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ABSTRACT
Cell fate restriction in Caenorhabditis elegans
Dylan P. Rahe
Multicellular organisms arise from a single fertilized zygote, which must contain all
information necessary to develop. As the embryo divides, the cells adopt distinct functional
characteristics, and as they do so, they become committed to these fates, unable in most cases to
convert from one identity to another. Though it has been well known and described for over a
century now this year, this latter process, in this work referred to as cell fate restriction, is not well
understood. In this thesis, I aim to contribute to the understanding of this developmental
phenomenon. The tool I use is the ectopic expression of a terminal fate specifying transcription
factor, CHE-1. This transcription factor normally functions to specify the fate of a pair of gustatory
neurons in the nematode Caenorhabditis elegans. If ectopically expressed early in development,
it is able to induce expression of its target genes, but by adulthood, most cells are refractory to its
transcriptional activation, evidence of developmental cell fate restriction in most tissues of the
animal. I first describe the work of Tulsi Patel to which I contributed, in which an RNAi screen
revealed that PRC2 complex is responsible for preventing CHE-1 activity in the germline cells of
C. elegans. I then describe a semi-clonal genetic screen in which I found many more mutants with
a similar phenotype affecting germline cells, and cloned another gene that is able to induce
expression specifically in the epidermis of the animals: usp-48, a highly conserved ubiquitous
nuclear deubiquitinating enzyme. Next, I describe another screen where I ectopically express
CHE-1 specifically in the adult epidermis, in which I found and cloned an additional six mutants:
ogt-1, dot-1.1, pmk-1, sek-1, nhr-48, and C08A9.6, here named epco-1. In this screen I also isolated
but was unable to clone an additional four mutants that likely represent an additional four genes. I

discuss the nature of these genes and their potential roles in restricting cell fate. Lastly, I describe
the optimization of a tissue-specific transcriptional profiling protocol, INTACT, for use in the
characterization of the mutants. With this optimized protocol, I was able to perform detailed
RNAseq on two individual neuron types from the animal, as well as wild-type epidermis. This
optimized protocol will be used to characterize the mutants in the future. Together, these results
tie unexpected genes to the function of cell fate restriction in the C. elegans epidermis, which will
aid in our understanding of this fundamental developmental phenomenon.
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CHAPTER 1: INTRODUCTION
In this introduction I aim to give historical and experimental context to the work described
in this thesis. Developmental biology has long been concerned with how animals begin as a single
cell but end as a fully formed multicellular animal. Fundamental to the understanding of these
processes are the concepts of developmental potential – the ability for a cell, like the fertilized
zygote, to give rise to the multitude of cell types that are required for the proper functioning of an
organism; and differentiation – the process by which cells undergo the change from an unformed
or preformed state into the fully functional cells of an organism. Implicit in the process of
differentiation, it has been found, is that the cells not only become a fully specialized cell type, but
they lose their developmental potential as well. This loss of developmental potential, in this work
referred to as cell fate restriction, is the topic of my thesis.
From animalcules to epigenesis: early roots and theory of developmental biology
Since the first descriptions of “cells” and “animalcules” by Robert Hooke and Antoni van
Leeuwenhoek, scientists have been fascinated by the beautiful and tiny units of living organisms
(Fig. 1.1A). That these naturalists and their followers would become fascinated with the
fundamental questions of developmental biology is, perhaps, not surprising; with the ability see
the “units” of organisms, an obvious question of origins arises. An apt description of the role cells
played in plants and animals was later made by Matthias Schleiden, the German botanist, who first
proposed that plants were composed of a “society of cells” and the observation was extended by
the physiologist Theodor Schwann to animals as well (Schleiden, 1838; Schwann, 1838). The
invention of microscopy forced naturalists to ask questions about the origins of multicellular
organisms, but it did not, however, always lead to useful outcomes.
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A startling variety of theories regarding the behavior and nature of embryos proliferated
among early scientists, often with religious overtones. The philosopher and priest Nicolas
Malebranche espoused the theory of “emboîtement”, and later Charles Bonnet proposed the
concept of “preformation”; each supposed that within every egg or sperm is a preformed organism,
ideas that were widely popular in a very religious 17th century Europe. It was useful from a
theological perspective, as it linked all generations of plants and animals in an unbroken line to
Creation (Horder, 2010). At the same time, the leading opposing theory was termed “epigenesis”
or “metamorphosis” and championed by the physician Willaim Harvey and the philosopher and
scientist Margaret Cavendish (Horder, 2010; Goldberg, 2017). This theory, which eventually was
proven correct, of course, was that the embryo was constructed piecemeal over time through
increasing complexity. Arguments between these opposing theories was quite bitter, and suffered
mainly from a lack of evidence on either side, which kept the arguments mostly theoretical
(Horder, 2010). However, by the end of the 19th century, powerful experimental methods had
demonstrated key tenets that would guide experimental developmental biology for the following
decades.
Entwicklungsmechanik: the foundation of experimental embryology
Wilhelm Roux is widely acknowledged to be a founder of experimental embryology when
he published the results of his “hot-needle” experiments with frog embryos. Seeking to settle
debates between self-regulation or mosaicism within the embryology community, Roux punctured
one of the two cells in an two-cell stage frog embryo. As he observed that the embryos only
developed one-half (left or right) of an embryo, he used this as evidence for cellular determinants
controlling embryonic development (Roux 1888). The next somewhat contradictory foundation of
experimental embryology came when Hans Driesch split the early blastomeres of a sea urchin
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embryo, which resulted in two or four identical sea urchin larvae, though each proportional in size
to a normal larva (Fig 1.1B) (Driesch, 1891). The discrepancy was resolved when Thomas Hunt
Morgan repeated Roux’s experiments but by separating the two cells of the frog embryo instead
of killing one of them – and achieved a completely divergent result: both cells developed into
tadpoles, consistent with Driesch’s work, and suggesting the remaining dead half of the frog egg
in Roux’s experiments prevented the other live cell from adopting the fate of both halves of the
embryo (Morgan, 1895). Additional work confirmed the ability for split blastomeres of many
species, including most notably newts, ctenophores, lancelets, and tunicates, to develop into entire
organisms (Morgan, 1924).
These works were fundamental in showing the power of experimental embryology beyond
observation and theorization, and showed that truly fundamental principles underlying biology can
be determined with simple, elegant experiments. In this case, through the experiments described
above, it was found that early embryos remain pluripotent, at least up to the two-cell stage, though
sometimes even further.
How much further during development an embryo might be split and still retain its ability
to develop into two entire animals was asked by Hans Spemann, which led to some of his famous
later experiments with Hilde Mangold. Using a fine baby hair (from his own daughter, Margrette),
he systematically constricted newt embryos along varying axes, and found that embryos as far
progressed as the many-celled blastula stage (pre-gastrulation) may be completely bisected,
providing it was done dorso-ventrally and each half contained part of a grey crescent of
differentiated tissue, with both halves going on to produce tadpoles. Though it was not clear at the
time, and it would take a few decades to revisit, this would later be known as the SpemannMangold organizer. Spemann went on to test bisections at later stages and noted that while split
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embryos of the blastula stage were able to produce twins, no later stages were, and that during the
gastrula and subsequent neurula stages, embryos became increasingly restricted in their ability to
produce structures beyond what their normal fate would have been had the embryos remained
whole (Fig. 1.1C) (Spemann, 1903). Already these experiments hinted at another key
developmental principle: over time, developmental potential is progressively reduced.

Fig. 1.1
A

C

B

D

Figure 1.1: Early history of developmental biology reveals fundamental principles with simple
tools. A. Robert Hooke draws what he terms “cells”, after the small rooms where monks live in
monasteries, from the tissue of a cork tree B. Normal (left) and split (right, at 4-cell stage) sea urchin
embryos. Splitting the four early blastomeres gives rise to small, but normal larvae. C. Camera lucida
drawing of a half-split embryo giving rise to partial twinning, from Spemann 1903 D. A figure from the
textbook Developmental Biology 10e, where Spemann’s 1918 experiments are described.
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Spemann would continue his work in this vein, not only corroborating his previous work,
but also showing that the reduction in developmental potential is correlated with differentiation.
Building on previous work, Spemann sought to determine the stage at which cells of the
presumptive neurectoderm, which would give rise to specific neural structures in later
development, become restricted in their developmental potential. He did this by transplanting
tissue from the presumptive neurectoderm to the belly epidermis of a host embryo, and was able
to distinguish donor and host tissue by choosing two different but related newt species with
differing pigments in their embryos. He found that donor tissue from the early gastrula stage was
transformed into epidermal tissue, whereas donor tissue from the late gastrula stage, when the
neurectoderm already contained some histological characteristics of its eventual neural fate,
retained its neurectoderm fate, and developed into a patch of neural tissue (Fig. 1.1D) (Spemann,
1918). One notable exception to this rule was donor neurectoderm derived from the dorsal lip,
which he went on to describe with Hilde Mangold in greater detail, and is now known as the
Spemann-Mangold Organizer (Spemann and Mangold, 1924).
Nuclear reprogramming: pioneering work in plasticity
In addition to the observation that cells undergo progressive stages of cell fate
determination and loss of plasticity during development, the ability for cells to return to a plastic
state was also shown to be progressively restricted with development. In order to assay the
ability to return to pluripotency, Robert Briggs and Thomas King performed seminal somatic
nuclear transplantation experiments in the leopard frog, Rana pipiens. In these experiments,
somatic nuclei from progressively older embryos were transplanted into enucleated zygotes
(Briggs and King 1952; Briggs and King 1957). While nuclei from the blastula stage were able to
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Fig. 1.2

Figure 1.2: Somatic nuclear transplantation is less
efficient over developmental time. The blue line
represents data from Briggs and King, 1957, from the
leopard frog, the orange line represents data from Gurdon,
1962. In both species, somatic cells taken from
progressively later stages of development are progressively
less capable of reprogramming to a pluripotent state

produce tadpoles with high frequency, by the tailbud stage embryonic nuclei were unable to
develop to tadpoles.
Extending Briggs and King’s work, John Gurdon and colleagues showed this same
progressive reduction in the ability for somatic nuclei to adopt the role of pluripotent zygotic
nuclei, but in Xenopus laevis, a more experimentally amenable species (Fig. 1.2) (Gurdon, 1962).
However, Gurdon found that the progression was slower, and was able to achieve even fertile
adults from somatic nuclei transferred from tadpole intestinal nuclei, albeit at very low frequency
(1.5%) (Gurdon and Uehlinger, 1966). Later, this ability for adult nuclei to adopt reprogram and
execute faithful development was extended to include many other adult tissues, including those
that had been cultured. Interestingly, however, none of these adult transplants were fertile, marking
at least some complete loss of potential (Laskey and Gurdon, 1970).
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From tadpoles to transcription factors: bridging the gap between early embryology and
molecular biology.
Since the time of the Spemann-Mangold organizer experiment, biologists had sought to
find the factors necessary for the various transformations evident in the developing embryo. Early
experiments in this vein sought to biochemically isolate material from the dorsal lip itself, but
many of these experiments reached dead ends or spurious results (de Robertis, 2006). As in the
late 19th century, the key development that changed the field came with the introduction of novel
tools and powerful experimental techniques.
Molecular biology and genetics have become extremely powerful tools to be used in the
elucidation of key developmental principles. Genetic screens, primarily in the fruit fly Drosophila
melanogaster and the nematode Caenorhabditis elegans, have allowed for the unbiased
identification of genes that contributed to the developmental processes discussed above, and the
tools and techniques of molecular biology allowed geneticists to label, disrupt, and manipulate
biological systems. This ushered in a new and exciting time for the field of developmental biology.
In Drosophila, the heroic screens by Christiane Nüsslein-Volhard and Eric Wieschaus in
1979-1980 at Heidelberg were pivotal in understanding many aspects of early developmental
pattern formation (Nüsslein-Volhard and Wieschaus, 1980; Wieschaus and Nüsslein-Volhard
2016). One of the key elegant features of this screen was to choose a single, easy to score and
observe phenotype, and screen to saturation. In the case of the Heidelberg screen, NüssleinVolhard and Wieschaus chose the larval epidermis. In addition to being easy to score (large,
exterior, and being multifaceted in its patterning and details), the defects in this tissue were likely
to be related to the underlying developmental process they were interested in: pattern formation
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and segmentation. In this way, a relatively simple, high-throughput screen could uncover multiple
mutants that affected development (Fig. 1.3A).
Screening nearly to saturation, Wieschaus and Nüsslein-Volhard were wildly successful.
They identified 600 mutants mapping to 120 loci, which when cloned and identified represent a
startlingly large number of critical factors for numerous key aspects of development (Wieschaus
and Nüsslien-Volhard, 2016; Wolpert et al. 2006). One of the striking aspects of this screen was
the identification of a large number of transcription factors (TFs), proteins that bind directly to
DNA to activate or repress gene expression. Indeed, the first homeobox TFs, Ultrabiothorax and
Antennapedia, as well as the first zinc-finger TFs, Krüppel, hunchack, and knirps were identified
and described in this screen and cloned shortly thereafter (Bender et al. 1983; Garber et al.
1983; Scott et al. 1983; Preiss et al. 1985; Tautz et al. 1987; Nauber et al. 1988; Rosenberg et al.
1986). In addition to these, dozens of other TFs critical for early embryonic patterning revealed
the central role TFs have to play in early embryonic development.

Fig. 1.3
A

B

Figure 1.3: Extensive genetic screens in Drosophila melanogaster and Caenorhabditis
elegans using easy to score phenotypes reveal many genes critical for development. A. Example
micrographs from Nüsslein-Volhard and Wieschaus 1980 of the Drosophila larval epidermis, showing
mutants that affect the patterning of epidermis B. Example micrographs from Brenner 1974 of
different C. elegans mutants, showing mutants that affect the size and shape of the animals.
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About a decade earlier than the Heidelberg screen, another pioneering researcher working
on another model organism began his own simple, elegant genetic screen. Sydney Brenner chose
for his screens the roundworm C. elegans for similar reasons Nüsslein-Volhard and Wieschaus did
for theirs: it is a simple, genetically tractable and easy to maintain multicellular animal with easy
to score phenotypes. In addition to understanding general principles of development, Brenner also
focused on the genetic characterization of the nervous system of this simple animal (Goldstein
2016). With the rationale that mutants affecting the nervous system would be unable to move
properly, he isolated mutants that were uncoordinated (the Unc phenotype, in typical
nomenclature), in addition to other obvious developmental and morphological abnormalities (Fig.
1.3B) (Brenner, 1974).
The focus on neural function and development did not stop with this screen, as many further
screens in the worm were performed to isolate mutants with defects in mechanosensation (Mec),
defects in chemotaxis (Che), abnormalites in males (Mab), abnormalities in the fixed cell lineage
(Lin), defects in egg-laying (Egl), among many others (Chalfie and Sulston 1981; Lewis and
Hodgkin, 1977; Hodgkin, 1983; Horvitz and Sulston 1980; Trent et al. 1983). Because each of
these screens could be carried out in an organism that reproduces in three days, has an invariant
cell fate lineage, and are self-fertilizing hermaphrodites, they were quite productive with dozens
of mutants isolated and cloned.
As in the Heidelberg screen, mutants in these classes included multiple TFs that were later
identified as playing crucial roles in development. However, in contrast with the Heidelberg
screen, most of these mutants were uncovered as affecting late larval stage or adult animals (or, at
least affected the adult stage as well as earlier larval stages). As a result, many of the TFs identified
in these early worm screens encompass TFs with critical functions in later stages of development.
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For example, the genes mec-3 and unc-86 were discovered to be founding members of the LIM
and POU type homeodomain TFs and to participate together to specify the terminal fate of the six
mechanosensory neurons (Duggan et al. 1988; Way and Chalfie, 1988). This crucial distinction in
screen design allowed for the isolation and characterization of a great number of key TFs at the
other end of the developmental spectrum: terminal differentiation.
In the Hobert lab, these TFs have been of intense interest, and in particular those involved
in specifying neuronal identity. Over the last decade or more, this lab has established a strong
model for the role of the TFs identified in these screens, based on a few fundamental observations.
First, many of these TFs begin to be expressed as the cells undergo their terminal cell division, or
shortly beforehand, and continue to be expressed throughout the life of the animal, mainly through
autoregulation. This places them at the right place and time to be involved in terminal

Fig. 1.4

differentiation and identity maintenance. Second, they coregulate a battery of genes that confers

A

B

Figure 1.4: Terminal selectors directly control a battery of genes that define the
terminal identity of a neuron. A. A general schematic of the different types of genes
found to be controlled by terminal selectors, indicating the breadth of action of these
transcription factors B. The terminal selector CHE-1, used extensively in this study,
controls the expression of a large battery of genes through direct binding to a specific
DNA motif. Figure adapted from Hobert, 2011.
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the specific neuronal type identity, including neurotransmitter enzymes and channels,
neurotransmitter receptors, signaling molecules, etc. In other words, their loss generally results in
the loss of expression of genes that confer unique function to the neuron, and thus the identity of
the neuron. Third, they often act combinatorially. This is seen with unc-86, for example, which is
expressed in many neuron types, and affects terminal differentiation in the NSM neuron with ttx3, the touch neurons with mec-3, and so on. TFs that satisfy these criteria are termed “terminal
selectors” (Fig. 1.4) (Hobert, 2008; Hobert, 2011; Hobert, 2016a).
In both of these organisms, then, unbiased screening for fundamental changes in the
developing organism revealed a high propensity of TFs. In the case of the Heidelberg screen, these
involved some of the most highly conserved and critical TFs for early development and pattern
formation across all species. In C. elegans, numerous screens have also identified a tremendous
number of TFs with crucial roles in development, but often involved in its final stages of
differentiation. Brought to the fore is the centrality of TFs in key developmental processes and the
power of genetic screens to identify developmental regulators.
Master regulators and their ectopic effects
These critical cell-fate specifying TFs identified in C. elegans, as well as those identified
in other organisms, at times (not uncontroversially) been termed “master regulators”. A master
regulator should have three aspects to qualify, namely that they are expressed at or near the onset
of the lineage or cell type they regulate, they participate directly or above a regulatory network to
specify the fate of the lineage or cell type, and when ectopically expressed in cells or tissue are
capable of altering their fate (Chan and Kyba, 2013). One of the classic examples of the latter is
with the gene MyoD.
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In a defining series of experiments, Weintraub and colleagues found that the ectopic
expression of the skeletal muscle master regulatory gene MyoD in multiple cell types results in the
conversion of these cells into skeletal muscle (Fig. 1.5A) (Weintraub et al. 1989). Identified by
cloning myoblast specific cDNA and screening subpopulations of these cDNA clones for
differentiation potential after transfection into fibroblasts, Weintraub and colleagues showed that
the repurposing of cells to different developmental profiles can be governed by ectopic expression
of a single TF (Lasser et al. 1986; Davis et al. 1987). MyoD was later shown to be, along with
another similar TF Myf5, necessary for the specification of skeletal muscle in mice (Rudnicki et
al., 1993).
Interestingly, however, Weintraub and colleagues noted that some cell types were more
amenable to MyoD induction that others. While many cell types appeared completely
reprogrammed to a myoblast fate, based on morphology and molecular markers, some cells
adopted only a few aspects of skeletal muscle differentiation, and some none at all. In addition,
multiple cell lines stopped expressing MyoD and reverted to their original fate after a few passages,
and some cell lines never stopped expressing markers for their original fates (Weintraub et al.
1989). Therefore, while MyoD is a powerful TF capable of driving gene expression and altering
cell fate, it is not capable of doing so in all cell types. However, given that these experiments were
performed in vitro, and the developmental state of the cells being transformed cannot be easily
determined, it is not clear to what extent MyoD is limited by the state of differentiation or merely
the identity of the cell type into which it is being transformed.
The use of ectopic expression of TFs has become a useful tool not only in determining the
potential of specific TFs to induce cell fate, but also in probing the underlying plasticity and
developmental potential of the cell in which the TF is expressed. As seen with MyoD, not all cells
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are amenable to its expression. The same is true, generally, to most master regulators that have
been expressed. Some of the more famous recent examples of this are the so-called “Yamanaka
factors”. While not a single TF, these four genes (c-Myc, Klf4, Sox2, and Oct4) have been shown
to act in concert to convert fibroblasts to an induced pluripotent stem cell (iPSC) state (Fig. 1.5B)
(Takahashi and Yamanaka, 2006). This cocktail of genes is, however, insufficient to induce iPSC
conversion in all cells, and is furthermore much more efficient in some populations of cells,
particularly different kinds of adult stem cells (Hochedlinger and Plath, 2009). That adult stem
cells are more amenable to respond to the Yamanaka factors could either be due to their sharing
similar gene expression profiles, or alternatively that adult stem cells have not yet become fully
differentiated, and thus remain more plastic. The fact that these experiments are performed out of
the context of a living organism, however, complicates the interpretation of developmental state
of the cells. For this analysis, similar experiments must be performed in vivo.

