mab-5 expression increased during 
the posterior migration of QL (Ji et al., 2013). Consistent with a role in negative 
feedback, we found that expression was significantly increased upon depletion 
of PLR-1 (Figure 4B). Expression of mab-5 in the QL lineage is dependent on 
the Wnt ligand EGL-20 (Maloof, Whangbo, Harris, Jongeward, & Kenyon, 
1999) and previous work has shown that the system is robust to variations in 
EGL-20/Wnt levels, leading to reduced variability in mab-5 expression when 
EGL-20 levels are increased (Ji et al., 2013). We overexpressed EGL-20 using a 
heat shock inducible promoter and found that in these conditions, mab-5 
expression was enhanced. When overexpression of EGL-20 was combined 
with depletion of PLR-1, both the variability and level of mab-5 expression 
increased. These results are in agreement with a function of PLR-1 as a negative 
feedback regulator of the EGL-20/Wnt dependent expression of mab-5 in the 
QL lineage.

Discussion

During early larval development, the left Q neuroblast (QL) descendants 
migrate towards the posterior side of the animal, while the right Q (QR) 
neuroblast descendants migrate towards the anterior. This difference in 
migration behavior is dependent on the differential activation of canonical or 
non-canonical Wnt signaling. In QL, the activation of canonical Wnt/β-
catenin signaling results in upregulation of the homeobox transcription 
factor mab-5, which is both necessary and sufficient for posterior migration of 
the QL descendants (Chalfie, Thomson, & Sulston, 1983; Harris et al., 1996; 
Maloof et al., 1999; Salser & Kenyon, 1992; Tamayo et al., 2013; Whangbo & 
Kenyon, 1999; Zinovyeva et al., 2008). In addition, it has been shown that 
extensive feedback regulation ensures that mab-5 expression levels are tightly 
controlled (Ji et al., 2013), however, the mechanisms underlying posterior 
migration and feedback regulation remain poorly understood. Since mab-5 is 
a transcriptional regulator, these mechanisms are expected to involve 
activation of specific transcriptional programs. The transcriptional response 
to MAB-5 has been examined using whole-organism mRNA sequencing 
(Tamayo et al., 2013), which led to the identification of target genes that 
function cell non-autonomously in QL descendant migration (Josephson, 
Miltner, et al., 2016; Tamayo et al., 2013). This is consistent with the broad 
function of mab-5 in posterior body patterning (Costa, Weir, Coulson, 
Sulston, & Kenyon, 1988; Hunter, Harris, Maloof, & Kenyon, 1999; Salser & 
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Kenyon, 1992), but does not provide insight into the cell-autonomous 
migration program that is activated by MAB-5. We therefore combined 
isolation of Q neuroblast descendants with mRNA sequencing to identify Q 
lineage-specific target genes of MAB-5. We found that these are mostly 
distinct from the target genes identified with whole-organism mRNA 
sequencing, indicating that mab-5 activates different transcriptional programs 
in migrating and non-migrating cells. 

We identified 542 genes that were differentially expressed between 
mab-5 gof and lof in the Q cell lineage, and selected four genes (vab-8, ebax-1, 
eva-1, and plr-1) for further validation based on their association with cell 
polarity, directional migration and Wnt signaling (Table 1). Genetic analysis 
revealed that vab-8, ebax-1 and eva-1 function in QL.a and QL.p migration. 
However, their role in the two QL descendants is markedly different. For 
instance, while single mutants of ebax-1 and eva-1 displayed a mild anterior 
displacement of QL.p, loss of ebax-1 induced overmigration of QL.a (Figure 
3A, B). Moreover, while Q lineage-specific depletion of VAB-8 resulted in a 
wider range of QL.a division positions, we did not observe an effect on QL.p 
migration. These different target genes may, therefore, have distinct functions 
in QL.a and QL.p. This notion is further supported by compound mutant 
analysis, which showed that their genetic interactions are also cell type 
specific. For instance, while loss of eva-1 had no effect on the QL.a phenotype 
induced by VAB-8 depletion, it significantly enhanced the anterior 
displacement of QL.p. These results are consistent with the distinct migratory 
behavior of QL.a and QL.p (Figure 1) (Sulston & Horvitz, 1977), and suggest 
that QL.a and QL.p employ specific migration mechanisms. Interestingly, 
most of the single and compound mutants did not induce the characteristic 
reversal in migration direction observed in mab-5 loss-of-function mutants, 
with the only exception being ebax-1; eva-1 double mutants where we could 
detect a small percentage of animals displaying anteriorly localized QL.ap 
cells (data not shown). These results suggest that the mab-5 dependent 
migration of the QL descendants is a process involving a high degree of 
robustness. 

EBAX-1, EVA-1 and VAB-8 have all been implicated in the regulation 
of SAX-3/Robo and UNC-40/DCC signaling (Table 1) (Chan et al., 2014; 
Fujisawa et al., 2007; Levy-Strumpf & Culotti, 2007; Zhiping Wang et al., 2013; 
Watari-Goshima et al., 2007). UNC-40 in a well-known player in QL lineage 
migration, as it has been shown to be deeply involved in the correct polarization 
and Wnt-independent initial migration of the Q neuroblasts (Ebbing, 
Middelkoop, Betist, Bodewes, & Korswagen, 2019; Honigberg & Kenyon, 
2000; Middelkoop et al., 2012). In addition, loss of unc-40 induces 
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undermigration of QL.ap (PQR) (Sundararajan & Lundquist, 2012), indicating 
that it also has a function in the migration of the QL descendants. Our mRNA 
sequencing results show that sax-3 is expressed in the Q cell lineage and that 
this expression is independent of MAB-5 regulation (data not shown). We 
therefore propose that EBAX-1, EVA-1 and VAB-8 regulate the posterior 
migration of the QL descendants through a mechanism that involves one, or 
both, of these signaling pathways. Such a mechanism may also involve a 
different requirement of SAX-3/Robo and UNC-40/DCC in QL.a and QL.p, 
which could explain the cell-specific phenotypes and complex genetic 
interactions that we observed. 

The conserved function of the ZNRF3/RNF43 ortholog PLR-1 in the 
attenuation of Wnt signaling led us to further explore its role as a potential 
feedback regulator of mab-5 expression (Bhat et al., 2015; Hao et al., 2012; Koo 
et al., 2012; Moffat et al., 2014). Using smFISH, we confirmed our mRNA 
sequencing results showing that plr-1 is expressed in the QL lineage and that 
this expression is dependent on MAB-5 (Figure 4A, SFigure 2A), which 
contradicts an earlier reporter-based study that failed to detect PLR-1 in these 
cells (Moffat et al., 2014). It has previously been shown that overexpression of 
PLR-1 decreases expression of a mab-5::gfp reporter, leading to a concomitant 
reversal in QL.paa (PVM) migration direction (Moffat et al., 2014). In this 
study, we demonstrate that plr-1 is part of the endogenous response to 
canonical Wnt/β-catenin signaling in the QL lineage and that the expression 
of plr-1 is dependent on mab-5. This is in contrast to ZNRF3 and RNF43, which 
have been proposed to represent direct Wnt target genes in mammalian stem 
cells (Koo et al., 2012; Nusse & Clevers, 2017). 

Although depletion of PLR-1 did not induce defects in QL descendant 
migration, we did observe an increase in mab-5 expression. Based on its highly 
conserved function, we propose that PLR-1 regulates mab-5 expression by 
attenuating canonical Wnt/β-catenin signaling. PLR-1 and its mammalian 
homologs ZNRF3 and RNF43 are capable of downregulating Frizzled and 
other Wnt receptors in a Frizzled-dependent manner (Bhat et al., 2015; Hao et 
al., 2012; Koo et al., 2012; Moffat et al., 2014). Previous work has shown that the 
Frizzled genes mig-1, lin-17, and mom-5 are expressed in the QL lineage, and 
are part of the feedback regulatory loops that control mab-5 expression (Ji et 
al., 2013). We observed that PLR-1 depletion had no effect on the expression 
level or localization of a translational MIG-1::GFP fusion (SFigure 3), 
indicating that this Wnt receptor is not the target of PLR-1 in the QL lineage. 

