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ABSTRACT

Regulation of hlh-2 in the C. elegans proximal somatic gonad

Jee Hun Kim

Cell fate specification is a crucial mechanism for generating different cell types in
complex multicellular organisms. In the larval somatic gonad of C. elegans hermaphrodites, the
anchor cell (AC) is a terminally differentiated cell that coordinates uterine and vulval
development. Four cells in the proximal lineage of Z1 and Z4 precursor cells, Z1.ppa, Z1.ppp,
Z4.aaa, and Z4.aap, are born with the competence for AC fate. The two distal cells, the  cells
(Z1.ppa and Z4.aap), invariably assume the ventral uterine precursor (VU) fate. The two
proximal cells, the a cells (Z1.ppp and Z4.aaa), undergo the AC/VU decision mechanism to
determine which one becomes the AC and the other the third VU. The E protein HLH-2 plays
key and sequential roles in this process. First, HLH-2 endows the o and B cells with the potential
for AC fate. Second, it orchestrates the decision mechanism that determines which of the a cells
become the AC and the third VU. HLH-2 is required for the expression of the Notch gene /in-12
and its ligand /ag-2/DSL, and the interaction of LIN-12 and LAG-2 amplifies /in-12 in one o cell
that becomes the VU whereas the other a cell becomes the AC. In the VUs, HLH-2 is degraded
post-translationally by a ubiquitination-dependent mechanism, whereas it is maintained in the
AC and required for AC functions.

I first tested the hypothesis that /in-12 regulates degradation of HLH-2. I found that in a
lin-12(0) background, in which the AC/VU decision does not occur and both a cells become ACs,

HLH-2 expression is greater in the ACs than in the wild type AC, and greater in /in-12(0) B cells



compared to wild type B cells. My results suggest that /in-12 contributes to degradation of HLH-2
in all four a and B cells.

I then focused on Alh-2 transcription in the proximal gonad. Previous work had
established that HLH-2 begins to be expressed in the parents of a and B cells, Z1.pp and Z4.aa,
and that which parent cell visibly expresses HLH-2 first is predictive of the outcome of the
AC/VU decision; the a cell daughter of the first parent cell to express HLH-2 is biased towards
VU fate. Therefore, the initial activation of 4lh-2 transcription early on in the parents of a and f3
cells has crucial downstream implications for the AC/VU outcome. I identified early activation
elements (EAEs) required for initial transcription of 4/h-2 and mutated them in the endogenous
gene, and showed that it disrupts initial HLH-2 expression in a and 3 cells and their parents and
induces phenotypes consistent with defective AC function. I also showed that similar sequence
elements previously identified in another gene, nhr-67, which is also expressed in o and [ cells
and plays a role in the AC/VU decision, is required for transcription of nir-67 in o and B cells
and that mutation of those sequences in endogenous contexts disrupts its initial expression in o
and [ cells and their parents. I also performed an RNAIi screen and identified several candidate
transcription factors that may regulate the initial transcription of both 4/h-2 and nhr-67 in the
proximal gonad.

hlh-2 transcription, which occurs in o and f cells initially, is diminished in 3 cells and
maintained in the a cells over time. I tested the hypothesis from earlier studies that the difference
between o and [ cells in part reflects activity of the Wnt/B-catenin asymmetry pathway. I found
that endogenous POP-1 is present at asymmetric levels in a and B cell nuclei and that depletion
of its regulator LIT-1, which abolishes the wild type asymmetric pattern of POP-1 accumulation,

results in maintenance of A4/h-2 transcription and elevated HLH-2 expression in the B cells while



not transforming them to AC fate. Finally, I identified regions in //h-2prox that appear to
regulate the continued maintenance of //h-2 transcription after initial expression and /sy-12 to
likely be involved in that role. Thus, my experiments provide greater context into the regulation
of hlh-2 transcription in the proximal somatic gonad from initial onset in the parents of a and 3

cells to later patterning in o and P cells.
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Chapter 1: General Introduction



1.1 Cell fate specification

Cellular specialization is a characteristic feature of complex multicellularity. In
multicellular organisms with distinct tissues, that is, organizations of similar cells that carry out
specific functions, tightly coordinated cellular proliferation, differentiation, programmed cell
death, and migration/invasion managed by a vast array of signal transduction pathways ensure
that the myriad cell types are appropriately specified and located at their correct positions in a
consistent and reproducible manner. In humans, the developmental processes that produce
tissues and organs such as the skin, the brain, and the heart require such processes functioning in
precise clockwork from the moment the single-celled zygote begins to divide. Thus, elucidating
the mechanisms by which developing organisms coordinate the identity, location, and the timing
with which a cell will become terminally differentiated and perform specific functions, called
cell fate specification, is a central aspect of developmental biology. Given that regulation of gene
expression is fundamental to this process, the study of cell fate specification is also intrinsically
tied to the field of genetics as well.
1.2 C. elegans as a model organism for studying cell fate

The free-living nematode species Caenorhabditis elegans was initially isolated and
named in Algiers at the turn of the 20th Century (reviewed in Nigon and Felix, 2017). The idea
of C. elegans as a model organism became widespread with the publishing of the pioneering
work of Sydney Brenner, whose genetic screen in mutagenized animals resulted in the initial
mapping of about a hundred C. elegans genes across its complement of six chromosomes (five
somatic and one sex) (Brenner 1974).