Figure 1.5: Ectopic expression of transcription factors in the proper context is
sufficient to reprogram cell fate. A. The ectopic expression of the master
regulator MyoD in some fibroblast cell lines (among others) is sufficient
to reprogram the cells into skeletal muscle-like tissue (Weintraub et al. 1989) B.
Induced pluripotent stem cells (iPSCs) can be generated (at very low frequency) by
the expression of four transcription factors (Oct4, Sox2, c-Myc, and Klf4) in
fibroblast cells (Takahashi and Yamanaka, 2006)
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The ectopic expression of master regulators in C. elegans
A number of TF ectopic expression experiments have been carried out in C. elegans. In all
instances so far, the TFs behave like the TFs described above, in that they are able to induce their
respective cell fate in some cells but not others. For example, the homeodomain protein MEC-3 is
capable of inducing expression of its target gene, mec-4, when ectopically expressed using the
heatshock promoter. In this case, however, the induction appears only in other neurons that express
unc-86, whose gene product is the partner of MEC-3, and the induction is dependent on the unc86 (Duggan et al. 1998). This result demonstrates one of the key considerations of ectopic
expression experiments, that any so-called master regulator may not be able to activate its target
genes in a cell or tissue type either because it is prevented from doing so in some way, possibly
through the loss of plasticity of the cell in conjunction with differentiation, or that the cell lacks a
crucial binding partner or interacting partner to adopt their fate. In this case, it seems clear that
UNC-86 is required for MEC-3 to be able to activate its targets; some resolution may come from
co-expressing the two proteins together.
Several other TFs from multiple tissue types have been used to induce cell fate in the C.
elegans embryo, and in some cases, later. The GATA-type TFs elt-1 and elt-3 are expressed early
in development, and are crucial in the specification and differentiation of epidermal fate in the
worm. When either is ectopically expressed in early embryos, all embryos arrest and begin to
express epidermal fate markers ectopically. However, when expressed in late embryos, some
animals escape and appear wild-type, though many more exhibit altered morphogenesis (Gilleard
and McGhee, 2001). Similarly, the ectopic expression of the C. elegans MyoD homolog, hlh-1, in
early embryos produces nearly 100% cells expressing hlh-1 target genes, but the same experiments
in later embryos shows much more diminished activity (Fukushige and Krause, 2005). The
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intestine-specifying TFs end-1, end-3, elt-2, and elt-7 were also similarly examined. Despite
having differing roles in specifying and differentiating endodermal fate in the developing gut, each
was able to induce the expression of gut marker genes outside the presumptive endoderm in early
embryos. Again, this activity was greatly diminished as development progressed (Sommerman et
al. 2010). One of the TFs, elt-7 was much more potent than the others, with the ability to induce
expression of target genes even into larval stages. This too, however, diminished as the larvae
developed, and was restricted to the pharynx (foregut), whereas elt-7 mainly acts in the intestine
(hindgut) (Riddle et al. 2013). Later it was shown that elt-7 can induce intestine genes and
morphology in late larval tissues as well, though restricted only to the developing somatic gonad.
Here, while later in development, the somatic gonad is still developing, and also expresses another
TF, pha-4, shared by both the pharynx and intestine at different stages of their development (Riddle
et al. 2016). Thus, it is difficult to ascribe the activity of elt-7 outside the embryo to its own intrinsic
potency compared to other TFs, or rather the likely interaction of elt-7 with another TF fortuitously
expressed in other tissues, similar to what is seen with mec-3 and unc-86.
There are several items worth noting regarding these experiments. First, not all TFs
described here have similar potency to induce cell fate changes. hlh-1 ectopic expression has nearly
complete penetrance in early embryos, whereas elt-3 is able to induce expression of its targets in
approximately one third of cells in the early embryo (Fukushige and Krause, 2005; Gilleard and
McGhee, 2001). Second, not all TFs have the same temporal dynamics. As discussed above, elt-7
is able to induce intestinal gene expression, albeit in limited tissues, in larval stages, whereas end1 is hardly able to induce expression of its targets any further than 50-100 cell 4E stage embryo,
and has limited efficacy beforehand. Lastly, it is important to note that not all of these TFs could
classify strictly as “master regulators”, given their either limited, upstream, or more peripheral
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roles in cell fate specification in their respective tissues. For example, the TF LIN-26 is able to
access its target genes early in development but not late, but only activates a subset of epithelial
characteristics, and is not considered a master regulator (Quintin et al. 2001). However, in many
cases the same general principles apply to these TFs as master regulators: early expression in naïve
or pluripotent embryonic blastomeres can result in ectopic target gene activation, but this activity
diminishes quickly as development progresses.
Thus, the ectopic expression of TFs in developing animals functions, in a much more
precise way, as Spemann’s transplantation experiments at the beginning of the 20th century: early
cells and tissues can adopt alternative fates, whereas later, differentiated ones cannot: they are
determined. Unlike in 1918, however, many more tools are available to understand and probe this
fundamental developmental phenomenon.
Probing the mechanisms of cell fate restriction
One of the major candidates for factors restricting the ability for TFs to activate their target
genes upon ectopic expression are various chromatin modifications, especially those associated
with repressed chromatin. Indeed, the observation that led to the discovery of MyoD was that
treatment of fibroblasts with a compound that removes DNA methylation is itself sufficient to
convert fibroblasts to myoblasts. Later work suggested that MyoD itself is repressed in fibroblasts
though DNA methylation, and this compound activates MyoD in some, but not all fibroblasts
(Jones et al. 1990). Primary fibroblasts, for example, do not have methylated MyoD, but the gene
is not expressed. Cell fusion experiments between primary fibroblasts that do not express MyoD
but are not silenced by methylation, and the fibroblast line from the original MyoD experiments
(10T1/2 cells), which contain silenced MyoD but also the trans-acting factor necessary for its
expression upon demethylation, showed that the presence of the trans-acting factor was not
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sufficient to activate MyoD in the nucleus of the primary fibroblast, suggesting an alternative
means of suppression (Thayer and Weintraub, 1990). Later it was shown that the homeobox gene
Msx1 recruits the histone linker H1B to the MyoD enhancer in primary fibroblasts, creating a
region of repressed chromatin to which the trans-acting factor from 10T1/2 cells cannot interact
(Lee et al., 2004;Woloshin et al., 1995).
The resistance of adult nuclei to reprogramming in frog eggs was also studied by Gurdon
and colleagues. In particular, the inactive X chromosome was used as a model. As a part of dosage
compensation, one X chromosome of vertebrate XX cells is condensed and its expression is
extremely suppressed. During nuclear transfer experiments, nuclei from early transplants
decondense their silenced X chromosome more readily, whereas adult nuclei are extremely
resistant to the reversal of X chromosome inactivation. Pasque and colleagues found that the while
the combined, sequential action of the methylation of histone H3 on lysine 27 (H3K27me), the
addition of MacroH2A, a histone variant, and the deposition of DNA methylation are progressively
required to irreversibly silence the X chromosome during normal development, only the level of
macroH2A in somatic nuclei is correlated with nuclear reprogramming efficiency, highlighting the
complex interdependency of these kinds of repressive marks (Pasque et al. 2011).
In C. elegans, the repressive ability of H3K27 methylation has been implicated in the loss
of TF activity in later stage embryos. As stated above, a number of TFs in C. elegans have been
tested for their ability to induce target gene expression at various stages of embryonic
development. This developmental window during which TF activity is most potent can be
extended by depleting mes-2/E(z), whose gene product is the methyltransferase responsible for the
deposition of H3K27 methylation. This was true for both hlh-1 and end-1 expression, i.e. for some
of the most and least potent TFs assayed previously for these phenotypes (Yuzyuk et al. 2009).
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These results suggest that as C. elegans cells differentiate, either increased or targeted deposition
of H3K27 methylation contributes to their increasing resistance to the ectopic activation of other
developmental programs.
In addition to ectopic expression experiments, results from the study of the Y to PDA
conversion event are also useful. The Y cell is a fully differentiated and functional epithelial cell
of the C. elegans rectum, but it undergoes a direct reprogramming event, without cell division, into
a fully differentiated motor neuron (Jarriault et al. 2008). Through genetic screens for mutants that
failed to produce a PDA neuron, Jarriault and colleagues discovered, among the multiple genes
required for PDA conversion, an H3K27 demethylase, jmjd-3.1 (Zuryn et al. 2014). Thus, with
these two examples, it appears that the removal of H3K27 methylation from a cell is correlated
with its increased plasticity and susceptibility to reprogramming, endogenous or ectopic.
A screen for additional factors necessary to restrict cell fate plasticity
Despite the intriguing results described above, it is clear that the removal of H3K37
methylation in worms in not sufficient to allow ectopic TF activity in all cells, and additional
factors must be required as worms do not have macroH2A nor DNA methylation. For example,
despite the removal of H3K27 from mes-2 larvae, ectopic hlh-1 expression was only able to
broadly act on embryonic cells only slightly older developmentally – still it was not able to convert
differentiated tissues into muscle (Yuzyuk et al. 2009). Clearly, some other factors are involved in
this process.
In an effort to uncover some of these factors, our lab set up a strain and protocol in order
to screen for these factors (Fig. 3.1). For a TF, we chose to use CHE-1, the terminal selector for
the ASE neurons (Fig. 1.4B). This is a very well-studied TF, as the Hobert lab has been studying
ASE asymmetry for more than a decade. This transcription factor is known to work alone, unlike
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mec-3/unc-86, and was later shown directly to be the case (Patel and Hobert 2017). As a phenotypic
readout for the screen, a reporter transgene for gcy-5 was chosen. This gene encodes a guanylyl
cyclase receptor specifically expressed in the right ASE neuron, and is dependent upon che-1
activity for its expression (Etchberger et al. 2007).
Instead of a normal mutagenesis screen, it was decided to perform a targeted RNAi screen.
In this case, animals are fed bacteria expressing double-stranded RNA specific to a gene of interest,
which upon ingestion triggers RNA interference and (variable) knockdown of the gene. Because
previous work strongly suggested a link between various chromatin-related factors (histone
methyltransferases, demethylases, histone binding proteins, etc.), all known or suspected
chromatin-related genes were screened (Tursun et al. 2011). In a validation of the screening
strategy, Tursun and colleagues found that after the knockdown of the gene lin-53, which encodes
a protein found in multiple chromatin complexes, the ectopic expression of che-1 results in
activation of gcy-5:gfp, among other reporter transgenes, in the germline of the worm. These cells
appear to undergo a full transformation, adopting morphological and molecular characteristics of
ASE neurons.
An overview of this thesis: my contribution to understanding of cell fate restriction during
development
In this thesis, I aim to describe my contributions to the study of cell fate restriction in C.
elegans. I joined the Hobert Lab in 2011, shortly after the publication of Tursun et al. 2011. In
Chapter 2, I present the first work on this topic from our lab since I joined, to which I made a
modest contribution. This work followed up on Tursun et al. 2011, and identified the H3K27
methylating complex PRC2 as the specific complex in which LIN-53 participates. I then embarked
on a unbiased, semi-clonal genetic screen using the same screening strategy to identify novel
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mutants in which CHE-1 is active in adult somatic tissues, and I present this work in Chapter 3. In
that chapter, I describe finding, among 39 other germline conversion mutants similar to lin-53, a
single mutant in which ectopic che-1 expression in the adult results in ectopic activation of the
gcy-5::gfp transgene in the C. elegans epidermis. I then designed and performed a new screen
which used a different method to ectopically express che-1 in the adult epidermis of C. elegans,
with great success. In Chapter 4, I discuss this screen, in which I identified 23 mutants representing
at least six additional genes, with five remaining uncloned. Finally, in Chapter 5 I discuss the
development of a technique for determining tissue-specific gene expression profiles, which I
developed with the aim of characterizing the in-depth transcriptional phenotypes of the mutants I
isolated in the screens described in previous chapters. Lastly, in Chapter 6 I will discuss the future
prospects for this work.
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CHAPTER 2:
Removal of Polycomb Repressive Complex 2 Makes C. elegans Germ Cells Susceptible to
Direct Conversion into Specific Somatic Cell Types
Tulsi Patel, Baris Tursun, Dylan P. Rahe, and Oliver Hobert
Cell Reports (2012). (2), 1178-1186.
In this chapter I present Patel et al. 2012. This paper represents a follow up to Tursun et
al. 2011, and finds that in the context of the germline conversion phenotype, LIN-53 acts as part
of the C. elegans PRC2 complex, the protein complex that is responsible for the deposition of
H2K27 methylation. We found that the removal or redistribution of H3K27 in the germline
results in its susceptibility to ectopic TF activity. Germline cells do not divide before converting
to ASE-like fate, and they are susceptible both to CHE-1 and HLH-1 activity. In addition to
acquired ectopic expression of TF target gene reporters, endogenous mRNA is activated, the
germline cells lose germ cell fate markers, and the che-1 expressing converted germ cells extend
processes akin to neurites, indicating a relatively thorough cell fate switch.
This work was underway when I joined the lab, and my principle contribution was
intellectual. I worked very closely with Tusli Patel during most of my Ph.D. I also helped with
crosses, made reagents, and generated transgenes for some experiments.
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CHAPTER 3: Mutations affecting cell fate restriction from an animal-wide ectopic CHE-1
expression screen
SUMMARY
In this chapter I describe the results of a forward genetic screen for mutants in which cell
fate restriction does not occur. Of the thirty-six mutants recovered, all but one affected the
germline, similar to lin-53. One mutant, mapped to the usp-48 locus, resulted in the epidermis
specifically remaining susceptible to CHE-1 overexpression. usp-48 encodes a conserved
deubiquitinase with links to chromatin regulation. I describe this mutant and further
characterization of the conversion phenotype beyond ectopic activation of the gcy-5::gfp
transgene.
INTRODUCTION
Classical experiments in developmental biology as well as more modern analogs have
clearly demonstrated that cells lose fate plasticity as they differentiate. While the specific factors
necessary for proper differentiation are, in many cases, well studied, the factors and mechanisms
involved in restricting the fate during this process are not.
Recent studies have aimed to address this lack of understanding.
In C. elegans, the MyoD homolog hlh-1 has been shown to have similar activity to that
described in the Weintraub lab. Ectopic expression of this transcription factor (TF) in embryos
results in the expression of muscle markers in almost all somatic tissues, but this activity drops off
as development progresses (Fukushige and Krause, 2005). Similarly, the endoderm specifying TFs
END-1, END-3, ELT-2 and ELT-7 can drive expression of intestinal reporter constructs when
ubiquitously expressed in early development (Sommerman et al. 2010). However, by the L1 stage,
many fewer cells express the reporter. Using similar tools, the same lab later showed ELT-7 to be
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capable of disrupting tissues in much later stages of development (Riddle et al. 2016). The
transformations described are extensive but are restricted to a small subset of tissues in the animal,
consistent with developmental fate restriction.
Many candidates have emerged as key players in this developmental fate restriction. In
particular, genes involved in the deposition and maintenance of histone marks associated with
transcriptional repression, namely H3K37 and H3K9 methylation, have been implicated. Yuzyuk
et al. determined that by removing the PRC2 component mes-2/E(z) from the early embryo, the
time period in which hlh-1 or end-1 ectopic expression resulted in aberrant adoption of muscle or
endoderm fates, respectively, could be extended (Yuzyuk et al. 2009). Later work in the Hobert
lab aimed to build on this work using an RNAi screen of chromatin factors and the TF CHE-1 (Fig.
1.4B). The TF gene che-1 is expressed solely in the ASE neurons and is required for the proper
differentiation and function of this neuron (Uchida et al. 2003; Etchberger et al. 2007). In
otherwise wild-type animals, the overexpression of che-1 is able to induce the expression of a
ASER-reporter transgene (gcy-5::gfp) in a pattern progressively restricted during development
(Patel and Hobert 2017, this work). By knocking down individual chromatin factors then
expressing che-1 at later developmental stages, where in wild-type animals the ability of CHE-1
to induce gcy-5::gfp expression is greatly limited, Tursun et al. found the histone chaperone lin53 to be critical in maintaining the cell fate restriction of germ cells (Turson et al. 2011). As LIN53 has been shown to be present in multiple histone-modifying complexes, subsequent analysis
found its role in the germline to be as part of complex with PRC2, as discussed in the previous
chapter (Patel et al. 2012).
The above studies focus on events occurring either in the germline or the early embryo, far
earlier than terminal differentiation occurs. Interestingly, a number of cell types switch their fates
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during the normal course of development. The most well studied of this phenomenon, known as
transdifferentiation, in C. elegans is the Y to PDA event. The Y cell is a rectal epithelial cell with
fully terminally differentiated characteristics of normal epithelial tissues (apical-basil polarization,
adherens junctions, etc.). During the late L1 and L2 stages, however, the Y cell migrates away
from the rectum and differentiates, without division, into a fully functional and differentiated
motor neruon, the PDA (Jarriault et al. 2008). There are many steps that are required during the
transdifferentiation of Y to PDA, but Zuryn et al. showed that the H3K27 demethylase jmjd-3.1
(Zuryn et al. 2014) is required for the process. This result further indicates that H3K27 methylation
plays a role in restricting cell fate in differentiated, postembryonic tissues as well as the germline
and early embryo.
Building on these results, our lab next asked what role the TFs responsible for proper
differentiation themselves play in restricting cell fate. Tulsi Patel assayed CHE-1 overexpression
in a number of terminal selector TF mutants and found that affected neurons were more susceptible
to CHE-1 activity (Patel and Hobert 2017). This implies a dual role for the TFs responsible for fate
specification in the first place — both in directing the adoption of a specific fate as well as
restricting the activity of aberrant TFs. In a more in depth characterization of the specific terminal
selector TF unc-3, Patel found a role for multiple chromatin remodeling factors in this process,
including the H3K9 methyltransferases MET-2 and SET-25, suggesting a coordinated action of
differentiation and cell fate restriction through master regulator TFs via histone modifying
proteins.
In order to build on these studies, I undertook a forward genetic screen to identify other
factors required to restrict cell fate during development. In this chapter, I will describe a semiclonal forward genetic screen to identify factors which, when mutated, allow for CHE-1 to induce
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Figure 3.1: Outline for screening strategy and
underlying hypothesis. che-1 functions normally as
a terminal selector transcription factor in the ASE
neurons, and activates expression of multiple genes
including gcy-5. If ectopically expressed in adult
tissues, most tissues are refractory to activation of
gcy-5 target. It is hypothesized that some factor or
factors, “Y”, prevent CHE-1 from activating gcy-5
and other targets. This screen aims to identify the
factor or factors “Y” by mutagenisis, with the
resultant phenotype expected to be ectopic
expression of gcy-5 and other targets outside of what
is normally seen in unmutagenized animals.

expression of its target genes in tissues that are otherwise refractory to TF activity. Using the same
screening strategy outlined in Tursun et al. 2011, I found multiple mutants with ectopic gcy-5::gfp
expression in adult animals after heatshock. The vast majority of these mutants exhibited the same
phenotype as lin-53, with gcy-5::gfp expression specifically in the germline. One, however,
exhibited somatic gcy-5::gfp expression specifically in the epidermis, and was found the contain
a lesion in the usp-48 gene. In this chapter I describe this screen and further characterization of the
usp-48 mutant.
RESULTS
Using the strategy outlined in Fig. 3.1, I conducted a semi-clonal forward genetic screen to
identify mutants in which CHE-1 is able to induce expression of gcy-5::gfp in adult tissues. The
strain used for this screen contains a transgene with che-1 under the control of the heatshock
promoter hsp-16.41 (Stringham et al. 1992; Tursun et al. 2011), allowing for temporally controlled
ubiquitous expression of che-1 (Patel et al. 2012; unpublished results). As a marker of ASE fate,
a gcy-5::gfp reporter was used to identify mutants with ectopic gfp expression in adults. This strain
recapitulated the results of previous reports, in that early expression of che-1 resulted in broad
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Figure 3.2: Ectopic expression of che-1 has diminished activity as development progresses. A.
Without heatshock, gcy-5::gfp is expressed solely in the ASER neuron. Heatshock induction of che-1
during the early L1 stage results in broad activation of the gyc-5 promoter, with GFP in the epidermis,
pharnyx, multiple neurons, and other tissues. Heatshock during the adult stage is restricted to a few
pharyngeal cells and extra neurons in the head and tail. These results are quantified for the epidermis and
seam tissues for all developmental stages in B.
Table 2.1
Screen type:
Genomes screened:

semi-clonal (5 F1s/plate)
7302 (haploid)

# Geco mutants:

35

# Epco mutants:

1

Table 3.1: Semi-clonal screen information.
7302 haplod genomes were screened, yielding a total
of 36 mutants.

expression of gcy-5::gfp, but ectopic expression at later stages was much more limited (Patel and
Hobert, 2017). Without heatshock, the strain containing both hsp-16.41:che-1 and gcy-5::gfp only
exhbits expression in ASER. Applying a short heatshock at the L1 stage, however, results in many
tissues, including the epidermis, exhibiting ectopic gcy-5::gfp expression. Heatshock at the adult
stage, however, results in only a small number of cells, mostly neurons, exhibiting ectopic gcy5::gfp expression (Fig. 3.2A). A series of heatshock experiments in this strain at each larval stage
shows that, in general, each successive larval stage exhibits fewer animals exhibiting gcy-5::gfp
expression after heatshock (Fig. 3.2B).
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Figure 3.3: geco(ot670) mutants exhibit ectopic expression of gcy-5::gfp in the germline. A. Both
gonads in a geco(ot670) mutant exhibit ectopic expression of gcy-5::gfp. B. Higher magnification
micrograph of A, where neurite-like processes are evident in some GFP-expressing cell bodies
(arrowheads). C. The nucleus of GFP-expressing cells (middle panel) are more similar to normal neurons
(bottom panel) than they are to normal germ cells (top panel), and contain the characteristic “speckled”
pattern.