Taken together, our results show that mab-5 activates a specific 
transcriptional program that inhibits anterior migration and promotes 
posterior migration of the QL descendants (Figure 5). Moreover, our results 
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provide insight into the feedback mechanisms that fine-tune the expression 
of mab-5. Given the evolutionary conservation of these downstream 
components, similar mechanisms may control directional migration and 
developmental robustness in other species as well.

plr-1

mab-5

Intracellular Wnt 
signal

Frizzled
Receptors

EGL-20/Wnt

vab-8
ebax-1
eva-1

Posterior
migration

lin-39

Anterior
migration

mig-13

Figure 5. Model illustrating the role of robust mab-5/Hox expression regulation and 
downstream targets of mab-5 in posterior migration of QL daughter cells. Canonical Wnt/β-
catenin signaling, via the ligand EGL-20/Wnt, is required to activate mab-5 expression. 
Regulation of robust mab-5 expression levels is assured by an interplay of positive and negative 
feedback on canonical Wnt/β-catenin signaling and mab-5 itself. plr-1, a downstream target of 
mab-5, is part of the negative feedback loop that fine-tunes mab-5 expression by inhibiting 
canonical Wnt/β-catenin signaling via the downregulation of Frizzled receptors on the cell 
surface. This robust mab-5 expression is required for its function in posterior QL daughter cell 
migration. Furthermore, while mab-5 restricts anterior migration by inhibiting the expression 
of lin-39/Hox and mig-13, it instructs posterior migration by activating the expression of vab-8, 
eva-1, and ebax-1, which regulate posterior migration.
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Materials and Methods

C. elegans strains and culture

C. elegans strains were cultured at 20ºC using standard conditions, unless noted 
otherwise (Lewis & Fleming, 1995). As wild-type, the Bristol N2 strain was used. 
The alleles and transgenes used in this study are: LGI: eva-1(ok1133); LGII: iaIs19 
[Pgcy-32::GFP + unc-119(+)]; LGIII: plr-1(hu283[plr-1::ZF1]), mab-5(gk670), mab-
5(e1751); LGIV: ebax-1(tm2321), egl-20(n585), huIs179 [Pegl-17::∆N-bar-1; Pmyo-
2::mCherry]; LGV: heIs63 [Pwrt-2::GFP::PH; Pwrt-2::H2B::GFP; Plin-48::Tomato], 
vab-8(hu278[vab-8::ZF1]), ayIs9 [Pegl-17::gfp + dpy-20(+)]; LGX: huIs166 [Pwrt-
2::H2B::mCherry; Pwrt::PH::mCherry; dpy-20(+)]; linkage group unknown: 
huIs181 [Pegl-17::ZIF-1-SL2-mCherry, pCFJ90 (Pmyo-2::mCherry)], huIs153 [Pegl-
17::MIG-1::GFP; Pmyo-2::GFP], muIs53 [hsp::egl-20; unc-22(dn)].

Synchronization of animals was performed by collecting L1 larvae 0-1 
hours after hatching and growing them for 3-4 additional hours for live imaging, 
0-6 more hours for smFISH experiments, 6-7 additional hours for the position 
of second division. Heat shock experiments were performed on animals carrying 
muIs53 as described (Ji et al., 2013; Whangbo & Kenyon, 1999). In short, a 33ºC 
heat shock treatment was given to 0-1 hour synchronized animals in a total 
volume of 50 µl for 15 minutes. Heat shock was terminated by putting tubes on 
ice for 30 seconds shortly after the heat shock. Subsequently, the worms were 
grown for 1-6 additional hours.

Cell isolation and FACS sorting

Cell isolation was performed according to a C. elegans specific isolation method 
(Zhang, Banerjee, & Kuhn, 2011) that was further optimized for Q neuroblasts 
(Fernandes Póvoa et al, submitted manuscript). Shortly, gravid adult worms 
were collected in a solution containing M9 buffer, 1M NaOH and 5% NAClO 
and lysed by vortexing for 5-7 minutes. The resulting egg suspension was then 
washed at least 2 times with M9 buffer. The collected eggs were hatched 
overnight in M9 at room temperature. Synchronized starved L1 larvae were 
subsequently grown on NA22 bacteria for 7 hours. This time-point was defined 
by scoring the Q cell stage in three independent experiments, in which the 
majority of Q cells already went thought the first division. Scoring for mab-5 gof 
and lof mutant backgrounds was done by epifluorescence microscopy through 
direct visualization of the Q lineage cells based on ayIs9 and huIs166 transgene 
expression. Synchronized worms were collected and washed three times to 
remove any bacteria residues. Chemical and mechanical treatments were then 
applied to the samples in order to disrupt the animals’ cuticle and release the 
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cells. The resulting cell suspension was collected in L15/FBS and passed through 
a 5μm filter. The BD FACSaria was used for sorting the double fluorescently 
labelled cells, resulting from the ayIs9, huIs166 transgenic background, directly 
into Trizol containing tubes. Collected samples were stored at -80°C until 
further processing.

Library preparation

mRNA extraction, barcoding, reverse transcription and in vitro transcription 
were performed according to the CEL-seq protocol (Hashimshony, Wagner, 
Sher, & Yanai, 2012) using the Message Amp II kit (Ambion). Illumina sequencing 
libraries were subsequently prepared according to the CEL-seq2 protocol 
(Hashimshony et al., 2016) using the SuperScript® II Double-Stranded cDNA 
Synthesis Kit (Thermofisher), Agencourt AMPure XP beads (Beckman Coulter), 
and randomhexRT for converting aRNA to cDNA using random priming. The 
libraries were sequenced paired-end at 50 bp read length on an Illumina HiSeq 
2500.

Transcriptomic data analysis

The 50 base pair paired-end reads were aligned to the C. elegans references 
transcriptome, which was compiled from the C. elegans reference genome 
WS249 (Ebbing et al., 2018). A custom wrapper (MapAndGo2) was used for the 
alignment around BWA MEM (Ebbing et al., 2018; Li & Durbin, 2010). Raw data 
was processed, removing amplification duplicates (Grün, Kester, & van 
Oudenaarden, 2014) and analyzed using R(v 3.5.3). R-packages pheatmap, 
ggplot2, and cowplot were used for visualization. DESeq2 R-package was used 
for differential gene expression analysis using a false discovery rate (FDR) based 
on padj < 0.1. Cosmid IDs were converted to gene names using information 
obtained from Wormbase. Samples containing at least 120000 total transcripts 
were used for follow-up analysis. The differentially expressed dataset was 
compared with the previously published whole organism mab-5 lof and gof 
dataset using the R-package Vennerable (Tamayo et al., 2013).
 
Molecular biology

For the endogenous tagging of vab-8 and plr-1 with the ZF1 tag we made use of 
the previously described CRISPR/Cas9 genome editing approach dependent on 
dpy-10 co-conversion (Armenti et al., 2014). The following sgRNA oligo’s were 
used:
-vab-8: 
gTAATACGACTCACTATAggagaaatgatCTAAATGAAAGgttttagagctagaaatagc
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-plr-1:
 gTAATACGACTCACTATAggtCTATAATTGTTGCGATGTAgttttagagctagaaatagc

The following single stranded Oligo-DNA (ssODN) repair templates containing 
the ZF1 tag and silent point mutations disrupting the PAM motif were used:
-vab-8:
ATCATTCAATGCTGGTTACaACTTTCATTACAGAATACAAAACGCGACTTTG
TGATGCGTTCCGCCGTGAAGGATACTGCCCGTACAACGACAATTGCACATAT
GCTCACGGACAAGATGAGCTGAGAGTTCCGAGATAGatcatttcttcttcttccatttaca
aatccccccgaatcaacca
-plr-1: 
AGCAATCGCGCTCCTTCGAAATCGAGCCaCGTACATCGCAACAATTAACAGA
ATACAAAACGCGACTTTGTGATGCGTTCCGCCGTGAAGGATACTGCCCGTAC
AACGACAATTGCACATATGCTCACGGACAAGATGAGCTGAGAGTTCCGAGA
TAGaaaattagccagaatactctatcaaaaaatatcatatcacac
All CRISPR/Cas9 recombineering was performed using recombinant SpCas9 
protein purified from E. coli (BL21(DE3)) as described (D’Astolfo et al., 2015).

Microscopy and Phenotypic analysis 

For epifluorescence and DIC microscopy animals were mounted on 2% agarose 
pads containing 30mM sodium azide. Micrographs were made using a Zeiss 
Axioscop microscope equipped with a Zeiss Axiocam camera. Image acquisition 
was performed using LASAF software and images were processed using ImageJ 
and Adobe Photoshop software. Position of second Q neuroblast division was 
determined by comparing the distance between the position of the stationary 
apoptotic body and the division plane of seam cell V5 relative to the division 
planes of seam cell V4 and V5 by epifluorescence using the heIs63 or huIs166 
transgenes. 

Time lapse imaging and static imaging of MIG-1::GFP

For time-lapse imaging synchronized animals were mounted on 10% agarose 
pads in 0.4 μl of 0.1 μm diameter polystyrene microspheres in aqueous 
suspension (Polysciences 00876 in 2.5% solids aqueous suspension) 
(Middelkoop et al., 2012). For MIG-1::GFP imaging synchronized animals were 
mounted on 2% agarose containing 30mM sodium azide. Images were made 
using a PerkinElmer Ultraview VoX spinning disk microscope (100x objective, 
10x zoom, 2-7% 488nm laser power (gradually increasing from 2% to 7% during 
the course of the time-lapse experiment), exposure 400ms). For time-lapse of 
animals synchronized 4-5 hours after hatching z-stacks (0.5 μm steps), were 
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made with intervals of 5 minutes overnight, using Volocity software. For static 
imaging of MIG-1::GFP z-stacks (0.33 μm steps), were made on animals 
synchronized 3-4 and 5-6 hours after hatching. Images were further processed 
using Volocity and ImageJ software.

Single molecule Fluorescence In Situ Hybridization

smFISH was performed as described (Raj et al., 2008). In short, synchronized 
animals carrying the heIs63 transgene were fixed using 4% formaldehyde and 
70% ethanol. Hybridization was done for >12 hours at 37°C. mab-5 
oligonucleotides coupled to Cy5 were used (Ji et al., 2013). plr-1 oligonucleotide 
probes were designed using the algorithm on www.singlemoleculefish.com and 
chemically coupled to Cy3 (smFISH probe sequences listed in SMTable 1). For 
mab-5 images were made using a PerkinElmer Ultraview VoX spinning disk 
microscope with Volocity software (100x objective, 10x zoom, Cy5: 640 nm 75,0 
% intensity, 1,0s; GFP: 488 nm 7,0% intensity, 400ms; DAPI: 405 nm, 10,0% 
intensity, 400 ms, 0,33 μm z-stack). Images were further processed using 
Volocity and ImageJ software. For plr-1 images were made using a Leica MM-AF 
microscope (100x objective, 10x zoom, TMR(Cy3): 560 nm 70,0% intensity, 700 
ms; GFP: 488 nm 70% intensity, 400 ms; DAPI: 405 nm, 70% intensity, 200 ms, 
0,33 μm z-stack). Images were further processed using ImageJ software. 
Quantification was performed as described (Middelkoop et al., 2012), by 
manually counting mRNA spots in Q neuroblasts identified based on the heIs63 
transgene expression. Only fluorescent spots visible in at least two neighboring 
z-slices were counted to eliminate false positives. The sum of smFISH spots in 
Q.a and Q.p daughter cells was taken in case of division. 

Statistical analysis

Statistical analysis of QR.p and QR.pa division position was performed using 
Fisher’s exact test. A Monte Carlo approximation, iterated 10000 times using R 
statistical computing software, was used to estimate significance. smFISH data 
was compared using Kruskal-Wallis tests followed by Dunn’s multiple 
comparisons tests.
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Supplementary Figure 1 (related to Figure 2). (A) QL lineage stages in 7 hours synchronized 
animals used for cell isolation. Stages (undivided, first division, and second division) were 
measured in three independent experiments (n > 50) and are depicted in percentages for both 
mab-5 lof and mab-5 gof. (B) Representative FACS profile of double fluorescent Q neuroblast 
descendants (gate P6). GFP detected with 488nm laser (y) and mCherry with 532nm laser (x). 
(C) Sample distance heatmap. Beige colors indicate low correlation and darker green colors 
indicate higher correlation. gof represent individual mab-5 gof samples, and lovf represent 
individual mab-5 lof samples. (D) Top 50 differentially expressed genes in mab-5 gof and lof 
mutant backgrounds. Heatbar indicates level of expression (red corresponding to high and blue 
to low expression). (E, F) Gene ontology (GO) enrichment analysis for genes upregulated in (E) 
mab-5 gof and (F) mab-5 lof mutant backgrounds.
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Supplementary Figure 2 (related to Figure 4). (A) Quantification of smFISH of plr-1 in migrating 
QR neuroblasts (0-6 hours after hatching) in indicated wild-type or mutant backgrounds. (B) 
Quantification of mab-5 smFISH spots in indicated Q neuroblasts during initial migration and 
start of daughter cell migration (0-6 hours after hatching). In A and B, the position of each cell 
is plotted relative to the seam cells. Box plots show the overall levels of smFISH spots in the 
indicated genotypes. n > 30. Kruskal-Wallis test was performed followed by Dunn’s multiple 
comparison test to determine significance (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001). (C) 
Representative images of mab-5 expression (smFISH spots) in QR neuroblast. smFISH spots in 
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maximum intensity projections of z-stacks encompassing the QL neuroblast. Scale bar indicates 
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Supplementary Figure 3. Maximum intensity projections of z-stacks encompassing the QL 
neuroblast expressing MIG-1::GFP in a huIs181 transgenic background. 3-4 hours after hatching 
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In this thesis, we have explored the power of lineage-specific RNA sequencing 
and combined it with genetic analysis to expand our comprehension of the 
transcriptional dynamics occurring during the differentiation of the C. elegans 
Q neuroblasts, and unveil novel mechanisms by which Wnt signaling regulates 
the migration of this bilateral pair of post-embryonic neuroblast lineages. Here, 
I will summarize and further discuss the findings and conclusions presented in 
the previous chapters.
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1. Temporal transcriptional dynamics and fate decisions in the 
QR lineage

Since its establishment as a model organism for the study of developmental 
biology, C. elegans has been prolifically used to understand mechanisms driving 
cell fate decisions and differentiation. Underlying this potential is not only the 
ease of genetic manipulation of this organism but most importantly its low 
anatomical complexity, and invariant number of cells and lineage hierarchy 
between individuals (Corsi, Wightman, & Chalfie, 2015; Sulston & Horvitz, 
1977; Sulston, Schierenberg, White, & Thomson, 1983). These unusual features 
make it a simplified and highly tractable model system where cell fate decisions 
and differentiation can be studied at single-cell resolution in a complete 
metazoan in vivo setting. In recent years, RNA-sequencing (RNA-seq) created 
the possibility of studying gene expression at a genome-wide scale. Moreover, 
the combination with fluorescence-activated cell sorting (FACS) has allowed 
the assessment of transcriptional programs with cell or lineage resolution 
(Berger et al., 2012; Bergsland et al., 2011; Burns, Kelly, Hoa, Morell, & Kelley, 
2015; Lescroart et al., 2018; Singh et al., 2018; Wissel et al., 2018; Yang et al., 
2016). This approach has also been employed in C. elegans, but these studies 
were mostly focused on understanding the biology of differentiated cells and, 
therefore, adopted a snapshot-like approach, where temporal transcriptional 
dynamics were neglected (Deffit et al., 2017; Kaletsky et al., 2016, 2018; Kroetz & 
Zarkower, 2015; Lockhead et al., 2016; Mathies et al., 2019; Spencer et al., 2014). 
Upon developing an optimized protocol for the FACS-based isolation of rare C. 
elegans cells (Chapter 2), we combined this method with RNA-seq to generate 
the first genome-wide gene expression profile of an entire post-embryonic 
lineage of C. elegans (Chapter 3). Our assessment of the QR lineage 
transcriptional dynamics encompasses the developmental stages from the 
generation of the progenitor cell QR, up to the start of the terminal differentiation 
programs that specify the identity of its neuronal descendants. We have 
demonstrated that this temporal transcriptional profile includes most of the 
genes previously reported to be expressed in the QR lineage as well as all the 
known temporal transcriptional dynamics. Since previous data on these 
dynamics was very limited, we characterized in more detail a small subset of 
genes. Our results show that our profiling can accurately capture significant 
transcriptional dynamics, including genes known to regulate key cell fate 
decisions, as in the cases of lin-32 and unc-86. However, we found that our 
approach is not sensitive enough to capture all the dynamics revealed by single-
molecule mRNA fluorescent in situ hybridization (smFISH), especially those 
corresponding to downregulation events. This limitation arises as a consequence 
of the currently available methodology for synchronizing the large numbers of 
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individuals required for these experiments. In addition, our method does not 
allow the distinction between the transcriptional profiles of co-existing QR 
lineage cells which may limit the full comprehension of the cell-specific role of 
some genes. This is evident, for instance, in the case of unc-86 whose expression 
in QR.p is high, but it is absent from QR.a. An appealing solution to overcome 
these limitations would be the combination of our method with single cell RNA-
sequencing (scRNA-seq). This approach would allow the assessment of the 
transcriptome of each of the QR lineage cells, making it possible to distinguish 
co-existing cells. Moreover, it could also help to improve the temporal resolution 
of our profiles since it would be possible, not only to distinguish each of the QR 
lineage cells, but also to assess the transcriptional dynamics occurring within 
each of these cells. This could provide important insights on the hierarchy of the 
genes acting within each cell, which may be pivotal in the full understanding of 
the mechanisms governing their cell-specific fate decisions. It is important to 
note that this should be implemented as a complementary approach but not as 
an alternative to bulk RNA-seq. Since scRNA-seq has a low mRNA capture 
efficiency, mostly owing to the small amount of input material, it can fail to 
detect lowly expressed but important genes, especially in small cells such as 
those that comprise the QR lineage (Chen, Ning, & Shi, 2019). 

Since protein dynamics more closely reflect the functional relevance of 
a gene, we studied these in our small set of genes, and assessed how they relate 
with the dynamics observed at the mRNA level. We conclude that increases in 
mRNA and protein production levels are closely associated events, indicating 
that mRNA upregulation can be a good proxy for gene function in a particular 
stage or cell. However, we found that maximum level of protein is either reached 
or plateaus during stages after the mRNA maximum. This evidence indicates 
that the function of a gene may not be restricted to the stages where transcription 
is upregulated but can also be important beyond these stages, even when mRNA 
is virtually absent. These observations suggest that for a full comprehension of 
the mechanisms driving QR lineage fate decisions and progression, it would be 
important to gain further insights into the proteomic dynamics occurring during 
these processes. Even though we never examined if the method presented in 
Chapter 2 is amenable to genome-wide proteomic analysis, we consider that 
this should be possible. Therefore, adopting a similar approach to the one 
described in Chapter 3 for the proteomic characterization of the entire QR 
lineage, and integrating it with the transcriptomic information that we 
generated, would have the potential of creating an attractive system level 
resource amenable for modeling and in silico studies which could allow a 
thorough comprehension of the mechanisms that control the fate progression 
of the entire QR lineage.