A pilot mutagenesis screen identified several sterile mutants with ectopic gfp expression,
but were not able to be recovered due to their lack of progeny. Thus, it was determined that a clonal
screen would allow for the recovery of potential sterile alleles. In order to increase throughput of
the screen, 5 F1s were singled onto each screening plate, and thus we termed the screen semiclonal. A total of 7302 haploid genomes were screened, resulting in 36 total mutants recovered
(Table 3.1). All mutants were sterile, and were maintained as heterozygotes. The broadest category
of mutants, of which there were 35, consisted of the same phenotype as lin-53, with ectopic
expression of gcy-5::gfp in the germline. We termed this phenotype the Germline Conversion, or
Geco, phenotype. A representative mutation, ot670, is shown in Fig 3.3.
Upon heatshock, geco(ot670) exhibits ectopic expression of gcy-5::gfp in both gonads.
Interestingly, some of the GFP expressing cells exhibit thin, elongated extensions reminiscent of
neuronal processes (Fig. 3.3B). In addition, the nuclei lose some of the characteristic “fried-egg”
phenotype of germline cells and adopt nuclear speckles, characteristic of neuronal nuclei (Fig.
43

3.3C). These phenotypes are reminiscent of the phenotypes of lin-53, in which germ cells adopted
many features of ASE neurons after ectopic expression of che-1 (Tursun et al. 2011).
In an attempt to identify the causal mutations of these geco mutants, four mutants were
crossed with a strain of C. elegans containing multiple SNV polymorphisms, and F2 Geco animals
were pooled for next generation sequencing. This strategy has been used frequently in our lab to
identify causal mutations by massively parallel linkage analysis (Doitsidou et al. 2010).
Unfortunately, for unknown reasons no linkage was observed in any strains, and no causal
mutations could be identified using this technique in these mutants (data not shown). No further
analysis of this class of mutants was performed.
One mutant exhibited a phenotype that affected a somatic tissue: ot674. In this strain,
heatshock at any stage resulted in expression of gcy-5::gfp specifically in the epidermis of the
animals (Fig. 3.4B, data not shown). The phenotype, termed Epco (Epidermal Conversion) is
specific to CHE-1 activity, as either heatshock in the absence of otIs305 or no heatshock with the
Fig. 2.4
transgene does not result in ectopic expression of gcy-5::gfp (Fig. 3.4A, data not shown).

A

B

C
dorsal epidermis

Hyp7

ventral epidermis

usp-48(ot674); hs>che-1 gcy-5::gfp
no HS
100% Epco, n>100

usp-48(ot674); hs>che-1 gcy-5::gfp
+HS

usp-48(mg457); hs>che-1 gcy-5::gfp
+HS

Figure 3.4: usp-48(ot674) mutants exhibit ectopic expression of gcy-5::gfp specifically in the
epidermis after induction of CHE-1. A. Without ectopic induction of CHE-1, usp-48(ot674) animals
express gcy-5::gfp only in ASER as in wild-type animals. B. After animal-wide heatshock induction of
CHE-1, the mutants exhibit strong gcy-5::gfp expression specifically in the epidermis. C. mg457 is
another nonsense allele of usp-48 and phenocopies ot674.

44

This mutant was also subjected to next-generation-sequencing-based linkage analysis, but
the analysis failed for this mutant as well. However, during the RNAi screen described above,
inconsistent epidermal expression of gcy-5::gfp after che-1 overexpression was observed after usp48 RNAi (Tulsi Patel, personal communication). Thus, the usp-48 locus was amplified and
subjected to Sanger sequencing, revealing a nonsense mutation in the third exon. The mutant was
backcrossed and balanced with hT2, a chromosomal translocation between the first and third
chromosome. In addition, a nonsense allele (mg457) previously isolated in the Ruvkun Lab was
obtained and was found to phenocopy ot674 (Fig. 3.4C).
usp-48 encodes a conserved deubiquitinase (Fig. 3.5). Its function is not well understood,
but recent studies on the mammalian homolog have suggested multiple roles. Two independent
studies performing Chromatin Immunoprecipitation-Mass Spectrometry (ChIP-MS) on multiple
histone marks coprecipitated USP48 with H3K4me3, H3K4me1, H3K27ac, H3K79me2, and
H3K36me3 (Ji et al. 2015; Engelen et al. 2015). All of these histone marks are associated with
active transcription or promoter/enhancer activity (reviewed in Gates et al. 2017). In addition, a
recent study implicated USP48 deubiquitinase activity opposing the H2A histone ubiquitin ligase
activity of BRCA1, fine-tuning the DNA strand resection length during BRCA-mediated doublestranded break repair (Uckelmann et al. 2018). In addition to studies on the mammalian homolog,
usp-48 was identified in a screen for suppressors of the synthetic multivulva (SynMuv) phenotype
in C. elegans (Cui et al. 2006a). Many, but not all, genes with SynMuv phenotypes are involved
in suppressing gene activity, often through chromatin interactions, and act, indirectly via
suppression of LIN-3/EGF in the hypodermis, to oppose LET-60/Ras signaling in the vulva (Cui
et al. 2006b; Saffer et al. 2011). In their absence, this pathway is overactive, and ectopic
pseudovulvae develop (Fay and Yochem, 2007). As usp-48 has been identified as a suppressor of
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Figure 3.5: usp-48 encodes a conserved deubiquitinase. A. USP-48 contains a conserved C19 peptidase domain
as well as a ubiquitin-like (Ubl) domain at the C-terminus. Multiple alleles (ot872, ot674, and mg457) have been
isolated and exhibit the Epco phenotype. B. The C19 domain contains four catalytic residues, all of which are
conserved (blue boxes), but the C-terminal Ubl domain is less well conserved in C. elegans, such that it is not
recognized by domain searching algorithms (SMART, InterPROScan).
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this phenotype, it suggests it is either involved in positively regulating the LET-60/Ras signaling
pathway in the vulva, a possible role consistent with its association with histone marks of active
transcription, or in the mutant the entire signaling cascade upstream of LET-60/Ras is disrupted.
In order to better understand the function of USP-48, I first constructed an endogenous
translational C-terminal GFP reporter using CRISPR-Cas9 technology. The resultant usp-48 allele
exhbited ubiquitous, nuclear GFP expression at all stages of development, with very few
exceptions (Fig. 3.6A & B). In pachytene germline cells and oocytes, clusters of brighter
expression can be observed, consistent with chromatin binding (Fig. 3.6B). The only observed
cells not exhibiting nuclear expression were newly fertilized zygotes, until the 4- or 8-cell embryo,
when nuclear expression may be observed again (Fig. 3.6C). To test for maternal inheritance of
usp-48 mRNA, progeny from a trans-heterozygote of this CRISPR allele and ot674 were
generated. If usp-48 is maternally inherited, 100% of resultant embryos should have GFP
expression. This was the case, with fluorescence persisting to a lesser extent into the L1 stage.
Thus, there exists maternal contribution of the mRNA despite loss of GFP signal in the early
embryonic nuclei (Fig. 3.6D).
Next, I sought to confirm the expression of che-1 targets in the epidermis by measuring
endogenous mRNA using single-molecule fluorescence in situ hybridization (smFISH)(Raj et al.
2008). In this method, fluorescence-labelled DNA oligonucleotides tiling an individual mRNA are
hybridized to fixed animals, and individual mRNAs are thus observed as individual puncta (Fig.
3.7). In order to confirm the specificity of the probes, early larval animals of wild-type and deletion
mutant animals were fixed, stained and imaged together and quantified for presence of smFISH
puncta (Fig. 3.7A&B). For probes targeting both gcy-5 and unc-10, a RIM ortholog expressed pan-
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Figure 3.6: USP-48::GFP is ubiquitously expressed, nuclear, and maternally inherited. A The
CRISPR-generated GFP knock-in allele ot828 exhibits broad nuclear expression throughout the anterior
of the wrom, if not ubiquitously, then very broadly. B. USP-48::GFP is expressed highly throughout the
germline, and it is possible to see brighter regions inside developing embros, indicative of interactions
with the condensed chromosomes. C. USP-48::GFP becomes diffuse in embryos as they mature, then
disappears from very early embryos, then reappears in the nucleus at the 4-cell stage, and is broad or
ubiquitous from then on. D. usp-48::gfp mRNA is maternally inherited. 100% of progeny from
transheterozygous ot828/ot674 show at least some dim GFP expression in embryos, most of which
persists into the L1 stage. (*) Indicates intestinal autofluorescence.
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Figure 3.7: Ectopic expression of che-1 induces endogenous expression of gcy-5 and unc-10 mRNA
in the epidermis in usp-48(ot674) mutants. A. Probes for gcy-5 are specific. B. Probes for unc-10 are
specific. C. Individual puncta in the epidermis can be observed for both gcy-5 and unc-10 probes after
ectopic induction of CHE-1 in usp-48(ot674) animals, but not heterozygous controls.

neuronally, all signal was lost in deletion mutants, but detectable in wild-type animals. With these
probes verified, I then hybridized ot674/hT2 and ot674 animals after ectopic expression of che-1.
In usp-48(ot674) mutants, but not heterozygous controls, puncta corresponding to unc-10 and gcy-5 mRNAs were clearly visible within the epidermis (Fig. 3.7C). Thus, not only is a gcy-5promoter-driven transgene activated, but the endogenous locus itself, along with another marker
of broad neuronal fate.
Given the potential role for usp-48 in modifying chromatin, I next sought to see if any
obvious or broad changes might occur in usp-48(ot674) mutants by immunofluorescence (IF)
staining with antibodies targeting histone marks. Since usp-48 is a deubiquitinase, I assayed for
mono-ubiquitination of histone H2B (H2Bub1)(Fig. 3.8A). This mark has been shown to be
necessary for the deposition of other histone marks associated with active transcription in yeast,
including H3K4 methylation and H3K79 methylation (Nakanishi et al. 2009; Tanny et al. 2007).
If usp-48 functioned to remove this mark, it could act in a silencing role, and IF staining could
reveal increased levels of H2Bub1. The same could be true for H3K4me3, a mark dependent on
H2Bub1 and also associated with active transcription. In addition, I stained for H3K27me3 and
H3K9me2, marks associated with repression and previously shown in C. elegans to play a role in
developmental fate restriction (Yuzyuk et al. 2009; Patel et al. 2012; Patel and Hobert 2017).
Staining of both ot674/hT2 and ot674 animals revealed, however, that no obvious changes were
observable in staining patterns of any of these marks (Fig. 3.8A-D). It cannot be ruled out that
more subtle changes do not exist, but IF does not have the resolution necessary to answer these
questions.
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Figure 3.8: Select histone marks and not broadly altered in usp-48(ot674) mutants. In comparison to
heterozygous controls, the global levels and distribution are not grossly altered in usp-48(ot674) of H2Bub1
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DISCUSSION
In this chapter I have discussed a semi-clonal forward genetic screen for genes involved in
the restriction of cell fate during development. Using a previously characterized transgenic model
as an assay, I found 36 mutants, one of which showed a loss of cell fate restriction specifically in
the epidermis. This mutant was determined to contain a lesion in the gene usp-48, encoding a
ubiquitously expressed nuclear deubiquitinase with reported associations with histone marks
associated with active transcription. Loss of usp-48 and subsequent overexpression of che-1 by
heatshock allows CHE-1 to activate the endogenous expression of at least gcy-5 and unc-10, an
ASER-specific and pan-neuronal gene, respectively. Despite being associated with chromatin, a
limited survey of histone marks by immunofluorescence showed no broad or global changes in
H2Bub1, H3K4me3, H3K27me3 or H3K9me2.
Many mutants affect the germline, but few affect the somatic tissues
Given the relatively large number of mutants isolated that affect the germline, and the
relative paucity of those affecting somatic tissues, it is possible that this is indicative of some
general principles regarding the plasticity of the germline vs. somatic tissues. In principle, the
germline can either be considered a specialized tissue performing a complex function, namely the
preparation of gametes for the next generation, or as immortal, plastic cells maintaining intrinsic
plasticity for post-fertilization development. While both viewpoints hold some merit, it is clear
that neither allows for a straightforward interpretation in the context of cellular differentiation and
cell fate restriction that I have set out to understand. These two cellular processes are
fundamentally defined in terms of developing and differentiating somatic tissues, and as the
germline is arguably both differentiated (it performs a specific function and expresses a specific
set of genes necessary for this function, distinct from all other cell types) and plastic (it must remain
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poised to begin totipotent development immediately after fertilization), it is difficult to categorize
germ cells into an easily discernible category. Germ cells are indeed very unique cells. However,
given that part of what makes germ cells unique is their need to retain totipotent plasticity, it is
perhaps not surprising that so many mutants could be recovered that allow this inherent latent
plasticity to be taken advantage of through the aberrant expression of a fate-specifying
transcription factor.
Two arguments against this possibility are that 1) the germline expresses higher levels of
che-1 after heatshock, or 2) che-1 requires a co-activator outside the germline. In otIs305, CHE-1
is tagged with 3x HA, and previous studies showed it is not more highly expressed in the germline
via IF staining (Patel et al. 2012). Furthermore, a transgene containing an eight-times multimerized
CHE-1 binding site inside a minimal gcy-5 promoter is able to be induced by CHE-1 after
heatshock in all tissues, indicating that CHE-1 is fully functional and can activate transcription,
likely through direct binding, in all tissues in this assay (Patel and Hobert 2017). This does not
rule out the possibility that CHE-1 requires a co-factor in a more endogenous context, but it does
rule out the possibility that CHE-1 is an altogether non-functional TF in any tissue. Together, these
lines of evidence suggest the germline is truly more plastic than somatic tissues.
Another intriguing possibility is that somatic tissues have multiple, redundant means of
restricting cell fate. Indeed, the induction of primary and secondary vulval fates during C. elegans
development is tightly controlled, and the disruption of at least two different redundant repressive
mechanisms in the hypodermis is required before aberrant EGF-signalling results in abberrant
primary and secondary fates in the tertiary cells of SynMuv mutants (Cui et al. 2006b; Fay and
Yochem, 2007; Saffer et al. 2011). If such a principle is broad across multiple tissues (indeed,
many if not most SynMuv genes encode are broadly expressed nuclear proteins), it stands to reason
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that somatic tissues would be more difficult to convert using a genetic screening strategy, which
offers a potential explanation for the paucity of somatic conversion mutants.
Despite the large number of Geco mutants, it is clear the screen in not saturated for other
somatic mutants, and likely not saturated for the Geco phenotype either. While it is possible that
this strategy would only uncover further alleles of usp-48, but with only one Epco mutant having
been recovered from this screen it is impossible to determine how may genes may be identified if
the screen were to proceed to saturation.
USP-48 is a chromatin-interacting protein with multiple roles but unknown targets
Based solely on the conservation and domain information, it can be assumed that usp-48 is
an enzyme that removes ubiquitin from other proteins. In general, deubiquitinases can have two
different roles. In one case, they may remove ubiquitin from polyubiquitin chains, or polyubiquitin
chains from proteins. In this capacity, they would antagonize the proteasomal degradation pathway
of a protein target, functioning to stabilize it. In another case, it may remove monoubiquitin from
a protein target, functioning analogously to a phosphatase to antagonize a kinase. One potential
target of hUSP48 activity is H2Aub, which has been described recently (Uckelmann et al. 2018).
In this scenario, USP48 antagonizes BRCA1 E3 ligase activity during doublestranded break repair,
fine-tuning the strand resection length for proper repair. In C. elegans, the BRCA1 homolog brc1 is sensitive to radiation, consistent with its role in DSB repair. While the null allele of brc-1 is
not sterile, as strong usp-48 alleles are, it is possible that this function of USP-48 in antagonizing
BRC-1 plays a role in its sterility (Adamo et al. 2008). However, a few lines of evidence suggest
that the role of USP-48 in cell fate restriction is distinct from its potential role in fine-tuning DSB
repair. First, while BRCA1 and BRC-1 are recruited to DSB regions following DSB induction,
mammalian USP48 interacts with chromatin in the absence of any ionizing radiation, as does its
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worm homolog (Ji et al. 2015; Engelen et al. 2015; Fig. 3.6). This suggests a role in regulating
chromatin independent of BRCA1. Next, as I will show in the following chapter, the sterility of
usp-48 can be separated from the Epco phenotype, suggesting that the two are not related. If,
however, the cell fate restriction phenotype of usp-48 is related to brc-1, it would be interesting to
see if brc-1 either has an Epco phenotype itself or can suppress the phenotype of usp-48.
One puzzling feature of usp-48 is that despite being ubiquitously expressed, its loss appears
only to allow for the conversion phenotype in the epidermis. One possibility is that usp-48 mutants
affect the overexpression of che-1 by affecting the heatshock promoter, and if che-1 were robustly
expressed in all tissues, all tissues would be susceptible to CHE-1 activity. However, this requires
USP-48 to perform two disparate functions – one in restricting cell fate, and another in affecting
the heatshcok response. Another possible scenario would be that usp-48 acts redundantly with
another factor or factors in other tissues, thereby preventing a single loss of this gene to result in a
conversion phenotype. Lastly, it is possible that usp-48 plays an identical role in all tissues, but
the hypodermis is uniquely responsive to CHE-1 activity in the absence of usp-48 for an unknown
reason.
One of the more surprising aspects of the association of mammalian USP48 with chromatin
is that it mainly interacts with histone marks which themselves are associated with active
transcription. Previous to the identification of usp-48 in this screen, mutants identified with cell
fate restriction phenotypes were implicated in modifying H3K27 or H3K9 methylation, histone
marks commonly associated with repressed or silenced chromatin. The exception is the role for
mes-4 in restricting CHE-1 activity in the germline, as it deposits methylation on H3K36, a mark
correlated with actively transcribed genes (Patel et al. 2012). However, in this case there is
evidence for H3K36 methylation playing a role in the proper distribution of H3K27 methylation,
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linking it indirectly to a repressive histone mark (Gaydos et al. 2012). While much is still unknown
about USP-48, no obvious link, direct or indirect, between it and a histone mark with repressive
function is evident. Thus, it is either the case that such a role is yet to be discovered, or such a role
does not exist.
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MATERIALS AND METHODS
Strains and transgenes
All strains were maintained using standard procedures (Brenner, 1974), unless otherwise noted.
For heat-shock experiments strains were grown at 20°C, heat-shocked at 37°C 30min, and left
overnight at 25°C. The following strains and transgenes were used (Strains in bold were created
by me):
OH9846: otIs305 [hsp16-2prom::che-1::2xFLAG; rol-6(d)] ntIs1 [gcy-5::gfp; lin-15(+)] V.
OH10367: geco(ot660)/+;otIs305 ntIs1
OH10368: geco(ot661)/+;otIs305 ntIs1
OH10369: geco(ot662)/+;otIs305 ntIs1
OH10370: geco(ot663)/+;otIs305 ntIs1
OH10371: geco(ot664)/+;otIs305 ntIs1
OH10372: geco(ot665)/+;otIs305 ntIs1
OH10373: geco(ot666)/+;otIs305 ntIs1
OH10374: geco(ot667)/+;otIs305 ntIs1
OH10375: geco(ot668)/+;otIs305 ntIs1
OH10376: geco(ot669)/+;otIs305 ntIs1
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OH10377: geco(ot670)/+;otIs305 ntIs1
OH10378: geco(ot671)/+;otIs305 ntIs1
OH10379: geco(ot672)/+;otIs305 ntIs1
OH10380: geco(ot673)/+;otIs305 ntIs1
OH10381: usp-48(ot674)/+; otIs305 ntIs1
OH10383: geco(ot675)/+;otIs305 ntIs1
OH10384: geco(ot676)/+;otIs305 ntIs1
OH10385: geco(ot677)/+;otIs305 ntIs1
OH10386: geco(ot678)/+;otIs305 ntIs1
OH10387: geco(ot679)/+;otIs305 ntIs1
OH10388: geco(ot680)/+;otIs305 ntIs1
OH10389: geco(ot681)/+;otIs305 ntIs1
OH10390: geco(ot682)/+;otIs305 ntIs1
OH10391: geco(ot683)/+;otIs305 ntIs1
OH10392: geco(ot684)/+;otIs305 ntIs1
OH10393: geco(ot685)/+;otIs305 ntIs1
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OH10394: geco(ot686)/+;otIs305 ntIs1
OH10395: geco(ot687)/+;otIs305 ntIs1
OH10396: geco(ot688)/+;otIs305 ntIs1
OH10397: geco(ot689)/+;otIs305 ntIs1
OH10398: geco(ot690)/+;otIs305 ntIs1
OH10399: geco(ot691)/+;otIs305 ntIs1
OH10400: geco(ot692)/+;otIs305 ntIs1
OH10401: geco(ot693)/+;otIs305 ntIs1
OH10402: geco(ot694)/+;otIs305 ntIs1
OH10403: geco(ot695)/+;otIs305 ntIs1
OH11177: usp-48(ot674)/hT2[bli-4(e937) let(q782) qIs48](I;III)/+;otIs305 ntIs1
OH15718: usp-48(mg457))/hT2[bli-4(e937) let(q782) qIs48](I;III)/+;otIs305 ntIs1
OH13939: usp-48(ot828)[usp-48::TY1::sarovGFP::3xFLAG]
RB1010: gcy-5(ok930) II.
NM1657: unc-10(md1117) X.
OH3192: ntIs1[gcy-5::gfp; lin-15(+)] V.
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CRISPR
USP-48::GFP CRISPR strain was generated using co-CRISPR, as described in Arribere et al.
2014. Homologous repair template was a TOPO-cloned PCR-product from the GFP-tagged
fosmid from the Transgeneomics Project (Sarov et al. 2012). GFP was inserted between the last
codon and the stop codon of usp-48.
Single-molecule FISH
smFISH was performed using Custom StellarisTM FISH probes, purchased from Biosearch
Technologies and staining was done according to the manufacturers protocol, with slight
modifications (See Appendix IV). Probes correspond to coding regions of gcy-5 or unc-10 cDNA
(excluding UTRs).
Microscopy
μManager was used for image acquisition and processing on figures 3.3, 3.4C, 3.7, and 3.8
(Stuurman et al., 2010). All other images were taken on a LSM 880 Confocal microscope and
processed using Zeiss Zen software.
Antibody staining
A freeze crack antibody staining protocol on whole worms was used (Duerr, 2006). Briefly,
worms were washed in M9, suspended in 0.025% glutaraldehyde and spread out in between two
frost- resistant glass slides. Slides were flash-frozen on dry ice and cracked open to break the
cuticle of the animals. Acetone/methanol fixation was used for fixation: freeze-cracked worms
were incubated for 5 min. each in ice cold acetone and then methanol. The worms were then
washed off the slides in 1X PBS, blocked in 1x PBS, 0.2% gelatin, 0.1% Triton-X-100 for 30
min at room temperature. Antibodies were diluted in 1x PBS containing 0.2% gelatin and 0.1%
Triton. Primary antibody was left on overnight at 4°C and secondary antibody was applied for 1
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hour at room temperature. After washing off the secondary antibody, worms were incubated with
DAPI for 15 minutes, washed again and mounted on glass slides. Primary antibodies used were:
H2Bub1 (Cell Signalling, 1:500 dilution), H3K4me3 (Upstate, 1:500 dilution), H3K27me3
(Millipore, 1:500), H3K9me3 (abcam, 1:500 dilution). All secondary antibodies were Alexa
Flour 594 used at 1:1000 dilution.
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CHAPTER 4: Mutations affecting cell fate restriction from a novel, epidermis-specific
CHE-1 expression screen
SUMMARY
In this chapter I describe a new screening strategy to identify mutants that phenocopy usp48. In this screen for viable mutants with an epidermis conversion (Epco) phenotype, I identified
six additional genes and mapped four additional uncloned mutants to specific chromosomal
locations. I describe the nature of these mutants, their expression and localization, their biological
roles, and their potential for interactions that may explain their role in the Epco phenotype.
INTRODUCTION
The screen described in the previous chapter yielded success in that I was able to isolate a
mutant that allowed for somatic activity of CHE-1 at a late developmental stage, but the screen
was cumbersome and inefficient. In this chapter, I describe a new screen that aimed to overcome
the limitations of the original screen in order to more efficiently isolate mutants with the Epco
phenotype.
The first change I made to the screening strategy was to take advantage of the unique
biology of the C. elegans epidermis to control temporal gene expression. During each of the larval
stages of the animal, the cuticle is resnynthesized to allow for growth in size. However, the cuticle
of each stage is not identical, being composed of a different combination of the more than ~170
collagens and other cuticle compontents in the C. elegans genome (Cox and Hirsh 1985; Page and
Johnstone, 2007). One such cuticle collagen COL-19, has an expression pattern spatially restricted
to the epidermis and temporally restricted from the L4-Adult molt and into adulthood (Liu et al.
1995). Using the promoter of this gene to drive che-1, I generated a transgene that allows for the
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temporally restricted expression of che-1 without the need to heatshock animals, which also has
the benefit of being spatially restricted to the tissue of interest.
Next, I chose to screen in a high-throughput manner with a specialized FACS-like machine
referred to here as the “Wormsorter”. Like a FACS machine, worms are passed through an imaging
chamber single-file, where various measurements are made and gates for fluorescence, time-offlight, transmittance, etc. can be set according to control animals. Our lab has used this machine
to sort for the loss of single pairs of neurons, among other phenotypes (Doitsidou et al. 2008).
Given that the difference in expected fluorescence intensity between wild-type animals and Epco
animals should be the difference between a single neuron in the head and the entire, animalspanning epidermis showing fluorescence, I expected the signal to noise ratio to be sufficiently
high for efficient recovery of mutants.
In this chapter, I will describe using the above changes to screen for Epco mutants and the
initial identification of the casual mutations for 19 out of 23 isolated mutants. Most describe