169

6

1.1. bHLH transcription factors and the regulation of QR lineage cell 
fate decisions

The conserved family of the basic helix-loop-helix (bHLH) transcription factors 
have been involved in multiple processes of fate determination, most noticeably 
in the acquisition of neural and neuronal fate during nervous system 
development (Bertrand, Castro, & Guillemot, 2002; Skinner, Rawls, Wilson-
Rawls, & Roalson, 2010). lin-32, an ortholog of Drosophila atonal and human 
Atoh1, was one of the first transcription factors identified as a regulator of fate 
decisions in the QR lineage (Zhao & Emmons, 1995). In QR, lin-32 functions as 
a true proneural gene, since QR fails to adopt a neural fate when this gene is 
mutated. Although this function was described more than two decades ago, the 
mechanisms by which this transcription factor regulates QR fate are still 
completely unknown. A recent study showed that the Myt1 ortholog ztf-11 is 
necessary for the repression of epithelial identity during neurogenesis of several 
neuronal lineages (Lee et al., 2019). Moreover, the expression of this gene is, at 
least in some of these lineages, dependent on LIN-32. In Chapter 3 we show 
that ZTF-11 is expressed in all the neuroblasts of the QR lineage, including QR 
itself. It is, therefore, plausible to speculate that in the genesis of the QR 
neuroblast, ZTF-11 is also responsible for repressing the epithelial identity 
characteristic of QR progenitor cell. Moreover, as it is observed in other 
neuronal lineages, the expression of ztf-11 could be regulated by LIN-32. Under 
this hypothesis, the proneural function of LIN-32 could simply be the activation 
of a ZTF-11-dependent mechanism that represses the epithelial identity in QR. 
If this hypothesis is true, it would be expected that ztf-11 mutants would 
phenocopy the effect observed when lin-32 is mutated. However, this does not 
seem to be the case, since the QR descendant AVM is present in the null mutant 
of this gene (Lee et al., 2019). Therefore, two alternative scenarios are possible. 
On the one hand, ztf-11 could be only one of multiple targets of LIN-32, which 
would parallelly promote neural identity and repress epithelial identity. On the 
other hand, ztf-11 and lin-32 activities could be two independent processes 
which could, nevertheless, share a common upstream regulation mechanism. 
Our data shows an early upregulation of both genes in QR neuroblasts 
suggesting that the latter hypothesis may be the most plausible one.

Our analysis shows that LIN-32 is present not only in the QR neuroblast 
but also in all the non-differentiated cells of the QR lineage, suggesting that 
this bHLH may be important in other fate decisions. After QR division, the fate 
of its daughter cell QR.p relies on the expression of the POU domain 
transcription factor UNC-86, which is absent from its sister cell QR.a. In unc-86 
mutants, QR.p reiterates the fate of its progenitor QR and its descendants 
recapitulate the QR.a lineage (Chalfie, Horvitz, & Sulston, 1981).  Baumeister 
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and colleagues showed that lin-32 regulate unc-86 expression in several 
neuroblast lineages (Baumeister, Liu, & Ruvkun, 1996). Moreover, these authors 
speculate that such transcriptional hierarchy may also be true in the QR.p 
neuroblast. However, the broad expression of lin-32 that we observed suggests 
that for this hypothesis to be true, there has to be another factor that drives an 
asymmetrical regulation between QR.a and QR.p. Considering that bHLH 
transcription factors function as homo or heterodimers, such asymmetry could 
result from the asymmetric presence of another bHLH. Remarkably, our QR 
lineage transcriptional profile shows that at least 8 other bHLH are expressed 
during these stages, which may be a good indication of the validity of this 
hypothesis. Interestingly, UNC-86 can, in turn, be a regulator of bHLH gene 
expression. For instance, it has been shown that unc-86 controls the expression 
of AHR-1, a bHLH that forms a heterodimer with the broadly expressed bHLH 
AHA-1 to control the terminal differentiation of the QR descendant AQR (Qin 
& Powell-Coffman, 2004). Moreover, during terminal differentiation of the 
HSN neuron, expression of hlh-3 is also dependent on unc-86 (Lloret-Fernández 
et al., 2018).

Together, this suggests that bHLH transcription factors are broadly 
implicated in different QR lineage fate decisions. Moreover, our transcriptional 
profiles show that there are 8 bHLH domain containing transcription factors 
expressed throughout this lineage as well as 7 others which are downregulated 
compared to the seam cells. Therefore, combining a more in-depth 
characterization of expression with genetic analysis of these genes could 
provide important insights into their involvement in gene regulatory networks 
controlling the QR lineage fate decisions.

2. Wnt signaling control of Q lineages migration 

2.1. Canonical Wnt/β-catenin signaling activates a specific transcriptional 
program to terminate QR.pa anterior migration

Several Wnt signaling pathways have been implicated in the regulation of 
different aspects of QR linage migration (Korswagen, 2002; Mentink et al., 
2014; Whangbo & Kenyon, 1999; Zinovyeva, Yamamoto, Sawa, & Forrester, 
2008). In a recent study, Mentink and colleagues showed that canonical Wnt/
β-catenin signaling is necessary for terminating the anterior migration of the 
QR.pa neuroblast (Mentink et al., 2014). The authors demonstrated that 
mutation of bar-1/β-catenin or pop-1/TCF resulted in the overmigration of the 
QR descendants. Accordingly, mutation of the destruction complex component 
pry-1/Axin or expression of a constitutively active form of BAR-1 using a heat-
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shock inducible promoter resulted in the undermigration of these cells. Even 
though their results supported a model where the role canonical Wnt/β-catenin 
signaling is exerted in a cell autonomous manner, it could not be fully rule out 
that this was the consequence of a cell non-autonomous effect. We, therefore, 
sought to test if this effect was truly cell autonomous. By specifically activating 
canonical Wnt/β-catenin signaling in the Q lineage, using the same constitutively 
active form of BAR-1 but expressed from a Q lineage specific promoter 
(abbreviated as ΔN-BAR-1Q), we showed that termination of migration via 
canonical Wnt/β-catenin signaling is, indeed, a cell autonomous process 
(Chapter 4).

The modus operandi of canonical Wnt/β-catenin signaling is, almost by 
definition, through changes in transcriptional landscapes. We, therefore, asked 
if 1) this would be the case in the QR lineage, 2) if so, what are the target genes 
through which canonical Wnt/β-catenin signaling terminates the anterior 
migration of QR descendants. We observed that expression of a dominant-
negative form of POP-1 - the single C. elegans TCF/Lef1 ortholog - resulted in an 
almost full rescue of the undermigration phenotype caused by ΔN-BAR-1Q, 
therefore, confirming the transcriptional nature of the canonical Wnt/β-catenin 
signaling regulation of this process. To unveil the transcriptional changes 
resulting specifically from the activation of this pathway, we employed our 
optimized method for Q lineage-specific RNA-seq (Chapter 2) and compared 
the transcriptional landscapes of ΔN-BAR-1Q and control cells. This analysis 
showed that a specific set of genes, mainly upregulated in ΔN-BAR-1Q, were 
differentially expressed. Most of these genes have predicted TCF binding motifs 
in the regions upstream of their coding sequence, strongly supporting that these 
are direct targets of the canonical Wnt/β-catenin signaling pathway. Since our 
strategy involved the overactivation of canonical Wnt/β-catenin pathway, the 
upregulation of these genes could be the outcome of an ectopic effect without 
any physiological significance. However, we observed that 73% of the upregulated 
genes in ΔN-BAR-1Q were also upregulated in our QR lineage transcriptional 
profile (Chapter 3), indicating that the majority of these may be true downstream 
effectors of canonical Wnt/β-catenin signaling. An interesting, but unexpected, 
outcome of this analysis is the observation that a subset of these genes have 
been involved in the terminal identity of the QR lineage postmitotic neuronal 
descendants (mec-1, mec-3, mec-7, mec-12 and mec-18 for QR.paa/AVM, lad-2 
for QR.pap/SDQR and gcy-32 for QR.ap/AQR). Considering that our analysis 
shows that neuronal identity of two of the three final descendants is not affected 
in bar-1 mutant animals, this observation suggests a role for canonical Wnt/β-
catenin signaling in their differentiation which, without being essential, may be 
important in enhancing the robustness of this neurogenesis process.
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2.2. eva-1/EVA1C and rga-9/ARHGAP (isoform b) mediate canonical 
Wnt/β-catenin pathway-dependent inhibition of QR.pa anterior migration