Figure 4.1: Screen concept and overview. A. Worms expressing che-1under
the control of an early epidermal promoter are lethal and gcy-5::gfp
fluorescence is observed in the epidermis at the L1 stage, whereas animals with
a col-19::che-1 transgene are fertile and do not express gcy-5::gfp in the
epidermis at any stage. In this screen, mutants are isolated in which gcy-5::gfp
is seen in the epidermis at the adult stage, when che-1 is expressed. B. P0
animals are mutagenized, F1s are split among 10 plates, and F2s are screened
using the COPAS Biosort “Wormsorter” for the Epco phenotype.
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previously-characterized genes, but one is uncharacterized and contains a poorly characterized
protein domain named for a novel nuclear gene involved in transcriptional repression. I determined
the expression and localization patterns for those mutants for which none was known, and used a
new ts allele to further characterize usp-48. All work in this chapter was devised and completed
by me, aided by the help of rotation students and summer students in some of the cloning steps.
RESULTS
In order to find mutants that phenocopy the Epco phenotype of usp-48, I constructed a new
strain with which to screen for Epco mutants. I constructed a transgene (otIs642) driving che-1
expression using the promoter of col-19, generating a transgene in which the ectopic expression
of che-1 is temporally restricted to after the L4-Adult molt and spatially restricted to the epidermis.
While expression of che-1 using a dpy-7 promoter, which drives expression in the epidermis in all
stages beginning in the embryo, results in the ectopic induction of gcy-5::gfp expression in the
epidermis, this transgene does not (Patel and Hobert, 2017; Fig. 4.1A, Fig. 4.2, top panel). These
results are consistent with previous data using the heatshock promoter (Patel et al. 2012; Fig. 3.2).
While the previous screen yielded only sterile mutants, I aimed to recover, if possible,
fertile alleles in this screen. Thus, I performed a non-clonal screen with the aid of a wormsorter, a
FACS machine specialized for sorting of entire animals. In order to reduce the possibility of
isolating siblings from the same mutant F1, I separated F1s onto ten different plates. Thus, Epco
animals from each plate can be guaranteed to be independent alleles (Fig. 4.1B). Surprisingly, all
but one plate contained multiple Epco mutants that were fertile and bred true. Of those that bred
true, I was able to maintain 23 mutants that were both highly penetrant and expressive (Table 4.1).
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Fig. 4.2
otIs642; ntIs1

usp-48(ot872)
otIs642; ntIs1

ogt-1(ot878)
otIs642; ntIs1

dot-1.1(ot885)
otIs642; ntIs1

nhr-48(ot915)
otIs642; ntIs1

pmk-1(ot918)
otIs642; ntIs1

sek-1(ot921)
otIs642; ntIs1

Figure 4.2: Mutants identified in this screen. Representative micrographs of mutants
isolated in the screen. Top panel shows otIs642; ntIs1 alone, where no expression of
gcy-5::gfp is observed in the epidermis, despite che-1 expression. Panels on the right
are higher magnification micrographs of the panels on the left. In all cases, strong gcy5::gfp expression is observed in the epidermis.

The 23 mutants were first screened for mutations in the usp-48 locus by Sanger sequencing.
One of these, ot872, contained a point mutation in the second exon (Fig. 3.5). Interestingly, this
allele was both fertile and 100% penetrant at 20C, but exhibited some sterility at 25C. In addition,
raising the mutant at 15C resulted in a significantly, if not completely, reduced penetrance of the
Epco phenotype (Fig. 4.3). Further, shifting the temperature from 15C to 20 or 25C at the L4 stage
resulted in a 100% phenotype, reminiscent of animals raised continuously at 20 or 25C. This

65

suggests that whatever activity USP-48 has in the epidermis, it is likely required at least as early
as the L4 stage, if not continuously, to prevent ectopic CHE-1 from being able to act on its targets.
Next, six alleles (ot878, ot880, ot881, ot885, ot886, and ot887) were selected for mapping
by sequencing as described in the previous chapter. Each allele was from a different screening
plate,
Fig. 4.3

and thus guaranteed to be of independent origin. Each was mapped to a specific region
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Figure 4.3: usp-48(ot872) is a temperature
sensitive allele. At 15ºC, usp-48(ot872) is ~60%
Epco, but at 20ºC or higher the penetrance is
~100%. When shifted at the L4 stage, before che-1
expression begins, to either 20ºC or 25ºC, the
animals are nearly completely penetrant Epco. This
result suggests that usp-48 is continuously required,
or at least is required at some point after the L4
stage, in order to prevent the Epco phenotype.
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through linkage analysis, and a combination of complementation testing, transgene rescue, and
RNAi phenocopy experiments I was able to map these six alleles to four loci. ot880 and ot881
mapped to the same region on the X chromosome, and in silico complementation showed they
both contained different missense mutations in the gene nhr-48. A complementation cross showed
they were, in fact, alleles of the same gene. Mapping to the same region of chromosome IV, ot886
and ot887 contained missense mutations in pmk-1. A null allele of pmk-1 has the Epco phenotype,
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Table 4.1
Allele

F1 Plate

Gene

Chrom. Protein e ect

Cloning Evidence

ot915

1

nhr-48

X

Q266STOP

WGS, allelic

ot926

1

-

X

-

uncloned

ot927

1

-

I

-

uncloned

ot880

1

nhr-48

X

G738E

complementation
with ot881, fosmid
rescue

N/A

2

-

-

-

N/A, ot885 sibling

N/A

2

-

-

-

N/A, ot885 sibling

ot885

2

dot-1.1

I

P642S

RNAi phenocopy,
mutant phenocopy

ot916

3

sek-1

X

G62E

WGS, relation to
pmk-1

ot881

3

nhr-48

X

V735M

complementation
with ot880

ot928

3

-

II

-

uncloned

ot917

4

pmk-1

IV

A62V

WGS allelic

ot918

4

pmk-1

IV

Q144STOP

WGS allelic

ot886

5

pmk-1

IV

G181E

SNV mapping,
RNAi phenocopy,
Mutant phenocopy

N/A

5

-

-

-

N/A, ot919 sibling

ot919

5

ogt-1

III

G673E

WGS, allelic

ot920

5

ogt-1

III

G771E

WGS, allelic
RNAi phenocopy,
ongoing

ot929

6

epco-1(C08A9.6)

X

P25L

ot930

6

-

X

-

uncloned

N/A

6

-

-

-

N/A, ot930 sibling

ot921

7

sek-1

X

W256STOP

WGS, relation to
pmk-1

ot887

7

pmk-1

IV

R200K

SNV mapping,
RNAi phenocopy,
Mutant phenocopy

ot872

8

usp-48

I

R101K

Sanger, allelic

ot878

10

ogt-1

III

R1018H

fosmid rescue,
mutant phenocopy

Table 4.1: Summary of
mutant information from
mutagenesis. Mutants for
which the causal mutation
has been isolated have their
gene names listed, along
with predicted lesion in the
protein. “WGS allelic”
refers to identification of
homozygous alleles of
known
Epco
mutants
identified
by
wholegenome
sequencing
without mapping. Four of
the twenty-three mutants
were identified as siblings
of other mutants, either by
Sanger sequencing (those
of ot885) or whole-genome
sequencing (those of ot919
and ot930). Mapping data
generated for uncloned
mutants is provided in
Appendix I.

as does pmk-1(RNAi). ot878 mapped to chromosome III and contained a missense mutation in ogt1, and the null allele of this gene as well as RNAi resulted in the Epco phenotype. Lastly, ot885
mapped the left arm of chromosome I and contained a missense mutation in dot-1.1. An available
nonsense mutation and RNAi phenocopied ot885. Representative micrographs of these genes are
available in Fig. 4.2. These cloning information are summarized in Table 4.1, gene structures and
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Fig. 4.5
Tetratricopeptide Repeats (13x)

O-GlcNAc Transferase Domain

OGT-1

1151aa

ot919
G673/495E

H3-K79 Methyltransferase

ot878
R1018/840H

ot920
G771/593E

H3-K79 Methyltransferase

DOT-1.1

946aa
gk105059
Q226*

ot885
P642/59S

Zinc Finger, NHR/GATA type

NHR-48

817aa
ot915
Q268*

ot881
V735M

Protein Kinase

SEK-1

Protein Kinase
336aa

PMK-1

ot921
W256*

ot916
G62E

ot880
G738E

ot917 ot918
A62V Q144*

377aa
ot887
ot886
R200K
G181E

LIN-8-Domain

EPCO-1
ot925
P25L

Figure 4.4: Schematic of gene products identified in this screen
All sizes are approximately proportional. Hatched second domain of
DOT-1.1 is due to only being recognized by some algorithms, and
having poor alignment with other H3K79 methyltransferase
domains.

locations of mutations are represented in Fig. 4.4, and the nature of these genes and their
relationship to one another will be described in the discussion.
As with usp-48, I sought to confirm the expression of gcy-5 and an additional marker, unc10, by smFISH in the identified mutants. While the transgene-bearing strain alone did not exhibit
ectopic expression of gcy-5 or unc-10 (data not shown), I was able to identify both gcy-5 and unc10 mRNA puncta in ogt-1 and dot-1.1 mutants (Fig. 4.5). However, in nhr-48 and pmk-1 mutants,
only gcy-5 mRNA puncta were observed. Additional experiments are needed to determine if this
was a failure of the experiment or if unc-10 is truly not induced in these mutants.
For each of the mutants identified above, I next checked whether the Epco mutants isolated
from the same plate were independent mutations or were siblings of those mutants I had just
mapped. After genotyping the relevant mutants, only the two other isolates from the same plate as
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Fig. 4.4
gcy-5 smFISH

unc-10 smFISH

gcy-5::gfp

gcy-5::gfp + gcy-5 mRNA + DAPI

ogt-1(ot878)
otIs642; ntIs1

dot-1.1(ot885)
otIs642; ntIs1

nhr-48(ot880)
otIs642; ntIs1

pmk-1(ot887)
otIs642; ntIs1

Figure 4.5: Mutants identified in screen ectopically express endogenous CHE-1
targets. smFISH for gcy-5 and unc-10 were performed in all mutants. All mutants show
endogenous gcy-5 mRNA, but only in ogt-1(ot878) and dot-1.1(ot885) could unc-10
expression be confirmed. Additional smFISH analysis of nhr-48, pmk-1, and epco-1 are
ongoing.

ot885 turned out to be siblings, and all others represented independent mutations. To identify these
mutants, I used next-generation sequencing without SNV mapping on the remaining 14 mutants,
aiming to use the knowledge of the previously identified mutations and in silico complementation
to identify the causal mutations. The result was an early nonsense allele of nhr-48, two additional
missense alleles of ogt-1, two additional alleles of pmk-1, one missense and one nonsense, and two
alleles of sek-1, one missense and one nonsense. Although sek-1 was not previously identified, it
is the upstream MAP kinase kinase to pmk-1 and thus assumed to be the causal variant. RNAi and
phenocopy experiments with a null allele will be used to confirm. In silico complementation of the
remaining seven alleles yielded no obvious candidates, but did reveal one pair of mutants to be
siblings, and one mutant to be a sibling of an identified ogt-1 allele.
Given the lack of information identifying potential causal mutations in the entire genomes
of these five remaining mutants, I next used the SNV linkage mapping method employed
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Fig. 4.7
dot-1.1(ot899[DOT-1.1::GFP])

ogt-1(ot888[OGT-1::GFP])

wgIs518(nhr-48::gfp fosmid)

dot-1.1(ot899[DOT-1.1::GFP])

ogt-1(ot888[OGT-1::GFP])

wgIs518[nhr-48::gfp fosmid]

Figure 4.6: DOT-1.1, OGT-1, and NHR-48 are ubiquitously expressed nuclear proteins.
Representative confocal micrographs of L1 animals of each strain. Each transgene is a Cterminal translation fusion with GFP. If not ubiquitous, very broad expression.

previously. Each remaining mutant was mapped to a specific region of a chromosome (Table 4.1
+ Appendix I), and the identification of causal mutations is ongoing, mainly through RNAi and
fosmid-based rescue analysis. One of the mutants, however, was identified as the gene C08A9.6,
which I have termed epco-1, by RNAi phenocopy. Further confirmation of this gene is also
ongoing.
I next generated translational C-terminal GFP fusion constructs for dot-1.1 and ogt-1 in
order to assess their expression and localization patterns. In addition, I obtained the C-terminal
translational GFP-fusion fosmid-based transgene from the TransgeneOme project for nhr-48
(Sarov, et al. 2012). In all three cases, each reporter showed ubiquitous, nuclear expression
throughout development (Fig. 4.6). Despite the lack of tissue specific expression, it is notable that
in all cases examined here the proteins are nuclear. In the case of pmk-1, its gene product are
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reported to translocate to the nucleus upon activation by certain types of stress, and PMK-1::GFP
protein fusions are partially nuclear (Wood et al. 2009; Berman et al. 2001; Pagano et al. 2015).
Thus, it can be concluded from the expression pattern that, perhaps unsurprisingly, the nucleus is
the predominant site of action for the Epco phenotype.
DISCUSSION
Success of screening strategy and saturation of the screen
The screening strategy to identify additional Epco mutants yielded more success than I had
expected. At least six loci in addition to usp-48 were identified in this strategy, with four mutants
remaining uncloned. It is unclear whether the non-clonal screening strategy, which allowed for a
much higher throughput in terms of number of genomes screened, or the use of the col-19::che-1
transgene allowed for a different set and increased number of Epco genes to be identified.
Interestingly, another lab using the same otIs305[hsp-16.4::che-1] transgene in another
experiment identified ogt-1 independently of this work, but only in conjunction with a
“sensitizing” mutation of hsf-1 in the background; on its own, ogt-1 did not have an Epco
phenotype with otIs305 (Baris Tursun, personal communication). This suggests, at least for ogt-1,
that either the difference in levels of expression between otIs642 and otIs305, or the difference in
continuous versus “burst” expression in the col-19 and hsp-16.4 promoters, respectively,
contributes to the difference in observed phenotypes.
Given the number of genes in this screen with only one allele identified (at least seven,
namely usp-48, dot-1.1, epco-1 and the remaining four unidentified mutants), it is clear this screen
is not yet saturated, and thus it is likely that additional mutants may exist with the Epco phenotype.
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A temperature sensitive allele of usp-48 is both fertile and Epco
The usp-48 allele identified in this screen is temperature sensitive for both the Epco and
Ste phenotypes. Temperature shift experiments suggest that USP-48 is required continuously
during development to prevent CHE-1 activity, suggesting a more active role in maintaining cell
fate restriction, as opposed to a one-time silencing event post-differentiation. Given the unique
biology of the epidermis, and the fact that usp-48 is expressed ubiquitously but only results in
epidermal susceptibility to CHE-1 activity when removed, it is not altogether clear how universal
the active restriction of cell fate may be outside the epidermis. Other cell types may in fact restrict
their fate in a single silencing event independent and distinct from usp-48 after differentiation,
which would explain the lack of activity of CHE-1 in other tissues in this mutant. In addition, as
the epidermis in C. elegans must alter its expression drastically during every molt and stage, this
may explain why the epidermis uses a distinct strategy to actively restrict cell fate using USP-48.
Alternatively, it is possible all cells actively restrict cell fate in this way, but through other
pathways independent of USP-48.
dot-1.1/DOT1L, an H3K79 methyltransferase
dot-1.1/DOT1L is a unique methyltransferase both in that it does not methylate a histone
tail, but rather a residue residing within the core globular domain of the histone H3, and that it uses
a domain other than SET to catalyze this activity (Wood et al. 2018). Dot1 (Disruptor of Telomeric
Silencing 1) was originally identified as a mutant that disrupts silencing of telomeres in yeast. It
has since been shown that Dot1 is required for the proper localization of Sir3, a protein absolutely
required for silencing in budding yeast (Norris and Boeke, 2010). Interestingly, both its deletion
or overexpression result in aberrant Sir3 localization, suggesting Dot1-mediated H3K79
methylation and Sir3 levels must be in balance for their proper function (Wood et al. 2018).
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Despite its original characterization as being required for silencing of telomeres, H3K79
methylation by Dot1 and its homologs is most closely associated with actively transcribed genes.
ChIP experiments in mammalian cells and Drosophila have shown high correlation between
actively transcribed loci and H3K79me2/3 (Steger et al. 2008; Schubeler et al. 2004). DOT1L has
also been shown to interact with the CTD of PolII (Kim et al. 2012). Further, multiple MLL fusion
proteins found in leukemia have been demonstrated to promote leukemogenesis by recruiting
DOT1L and its methylation to particular gene loci, in particular HoxA9, which results in aberrant
transcription and hypermethylation of H3K79 at these loci (Okada et al. 2005). Together, these
data draw a clear link between DOT1L-mediated H3K79 methylation and active transcription.
The association of the Epco phenotype with the loss of function of a gene associated with
active transcription is, again, perplexing. Taken with the association of usp-48 with active
transcription, it appears a pattern is emerging in which the removal of genes encoding chromatin
proteins associated with active transcription is required for CHE-1 to be able to activate its targets
in the epidermis. This result is counterintuitive, especially considering the previous work from this
lab linking the loss of H3K27 and H3K9 methylation with ectopic CHE-1 activity (Patel et al.
2012; Patel and Hobert 2017). It may be the case that in the C. elegans epidermis, DOT-1.1 and
USP-48 are playing different roles than their homologous counterparts, or that both have an
indirect effect on a negative regulator, similar to the effect of H3K36 methylation on H3K27
methylation or of Dot1 on telomeric silencing through Sir3. Further evidence will be required to
substantiate either case.
nhr-48, a poorly characterized nuclear hormone receptor gene
Nuclear hormone receptors (NHR) are a class of TFs that contain an N-terminal DNAbinding domain (DBD) and a C-terminal ligand-binding domain (LBD), which also may contain
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trans-activator or -repressor domains (Antebi, 2006). In C. elegans, the NHR gene family has
undergone a dramatic expansion, with 284 NHR genes compared to 48 and 21 for humans and
flies, respectively (Maglich et al. 2001). Many of these expanded genes have no homologs in
humans or other non-nematode species, and have significantly diverged in sequence.
NHR-48 is most similar to DAF-12 and NHR-8 in C. elegans, which represent the worm
members of the NR1 family of NHRs (Maglich et al. 2001). This family includes the mammalian
Vitamin D Receptor (VDR) and Drosophila Ecdysone Receptor (EcR). Despite these similarities,
NHR-48 lacks significant conservation in the LBD region, and may not contain a functional
domain (Lu et al. 2016). The only known role for NHR-48 in C. elegans is to act as a transcriptional
repressor in a subset of pharyngeal gland cells (Ghai et al. 2012).
Interestingly, despite C. elegans lacking significant conservation of its LBD, both ot880
and ot881 are point mutations in a small region of conservation in the domain corresponding to
the LBD in other NR1 family members. It is therefore possible that these mutations in the remnant
LBD affect either remaining ligand-binding activity or transcriptional repressive or activating
activity residing in this region. A more careful investigation of the structure and function of this
transcription factor is necessary to understand these mutations.
pmk-1/p38α and sek-1/MKK3/6, members of a conserved stress-signaling pathway
The Mitogen-Activated Protein Kinase (MAPK) pathway is a highly conserved family of
intracellular signaling proteins involved in a wide range of cellular processes. Typically, an
extracellular growth factor, cytokine, or stress factor triggers the phosphorylation of a MAP-kinase
kinase kinase (MAPKKK) through a receptor, which phosphorylates a MAP-kinase kinase
(MAPKK), which in turn phosphorylates a MAPK. This event activates the MAPK, which goes
on to phosphorylate a number of targets that, depending on the cellular context, elicits a number
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of responses ranging from proliferation, differentiation, development, or inflammation/stress
response, to apoptosis. The wide range of responses is generally dictated by the cell type and
MAPK family involved, among many other cell context cues (Zhang and Liu, 2002; Cargnello and
Roux, 2012; Arthur and Ley 2013).
PMK-1 is homologous to the mammalian p38-alpha MAPK, which is also known as StressActivated Protein Kinase (SAPK), due to its well-studied role in the inflammatory- and stressresponse pathways (Cuenda et al. 2007). In C. elegans, pmk-1 has mainly been associated with the
innate immune response, in addition to other kinds of stresses (Shivers et al. 2008; Andrusiak and
Jin, 2016). While initially characterized as expressed mainly in the intestine, more careful analysis
later showed pmk-1 to be very broadly, if not ubiquitously expressed (Berman et al. 2001; Pagano
et al. 2015). PMK-1 has been shown to effect the stress response through the phosphorylation of
downstream transcription factors, including SKN-1, ATF-7, and STA-2, homologous to
mammalian Nrf2, ATF2/7, and the STAT family of TFs, respectively (Inoue, et al. 2005; Shivers,
et al. 2010; Zhang, et al. 2005). In addition to its role in the stress response pathway, pmk-1 acts
redundantly with another p38 homolog, pmk-2, in neuronal differentiation. The two genes are
required for the proper asymmetric differentiation of the AWC sensory neurons (Pagano, et al.
2015).
SEK-1 is the C. elegans homolog of MKK3/6, the MAP kinase-kinase which functions
upstream of p38. In this role it acts as one of the kinases in the MAPK pathway, linking the
upstream activators of the pathway and the downstream MAPK effector kinase (Kim, et al. 2002;
Tanaka-Hino, et al. 2002). The expression pattern has not been thoroughly characterized, though
it is likely to be co-expressed with pmk-1, and thus it is likely to be broadly expressed.

75

Interestingly, activated p38 has been shown to both associate with chromatin and play a
critical role in myoblast differentiation. Knockdown of p38 pharmacologically or genetically
prevents myogenesis in vitro, and both p38 and upstream MKK6 are targeted to chromatin, and
both are detectable at regulated loci by ChIP analysis (Ferreiro et al. 2010; Segalés et al. 2016).
The localization of these factors to chromatin appears to be mediated through interactions with
their TF targets, though additional targets have been identified linking p38 to transcriptional
elongation, chromatin remodeling via SWI/SNF, and the repression of KMT1A-mediated H3K9
methylation (Ferreiro et al. 2010; Kumari et al. 2013; Simone et al. 2004).
With their nuclear role in altering the chromatin environment in mind, it is therefore
possible that both pmk-1 and sek-1 play a more direct role in preventing CHE-1 activity in the
Epco reprogramming assay. It is possible that the sek-1/pmk-1 pathway, as with myogenesis in
mammals, aids in the differentiation of C. elegans epidermis through interactions with direct
targets. If this were the case, the lack of sek-1/pmk-1 signaling may result in a less-differentiated
tissue more susceptible to aberrant TF activity. On the other hand, the loss of sek-1/pmk-1 may
simply affect, directly or indirectly, the activity of some of the other factors identified in this
screen. It would be therefore be necessary to determine if any of the other genes identified in this
screen, or additional screens like it, were downstream targets of pmk-1.
ogt-1/OGT, the sole intracellular glycosyltransferase
O-GlcNac Transferase (OGT) is an enzyme responsible for the addition of a single N-acetyl
Glucosamine (GlcNAc) carbohydrate moiety to the oxygen of a hydroxyl group on serine or
threonine. While the vast majority of glycosylation occurs in the endoplasmic reticulum or golgi,
OGT is the sole example of intracellular glycosylation known (Levine and Walker, 2016). OGT
has thousands of cytoplasmic and nuclear targets, and is thought to achieve specificity by protein-
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protein interactions with non-catalytic tetratricopeptide repeats that are present in the N-terminal
half of the protein (Nagel and Ball 2014). OGT mutants are lethal in mammals, zebrafish, and flies,
but ogt-1 deletion alleles are viable in C. elegans (O’Donnell et al. 2004; Webster et al. 2009,
Ingham 1984; Hanover et al. 2005). OGT in Drosophila is maternally rescued into the pupate
stage, however, and was originally identified as a Polycomb-group gene super sex combs (sxc),
linking its activity to transcriptional regulation (Ingham 1984). The ogt-1 mutant in C. elegans was
first shown to be involved in Dauer-stage entry, and has since been implicated in carbohydrate
sensing, stress response, and neurodegeneration (Hanover et al. 2005; Love et al. 2010; Mondoux
et al. 2011; Wang et al. 2012). Thus, OGT is a complex protein with many targets and its
knockdown has multiple pleiotropic effects.
In recent years, a somewhat controversial hypothesis that histones themselves are OGlcNAcylated. Some evidence has been reported for the existence of O-GlcNac modifications of
histones H2A, H2B, H3 and H4 (Sakabe et al. 2010; Zhang et al. 2011). However, other studies
have found no evidence for this modification on histones (Gagnon et al. 2015). What is less
controversial is the existence of multiple TFs and even Pol II as targets of OGT (Nagel and Ball
2014; Lewis et al. 2016). Either indirectly through TFs or directly, OGT and O-GlcNAc has been
found to associate with chromatin, mainly upstream of highly active promoters in both worms and
mammals (Love et al. 2010; Deplus et al. 2013).
To the extent that OGT has been shown to associate with chromatin, it is mainly correlated
with active transcription, another instance of this somewhat counterintuitive pattern with the
mutants obtained in the Epco screen. However, OGT appears to play some role in both
transcriptional repression (its role as a Polycomb-Group member in flies) and activation (its
association with active promoters and TFs), so its role may not be so clear. Of course, given the
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multitude of OGT-1 targets, it is also highly possible any interaction of ogt-1 with the other
members of this screen or its effect on the Epco phenotype may be indirect.
epco-1, an uncharacterized gene paralogous to the SynMuv Class A gene lin-8
C08A9.6, herein coined epco-1, encodes a small (344 aa) protein with no non-nematode
homologs (Fig. 4.7). Its only recognized domain, which makes up the majority of the length of the
protein, is based on its sequence identity to its paralog, lin-8, a SynMuv class A gene. Synthetic
multivulva (SynMuv) genes were identified as being redundantly required (Synthetic) for the
inhibition of let-60/Ras signaling during the formation of the vulva, the disruption of which results
in supernumerary pseudovulvae (Multiple vulvae). For example, double mutants bearing
mutations in one gene of SynMuv class “A” and one gene of SynMuv class “B”, but not either
mutant on their own, results in the SynMuv phenotype (Ferguson and Horvitz, 1985; Davison et
al. 2005; Fay and Yochem 2007). SynMuv mutants in each class are proposed to correspond to
groups of interacting genes, and of the two major classes, the SynMuvB class has homologs of
DP, E2F, and Rb, several of which have been suggested to form various transcriptionally

Fig. 4.6 complexes, including the DRM/DREAM and NuRD complexes (Solari and Ahringer,
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Figure 4.7: EPCO-1 is an unconserved member of a novel, nematode-specific gene family (all
images adapted from treefam.org, (Li et al. 2006)) A. Light green indicates no gene family
representation, dark green indicates gene family presence in indicated phyla. LIN8 Domains are
restricted to Nematoda. B. Domain structures of LIN8-domain containing proteins. All are relatively
small proteins comprised mainly of a single LIN8 domain, except one divergent member C06C3.8,
which also contains a Lon protease domain.
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2000; Harrison et al. 2006). SynMuv A class genes, however, which include lin-15A, lin-8, lin-38
and lin-56, encode novel nuclear genes with no non-nematode orthologs (Huang et al. 1994; Saffer
and Horvitz unpublished results; Davison et al. 2011). LIN-8 has been shown to physically interact
with the LIN-35/Rb transcriptional repressor (a SynMuv B gene) (Davison et al. 2005).
While the specific function of the Lin-8-like domain is not known, it is possible that EPCO1, similar to LIN-8, interacts with other nuclear genes involved in transcriptional repression, or
possibly LIN-35/Rb itself, given the extensive homology between EPCO-1 and LIN-8 in the region
deemed minimally necessary for the LIN-8-LIN-35 binding (Davison et al 2005). It is possible
that EPCO-1 interacts with some of the other genes identified in this screen, and this is a potential
avenue for future study.
Potential interactions between Epco genes
While the screen for Epco mutants is not saturated, and some of the obtained mutants are
uncloned and represent loci other than those described in this chapter, some speculation can be
made about possible roles and interactions between the identified mutants.
First, USP-48 physically interacts with the histone mark deposited by DOT-1.1, suggesting
a mechanistic link between the two. It is possible that USP-48 interaction with H3K79 methylation
is necessary for the inhibition of ectopic CHE-1 activity in the normal epidermis. Loss of either
the histone mark to which USP-48 binds, or USP-48 itself therefore may result in the ability for
CHE-1 to activate gcy-5::gfp expression.
Second, p38 has been shown to activate OGT during glucose deprivation, and while p38
does not phosphorylate OGT, they physically interact with one another in neuroblastoma cells
(Cheung and Hart, 2008). Further, the loss of OGT has been shown to inhibit the activation of p38
under stress conditions in rat mesangial cells (Goldberg et al. 2011). The possibility for physical
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interaction and mutual agonism is more intriguing when it is considered that both proteins have
been subjected to ChIP analysis and characterized as interacting with a suite of genes that are, in
the cell types analyzed, highly transcribed (Segalés et al. 2016; Deplus et al. 2013). It would
therefore be interesting to investigate whether the two proteins interact at similar genetic loci in
the same cell type. This would indicate that either through direct or indirect (potentially through
another TF) interaction they coregulate a suite of target loci.
Third, NHR-48 is a likely DNA-binding TF with demonstrated transcriptional repressive
activity, though only in a subset of pharyngeal cells. Given its broad expression, it is possible
NHR-48 acts as a transcriptional repressor in many cells. Though it is an orphan NHR, it is not
clear that it contains an LBD. An intriguing possibility is that the other genes identified in this
screen act on NHR-48, either directly or indirectly, to accomplish this repressive activity. It would
therefore be important to determine via ChIP analysis what loci NHR-48 interacts with, or if nhr48 expression or NHR-48 activity is altered in any of the other mutants.
Lastly, EPCO-1 is a close paralog of LIN-8, a novel nuclear SynMuv A class protein that
interacts with LIN-35/Rb. It would be interesting to determine if EPCO-1 similarly interacts with
LIN-35, as this could provide a means to link EPCO-1 with a known form of transcriptional
repression. In addition, it would be useful to determine where, if at all, EPCO-1 interacts with
chromatin via ChIP analysis. In addition, the link to LIN-35 could also lead to a link with NHR48; Rb participates with several NHRs to mediate transcriptional repression, and this could provide
a means of linking NHR-48 and EPCO-1 loss to the mechanism underlying the Epco phenotype.
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MATERIALS AND METHODS
Strains and transgenes
All strains were maintained using standard procedures (Brenner, 1974), unless otherwise noted.
The following strains and transgenes were used (All strains were created by me):
OH14796: otIs642[col-19::che-1, rol-6(d)]; ntIs1[gcy-5::gfp; lin-15(+)]
OH14795: usp-48(ot872); otIs642; ntIs1
OH14992: ogt-t(ot878); otIs642; ntIs1
OH15084: nhr-48(ot880); otIs 642; ntIs1
OH15085: nhr-48(ot881); otIs642;ntIs1
OH15169: dot-1.1(ot885); otIs642; ntIs1
OH15170: pmk-1(ot886); otIs642; ntIs1
OH15171: pmk-1(ot887); otIs642; ntIs1
OH15614: nhr-48(ot915); otIs642; ntIs1
OH15615: sek-1(ot916); otIs642; ntIs1
OH15616: pmk-1(ot917); otIs642; ntIs1
OH15617: pmk-1(ot918); otIs642; ntIs1
OH15618: ogt-1(ot919) ; otIs642; ntIs1
OH15619: ogt-1(ot920); otIs642; ntIs1
OH15620: sek-1(ot921); otIs642; ntIs1
OH15682: epco-1(ot925); otIs642; ntIs1
OH15723: epco(ot926); otIs642; ntIs1
OH15724: epco(ot927); otIs642; ntIs1
OH15725: epco(ot928); otIs642; ntIs1
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OH15727: epco(ot930); otIs642; ntIs1
OH13939: usp-48(ot828)[usp-48::TY1::GFP::3xFLAG]
OH15172: ogt-1(ot888[ogt-1::gfp])
OH15329: dot-1.1(ot899[dot-1.1::GFP::3xFLAG])
Wormsorter operation
COPAS Biosort (Union Biometrica) was used according to Doitsidou et a. 2008. Briefly,
Wormsorter was washed, then unmutagenized animals were recorded using green fluorescence
(488nm exc. wavelength, GFP filter) and time-of-flight, a measure of the size of the sorted object.
Objects of similar size as wild-type but with much higher levels of green fluorescence were sorted
to plates, and a fluorescence dissecting scope was used to isolate individual Epco mutants to new
plates.
Single-molecule FISH
smFISH was performed using Custom StellarisTM FISH probes, purchased from Biosearch
Technologies and staining was done according to the manufacturers protocol, with slight
modifications (See Appendix IV). Probes correspond to coding regions of gcy-5 or unc-10 cDNA
(excluding UTRs).
Microscopy
μManager was used for image acquisition and processing on figure 4.4 (Stuurman et al.,
2010). All other images were taken on a LSM 880 Confocal microscope and processed using Zeiss
Zen software.
Mapping-by-Sequencing
Mutants were mapped according to Doitsidou et al. 2010. Briefly, mutants are crossed to a
strain that is polymorphic at known loci. F2 animals from this cross are then screened for the Epco
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phenotype, and several (>15) are singled and allowed to grow to a large population size. These
plates are then pooled together, genomic DNA extracted for sequencing.
WGS library preparation and sequencing
ot878, ot880, ot881, ot885, ot886, and ot887 were sequencing using 150 bp paired end
reads on an Illumina HiSeq 2500 at BGI (Beijing Genomics Institute). All other sequencing
libraries were prepared using Nextera tagmentation prep kits (Illumina) and sequenced using an
Illumina NextSeq machine.
Bioinformatics
FASTQ files were aligned to WS220 genome using bwa-aln (Li and Durbin 2009).
Resulting bam files were sorted and indexed using samtools (Li et al. 2009). For SNV mapping,
variant SNV alleles were called using the GATK “Best Practices” pipeline. Duplicate reads are
called with picard (http://broadinstitute.github.io/picard/). GATK packae was used both to
recalibrate base scores according to known mapping variants (-T BaseRecalibrator) and call
variants (-T HaplotypeCaller), both for known variant alleles (for mapping, --genotyping_mode
GENOTYPE_GIVEN_ALLELES) and novel variants (for mutant analysis, --genotyping_mode
DISCOVERY) (DePristo et al. 2011). A custom R script was used to plot the observed frequency
of known SNVs versus genome position to determine linkage. Briefly, allele frequency for each
known variant was plotted independently for each chromosome versus physical chromosome
position, and a Loess regression line was fitted to the data. WGS without SNV mapping was
performed using GATK without base recalibration. After HaplotypeCaller, variants were
subtracted from other variants to create exclusive variant lists for each mutant using bcftools isec
(Danecek et al. 2011, Narasimhan et al. 2016). With or without mapping, characterization of the
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effects of variants was performed using RefSeq gene structures and SnpEff (Cingolani et al. 2012).
Scripts used in this chapter are provided in Appendix II.
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CHAPTER 5: Improvement of the INTACT protocol for use in transcriptional profiling of
epidermal tissue and individual neurons
SUMMARY
In this chapter I describe the improvement of the INTACT (Isolation of Nuclei Tagged in
specific Cell Types) protocol to reduce background and allow for its use in the mRNA profiling
of epidermal tissue and individual neurons. I present RNAseq data for ASER, AIY, and epidermal
profiling experiments, and discuss the potential uses of this improved protocol, including to profile
the epidermis in the mutants described in previous chapters.
INTRODUCTION
RNAseq is a powerful tool in modern biology, allowing the simultaneous sampling of
expression levels of thousands of genes in a given cell type. Further, in contrast to studies using
marker transgenes, it allows for an unbiased look at broad transcriptional regulatory effects. It is
with this in mind that I sought to use a method to transcriptionally profile the epidermis of the
mutants described in the preceding chapters.
As the Epco phenotype is specific to the epidermis, I sought a protocol that would provide
tissue specificity. There are several approaches that aim to accomplish this, which I will review
briefly.
One approach is an mRNA tagging approach that uses transgenic Poly-A Binding protein
(PAB-1