Amongst the genes upregulated by canonical Wnt/β-catenin signaling in the 
QR lineage, we found that eva-1 and the isoform b of rga-9 (abbreviated rga-9b) 
are downstream effectors of this pathway in the termination of QR.pa anterior 
migration. rga-9 encodes a Rho GAP (GTPase-activating protein) domain 
containing protein, related to Drosophila and mammalian ARHGAPs. While Q 
lineage-specific expression of RGA-9b phenocopies the effects of ΔN-BAR-1Q, 
mutation of this gene significantly rescues the ΔN-BAR-1Q phenotype. 
Furthermore, this mutation also results in an overmigration phenotype similar 
to what is observed in bar-1/β-catenin mutants, thus, confirming the role of 
rga-9b as a downstream effector of canonical Wnt/β-catenin pathway in this 
process. Such a conclusion is also applicable in the case of eva-1, as we obtained 
similar outcomes from the analysis of this gene. Moreover, we observed an 
enhancement of the overmigration phenotype in the double mutants for these 
two genes, indicating that they have parallel functions. eva-1 encodes a 
conserved transmembrane protein orthologous to human EVA1C (Fujisawa, 
Wrana, & Culotti, 2007), which has been shown to functionally interact with 
the UNC-40/DCC and the SAX-3/Robo pathways (Chan et al., 2014; Fujisawa et 
al., 2007). The data from previous studies suggests that the UNC-40/DCC 
pathway is mainly involved in the initial Wnt-independent migration of the QR 
neuroblast (Ebbing, Middelkoop, Betist, Bodewes, & Korswagen, 2019; 
Honigberg & Kenyon, 2000), which led us to only explore the role Slit-Robo 
signaling in the migration of QR descendants. For this pathway to be relevant 
in this process two conditions need to be fulfilled, 1) there has to be an external 
source of SLT-1/Slit that can potentially activate the signaling mechanism, 2) 
sax-3 must be expressed in the QR descendants. Previous studies have shown 
that the ligand slt-1 is expressed in the dorsal body wall muscle cells along 
which QR.p and QR.pa migrate (J. C. Hao et al., 2001). Moreover, analysis of our 
QR lineage transcriptional profiling (Chapter 3) revealed that sax-3 is expressed 
in the QR descendants, confirming the fulfillment of these conditions. We 
demonstrate that these two genes are necessary for the correct migration of QR 
descendants, and that this role occurs downstream of canonical Wnt/β-catenin 
signaling. It has been shown that during processes of neuronal migration and 
axon guidance regulated by Slit-Robo signaling, the triggering of a functional 
response by the SLT-1 ligand through the SAX-3 receptor depends on the 
presence of EVA-1 as a co-receptor (Bülow et al., 2008; Fujisawa et al., 2007). 
We, therefore, propose a model where the Wnt-dependent expression of eva-1 
functions as a switch that specifically turns on SLT-1 - SAX-3/Robo signaling in 
QR.pa. Even though our data strongly favors this model it will be important to 
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fully validate it. For instance, genetic analysis of compound mutants for all 
these genes could provide insightful support to the model. We also found that 
the RhoGAP encoding gene srgp-1 is important in the termination of QR.pa 
migration. Interestingly, srGAP - the mammalian ortholog of SRGP-1 - has been 
shown to function as an effector of Slt - Robo signaling in mammalian neuronal 
cells (Zaidel-Bar et al., 2010). It is, however, important to note that SRGP-1 
misses the SH3 domain that is required for direct physical interaction with 
Robo. Consequently, it would be essential to understand if in C. elegans a 
different domain mediates the mechanism of interaction between these two 
proteins, or if this interaction occurs in an indirect manner involving a third 
component.

2.3. A novel model for the crosstalk between canonical and non-
canonical Wnt signaling

It has been shown that a complex sequential activation of different Wnt 
signaling pathways regulate successive aspects of QR lineage migration 
(Mentink et al., 2014). In particular, two parallel acting non-canonical Wnt 
signaling pathways - egl-20/Wnt-cam-1/Ror and cwn-1/Wnt-mom-5/Frizzled - 
are responsible for the long-range migration of QR.p, which is followed by the 
activation of canonical Wnt/β-catenin pathway that terminates the QR.pa 
migration discussed above. However, how these non-canonical pathways exert 
their role in QR.p migration, and to what extent do they interact – if they 
interact - with the canonical Wnt/β-catenin pathway acting subsequently are 
questions that remain unanswered. A previous study showed that the guanine 
nucleotide exchange factors (GEFs) PIX-1 and UNC-73/Trio are necessary for 
correct migration of QR descendants (Dyer, 2010). In Chapter 4 we show that 
the PIX-1 is an effector of the non-canonical cwn-1/Wnt-mom-5/Frizzled 
pathway in the positive regulation of QR.p long-range migration. Furthermore, 
we found that mutation of pix-1 does not only result in a similar migration 
phenotype as Q lineage-specific expression of ΔN-BAR-1 or RGA-9b, but that 
pix-1 is also required for the inhibition of QR descendants migration by rga-9b. 
As previously mentioned, pix-1 and rga-9 are GEF and GAP proteins, respectively. 
GEFs and GAPs are involved in the regulation of small GTPases, which have 
been implicated in the control of a plethora of biological events, including cell 
migration and polarity (Reiner & Lundquist, 2018). These two protein families 
exert their function by having opposing roles in the regulation of small GTPases. 
While GEFs are responsible for triggering their activity, GAPs are responsible 
for inhibiting it. Thus, it is logical to consider that the genetic interactions 
which we observe between the GEF pix-1 and GAP rga-9 have at their core the 
regulation of one or more small GTPases. In accordance, it has been shown that 
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the GEFs PIX-1 and UNC-73 activate MIG-2 and CED-10 - two members of the 
Rho family of small GTPases - which in turn control the polarization and 
migration of QR and its descendants (Dyer, Demarco, & Lundquist, 2010; Ou & 
Vale, 2009). Supported by this body of evidence, we propose a model where 
CWN-1/Wnt - MOM-5/Frizzled pathway signaling leads to PIX-1-dependent 
activation of Rho small GTPases to promote QR.p migration. Later, the 
activation of the canonical Wnt/β-catenin pathway in QR.pa results in the 
upregulation of RGA-9b which will inhibit these small GTPases and therefore 
stop migration. In more general terms, we propose a novel paradigm for the 
cross-talk between canonical and non-canonical Wnt signaling where the 
antagonistic regulation of small GTPases via the pathway-dependent action of 
GEFs and GAPs, leads to a (in)balance between activation and inhibition of 
these small GTPases, resulting in a spatially (or temporally) regulated outcome. 
Our model for crosstalk between canonical and non-canonical Wnt signaling 
in the regulation of QR lineage migration is, nevertheless, just the tip of the 
iceberg of how these pathways can interact in this context. For instance, we still 
do not understand how the srGAP SRGP-1 is involved in this process. Does it 
contribute to the robustness of the system by inhibiting the MIG-2 and/or 
CED-10? Or does it regulate other small GTPases for which a role in this process 
has never been described? In this respect, it is interesting to observe that our 
QR lineage transcriptional profiling (Chapter 3) shows that there are 33 other 
small GTPases expressed during the Q.x and Q.xx stages, of which 7 belong to 
the Rho and Rac families.

2.4. Lineage-specific RNA-seq as a tool to unveil cell-specific canonical 
Wnt/β-catenin signaling transcriptional regulation

Contrary to QR, the QL neuroblast migration is dependent on the activation of 
canonical Wnt/β-catenin signaling (Harris, Honigberg, Robinson, & Kenyon, 
1996; Ji et al., 2013; Maloof, Whangbo, Harris, Jongeward, & Kenyon, 1999; 
Salser & Kenyon, 1992; Zinovyeva et al., 2008). Here, binding of EGL-20/Wnt to 
the Frizzled receptors MIG-1, MOM-5 and LIN-17 results in the upregulation of 
the Hox gene mab-5, which has been shown to be necessary and sufficient for 
correct posterior migration of the QL lineage. However, we still do not know 
which transcriptional changes are driven by this transcription factor nor which 
mechanisms operate downstream of these changes to regulate this migratory 
process. In an attempt to unveil such mechanisms, a previous study performed 
whole-organism RNA-seq and compared the transcriptional profiles of mab-5 
gain- and loss-of function mutants (Tamayo, Gujar, Macdonald, & Lundquist, 
2013). Although they identified several downstream targets of mab-5 involved 
in posterior QL daughter cell migration, the broad expression of mab-5 and the 
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lack of cell specificity of their approach did not allow to clarify if these targets 
were acting in a cell autonomous or non-autonomous manner. Moreover, 
subsequent studies which further explored this dataset could only find cell 
non-autonomous roles for some of these targets (Josephson, Miltner, & 
Lundquist, 2016). In order to identify transcriptional targets of mab-5 that 
unequivocally act in a cell autonomous manner, we employed our optimized 
method for Q lineage-specific RNA-seq (Chapter 2) and compared the 
transcriptional landscapes of mab-5 gain-of-function and loss-of-function 
mutant backgrounds (Chapter 5). Remarkably, when we compared our list of 
551 differentially expressed genes with the 183 of the whole-organism dataset, 
we observed an overlap of only 6 genes. This drastic difference between the two 
approaches highlights the power and importance of implementing our lineage-
specific approach when trying to uncover transcriptional differences occurring 
in a cell-specific context.

2.5. Multiple downstream targets of MAB-5/Hox are involved in the 
regulation of QL descendants migration

We selected a set of genes that were upregulated by MAB-5 in the QL lineage 
which have been previously associated with directional migration and polarity. 
We found that the kinesin-related protein VAB-8, the transmembrane protein 
EVA-1, and the BC-box containing protein EBAX-1 have a significant role in 
migration of QL descendants. Our observations suggest that, even though they 
are the outcome of the same regulatory pathway, they may regulate different 
aspects of the migration of the two QL descendants. For instance, while ebax-1 
mutation resulted in the overmigration of QL.a indicating that it has a role in 
promoting the termination of its migratory process, in QL.p it had an opposite 
effect, with mutants displaying an undermigration phenotype. Furthermore, 
we observed a complex genetic interaction between all these genes that, again, 
resulted in cell-specific phenotypical effects. These complex interactions 
suggest that they may be part of different but potentially redundant processes 
that contribute to a still unknown mechanism regulating the migration of QL 
descendants in a context-specific manner. Thus, indicating that mab-5-
dependent migration of QL descendants may be a process involving a high 
degree of robustness. Supporting this hypothesis is the unexpected observation 
that most single and double mutants were not capable of phenocopying the 
reversal in migration direction observed in mab-5 loss-of-function mutants. 
Only in ebax-1; eva-1 compound mutants we could detect a small percentage of 
anteriorly located QL.a descendant PQR (data not shown). Interestingly, all 
these genes have been involved to some extent in the regulation of the Slt-Robo 
pathway (Fujisawa et al., 2007; Wang et al., 2013; Watari-Goshima, Ogura, Wolf, 
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Goshima, & Garriga, 2007). Moreover, our data shows that sax-3/Robo is 
expressed in the QL descendants. Together, these observations indicate that 
the Slit-Robo pathway may be the central mechanism where all these genes 
converge to regulate the migration of QL descendants. Testing this hypothesis 
as well as the potential functional mechanism of this pathway in the QL 
descendants could expand our comprehension of the mab-5-dependent 
mechanisms through which canocial Wnt/β-catenin signaling regulates the 
migration of these cells. 

2.6. PLR-1 as a novel component of the negative feedback loop ensuring 
robust expression of mab-5

It has been shown that a complex network of interlocked positive and negative 
feedback loops regulates canonical Wnt/β-catenin signaling in the QL lineage 
to ensure robust mab-5 expression (Ji et al., 2013). Our transcriptomic profilling 
revealed that plr-1, which encodes a conserved E3 ubiquitin-protein ligase, was 
one of the downstream targets of mab-5 (Chapter 5). Interestingly, its 
mammalian orthologs ZNRF3 and RNF43 have been shown to have a direct role 
in feedback regulation of canonical Wnt signaling, by targeting Frizzled 
receptors for degradation (H.-X. Hao et al., 2012; Koo et al., 2012; Moffat, 
Robinson, Bakoulis, & Clark, 2014). Despite not having a clear migration 
phenotype in the QL lineage, we hypothesized that it could, nevertheless, by 
involved in the negative feedback loop that ensures robust expression of mab-5. 
Our results confirmed our hypothesis by showing that, not only plr-1 expresion 
is dependent on MAB-5, but also that QL lineage-specific depletion of PLR-1 
perturbs robustness of mab-5 expression. As mentioned above, the feedback 
regulation of ZNRF3/RNF43 in mamalian systems occurs through the targeting 
of Frizzled receptors for degradation  (H.-X. Hao et al., 2012; Koo et al., 2012; 
Moffat et al., 2014). However, we observed that depletion of PLR-1 had no effect 
on the levels of MIG-1/Frizzled, one of the three Wnt receptors involved in the 
QL lineage. This suggests that the potential regulatory role of PLR-1 may be 
exerted on the two other Frizzled receptors involved in this process – MOM-5 
and LIN-17. Therefore, it would be important for a full comprehension of these 
feedback regulatory mechanisms to further explore if and how these receptors 
are regulated by PLR-1 upon canonical Wnt/β-catenin signaling activation.
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Nederlandse samenvatting

Het leven van iedereen, mens of dier, start vanuit een enkele cel – de zygote – 
die alle noodzakelijke genetische informatie (het DNA) bevat om een volledig 
lichaam te bouwen. Om dit te kunnen doen moet de cel zich door middel van 
delingen vermenigvuldigen. Deze delingen resulteren in dochter cellen die 
genetisch identiek zijn aan hun moeder cel. De dochter cellen zullen eveneens 
delen, net als hun dochter cellen, in een proces dat zich blijft herhalen tot 
uiteindelijk alle cellen, weefsels en organen zijn gevormd die ons lichaam 
vormen. Echter, alle onderdelen van een volledig ontwikkeld lichaam hebben 
andere eigenschappen. De cellen die onze huid vormen zijn heel anders dan de 
zenuwcellen die onze hersenen vormen. Hoe komt het dat cellen die dezelfde 
genetische informatie bevatten toch zo van elkaar verschillen in vorm en 
functie? Het antwoord ligt in het feit dat ze enkel het deel van de genetische 
informatie gebruiken dat ze nodig hebben. Stel je voor dat je een taart wilt 
bakken gebaseerd op het kookboek van je moeder of oma. Je zou het hele 
kookboek kunnen lezen en elk recept kunnen koken dat erin staat. Uiteindelijk 
zou je ook de taart bakken waar je zoveel zin in had, maar het is zeker niet de 
meest makkelijke manier. Wat je waarschijnlijk zou doen is het boek openen op 
de juiste pagina en enkel het recept gebruiken dat nodig is voor de taart. Mocht 
je moeder of oma het kookboek niet zo graag uit willen lenen, dan zou je het 
recept zelfs over kunnen schrijven op een stukje papier om dat vervolgens te 
gebruiken. Dit is exact wat er gebeurt in een cel. In plaats van elk recept te 
maken uit het kookboek (het DNA), zullen enkel de recepten die nodig zijn 
overgeschreven worden. Dit overschrijven gebeurt op moleculaire “stukjes 
papier” die ook wel boodschapper RNA (mRNA) worden genoemd. De recepten 
worden vervolgens gestuurd naar de moleculaire machines (de persoonlijke 
koks) die in de cel de taarten bakken die benodigd zijn. In het geval van cellen 
zijn de taarten de eiwitten die gemaakt worden. Op deze manier worden cellen 
anders van elkaar; iedere cel neemt de juiste identiteit aan en voert de benodigde 
activiteiten uit voor de vorming en functie van weefsels en organen waar ze deel 
van uitmaken. De juiste identiteit aannemen is van groot belang, omdat het 
falen van deze processen kan leiden tot misvormingen en 
ontwikkelingsstoornissen. Daarbij is deregulatie van cel-identiteit ook een 
belangrijke oorzaak van kanker. In simpele termen zijn kanker cellen niets 
meer dan normale cellen in het lichaam die om een of andere reden een 
onbedoelde identiteit hebben aangenomen. 

Om ons lichaam correct te vormen moeten sommige cellen niet alleen 
de juiste identiteit aannemen, maar zich ook naar de omgeving (weefsel of 
orgaan) verplaatsen waar ze nodig zijn. Voor redenen die we nog niet volledig 
begrijpen worden sommige cellen geboren op een plaats die anders in dan waar 
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ze uiteindelijk nodig zijn. Dit gebeurt bijvoorbeeld bij bepaalde zenuwcellen 
die zich naar specifieke plekken in het brein moeten verplaatsen om de functie 
ervan te garanderen. Vergelijkbaar met cel identiteit kan het falen van deze 
verplaatsing leiden tot ernstige ontwikkelingsstoornissen en misvormingen. 
Daarbij zijn de mechanismen die normaliter betrokken zijn bij deze cellulaire 
verplaatsingen ook betrokken bij de beweging van kanker cellen vanuit hun 
oorspronkelijke plaats (primaire tumor) door de rest van het lichaam als 
metastasen. 

Het is duidelijk dat cel identiteit en beweging essentiële processen zijn 
in de context van correcte lichaamsvorming en de ontwikkeling van 
aandoeningen. Er zijn echter nog veel belangrijke vragen over dit proces. Hoe 
weten de cellen welke recepten ze moeten gebruiken? Of in andere woorden, 
hoe weten ze welk mRNA ze moeten transcriberen? Hoe weten de cellen 
wanneer ze zich moeten verplaatsen en in welke richting? En welke cellulaire 
machinerie laat hen voortbewegen? In de laatste decennia heeft uitgebreid 
onderzoek ons op het juiste pad gebracht om antwoorden te vinden op deze 
vragen. Echter, we zijn nog ver verwijderd van een volledige begrip van deze 
processen. Vervolgonderzoek is dus nodig om definitieve antwoorden te 
verkrijgen.