in

C. elegans). Animals are fixed,

homogenized,

and

FLAG::PAB-1

is

immunoprecipitated along with the mRNAs from where it is being expressed (Roy et al. 2002;
Von Stetina 2007). Another method uses strong detergent and reducing agents along with
mechanical shear force to disrupt to cuticle in live animals and separate cells from one another.
Fluorescently labelled cells may then be sorted by FACS and subjected to microarray or RNAseq
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(Christensen et al. 2002; Fox et al. 2005; Fox et al. 2007; Spencer et al. 2011; Spencer et al. 2014).
The large intestinal nuclei of the worm have also been sorted (FANS) for transcriptional profiling
(Haenni et al. 2012). A novel transcriptional profiling approach taking advantage of the particular
biology of C. elegans uses a transgenic SL1, called Spicing-based RNA Tagging (SRT). The
majority of genes in C. elegans are trans-spliced at their 5’ end, meaning a separately transcribed
splice-leader (SL) sequence is spliced to the first exon, removing the “outron” sequence from the
transcriptional start site to the SL sequence. Taking advantage of this, the authors were able to
express a transgenic SL1 sequence (the predominantly used SL) containing an RNA tag in a tissue
specific manner, then using RNA-pull down isolated and sequenced the tissue-specific RNA (Ma
et al. 2016). More recently, Tissue-specific ribosomal profiling (TRAP) has also been carried out
in C. elegans. The authors expressed a tagged ribosomal subunit in a tissue specific manner, then
treated with the translation inhibitor cycloheximide, immunoprecipitated the transgenic ribosomes
and associated RNA, and performed RNAseq (Gracida and Calarco, 2017).
Tissue-specific mass spectrometry has also been performed. In such a method, an enzyme
(promiscuous BirA biotin ligase or ascorbate peroxidase (APX)) is expressed in a cell-type and
compartment-specific manner, where the enzyme catalyzes a reaction between nearby proteins and
enzyme substrates (endogenous biotin or exogenous biotin-phenol for BirA or APX, respectively).
Biotinylated proteins are then isolated and mass spectrometry performed (Johnston et al. 2017;
Reinke et al. 2017).
The method I chose to use, however, is called INTACT. In this method, a tagged
nucleoporin is expressed in the tissue type of interest, and then entire nuclei are
immunoprecipitated. RNA can be extracted and RNAseq performed, but the nuclei may also be
used for ChIP, nucleosome profiling, and ATAC-seq experiments (Deal and Henikoff 2010;
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Steiner et al. 2012; Maher et al. 2018). For the purposes of further characterization of the Epco
phenotype, this method provided distinct advantages. In comparison to any RNAimmunoprecipitation method (PAB-based, TRAP, SRT) or mass-spectrometry technique, it also
allows for the retention of tissue-specific chromatin, allowing not only RNAseq profiling but also
more in-depth genomic experiments. Given the nature of the genes I was able to isolate in the
screen, these kinds of genomic assays are crucial to understanding the role of the proteins whose
mutants exhibit the Epco phenotype. The sorting of dissociated cells or nuclei by FACS does
provide the same advantages of INTACT, however there are issues with each. The C. elegans
epidermis is an organism-spanning syncytium, a single cell with 139 nuclei in the adult
(Podbilewicz and White, 1994). The disruption methods used for FACS sorting should not be able
to isolate such a cell, or if some parts were to “ball up”, they would do so with much less efficiency
than could be achieved by obtaining nuclei directly. Furthermore, it has been acknowledged that
the cell dissociation method can be stressful to cells, and many cells isolated in this manner exhibit
a stress-signature in their transcriptome profiles (D. Miller, personal communication). As for
sorting nuclei (FANS), C. elegans nuclei vary tremendously in size from very large intestinal
nuclei to tiny neuronal or sperm nuclei, making sorting difficult for very small nuclei – with this
in mind it is not surprising that the authors sorted only the largest nuclei from the animals (Haenni
et al. 2012). In either scenario, at the time the method was chosen to develop, it was not possible
to perform RNAseq on RNA isolated from sorted cells or nuclei without performing a potentially
biased RNA amplification step, which could be avoided by the isolation of larger quantities of
RNA as in INTACT.
Lastly, it is worth considering the use of recently-developed single-cell sequencing
methods for use with C. elegans embryos and larvae (Hashimshony et al. 2012; Tintori et al. 2016;
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Cao et al. 2017). Single-cell RNA sequencing could provide a simple method for extracting tissuespecific information from wild-type and mutant animals. However, while single-cell sequencing
is particularly useful for understanding the complexity of a population of cells, or to probe the cell
to cell heterogeneity of expression in a given cell type, neither of these particular use cases apply
to the analysis I aim to achieve, namely the in-depth characterization of the transcriptional response
to the overexpression of che-1 in wild-type and mutant animals. Because I have already defined
the tissue in which I am probing, and have no need to ascertain its underlying heterogeneity, singlecell sequencing is unnecessary. Furthermore, single-cell sequencing would not provide the
opportunity to perform other genomic techniques in a tissue-specific manner that INTACT
provides.
With INTACT, it should be possible to isolate tagged nuclei of any size or tissue type and
obtain sufficient material to perform RNAseq, in addition to other genomic assays, on unamplified
starting material. With these advantages in mind, I undertook an optimization of the technique for
use in our laboratory and to increase the signal-to-noise ratio over that of the original protocol. The
work described in this chapter was devised and completed by me, with some input from a postdoc
(Haosheng Sun) in the Hobert Lab, with direction from OH.
RESULTS
I started to use INTACT with strains obtained from the Henikoff lab, and the protocol
provided by F. Steiner (referred to in this chapter as the Steiner protocol). In this INTACT protocol,
two transgenes are required. In the first transgene, the nucleoporin is tagged with a Biotin Ligase
Recognition Peptide (BLRP) sequence, which allows for the specific covalent addition of a biotin
moiety from the second transgene expressing the E. coli biotin ligase BirA (Fig. 5.1A). The
animals are grown to the proper synchronized stage then fixed in Dimethylformamide (a non-
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Figure 5.1: An overview of the original and altered INTACT protocols described in this work. A.
The original protocol from Steiner et al. 2012 uses BirA to biotinylate tagged nuclei, then isolates them
with magnetic streptavidin beads. Animals are lysed using a dounce homogenizer, and washed mildly.
B. In the new protocol described in this chapter, the nuclei are isolated using a tag directly on the nuclei
themselves, and isolated using proteinG+antibody magnetic beads. In addition, the lysis is changed to
be more complete and reproducible, nuclear isolation much faster and more pure, a pre-clearing step is
added, and more stringent final washes are used.

crosslinking fixation), homogenized in nuclear purification buffer (NPB) using sonication and a
glass dounce homogenizer, and centrifuged at 100x G to remove unhomogenized animals and large
debris. The following supernatant is then centrifuged three times at 1000x G for 20 min. over a
solution of 60% iodixanol (“Optiprep” medium, Sigma) as a cushion for the delicate nuclei, each
time removing the supernatant in order to wash the nuclei free of contaminating cytoplasm. After
the final wash, nuclei are resuspended in 4 mL NPB, 2.5% is removed as input, and the tagged
nuclei are immunoprecipitated with magnetic streptavidin beads. Finally, the beads are washed
with 20 mL of NPB and 20 mL of NPB+0.5% Triton X-100 detergent. Initial qPCR results with
the muscle-specific tag provided from the Henikoff group showed enrichment of the muscle
specific genes myo-3, and unc-54, as expected (data not shown).
I then proceeded to make transgenic lines for the enrichment of ASER neurons, AIY
neurons, and the epidermis using gcy-5, ttx-3, and dpy-7 promoters, respectively (Fig. 5.2). ASER
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Fig. 5.3
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Figure 5.2: Transgenic animals used for INTACT. Animals
expressing the npp-9::mCherry::3xFLAG tag under the control of A. gcy5 (ASER), B. ttx-3(AIY), and C. dpy-7 (epidermis) promoters. Boxed
insets show individual nuclei. The tag also aggregates outside the
nucleus, as is common with mCherry tags in C. elegans. Isolated nuclei
do not exhbit aggregation, so this is unlikely to affect the IP.

neurons were profiled to determine the transcriptomic profile of the “normal” state of a che-1dependent cell. AIY neurons were profiled as another neuron type, to distinguish genes present in
all neurons from those specific to ASER. The epidermis was profiled as a baseline to compare the
mutants isolated in the previous chapters to. The first neuron I profiled was ASER, but I found that
not only were some ASER genes enriched, but also muscle (myo-3, unc-54) and very highly
expressed intestinal genes (vit-3, vit-5). Further, the fold enrichment of ASER genes was somewhat
modest, and many known ASER-specific genes did not meet the statistical threshold for
enrichment (data not shown).
Thus, I endeavored to improve the protocol, such that it could be used to isolate individual
neurons without minimal background. The improvements are summarized in Fig. 5.1B, and I will
briefly summarize the key differences before detailing the final protocol below and in Fig. 5.3.
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Figure 5.3: The INTACT protocol. A. A cartoon overview of the steps involved in the procedure.
B. A micrograph of a live animal expressing the INACT tag, NPP-9::mCherry::3xFLAG, in the
epidermis under the dpy-7 promoter. C. After fixation, nuclei can be visualized by DAPI, and
animals remain intact. Here are represented gcy-5::INTACT strains, inset shows zoom of nuclei,
asterisk indicates ectopic
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asterisk indicates ectopic NPP-9 puncta observed in neurites. D. After lysis (here using tissue
grinders), animals are significantly disrupted, but many large pieces remain. E. After 100xG
centrifugation, large pieces are removed and nuclei are more evenly distributed throughout lysate.
Inset shows some nuclei still bound with others in tissue. F. Western blot for α-tubulin (cytoplasmic
marker) and H2B (nuclear marker) shows strong separation of two compartments using a single
centrifugation step. G. After nuclear purification, only nuclei remain, still intact and without other
tissue pieces. H. Following immunoprecipitation with anti-FLAG antibody, nuclei can be seen
bound by many beads. Beads are autofluorescent in RFP and GFP channels and appear “yellow” in
the merged image, whereas the nuclei only fluoresce in the RFP and DAPI channels.

A major change was the choice to use the 3xFLAG tag present on the transgenes instead of the
biotinylated BLRP residues, under the hypothesis that some parts of C. elegans cells may be
endogenously biotinylated, resulting in the coprecipitation of background material. This
hypothesis is supported by the very strong Streptavidin-FITC signal from fixed, unhomogenized
tissue (data not shown). Other improvements that were significant were the initial homogenization
and the nuclear purification steps, which were improved to reduce the amount of additional tissue
copurified with the nuclei.
The improved INTACT protocol is summarized in Fig. 5.3A. It begins, as with the Steiner
protocol, with synchronized strains bearing the nuclei-tagging transgene, but without a BirAexpressing transgene (Fig. 5.3B). The animals are then fixed in DMF and washed 3x in PBS (Fig.
5.3C). Worms at this stage may be frozen, but better quality of RNA results from freshly prepared
fixations or recently frozen samples. Samples frozen for longer than a month have significantly
more degraded RNA after purification, which may still be used for RNAseq, but yields poorer
quality data (data not shown). Next, the homogenization was changed from sonication and Dounce
homogenization to either a disposable mechanical tissue grinder or a GentleMACS tissue
dissociator in NPB (Fig. 5.3D). The GentleMACS machine also uses a purely mechanical means
to disrupt the tissue, but is automatic and programmable, aiding in ease of use and consistency.
However, it requires a larger minimum volume of input material, and so is less suitable for smaller
samples or younger worms. The resultant lysate is diluted in NPB and centrifuged at 100x G to
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remove large debris, including unlysed worms (Fig. 5.3E). Some nuclei co-pellet, and so the pellet
is washed twice in NPB to aid in recovering more nuclei, with the supernatants pooled in one 50
mL tube. Under this tube is layered first 10 mL 30% iodixanol (diluted in NPB), and then
underneath this 5 mL 60% iodixanol is added, resulting in a single-step-gradient. This is then
centrifuged for 20 min. at 5000 xG in a swinging bucket centrifuge. Cytoplasmic components are
retained above the 30% iodixanol, whereas the nuclei rest at the 30/60% layer. Having passed
through the 30% iodixanol layer, the nuclei are separated from the cytoplasmic components,
obviating the need for multiple step-density gradient centrifugation spins as is required in the
Steiner protocol. The separation of cytoplasm from nuclei was assessed by western blot for αtubulin (cytoplasm) and for the histone H2B (nucleus) (Fig. 5.3F). The resultant suspension of
nuclei are well-separated, largely devoid of other tissue or debris, and intact (Fig. 5.3G). The next
step involved pre-clearing the purified nuclei by incubating the nuclei with the same protein-G
magnetic beads used in subsequent steps for 30 min., but without antibody. This allows for any
background material that could bind to the beads themselves to be removed from the
immunoprecipitation. Once pre-cleared, magnetic beads are removed, and 3 µg anti-FLAG
monoclonal antibody (M2, Sigma) was added for 30 min. to allow the antibody to bind to the
nuclear tag. Protein-G magnetic beads are then added to bind the antibody-nuclei complexes for
30 min. A total of 6 10 mL washes are then used. As in the Steiner protocol, the nuclei are first
washed with 10 mL NPB, then 20 mL (twice with 10 mL) with NPB-0.5% Triton X-100. Then an
additional two washes with 10 mL NPB + 250 mM NaCl and 1M urea. It was determined that
nuclei purified in this protocol did not suffer any obvious deformations or perturbations below 350
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Figure 5.4: ASER INTACT enriches for ASER-specific genes. A. MA-plot of
expression level versus fold enrichment. Gray points are not significant, and significantly
enriched or depleted genes are shaded from yellow to purple based on q-value. B. ASERenriched genes versus Takayama et al., which used PAB-1 technique to profile ASE
neurons, and genes expressed in ASE as annotated by wormbase. Both intersections are
significant. C. Representative RNAseq tracks. gcy-22 is highly enriched in IP vs input, sbt1 is modestly enriched, and num-1 and T03D8.6 are expressed at similar levels in both.

mM NaCl or 3M urea (data not shown), so these slightly more conservative values were chosen
for this final wash buffer. The reasoning behind using this wash buffer is that both NaCl and urea
should reduce non-specific binding of in the immunoprecipitation through ionic interactions and
chaotropic activity, respectively. Finally, the nuclei were washed once more with NPB to wash out
salt and urea which may interfere with downstream steps. Typically, individual nuclei are bound
by multiple beads, as in Fig. 5.3H. For RNAseq, nuclei are then lysed on the beads and RNA is
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Figure 5.5: AIY INTACT enriches for AIY-specific genes. A. MA-plot of
expression level versus fold enrichment. Gray points are not significant, and
significantly enriched or depleted genes are shaded from yellow to purple based on qvalue. B. AIY-enriched genes versus genes expressed in AIY as annotated by
wormbase. Intersection is significant. C. Representative RNAseq tracks. gcp-2.3 is
highly enriched, whereas selt-1.1 is slightly enriched.

purified, libraries constructed, and sequenced. A typical yield from 300,000 L4 animals bearing
an ASER or AIY transgene is between 10-40ng total RNA.
Using this new protocol, I isolated nuclei from two replicates of L4-stage ASER neurons
as well as input (Fig. 5.3A). Mapping and assigning reads to genes was performed with the Subread
and featureCounts packages (Liao et al. 2013; Liao et al. 2014). The input-IP differential
expression analysis was performed using DESeq2, a software package for R (Love et al. 2014).
431 genes were identified as being significantly enriched using a 5% false discovery rate
(Benjamini-Hochberg). The set of ASER-enriched genes is contained multiple genes that were
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Figure 5.6: Epidermis INTACT enriches for epidermis-specific genes. A. MA-plot of
expression level versus fold enrichment. Gray points are not significant, and significantly
enriched or depleted genes are shaded from yellow to purple based on q-value. B. Epidermisenriched genes compared to those annotated in wormbase. The intersection is significant,
however the small number of genes may reflect that wormbase does not annotate by stage, and
many genes are known to be differentially expressed at different stages in the epidermis C.
Representative RNAseq tracks. T28C12.4 is highly enriched in IP vs input.

expected, including chemoreceptors gcy-5 and gcy-22, the terminal selector for ASE che-1, and
the conserved ciliary protein dyf-2 (ASE neurons are ciliated). Using the Tissue Enrichment
Analysis (TEA) tool, which performs a gene ontology-like enrichment analysis using all known
C. elegans genes with reported expression patterns, “ASE” and its parent term “Lateral Ganglion”
are the most significantly enriched terms, with adjusted p values of 2.4 x 10-26 and 1.5 x 10-27,
respectively (Angeles-Albores et al. 2016). Many other neuron classes are enriched according to
this tool, with their common feature being that they are all ciliated sensory neurons, like the ASER
(IL2, BAG, ASI, CEM, ASJ, AWC, ASG, ASK). I also compared the genes I found enriched to
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those described previously in an experiment designed to distinguish the gene expression pattern of
ASEL and ASER using the PAB-1-IP method. This study found 43 genes to be specific to ASER,
18 of which I found to be in my dataset. A graphical representation of this overlap is provided in
Fig. 4.4B.
In addition to ASER profiles, I was also able to profile AIY interneurons and the epidermis
at L4 and adult stages, respectively. Analysis was performed as with ASER profiles above. The
AIY profile was surprisingly large, with 1217 total genes enriched (Fig. 5.5). Interestingly, some
of the most highly enriched genes in this dataset are neuropeptides known to be expressed in AIY
(flp-1, flp18), along with a number very short, uncharacterized proteins. Most do not exhibit the
characteristics of previously described neuropeptides, but they could be interesting for further
analysis (Nathoo, et al. 2001). This dataset is significantly enriched for AIY genes (adj. p=1.6 x
10-18) (Fig. 5.5B).
Epidermal profiling was similarly large, with 1439 genes enriched (Fig. 5.6). The terms
“Epithelial system” and “Hyp7 Syncytium” were the most enriched terms according to TEA
analysis, with adjusted p values of 6.1 x 10-47 and 2.8 x 10-7, respectively. However, while the
overlap with genes annotated as being expressed in the epidermis is statistically significant, it is
quite small compared to the number of total genes annotated this way in the epidermis (Fig. 5.6B).
This may be due to the fact that all genes expressed at any stage of development are annotated as
epidermis-specific in Wormbase, and given that the epidermis is known to have large changes in
its expression pattern during development, this may contribute to the poor, but significant, fit.
These datasets confirm the ability to generate transcriptional profiles of both of individual
neurons as well as the epidermal syncytia. None of the profiles generated showed strong
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enrichment of either muscle or intestinal genes as had been the case after profiling using the Steiner
protocol, representing a significant improvement of the technique.
DISCUSSION
Improvement of the INTACT protocol
The changes made to the INTACT protocol significantly reduced background to the point
where an unbiased geneset enrichment tool was unable to detect significant enrichment of muscle
or intestinal tissue. Some sequencing reads from immuneprecipitated nuclei do, however map to
these loci, but in comparison the input nuclei, these loci tend to be at the very least not enriched,
though often they are significantly depleted (data not shown).
In summary, significant changes were made to the lysis/homogenization, nuclear
purification, immunoprecipitation (including changing the tag and pre-clearing), and wash steps
of the protocol. In addition to the data quality generated from this protocol, it is also significantly
shorter. The entire protocol can be completed by an experienced researcher in about five to six
hours, as opposed to the more than ten previously. This reduction in time is owed mainly to the
improved homogenization and nuclear purification steps.
It is not clear why biotin-based immunoprecipitation yields the levels of background it
does. Some possibilities are that nuclei (and potentially tissue-specific nuclei) are biotinylated,
some cytoplasmic tissue or proteins are biotinylated or bind biotin, or that some RNA is
endogenously biotinylated. While it cannot be ruled out that nuclei or RNA are biotinylated, or
associated with biotinylated or biotin-interacting proteins, I can find no definitive evidence
suggesting it is the case. However, there are many cellular proteins that use biotin as a cofactor
(such as carboxylases), and therefore may copurify along with biotinylated nuclei (Tytgat et al.
2015; Papageorgiou et al. 2013). If any of these proteins bind nuclei, bind RNA, or coprecipitate
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with RNA during fixation, it could provide a means by which the background RNA is observed in
the Steiner protocol.
Potential for further improvement
While the goal to improve INTACT so it is sufficient to produce gene sets enriched for
individual neurons was accomplished, there are areas in which the protocol could be improved.
First, the tag itself could be improved. The current tag being used, inherited from the Steiner
protocol, uses the nucleoporin NPP-9. NPP-9 is conserved and most homologous to RANBP1 and
RANBP2, proteins that are involved in, among other things, nuclear import and export. NPP-9, as
well and RANBP1/2, have been shown to physically interact with the nuclear pore, but the
interaction in mammals is not permanent, and significant amounts exist in a cytoplasmic pool.
While NPP-9 interaction with the nucleus is clearly sufficient to immunoprecipitated tagged
nuclei, another protein may be more suitable. For example, SUN and KASH domain proteins are
integral to the nuclear membrane, and thus may serve as better anchors for a tag (Kim et al. 2015).
Indeed, SUN1 is the predominantly used tag for mammalian INTACT (Mo et al. 2015).
Preliminary evidence suggests that the C-terminal 37 amino acids from the KASH protein unc-83,
containing the entire transmembrane and KASH domain, is sufficient to target a tagRFP fusion
protein to the outer nuclear membrane (data not shown).
Another improvement may be to increase the total number of FLAG binding sites to the
tag. A recent study showed that increasing the number of biochemical tags to a fluorophore
increases its affinity significantly by increasing the average number of bound antibodies
(Viswanathan et al. 2015). Thus, simply adding more FLAG binding sites the N- or C-terminus
may further increase the binding affinity of nuclei, potentially allowing for more stringent washes
or higher purity with the same washes.