Met het werk dat in dit proefschrift wordt beschreven hebben wij 
bijgedragen aan deze tour de force met nieuw onderzoek dat ons kan helpen de 
onderliggende mechanismen beter te begrijpen. Hiervoor hebben wij gebruik 
gemaakt van twee zuster cellen van het model organisme Caenorhabditis 
elegans (C. elegans). Deze zogenoemde Q cellen zijn een geschikt model om 
dergelijke processen te bestuderen omdat ze 1) geboren worden op een bepaalde 
plaats in het lichaam en zich moeten verplaatsen om hun uiteindelijke functie 
uit te kunnen oefenen, en 2) tijdens dit bewegingsproces een 
identiteitsverandering ondergaan die uiteindelijk leidt tot het verkrijgen van 
een neuronale identiteit. We hebben methodes ontwikkeld en geïmplementeerd 
om te begrijpen welke types mRNA (recepten) aanwezig zijn in deze cellen en 
hoe ze veranderen tijdens de verschillende stappen van het migratie proces en 
de identiteitsverandering. Deze informatie hebben we gebruikt om zowel 
details als nieuwe mechanismen van de cellulaire machinerie te ontrafelen die 
de beweging en richting van de cellen bepalen. Onze bevindingen in de context 
van deze kleine worm hebben de potentie om ons begrip van vergelijkbare 
mechanismen in de mens te vergroten, mede omdat de betrokken moleculaire 
machinerie erg vergelijkbaar is tussen beide soorten. 
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Samenvatting per hoofdstuk

Hoofdstuk 1 introduceert de details van het C. elegans Q cel systeem en legt uit 
waarom het een geschikt model is om belangrijke biologische processen te 
bestuderen. Het hoofdstuk bestaat uit een literatuur overzicht waarin de 
genetische regulatie van Q cel ontwikkeling wordt besproken, met een focus op 
de regulatie van cel beweging.  

Hoofdstuk 2 beschrijft een verbeterd protocol dat we hebben ontwikkeld om 
efficiënt grote aantallen zeldzame cellen, zoals Q cellen, te sorteren op basis 
van fluorescentie. De ontwikkeling van deze methode vormt de basis van de Q 
cel specifieke mRNA karakterisering (afgekort Q cel RNA-seq) die in 
daaropvolgende hoofdstukken aan bod komt. 

Hoofdstuk 3 geeft een overzicht van het gen expressie programma dat de 
ontwikkeling en migratie van de Q cellen reguleert. We hebben hier gebruik 
gemaakt van de Q cel RNA-seq methode die in hoofdstuk 2 beschreven wordt 
om een gedetailleerd overzicht te verkrijgen van de transcriptie dynamiek die 
plaatsvindt tijdens de ontwikkeling van deze cellen. We valideren het profiel 
van een aantal geselecteerde genen door middel van gevoelige analyses van 
mRNA en eiwit dynamiek. Deze geselecteerde genen hebben de potentie 
betrokken te zijn bij de identiteitsbepaling van de QR cellen. 

Hoofdstuk 4 laat zien hoe migratie wordt beëindigd wanneer de QR dochter 
cel haar eindbestemming heeft bereikt. Door gebruik te maken van een 
combinatie van Q cel RNA-seq en genetische analyse hebben we een nieuw 
mechanisme ontdekt dat hieraan ten grondslag ligt. Belangrijk hierbij is de 
interactie tussen twee signaaltransductieroutes (canonical and non-canonical 
Wnt signalering), die er voor zorgt dat de beweging van de cel wordt gestopt.

Hoofdstuk 5 concentreert zich op de rol van de canonical Wnt signaal 
transductie route in de migratie van de QL cellen. Door middel van Q cel RNA-
seq laten we zien hoe verschillende, voorheen onbekende genen belangrijk zijn 
voor de migratie van deze cellen. Daarbij laten we een nieuwe component zien 
van een terugkoppelings-mechanisme dat essentieel is voor robuuste regulatie 
van deze signaal transductie route. 

Hoofdstuk 6 bevat de samenvatting en de algemene discussie van de resultaten 
die in de voorgaande hoofdstukken zijn besproken. 
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English summary

The life of each of us, as well as other animals, starts from a single cell – the 
zygote – that contains in its DNA the (genetic) information necessary to build 
an entire body. To do so, this cell multiplies by dividing and giving rise to 
daughter cells which contain exactly the same genetic information as their 
progenitor cell. These daughters will also divide, as well as their daughters, in a 
process that will happen over and over again to originate all the cells, tissues 
and organs that form our bodies. But all these components of a fully formed 
body have different properties. The cells that form our skin are very different 
from the neurons that form our brain. Then, how come that cells which have 
the same genetic information can be so different in their morphologies and 
functions? The answer is they only use the part of the genetic information they 
need. Imagine that you want to bake your favorite cake based on a recipe from 
your mother’s or grandmother’s cookbook. You could just read the entire 
cookbook and cook all the recipes in it. In the end you would have the cake you 
were craving for, but it would not be the easiest way of achieving this. What you 
would probably do is opening the book in the right page and use only the recipe 
for the cake you want to bake. If your mother was not very keen in lending you 
the book, you could even transcribe the recipe onto a piece of paper and use this 
on your own. This is exactly what happens inside a cell. Instead of making all 
the recipes of the cookbook (which is the DNA), they transcribe only the recipes 
that they need into molecular “pieces of paper” called messenger RNAs (or 
mRNAs) and distribute these to the molecular machines - their personal cooks 
- which exist inside the cell and will bake all the cakes that are needed, which in 
the case of a cell are proteins. In this way cells will become different from each 
other, adopting the identity and executing the functions needed for the 
formation and function of the tissues and organs that they compose. This 
important role of correct acquisition of cell identity also means that failure in 
these processes can lead to malformations and other developmental disorders. 
Moreover, problems in regulation of cell identity are the basis of cancer cell 
origin which, put in simple terms, are no more than normal cells of the body 
that for some reason adopted an identity that they were not supposed to.

In order to properly form our bodies, some cells not only need to adopt 
a specific identity, but they also need to move to the tissues and organs where 
they are needed. For reasons we do not fully understand, some cells are born in 
one place but will be required in a different location of the body. This happens, 
for instance, with some neurons which must migrate along the body to very 
specific locations in the brain where they are needed for the correct functioning 
of this organ. As in the case of cell identity, the failing of migratory processes 
can also lead to severe developmental disorders and malformations. In addition, 
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the mechanisms that control cellular migration in the normal formation of the 
body are the same that allow cancer cells to leave their site of origin, also known 
as primary tumor, and spread around the body to form metastases.

We now appreciate that identity determination and migration of cells 
are essential processes in the contexts of correct body formation and disease. 
However, multiple questions arise from these ascertainments. How do cells 
know which are the correct recipes that they need to follow? In other words, 
how do they know which mRNAs they need to transcribe? How do they know 
when they should migrate and where they need to go? And what is the cellular 
machinery that allows them to migrate? In the last century, an extensive body 
of research has helped giving important steps in answering all these questions. 
However, we are far from fully understand these processes and much more 
research is needed in order to achieve definitive answers.

In the work present in this thesis we have contributed to this tour de 
force by providing novel findings that can help us to better understand the 
fundamental mechanisms that underly these processes. For that, we have 
looked at two sister cell lineages of the model organism Caenorhabditis elegans 
(C. elegans), the so-called Q cell lineages. These two cell lineages are a suitable 
model to study these processes since 1) they are born in a location of the body 
and need to migrate other positions to fulfill their final purpose, and 2) during 
this migration process they also go through an identity change that will lead 
them to acquire neuronal identities. In summary, we have developed and 
implemented methods to understand which type of mRNAs (the recipes) are 
present in these cells and how they change during the different steps of the 
migration and identity shifts of these cells. Moreover, we have used this 
information to unveil details and novel mechanisms of the cellular machinery 
that controls their movement as well as their correct navigation. Importantly, 
our findings in the context of this small worm have the potential of helping us 
better understand the regulation of similar mechanisms occurring in human 
development and disease, since most of this molecular machinery is extremely 
similar between the two species.
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Summary by chapter

Chapter 1 introduces the details of the C. elegans Q lineages and why they are 
a suitable model to study important biological events. It is composed of a 
literature review regarding the genetic regulation that controls the different 
aspects of these cell lineages, with a particular focus on the regulation of their 
migration.

Chapter 2 is an improved protocol developed to allow efficient fluorescent-
activated cell sorting (FACS) of large numbers of rare types of cells, such as the 
Q lineage cells, that is the basis of the Q lineage-specific mRNA profiling 
(abbreviated Q lineage RNA-seq) that are presented in the subsequent chapters.

Chapter 3 presents a comprehensive resource for the discovery of novel genes 
involved in the regulation of QR lineage identity. Here, we have used the 
method presented in Chapter 2 and performed Q lineage RNA-seq to generate 
a thorough profile of transcription dynamics occurring during the life of these 
cells. We further validated it using a more sensitive and systematic analysis of 
mRNA and protein dynamics of a selected group of genes that have the potential 
of being involved in QR lineage identity.

Chapter 4 presents our research in unveiling how the correct termination of a 
QR lineage descendant migration is achieved. Using a combination of Q lineage 
RNA-seq and genetic analysis, we discovered a novel mechanism through which 
two cell-to-cell signaling pathways (canonical and non-canonical Wnt 
signaling) can crosstalk in order to ensure that this cell stops at the correct 
location.