99

While this protocol was primarily optimized for RNAseq, one of the major factors for
choosing INTACT was its ability to be used in conjunction with other genomic techniques. It will
be necessary to investigate what changes to the protocol are necessary to accommodate ChIP,
ATAC-seq, or nucleosome profiling. It is not clear that DMF fixing is compatible with these
techniques, as it may disrupt chromatin structure, and so further testing is required. Preliminary
evidence suggests as well that freezing the nuclei also disrupts the nuclear structure, such that
ATAC-seq may not be possible on fixed nuclei. These optimizations are currently ongoing, and
are further discussed in the following chapter.
Notes on the use of Tissue Enrichment Analysis (TEA) as a “validation” tool
For my analysis, I primarily used the TEA tool from the Sternberg Lab to “validate” my
enrichment profiles. A classic method for validation is the generation of reporter transgenes for a
handful of identified proteins. This gives a very rough sense for the precision of the technique.
However, given the vast number of transgenes already made and their expression profiles
described in C. elegans, making an additional batch of reporter constructs was deemed to be
unnecessary – I could use the large number of described transgenes in WormBase as the validation
set. Further, I would be able to test whether a specific but non-target tissue was being selectively
enriched (such as highly expressed muscle and intestinal transcripts).
However, it must be noted that the quality of the validation dataset is somewhat low. Often
there is no data on the stage of expression, which could result in false negatives. Further, the
majority of the reporters described are simple GFP fusion constructs, which likely do not capture
the full expression pattern of the genes being described, which may result in any type I or type II
errors. Despite this, however, the TEA analysis provides a good “sanity check” for the INTACT
data, indicating that I am enriching for tissues I expect, and not enriching for things I do not.
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Drawbacks and limitations
One major limitation of INTACT is one it shares with other methods that require the
mechanical dissociation of C. elegans: Not all tissues are as easily disrupted by the same technique.
For example, the C. elegans pharynx is a self-contained neuromuscular organ that contains
multiple cell types, and is often left mostly intact after dissociation using the tissue grinder or
GentleMACs machine described above. The tip of the head and tail similarly are often removed
completely after the first 100 xG centrifugation step. Further, the dissociation of different larval
stages has slightly different properties. L4s and Adults are easier to dissociate, and L1s are both
more difficult and appear to have more fragile nuclei. Thus, depending on the specific cell type of
interest and the stage at which the experiment is done may change how the lysis must be performed,
and this must be empirically determined for every strain.
Because INTACT on unfixed nuclei appears to give no enrichment of tissue-specific
transcripts, it may not be possible to perform assays that require native chromatin. While DMFfixation is non-crosslinking, it may however disrupt the binding of chromatin proteins, or change
the binding properties of ChIP antibodies to their epitopes. Either further optimization of INTACT
for unfixed samples must be completed, or adaptation of genomic assays to DMF or other fixation
types will be necessary to use them.
Lastly, a drawback of the strategy is the relatively low-throughput of the technique. For
each tissue to be profiled, a new transgenic line must be built and optimized. This results in
limitations for high-throughput projects in which many cell types are to be characterized.
Future perspectives for profiling of the Epco phenotype
With “baseline” transcriptional profiles of the ASER neurons, AIY neurons, and the
epidermis, I can now move towards a transcriptomic characterization of the Epco mutant
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epidermis. The construction of these strains and generation of the data is currently underway. A
further, more in-depth discussion of the future uses of INTACT will be presented in the following
chapter.
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MATERIALS AND METHODS
Strains and transgenes
All strains were maintained using standard procedures (Brenner, 1974), with the following
modifications. For INTACT, animals were grown on high-growth agar with E. coli strain NA22,
which grows faster and to a higher density than OP50. Animals were synchronized by the alkalibleach method followed by starvation at the L1 stage. For L1s, animals are recovered for 8 hours
at 20ºC before fixation. For L4s and adults, animals were grown 48 and 65 hours at 20ºC after L1
starvation. INTACT constructs using the gcy-5 and ttx-3 promoters were injected as complex
arrays (Kelly et al. 1997), and integrated using gamma ray irradiation (Mello et al. 1991). INTACT
construct using dpy-7 promoter was integrated directly using microparticle bombardment (Praitis
et al. 2001). Following integration, all strains were backcrossed at least six times. The following
strains and transgenes were used (Srains in bold were created by me):
JJ2300: zuIs258 [his-72p::his-72(5' UTR)::BIRA::GFP::his-72(3' UTR), unc-119]; zuIs263[myo3p::myo-3(5' UTR)::npp-9::mCherry::BLRP::3xFLAG::npp-9(3' UTR) + unc-119(+)]
OH12418: otIs505[dpy-7::npp-9::mCherry::BLRP::3xFLAG, HygR]
OH15326: otIs678[ttx-3promB::npp-9::mCherry::BLRP::3xFLAG]
OH12741: otIs546[gcy-5:: npp-9::mCherry::BLRP::3xFLAG, lin-44::yfp)
Western Blotting
Worm lysates from INTACT were added to Laemmli buffer, heated to 95ºC for five minutes, then
run on a gradient 10-15% polyacrylamide gel (Bio-Rad), transferred to PVDF using a semi-dry
transfer apparatus (Bio-Rad). Membrane was blocked in 5% milk with TBS-0.1% Tween, then
primary antibodies were incubated together (anti-H2B, Abcam ab1790, 1:1000; anti-α-tubulin,
DSHB AA4.3, 1:5000) in blocking buffer. Membranes were washed 3x with TBS-0.1%Tween,
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then incubated with HRP-bound secondary antibodies in blocking buffer (1:10,000). Blots were
developed using SuperSignal West Pico ECL Substrate (Pierce) and CL-Xposure X-ray film
(Thermo).
INTACT
Complete protocol used here is provided in Appendix III.
RNA-seq
RNA was extracted from nuclei using Nucleospin RNA XS kits (Machery Nagel) according to
manufacturer recommendations. Libraries were constructed with Nugen Ovation Universal
RNAseq kit v2 according to manufacturer recommendations, and sequenced on with 75bp singleend reads on an Illumnia Nextseq machine.
Bioinformatics
FASTQ reads were aligned to ce10 or ce11 C. elegans genome builds using the subread package
and reads were assigned to genes using the featurecounts package with default settings (Liao et al.
2013, Liao et al. 2014). Differential expression analysis was performed using DESeq2 (Love et al.
2014). Proportional Venn/Euler diagrams were generated using BioVenn (Fig. 5.5, 5.6) or
eulerAPE (Fig. 5.4) (Hulson et al. 2008, Micallef et al. 2014). Normalized RNAseq tracks (Figs.
5.4-6C) were generated using a custom bigwig normalization script, where seuqenceing depth is
normalized to total library mapped-read size. Script provided in Appendix II. Bigwig files were
visualized using IGV and exported to Adobe Illustrator for editing (Thorvaldsdóttir et al. 2013).
Tissue enrichment analysis was performed using the command line TEA tool (Angeles-Albores,
2016).
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CHAPTER 6: FUTURE PROSPECTS
In the previous chapters, I described the results of two screens I performed and discussed
the mutants I recovered from them. I then described the results of optimizing the INTACT protocol
for use in transcriptomically characterizing the mutants from the screens. In this section of the
thesis, I will briefly describe ongoing or future work to be done for each of these sections. In doing
so, I aim to touch on the motivations for the work and discuss outstanding questions to be
answered.
Germline conversion mutants: mapping, cloning, and further screening
In the animal-wide CHE-1 expression screen I described in Chapter 3, 35 of the 36 mutants
recovered were of the Geco category. Despite attempts to map several using the whole genome
SNP-mapping method, none of the geco mutants have so far been mapped. I originally moved on
to working with the usp-48 mutant recovered in this screen as it represented the class of mutants I
was most interested in, namely those that affect adult somatic tissues. However, as is evident from
original publication from this lab as well as that presented in Chapter 2, mutations that affect the
germline may be incredibly useful in understanding fundamental aspects of chromatin biology as
well as cell fate restriction, at least in the context of the germline (Tursun et al. 2011, Patel et al.
2012). Thus, it may be useful to revisit these mutants, and I will describe my consideration of a
mapping and complementation strategy below, in addition to a perhaps streamlined method of
isolating new geco mutants.
Each of the mutants exhibited sterility (Ste), and thus it may be easiest to assign them first
to linkage groups and then to complementation groups using balancer chromosomes. While
balancer chromosomes in C. elegans are not as useful as those in Drosophila genetics, there are
several available that collectively cover the majority of the genome. Many of the most useful
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balancers are chromosomal translocations or inversions that contain recessive lethal mutations and
integrated GFP markers for ease in crossing, and additional balancers have recently been
developed by the Mitani lab to balance previously uncovered regions of the genome (Edgley et al.
2006; Iwata et al. 2016; Dejima, et al. 2018). A relatively small number of strains could be built
for crossing balancers into the heterozygotes used to maintain the geco mutants. In this way, the
mutants could be kept as stable heterozygotes, and used for complementation tests. This would
also have the effect of very loosely mapping the mutants to regions of chromosomes, which could
be narrowed using different balancers if desired. Rough mapping to chromosomes limits the
number of complementation tests required as well. From here, either another attempt at SNP
mapping could be made, or classical mapping with visible markers, or a sequencing without
mapping followed by testing of candidates approach could be used.
If retrieving more geco mutants were desirable, it would be possible to also perform screens
for sterile mutants as was classically done with screens for lethal mutants - again using balancers
(Rogalski et al. 1982). This has the advantage of starting with balanced strains. Sterility could be
screened for first, then secondarily the recovered Ste mutants tested for the geco phenotype.
Alternatively, the screen could be conducted in reverse of this, in order to include the possibility
of isolating geco mutants on other chromosomes. Ideally, such a screen would be performed for
each chromosomal region to saturation, to identify all Ste mutants that are also Geco. These strains
would be then mapped as described above for the already isolated geco mutants.
One would expect to recover additional classes of mutants that affect tissues other than the
germline, including additional alleles of usp-48. By screening at 25˚C, then shifting to lower
temperatures, one could also aim to isolate temperature sensitive mutants. In all, such a strategy
could be very useful for isolating additional mutants both with Geco and additional phenotypes.
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The main bottleneck for such a screen would be the complementation testing and the mapping.
However, if the issue with whole genome SNP mapping that affected the ability to map these
mutants previously is determined and solved, it should be relatively trivial to map the recovered
mutants.
On cloning the remaining epco mutants
Each of the remaining four uncloned epco mutants represents another possible window in
to cell fate restriction in the epidermis. While they have been mapped to specific regions of
chromosomes (See appendix I) the causal mutations have yet to be identified for lack of obvious
candidates in the mapping regions (here, obvious refers to expected classes of genes, such as
chromatin factors, TFs, MAPK pathway components, etc.). However, the obvious strategy here is
simply to generate transgenes with rescuing DNA that covers entire candidate loci until one of the
transgene rescues, or to more finely map the mutations.
As mentioned in the introduction, one of the key benefits of the Nüsslein-Volhard and
Wieschaus Heidelberg screen was the fact that they were able to screen to saturation. In this way,
it would be possible to isolate the majority of genes that would allow for ectopic che-1 expression
to overcome the cell fate restriction machinery in the epidermis, excluding those that were
redundant or lethal. In this case, because so many animals can be screened at one time, and the
screening is at least partially automated, generating mutants should be somewhat trivial. The
mapping and cloning, however, could become a critical bottleneck. One obvious approach would
be to build conveniently marked strains for complementation crosses to be used on all new mutants
before subjecting to SNP mapping by sequencing.
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Additional possibilities for future Epco-like screens
A great deal of the success of the Epco screen could be attributed to the luck of having a
transgene capable of driving tissue- and stage-specific expression. However, such a promoter may
only be possible with col-19. There are stage-specific reporters for the intestine, such as vit-5, but
they are extremely strong promoters, and in this case CHE-1 is able to drive expression of gcy5::gfp in the absence of mutations (Tulsi Patel, personal communication). Other genes such as egl15 are expressed only in later developmental stages in the sex muscles, but they are blast cells at
this stage, so are not likely directly comparable to fully differentiated tissue. One possible solution
would be to use a Gal4-Gal80 system, recently adapted for use in C. elegans (Wang et al. 2017;
Wang et al. 2018). In this scenario, Gal4-UAS would be used to drive the expression of che-1 in
the desired tissue, whereas a Gal80ts construct would be used to inhibit it everywhere. When the
desired stage is reached, shifting the temperature of the animals relieves inhibition and che-1 is
expressed. I attempted to build such strains using the Q-system, a similar binary expression system
using Gal4-like TFs from Neurospora crassa, but the expression of che-1 was leaky and the
suppression insufficient (Wei, 2012). Such a system would also allow some modularity, as one
could simply cross strains into a new Gal4 driver to screen a different tissue of interest.
Given the relative ease of this screening strategy, it could be also useful to try an additional
screen using an alternative TF. However, part of the ease of this screen was the ability for the
wormsorter to distinguish between a single neuron in the head and the entire epidermis – a very
large change in relative fluorescence. Using hlh-1 or elt-7, for example, would likely be either
difficult and full of error, or impossible, given the strong fluorescence coming from the required
fluorescent reporter for muscle or intestinal tissue, respectively. These tissues are as large as the
epidermis, and therefore would represent at best a ~2 fold increase in already-strong fluorescence,
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and are similarly (to a computer) located throughout the body of the worm. Another neuronal TF
may, however, be useful. TFs like unc-3 or odr-7 may be useful in this capacity, as both are
activators of many targets in their respective cell types, though less is known about odr-7 (Hobert,
2016b). Another solution to the problem of using a muscle- or intestine-specific TF would be to
use a split-GFP approach, in which one half is expressed in the epidermis, and the other in the
tissue to be screened (Zhang et al. 2004). Thus, fluorescence is only observed when the expression
domain of one tissue expands into the other, the expected phenotype for mutants of the Epco class.
Despite the possibility, however, of screening with another TF, it is important to note that
it may not matter which TF is used. The fundamental process being studied is the restriction of
cell fate, and the TF is being used simply as a probe for the relative developmental potential of the
cell in which it is being expressed. In this sense, it does not matter what TF is being used, as long
as it is capable of driving expression in mutants, which for che-1 is clearly established. That being
said, it is also true that different TFs have different potential to activate their targets, and this may
just as well be due to the nature of the TFs or the nature of the repression – perhaps some forms of
repression are TF-type specific. This is consistent with the concept of pioneer factors, TFs which
are able to bind to chromatin and activate genes even in silenced or repressive state (reviewed in
Zaret and Mango, 2016). There is clearly still a tremendous amount to learn about cell fate
restriction.
On the further analysis of Epco mutants
A great number of potential experiments may be performed to understand the roles of the
factors identified in the screens described in Chapters 3 and 4, both in relation to cell fate restriction
and to one another. In the following paragraphs I will outline the current strategy looking forward.
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First, it would be useful to determine if each of the mutants identified are also Epco when
che-1 is expressed ubiquitously from the heatshock promoter, and if so, if other tissues are also
affected in these mutants. It is clear that usp-48 is specific to the epidermis, and, as mentioned in
Chapter 4, ogt-1 only seems to affect the epidermis on its own when che-1 is driven by the col-19
promoter and not the heatshock promoter. It is possible that differences between expression levels
of che-1 or the duration of expression contribute to this. Understanding the context necessary for
the Epco phenotype may inform some underlying principles for how cell fate restriction functions.
Next, as many of the genes identified in the screen are expected to interact with chromatin,
it would be useful to see where they bind in adult animals. Ideally, this would be performed in a
tissue-specific manner with INTACT (see below), but it may be easier and just as informative to
perform ChIP on usp-48, ogt-1, dot-1.1, pmk-1, epco-1, and nhr-48 in whole, germline depleted
(to remove ChIP signal contribution from the germline) adults.
In addition to assaying for the localization of the proteins on chromatin, it would also be
useful to understand the ability of these mutants to affect histone marks. Particularly interesting
would be to see if the depletion of usp-48 has any effect of H3K79 methylation, considering it
binds to the mark and has the same phenotype as the methyltransferase. Further, it may be useful
to probe H3K27 and H3K9 methylation patterns in some of the mutants. While the proteins
identified surpisingly interact primarily with histone marks associated with active transcription,
the majority of the effects on cell fate plasticity have been via the alteration of histone marks
associated with repression. However, MES-4 also deposits a mark associated with active
transcription (H3K36 methylation), but its affects are likely mediated through the disruption of
H3K27 methylation. Thus, it may be possible that these proteins, while associating with actively
transcribed loci, may actually affect repressive chromatin indirectly.
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Another biochemical question for several of these proteins is what they themselves modify.
The genes usp-48, ogt-1, pmk-1 encode proteins that are involved in post-translational
modification (dot-1.1 as well, but its likely target is well-known). A simple scenario linking some
of these proteins together would be a role in one “activating” another through post-translational
modification. USP-48 could simply stabilize DOT-1.1, OGT-1 or PMK-1, and its role on
chromatin completely unrelated to cell fate restriction, for example. One simple way to test would
be to immunoprecipitate tagged versions of these proteins in the respective other mutants, then
probe the pulled down protein for the relevant modification. Ubiquitylated protiens should form a
ladder (or be detected by anti-Ub antibodies), O-GlcNAcylated proteins may be detected by wheat
germ agglutinin (WGA), and phosphorylation can be detected with general phosphor-imaging tags
(Emmerich and Cohen, 2015; Zachara, et al. 2011; Kubota et al. 2017; Martin, 2003; Iliuk et al.
2016).
In addition to biochemical testing, some genetic testing may be useful as well. Some
proteins are known to interact or have partners with several other genes, and it would be useful to
test these mutants as well. For example, there are several known TFs that act downstream of p38,
and it would therefore be useful to test if any of them are involved in the Epco phenotype (Shivers
et al. 2010, Zhang et al. 2015). In addition, dot-1.1 interacts with zfp-1 in some of its roles in
chromatin, so it would be useful to determine if zfp-1 is Epco (Cecere, et al. 2013). ogt-1 interacts
with the dauer signaling pathways, so it would be useful to test the phenotype in dauers and with
some of the dauer mutants, daf-2 and daf-16 in particular (Hanover, et al. 2005). In addition to
these known interactions, it might be useful in a similar vein to screen the other family members
of epco-1, including lin-8, for the Epco phenotype.
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On the further optimization and development of INTACT
As the goal for developing INTACT was to be able to use transcriptomics to characterize
the Epco phenotype in the mutants recovered from the screens, the obvious next step is to generate
transcriptomic data for the epidermis under the ectopic che-1 expression conditions. However,
there were two problems with the strain used in the Epco screen to overexpress che-1. First, it was
generated with rol-6(d) as a co-injection marker. Transgenes are generated in C. elegans by
injecting DNA into the gonads of young adult hermaphrodites, which transforms some fraction of
the progeny (Mello et al. 1991). In order to select for positive tranformants, selectable plasmids
are co-injected along with the desired transgenic DNA. In this case, I used an plasmid that contains
the dominant mutant rol-6(su1006), which expresses a “kinked” collagen protein that results in a
worm with a helical cuticle that causes the worm to “roll”, a visible phenotype that is easy to follow
genetically (Kramer et al. 1990). Because I would be comparing non-rolling (no ectopic
expression) and rolling (with ectopic che-1), and some transcriptomic changes may be due to the
difference in cuticle as opposed to those attributable to ectopic che-1, it was decided to generate
new transgenes. Second, the method described above for generating transgenes results in highcopy number, repetitive transgenes, which may result in very high expression levels of che-1. With
these things in mind, I therefore sought to generate transgenes that were less intrusive in both
levels of expression as well as other changes to the cuticle, while also being more comparable to
one another. Thus, I generated two transgenes, inserted as single-copy transgenes at the same locus
on chromosome II using CRISPR. In one, I used the same col-19::che-1 construct used in the
previous screen. For the control transgene, I used a col-19::che-1(∆ZF4) construct, where the
fourth and most important zinc-finger of che-1 is mutated, a mutation that has been shown to not
appreciably interact with its known DNA targets (Etchberger et al. 2007). This should allow me
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to control for the ectopic expression of a nuclear protein. These strains are being built currently
and will allow me to conduct transcriptomic characterizations of the Epco phenotype in the
mutants.
In addition to RNAseq, it would be incredibly useful to determine the genome-wide
locations of accessible chromatin as well as specific DNA-interacting proteins by ATAC-seq and
ChIP-seq, respectively. The major issue with adapting the INTACT protocol for use with these
techniques is the fixation procedure, which uses the solvent DMF. Like other solvent fixatives
often used in the worm, such as Methanol/Acetone, DMF is non-crosslinking and rapidly
dehydrates the samples, resulting in the in situ precipitation of proteins and nucleic acids, while
partially solubilizing and disrupting membranes (reviewed in Huang and Yueng, 2015). RNA-seq
can be performed on fixed, then frozen samples, but freezing also disrupts nuclear structure such
that ATAC-seq is not possible (data not shown). Further, it appears that INTACT without fixation
(native tissue) is capable of pulling down labelled nuclei, but no enrichment of expected target
transcripts is observed (data not shown). It is not clear why this is, as native nuclei are used in
other INTACT protocols (Mo et al. 2015). It is possible that RNA is transported in and out of
nuclei during preparation, or that the rate of diffusion of RNA is higher in C. elegans nuclei than
it is in mammalian nuclei. It is thus necessary to see whether DMF fixation is compatible with
ATAC, or whether native ATAC-seq shows enrichment where RNA-seq does not. Further, it will
be necessary to see if DMF-fixed nuclei can be used for ChIP as well. If not, it may be possible to
formaldehyde-fix the worms, as this is the preferred method for most ChIP performed in C. elegans
(Landt et al. 2012). Otherwise, it may be possible that ChIP-seq can be tissue specific in native
nuclei as well, another commonly used method for ChIP (Goetsch et al. 2017).
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Concluding remarks
In this thesis, I have endeavored to use and develop new tools in order to understand a
fundamental aspect of developmental biology: as cells differentiate, they restrict cell fate. This
loss of plasticity is not identical nor universal in all cells, but it is widespread and robust. From the
earliest experiments with transplanted tissues, developmental biologists have recognized this
phenomenon, but it is still poorly understood. While the recent work with iPSCs has mostly
focused on clinical aspects of this new and exciting technology, many researchers are attempting
to understand the mechanism of reprogramming these cells. These studies, in combination with
modern somatic nuclear reprogramming work, cell fusion studies, and ectopic master regulator
studies, have greatly informed the work I have presented here.
In this thesis I contributed to work by Tulsi Patel that showed H3K27 methylation is a key
chromatin mark that when reduced or improperly distributed allows CHE-1 to activate its targets
and execute a differentiation program. I then carried out two screens, one of which I designed
independently, to identify several new mutants with interesting cell fate restriction phenotypes.
Interestingly and somewhat confoundingly, I found that many of these mutants are associated with
regions of active chromatin, as opposed to most mutants previously described, which are
associated mainly with repressive chromatin. I then optimized a new tool, INTACT, which I will
use in the near future to analyze the transcriptomes of the mutants from my screens, and
demonstrated its ability to isolate RNA from individual neurons from the worm. Together, these
results have contributed to the understanding of cell fate restriction in C. elegans.
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APPENDIX I. Mapping information for four uncloned Epco mutants
The following four figures represent the SNV mapping output for the four uncloned Epco
mutants from the screen described in Chapter 4. In each figure, each chromosome has its own
plot. Each grey dot represents a SNV for which a frequency could be calculated, plotted by its
frequency (Y) and location on the chromosome (X). The red line represents a Loess regression
line, with a light red shading representing the standard error. Each figure has the rough estimate
of the mapped region highlighted. Each mutant likely represents a new gene, given their nonoverlapping mapping regions.
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APPENDIX II. Scripts used in this work
All scripts below were written by me, unless noted in script.
HAMap2.sh
Executes GATK best practices pipeline and SNV mapping with “Hawaiian” polymorphic
strain. Requires samtools, picard, GATK, and SnpEff installed. samtools must be in $PATH,
picard, GATK and SnpEff in a “~/java/” folder (or modify script for your java $PATH). SnpEff
must be configured for the genome used for both the alignment and SNV variants file; here WS220
is used.
Notes: No termination status is issued after each command, so if a step fails it will continue
regardless, throwing errors for subsequent steps. *.tmp* files are generated, but removed with rm
– be careful that no files in the working directory contain $out.tmp* in their names, or they will be
removed during cleanup.
#!/bin/bash
set -e
#get inputs
iflag=0
fflag=0
aflag=0
oflag=0
loess=0.2
dpco=15
rflag=0
usage="
Usage:
Execute standard GATK variant calling with best practices for HA-mapped strains.
$(basename "$0") [-hldr] -i <in.bam> -f <reference.fa> -a <HA_SNPs.vcf> -o <out basename>
where:
-h show this help text
Required inputs:
-i input file (bam file)
-f reference fasta file
-a Hawaiian strain SNP vcf file
-o output basename
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Optional inputs:
-l loess span for linkage plot [default: 0.2]
-d depth cut-off for linkage plot [default: 15]
-r (script will ask for custom read group information)
Arbitrary read groups info is added unless -r is specified. Defaults to:
RGID=001
RGLB=Truseq
RGPL=Illumina
RGPU=NA
RGSM=Sample1
"
while getopts ":hl:d:i:f:a:o:" opt; do
case $opt in
h) echo "$usage"
exit 1
;;
i)
bam=$OPTARG ; iflag=1
;;
f)
ref=$OPTARG ; fflag=1
;;
a)
HA=$OPTARG ; aflag=1
;;
o)
out=$OPTARG ; oflag=1
;;
l)
loess=$OPTARG
;;
d)
dpco=$OPTARG
;;
r)
rflag=1
;;
:)
echo "Option -$OPTARG requires an argument." >&2
exit 1
;;
\?)
printf "invalid option: -%s\n" "$OPTARG" >&2
echo "$usage" >&2
exit 1
;;
esac
done
if [ $iflag -ne 1 ];
then
echo "must use -i to specify input bam file" >&2
echo "$usage"
exit 1
fi
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if [ $fflag -ne 1 ];
then
echo "must use -f to specify reference.fa file" >&2
echo "$usage"
exit 1
fi
if [ $aflag -ne 1 ];
then
echo "must use -a to specify HA SNP file" >&2
echo "$usage"
exit 1
fi
if [ $oflag -ne 1 ];
then
echo "must use -o to specify output basename" >&2
echo "$usage"
exit 1
fi
echo "Using input file: "$bam
echo "Using reference file: "$ref
echo "Using HA SNPs file: "$HA
#get additional inputs (read groups) if -r option is set
if [ $rflag = 1 ];
then
echo "
------------------------------------------------GATK SCRIPT: Collecting read group information...
-------------------------------------------------"
echo "Hit enter to use [default]"
RGID_default=001
RGLB_default="Truseq"
RGPL_default="Illumina"
RGPU_default="NA"
RGSM_default="Sample1"
read -p "Read Group ID [001]:" RGID
RGID=${RGID:-$RGID_default}
read -p "Read Group Library [Truseq]:" RGLB
RGLB=${RGLB:-$RGLB_default}
read -p "Read Group Platform [Illumina]:" RGPL
RGPL=${RGPL:-$RGPL_default}
read -p "Read Group Platform Unit [NA]:" RGPU
RGPU=${RGPU:-$RGPU_default}
read -p "Read Group Sample [Sample1]:" RGSM
RGSM=${RGSM:-$RGSM_default}
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else
RGID=001
RGLB="Truseq"
RGPL="Illumina"
RGPU="NA"
RGSM="Sample1"
fi
#prepare alignment for variant calling (sort, add read groups, mark duplicates, recalibrate
qulaity scores)
echo "
--------------------------------------GATK SCRIPT: Sorting input alignment...
---------------------------------------"
samtools sort $bam -o $out".tmp.sort.bam";
echo "
--------------------------------------------GATK SCRIPT: Adding Read Group information...
---------------------------------------------"
java -jar ~/java/picard.jar AddOrReplaceReadGroups I=$out.tmp.sort.bam O=$out.tmp.rg.bam
RGID=$RGID RGLB=$RGLB RGPL=$RGPL RGPU=$RGPU RGSM=$RGSM;
echo "
---------------------------------GATK SCRIPT: Marking duplicates...
----------------------------------"
java -jar ~/java/picard.jar MarkDuplicates I=$out.tmp.rg.bam O=$out.tmp.rg.md.bam
M=$out.md.metrics;
echo "
---------------------------------GATK SCRIPT: Indexing alignment...
----------------------------------"
samtools index $out.tmp.rg.md.bam $out.tmp.rg.md.bai
echo "
-------------------------------------------GATK SCRIPT: Recalibrating Quality scores...
--------------------------------------------"
java -Xmx2000M -jar ~/java/GenomeAnalysisTK.jar -T BaseRecalibrator -R $ref -I $out.tmp.rg.md.bam
-knownSites $HA -o $out.recal.table;
echo "
------------------------------------------------------GATK SCRIPT: Generating recalibrated alignment files...
-------------------------------------------------------"
java -jar ~/java/GenomeAnalysisTK.jar -T PrintReads -R $ref -I $out.tmp.rg.md.bam -BQSR
$out.recal.table -o $out.preproc.bam;
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echo "
-------------------------------------GATK SCRIPT: Cleaning up temp files...
--------------------------------------"
find $out*.tmp.* -exec rm {} \; ;
echo "
-------------------------------GATK SCRIPT: Calling variants...
--------------------------------"
java -jar ~/java/GenomeAnalysisTK.jar -T HaplotypeCaller -R $ref -I $out.preproc.bam -genotyping_mode DISCOVERY -o $out.variants.vcf;
echo "
---------------------------------GATK SCRIPT: Genotyping HA SNPs...
----------------------------------"
java -jar ~/java/GenomeAnalysisTK.jar -T HaplotypeCaller -R $ref -I $out.preproc.bam -genotyping_mode GENOTYPE_GIVEN_ALLELES --alleles $HA -o $out.HAonly.vcf;
echo "
---------------------------------------GATK SCRIPT: Generating Linkage plots...
----------------------------------------"
~/scripts/HA_plot.r $out.HAonly.vcf $loess $dpco $out.linkageplot.pdf
echo "
----------------------------------GATK SCRIPT: Annotating Variants...
-----------------------------------"
java -jar ~/java/snpEff/snpEff.jar -c ~/java/snpEff/snpEff.config WS220.64 -o txt
$out.variants.vcf > $out.snpEff.txt;

echo "
-----------------GATK SCRIPT: Done!
------------------"
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HAplot.R
This R script takes the GATK HAonly output from HAmap2.sh and outputs mapping plots
(see Appendix I) for each chromosome. This is very cludgy and inefficient, and only works with
.vtf files output by GATK. It does not include proper vtf file support.

#!/usr/bin/env Rscript
#Check if required packages are installed and attach them
packages <- c("ggplot2", "scales", "stringr", "grid")
if (length(setdiff(packages, rownames(installed.packages()))) > 0) {
install.packages(setdiff(packages, rownames(installed.packages())))
}
suppressWarnings(library(ggplot2))
suppressWarnings(library(scales))
suppressWarnings(library(stringr))
suppressWarnings(library(grid))
#
#
#
#
#
#
#
#
#
#
#
#
#
#

Multiple plot function
ggplot objects can be passed in ..., or to plotlist (as a list of ggplot objects)
- cols:
Number of columns in layout
- layout: A matrix specifying the layout. If present, 'cols' is ignored.
If the layout is something like matrix(c(1,2,3,3), nrow=2, byrow=TRUE),
then plot 1 will go in the upper left, 2 will go in the upper right, and
3 will go all the way across the bottom.

This function is from "R Graphics Cookbook" by Winston Chang, 2013

multiplot <- function(..., plotlist=NULL, file, cols=1, layout=NULL) {
# Make a list from the ... arguments and plotlist
plots <- c(list(...), plotlist)
numPlots = length(plots)
# If layout is NULL, then use 'cols' to determine layout
if (is.null(layout)) {
# Make the panel
# ncol: Number of columns of plots
# nrow: Number of rows needed, calculated from # of cols
layout <- matrix(seq(1, cols * ceiling(numPlots/cols)),
ncol = cols, nrow = ceiling(numPlots/cols))
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}
if (numPlots==1) {
print(plots[[1]])
} else {
# Set up the page
grid.newpage()
pushViewport(viewport(layout = grid.layout(nrow(layout), ncol(layout))))
# Make each plot, in the correct location
for (i in 1:numPlots) {
# Get the i,j matrix positions of the regions that contain this subplot
matchidx <- as.data.frame(which(layout == i, arr.ind = TRUE))
print(plots[[i]], vp = viewport(layout.pos.row = matchidx$row,
layout.pos.col = matchidx$col))
}
}
}
#get command line input, assign to proper variables
args<-commandArgs(trailingOnly=T)
vcf<-args[1]
#vcf
loess<-as.numeric(args[2])
#loess
dpco<-as.numeric(args[3])
#dpco
pdffile<-args[4]
#pdffile
#read vcf file, keep only plotting-relevant columns of VCF
data<-read.table(vcf, sep="\t", stringsAsFactors = F, fill=T)[,c(1,2,10)]
#head(data)
#remove problematic SNPs
data<-subset(data, nchar(data$V10)>15)
#head(data)
#split genotype information column
tmp<-data.frame(str_split_fixed(data$V10, ":", 5), stringsAsFactors = F)
#head(tmp)
#add columns back to data
data<-cbind(data[,1:2], tmp)
#head(data)
#split again allelic depth column
tmp<-data.frame(str_split_fixed(data[,4], ",", 2), stringsAsFactors = F)
#head(tmp)
#bind back to data
data<-cbind(data[,c(1,2,5)], tmp)
#head(data)
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#convert characters to numeric
tmp<-cbind(data[,1], data.frame(lapply(data[,2:5], as.numeric), stringsAsFactors = F))
#head(data)
#class(tmp[,3])
#finish building data and rename columns
data<-tmp
colnames(data)<-c("Chromosome", "Location", "Depth", "N2", "HA")
#head(data)
#generate plots and save to pdf
pdf(pdffile)
plots<-list()
for (i in 1:length(levels(factor(data$Chromosome))))
{ plots[[i]] <- ggplot(subset(data, Chromosome== levels(factor(data$Chromosome))[i] &
Depth>dpco), aes(Location, HA/Depth))
+ geom_point(col=alpha("gray50", 0.6))
+ geom_smooth(method="loess", span=loess, col="red", fill="firebrick3")
+ labs(title=levels(factor(data$Chromosome))[i], y="HA SNP Frequency")
+ theme(plot.title = element_text(hjust = 0.5))
+ scale_x_continuous(labels = comma)
+ scale_y_continuous(limits = c(0,1))
}
multiplot(plots, cols=2)
dev.off()
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Bamtonormbigwig.sh
Simple tool to read alignment files and convert to normalized bigwig files. Used in generation of
RNAseq tracks for Fig. 5.4-6C.
#!/bin/bash
#first read options for normalization number and bam
norm=1000000
iflag=0
cflag=0
oflag=0
usage="
Usage:
Make a read # normalized bigwig file from a sorted bam file.
$(basename "$0") [-h] -n <int> -i <in.bam> -c <chrom.sizes.txt> -o <out.bw>
where:
-h
-n
-i
-c
-o

show this help text
normalization factor (default:1000000)
input file (sorted bam)
chrom.sizes text file for your genome annotation
output file name"

while getopts ":hn:i:c:o:" opt; do
case $opt in
h) echo "$usage"
exit 1
;;
n)
norm=$OPTARG
;;
i)
bam=$OPTARG ; iflag=1
;;
c)
chrom=$OPTARG ; cflag=1
;;
o)
out=$OPTARG ; oflag=1
;;
:)
echo "Option -$OPTARG requires an argument." >&2
exit 1
;;
\?)
printf "invalid option: -%s\n" "$OPTARG" >&2
echo "$usage" >&2
exit 1
;;
esac
done
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if [ $iflag -ne 1 ];
then
echo "must use -i to specify input bam file" >&2
echo "$usage"
exit 1
fi
if [ $cflag -ne 1 ];
then
echo "must use -c to specify chrom.sizes file" >&2
echo "$usage"
exit 1
fi
if [ $oflag -ne 1 ];
then
echo "must use -o to specify output bw file" >&2
echo "$usage"
exit 1
fi
#now calculate the normalization scale varaiable for genomecov
echo "Normalization factor: $norm" ;
echo "Counting number of reads..." ;
map="$(samtools view -F 1028 -c $bam)" ;
echo "done." ;
echo "Number of mapped, non-duplicate reads: $map" ;
mapnorm="$(echo "$norm/$map" | bc -l)" ;
#echo "Normed reads: $mapnorm" ;
#now use genomecov and wigtobigwig to make a normalized bigwig file
echo "Converting to bedgraph and normalizing..." ;
bedtools genomecov -ibam $bam -bg -split -scale $mapnorm -g $chrom > temp.bg ;
echo "done." ;
echo "Converting to bigwig..." ;
wigToBigWig -clip temp.bg $chrom $out ;
rm temp.bg ;
echo "done."
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APPENDIX III.
The INTACT protocol as used for the experiments described in Chapter 5.
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APPENDIX IV.
smFISH protocol used in Chapters 3 & 4.
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smFISH protocol C. elegans (Hobert Lab)
Based on:
1-Ji N. and van Oudenaarden A. Single molecule fluorescent in situ hybridization
(smFISH) of C. elegans worms and embryos (December 13, 2012), WormBook, ed. The
C. elegans Research Community, WormBook, doi/10.1895/wormbook.1.153.1,
http://www.wormbook.org.;
2- Biosearch website https://www.biosearchtech.com/stellarisprotocols)
3- Raj Lab https://sites.google.com/site/singlemoleculernafish/

FOR ALL THE PROCEDURES INCLUDING PROBE DILUTION AND LARVAE
OR EMBRYO MANIPULATIONS USE EPPENDORF ® PROTEIN LoBIND
MICROCENTRIFUGE TUBES (Eppendorf® 0030 108.051; SIGMA Z666548)

Fixation
embryos
1. To a plate of gravid hermaphrodites add M9 buffer and swirl to release worms
from surface. Move worms to a 15 mL conical centrifuge tube.
2. Spin down. Wash 3 times. Add bleaching solution
3. Vortex sporadically during 4-8 minutes until worms disappear and only embryos
remain. Neutralize with M9
4. Spin down and aspirate, then wash 3 times with M9 buffer until pellet is clean.
5. Resuspend in 1 mL of fixation buffer, transfer to a microcentrifuge tube, and
incubate at room temperature for 15 minutes.
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6. Vortex and then immediately submerge tube in liquid nitrogen for 1 minute to
freeze crack the embryos’ eggshells.
7. Thaw in water at room temperature.
8. Once thawed, vortex and place on ice for 20 minutes.
9. Wash twice with 1 mL of 1X PBS.
10.Resuspend in 1 mL of 70% ethanol and store at least overnight at 4 °C on
nutator.
Embryos can be stored for up to one week between fixation and hybridization.

C. elegans larvae
1. Grown larvae in a plate seeded with OP50.
2. Add M9 buffer and swirl in plate to release worms from surface, then move
worms to a 15 mL conical centrifuge tube.
3. Distilled or deionized water may be used instead of M9 in this and subsequent
steps.
4. Spin down worms and aspirate off the supernatant.
5. Wash with M9 buffer 3 times.
6. Spin down worms and aspirate off the supernatant.
7. Add 1 mL fixation buffer, transfer to microcentrifuge tube, and incubate for 45
minutes at room temp on nutator. Fixation times are important for probe
hybridization, do not let more than 45min, remove promptly fixation buffer this is
more important for adults since increasing fixation times increase
autofluorescence.
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8. Wash twice with 1 mL of 1X PBS.
9. Resuspend in 1 mL of 70% ethanol and leave for at least overnight at 4 °C.
(preferable 2 O/Ns) Larvae can be stored for up to one week between fixation
and hybridization. Wormbook chapter says up to a month, didn’t try yet.

Hybridization
Reconstitute dried probe in 20ul of TE buffer (Ambion #AM9858) to give a stock solution
of 250 μM mixed oligonucleotides. Mix well by vortexing and spin down. Keep frozen.
1. To initially test a probe set: dilute stock to 1:50 in TE. From this solution test 1:50
dilution in hybridization buffer (2ul of the 1:50 dilution in TE into 100ul of hyb
buffer plus worms). If this gives signal and you have background try 1:100.
Increasing formamide concentration can also help reduce background, be sure to
keep the same concentration in the wash buffer.
If there is no signal go back to your stock and make 1:20 dilution in TE then dilute this
new stock up to 1:50 in hybridization buffer. Work up dilutions if you get background.
If no signal still, try hybridization and washes at 30C instead of 37C.
2. Centrifuge the fixed sample and aspirate away the 70% ethanol.
3. Add 1 mL of wash buffer with the same percentage formamide (10%) as the
hybridization buffer. Let stand for 5min. Spin down.
4. Aspirate the wash buffer and then add 100 μL of hybridization buffer plus probe.
5. Mix well. Incubate at desired temperature O/N
6. Spin down and remove hyb buffer
7. Add 1 mL of wash buffer to the sample. Resuspend and spin down.
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8. Incubate at hyb temperature for 30 minutes in the dark.
9. Aspirate the wash buffer, then re-suspend in another 1 mL of wash buffer with
5 ug/mL DAPI for nuclear counterstaining.
10.Incubate at hyb temperature for 30 minutes in the dark.
11.Spin down and resuspend in 1ml 2X SSC.
12.Spin down and resuspend in GLOX buffer without enzymes for equilibration;
incubate for 1-2 minutes
13.Aspirate the buffer and re-suspend in the 100 μL of GLOX buffer to which the
enzymes (glucose oxidase and catalase) have been added.
Keep on ice the sample and prepare for imaging placing 1ul of material on a square
coverslip (No. 1). Flatten the drop with round coverslip and remove excess. It is
important that the sample is flat for imaging.
Flip coverslip upside down and place it on top of the silicon isolator
Make sure light source it is quite below lamp maximum life. Exposure time use for
smFISH signal detection is generally around 1-2s with Mercury or metal-halide lamps.
DAPI detection only needs 15ms. Step size should be 0.3um.
Note: The GLOX buffer should not be allowed to dry or cure, but rather image the
sample immediately after mounting. The GLOX buffer is recommended for use with
probes labeled with Quasar 570 and Quasar 670 dyes, and is incompatible with
fluorescein dye. For probes labeled with fluorescein, instead use commercially available
antifades such as Vectashield Mounting Medium (Vector Labs, catalog #H1000).
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Reagents and Equipment
Fixation buffer (50 mL)
Mix:
5 mL 37% Formaldehyde solution (SIGMA #F8775)
5 mL 10X Phosphate Buffered Saline (PBS) (Ambion#AM9624),
RNase free Nuclease-free water to 50 mL final volume (Ambion #AM9932)
Hybridization buffer (10 mL):
WARNING! Formamide is a teratogen that is easily absorbed through the skin and
should be used in a chemical fume hood. Discard waste from washes and hybridization
properly.
WARNING! Be sure to let the formamide warm to room temperature before opening the
bottle.
Mix:
1 g dextran sulfate Sigma D8906-50G (store at 4C)
10 mg Escherichia coli tRNA (ROCHE 10109541001)
100 μl 200 mM vanadyl ribonucleoside complex (New England Biolabs, S1402S, follow
manufacturers recommendations)
40 μl 50 mg/mL RNase free BSA (Ambion AM2618)
1ml Formamide (deionized, Ambion AM9342)
Add nuclease free water to 10 mL final volume
Aliquot and keep at -80. Bring to room temp before opening.
Note: Determine the amount based on the desired formamide concentration, e.g., 1 mL
for 10% final concentration. Higher concentration yields higher probe binding stringency.
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Remember to match this formamide concentration with the one in the wash buffer.
Wash buffer (50 mL):
WARNING! Formamide is a teratogen that is easily absorbed through the skin and
should be used in a chemical fume hood.
WARNING! Be sure to let the formamide warm to room temperature before opening the
bottle.
Mix:
5 mL 20X SSC (Ambion #AM9763)
5 mL deionized formamide (if desired concentration is 10%)
Nuclease-free water to 50 mL final volume
Keep aliquoted at -80. Bring to room temp before opening.
Note: Determine the amount based on the desired formamide concentration, e.g., 1 mL
for 10% final concentration. Higher concentration yields higher probe binding stringency.
Remember to match this formamide concentration with the one in the hyb buffer.
Anti-fade buffer and enzymes (GLOX buffer):
Mix:
850 μL nuclease-free water
40 μL 10% glucose in water
10 μL 1 M Tris-HCl, pH 8.0 (Ambion AM9855G)
100 μL 20X SSC (Ambion AM9763)
Vortex and then transfer 100 μL of this GLOX buffer to another tube, to which add:
-1 μL of the glucose oxidase stock (Sigma G2133-10KU) (Dissolve 37mg in 10mL of
50mM Sodium Acetate, pH ~5.5 (diluted from 3M, pH 5.5 Ambion AM#9740)) for a
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3.7mg/mL stock. Make a bunch of aliquots and store at -80C. Each aliquot is good for
~20+ freeze/thaws.)
- 1 μL of mildly vortexed Catalase suspension, Sigma C3515-10MG (keep at 4C)
The remainder can be used as an equilibration buffer.
Usually GLOX buffer without enzymes can be made in large quantities and kept in
small aliquots at -80.
Microscopy
#1 square coverslip VWR cat No. 48366-089
Grace Bio-Labs Press-to-seal silicone isolater, No PSA SIGMA GBL664504
Round cover glass 8mm diameter, 1.5 Thickness EMS cat# 72296-08
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