Chapter 5 is focused on the role of the canonical Wnt signaling pathway in 
migration of the QL lineage cells. Starting from Q lineage RNA-seq, we 
demonstrate that several previously unidentified genes, controlled by this cell-
to-cell signaling mechanism, are important for the migration of these cells. 
Furthermore, we unveil a novel component of a feedback mechanism that is 
essential for the role of this signaling mechanism in promoting this migratory 
process.

Chapter 6 comprises the summary and general discussion of the results 
presented in the previous chapters.
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Resumo em português

A vida de cada um de nós, assim como a de todos os animais, tem a sua origem 
numa única célula – o zigoto – a qual contém no seu ADN a informação 
(genética) necessária para originar todo o nosso corpo. Para o conseguir esta 
célula multiplica-se, dividindo-se e dando origem a células-filha que contêm 
exatamente a mesma informação genética que a sua célula progenitora. Por sua 
vez, estas células-filha também se dividem, assim como as suas filhas e as filhas 
das suas filhas, num processo que se repete um sem-número de vezes até 
originar todas as células, tecidos e órgãos que compõem os nossos corpos. 
Contudo, cada um destes elementos que formam o nosso corpo têm propriedades 
muito distintas. Por exemplo: as células que constituem a nossa pele são muito 
diferentes daquelas que formam o nosso cérebro. Como é então possível que 
células que têm exatamente a mesma informação genética possam ser tão 
diversas na sua função e morfologia? A resposta reside no facto de que cada 
uma destas células usa apenas a parte da informação genética de que necessita. 
Imaginemos que queríamos fazer o nosso bolo preferido a partir da receita que 
está no livro de receitas da nossa mãe ou da nossa avó. Uma possibilidade seria 
cozinhar todas as receitas que o livro contém. No final teríamos certamente o 
bolo que tanto desejávamos, mas esta não seria a forma mais fácil de o obter. 
Faria, por isso, mais sentido abrirmos o livro na página certa e usarmos apenas 
a receita para o bolo que desejamos. Se a nossa mãe não estivesse muito 
entusiasmada com a ideia de nos emprestar o livro, poderíamos transcrever a 
receita numa folha de papel e assim segui-la quando estivéssemos na nossa 
cozinha. Isto é o que acontece dentro das células. Em vez de cozinhar todas as 
receitas do livro (que no caso das células é o ADN), cada uma delas apenas 
transcreve as receitas que necessita em “folhas de papel” moleculares chamadas 
ARN mensageiro (mARN) e distribui estas receitas pelos seus cozinheiros que 
então prepararam somente os bolos necessários. Neste caso os cozinheiros são 
pequenas máquinas moleculares que existem dentro de cada célula e os bolos 
são proteínas - desta forma as células vão-se tornando diferentes umas das 
outras, adotando progressivamente a sua identidade e executando assim a 
função necessária para a formação e funcionamento dos tecidos e órgãos que 
elas compõem. A correta aquisição de identidade celular é da maior importância 
pois falhas neste processo podem levar a malformações e a outros distúrbios do 
desenvolvimento. Além do mais, falhas na regulação da identidade celular estão 
na origem do surgimento de células cancerígenas que, de uma forma simplificada, 
não são mais do que células normais que por algum motivo adotaram uma 
identidade errada.

Para formar corretamente o nosso corpo algumas células não só 
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necessitam de adotar uma identidade especifica, mas também precisam de se 
mover para os tecidos e órgãos onde são necessárias. Por razões que ainda não 
compreendemos completamente, algumas células que nascem num 
determinado local são necessárias numa outra parte do nosso corpo. É o caso, 
por exemplo, de alguns neurónios que têm de migrar ao longo do corpo para 
locais muito específicos do cérebro onde são necessários para o correto 
funcionamento deste órgão. À semelhança da identidade celular, falhas nestes 
processos de migração podem também conduzir a distúrbios do desenvolvimento 
e a malformações. Além disso, os mecanismos que controlam a migração celular 
durante a normal formação do nosso corpo são os mesmos que permitem que 
as células cancerígenas deixem seu local de origem, também conhecido como 
tumor primário, e se espalhem pelo corpo para formar metástases.

Compreendemos agora que a determinação da identidade e a migração 
das células são processos essenciais nos contextos da correta formação do corpo 
e de diversas doenças. No entanto, várias questões surgem a partir destas 
constatações: Como é que as células sabem quais são as receitas corretas que 
precisam seguir? Em outras palavras, como é que sabem quais os mARN que 
precisam transcrever? Como é que elas sabem quando devem migrar e para 
onde precisam de ir? E qual é a maquinaria celular que lhes permite migrar? 
Durante o último século, um extenso conjunto de investigações ajudou a dar 
passos importantes na resposta a todas essas perguntas. No entanto, ainda 
estamos longe de compreender completamente estes processos e, 
consequentemente, são necessários muito mais estudos para obter respostas 
definitivas.

No trabalho apresentado nesta tese contribui-se para esse esforço, 
fornecendo novas descobertas que nos podem ajudar a entender melhor os 
mecanismos fundamentais que sustentam esses processos. Para atingir este 
objetivo, a investigação aqui apresentada debruça-se sobre duas linhagens de 
células do organismo modelo Caenorhabditis elegans (C. elegans), as chamadas 
linhagens de células Q. Essas duas linhagens celulares são um modelo adequado 
para estudar estes processos, visto que 1) nascem num local do corpo e precisam 
de migrar para outras posições para cumprir seu desígnio final; e 2) durante esse 
processo de migração, passam também por uma mudança de identidade que as 
levará a adquirir progressivamente identidades neuronais. Em resumo, no 
trabalho aqui apresentado desenvolveram-se e implementaram-se metodologias 
que permitem melhor compreender que tipos de mARN (as transcrições das 
receitas) estão presentes nestas células e como é que estes variam durante as 
diferentes etapas de migração e aquisição de identidade pelas quais elas passam. 

Este novo conhecimento foi também usado para apurar detalhes e novos 
mecanismos através dos quais estas células controlam os seus movimentos e 
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sua correta orientação. É importante salientar que estas descobertas, feitas no 
contexto deste pequeno verme, têm o potencial de nos ajudar a compreender 
melhor a regulação de mecanismos semelhantes que ocorrem nos contextos 
quer do desenvolvimento, quer de doenças humanas, uma vez que a maior parte 
da maquinaria genética e molecular envolvida é extraordinariamente semelhante 
entre as duas espécies.

Resumo por capítulo

O Capítulo 1 apresenta em detalhe as linhagens celulares Q de C. elegans, e 
explica as razões pelas quais estas são um modelo adequado para estudar 
processos biológicos importantes. Este capítulo é composto por uma revisão da 
literatura que cobre o controlo genético dos diferentes aspetos destas linhagens 
celulares, com um foco particular na regulação de sua migração.

O Capítulo 2 é um protocolo desenvolvido para permitir um eficaz isolamento 
e recolha de grandes quantidades de tipos raros de células, como é o caso das 
células das linhagens Q, para serem usadas na sequenciação do seu mARN e 
determinação do seu perfil transcricional (i.e., o conjunto de todos os mARN 
presentes numa determinada célula). Esta metodologia e os perfis gerados a 
partir da mesma são a base do trabalho desenvolvido nos capítulos seguintes.

O Capítulo 3 apresenta um extenso compendio para a descoberta de novos 
genes envolvidos na regulação da identidade da linhagem QR. Aqui, o método 
apresentado no Capítulo 2 foi usado para gerar perfis exaustivos que cobrem as 
dinâmicas de transcrição que ocorrem durante as várias etapas da vida destas 
células, desde o seu nascimento até ao momento em que se tornam neurónios. 
Foi ainda utilizada uma análise mais sensível e sistemática para validar as 
dinâmicas de mARN e proteínas de um grupo de genes que foram selecionados 
por terem o potencial de estarem envolvidos na determinação da identidade da 
linhagem QR.

No Capítulo 4 é descrito o trabalho feito com o objetivo de compreender como 
é que as células-filha da linhagem QR terminam a sua migração na localização 
exata onde são necessárias. Através da combinação da geração de perfis 
transcricionais e análise genética, foi descoberto um novo mecanismo através 
do qual duas vias de sinalização de célula a célula (vias canónica e não canónica 
de sinalização Wnt) podem comunicar entre si a fim de garantir que estas 
células parem na localização correta.

O Capítulo 5 é focado no papel da via canónica de sinalização Wnt na migração 
das células da linhagem QL. A partir da geração de perfis transcricionais é 
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demonstrado que vários genes não identificados anteriormente são controlados 
por este mecanismo de sinalização com o intuito de regular a migração destas 
células. Apresenta-se ainda a descoberta de um novo elemento de um mecanismo 
de retroação que é essencial para o papel desta via de sinalização na regulação 
da migração destas células.

Finalmente, o Capítulo 6 contém o resumo e a discussão alargada dos resultados 
apresentados nos capítulos anteriores.
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Rise up this mornin'
Smiled with the risin' sun

Three little birds
Pitch by my doorstep

Singin' sweet songs
Of melodies pure and true

Saying “this is my message to you”...

Robert Nesta Marley in “Three Little Birds” 