C. elegans is an ideal model organism for studying cell fate. Extensive work on C.

elegans cell lineage revealed that both the embryonic and post-embryonic somatic lineages of C.



elegans are largely invariant (Kimble and Hirsh 1979; Sulston and Horvitz 1977; Sulston et al.
1983). The predictability and reproducibility of cell fate during C. elegans development has
facilitated tracing of cell fate acquisition in various lineages and drawing concrete conclusions
on how individual mutations affect a certain cell or tissue during development. The body of the
animal is also transparent, which allows for easy viewing of C. elegans tissues and cells in vivo
by microscopy without requiring physical sectioning of the samples and/or chemical fixing,
which might affect the sample in the process. The transparent body also permits in vivo
examination and imaging of transgenically expressed fluorescent reporters, which has emerged
as a critical tool for exploring gene expression patterns, expression levels, and protein stability
dynamics. Indeed, the first transgenic expression of the green fluorescent protein (GFP) in
animals was achieved in C. elegans (Chalfie et al. 1994).

Another advantage of C. elegans as a model organism is its ease of maintenance from its
mode of reproduction and short life cycle (reviewed in Altun and Hall 2009). C. elegans somatic
females (XX sex chromosomes) are hermaphrodites that can either self-fertilize or mate with
males (XO sex chromosomes). Therefore, a single isolated hermaphrodite can give rise to a
population of progeny with its particular genotype, which occurs rapidly given that C. elegans
hermaphrodites only take 65 hours from being laid as embryos to laying their own embryos at
20°C. The strain can then be frozen and stored for years in a glycerol solution. Self-fertilized
hermaphrodites generally generate hermaphrodite larvae and rarely sire male progeny (0.1%),
which arise through spontaneous non-disjunction. In contrast, when hermaphrodites reproduce
by mating with males, ~50% of the progeny are males. Therefore, the C. elegans reproductive

system allows for both easy maintenance and storage of a single strain (by “selfing” and freezing



hermaphrodites) and combining of multiple alleles by mating hermaphrodites and males carrying
those genotypes depending on the circumstance.
1.3 Tools for studying gene expression and regulation in C. elegans

Tools to manipulate and alter gene expression in C. elegans have been extensively
developed and tested over the past decades. Methods for transgenic expression, initially the
traditional multi-copy extrachromosomal array method (Mello et al. 1991) and the more recent
single-copy integration methods by CRISPR/Cas9- and transposon-based approaches (Dickinson
et al. 2015; Frokjeer-Jensen et al., 2008; Frokjaer-Jensen et al., 2014) have been explored,
developed, and optimized for use in C. elegans. Protocols that exploit the CRISPR/Cas9 system
for precise, rapid, and versatile alterations to the endogenous genome to generate new mutations
or knock in sequences such as fluorescent tags or degrons have also been developed and
optimized for use in C. elegans (Ghanta and Mello 2020).

RNA interference, which degrades mRNA transcripts and has been co-opted to
selectively knock down gene expression across eukaryotes from fruit fly to human cells, was
initially discovered in and adopted for use in C. elegans (Fire et al. 1998). The convenience of
RNAI delivery method was also improved from directly injecting RNAi mixture into the
hermaphrodite parents to transforming the RNA1 vector into a strain of E. coli bacteria and then
feeding the bacteria to either the hermaphrodite parents of the examined larvae or the larvae
themselves (Timmons and Fire 1998).

Additionally, systems that allow for conditional genetic expression, knock-down, and
knock-out have been developed or adapted to provide additional levels of control in studying C.
elegans. The Cre/lox and Flp/frt recombinase systems, derived from bacteriophages and yeast

respectively, have been adapted for use in C. elegans to allow for tissue-specific excision or



inversion of the target DNA by selectively expressing the recombinase protein in cells or tissues
or interest (reviewed in Hubbard 2015). The Cre/lox system has also been adapted for a recently
developed system that allows for robust tissue-specific expression by relatively weak or transient
drivers of expression, called the flexon system (Shaffer and Greenwald 2022a). The flexon
system inserts a synthetic exon that causes early translation termination and nonsense mediated
mRNA decay that is flanked by lox sites and synthetic introns. Another transgene that selectively
expresses the Cre protein, driven by a tissue-specific promoter, excises the flexon allowing for
the respective gene or transgene to be expressed. A flexon can be inserted into the coding region
of an endogenous gene to permit tissue-specific expression of that gene or into a transgene with a
strong constitutive driver (e.g. promoter fragment of the ribosomal protein gene rps-27
(Ribosomal Protein Small subunit)) for the transgene to be expressed at high levels in tissues
where Cre is expressed.

Another dimension of control in conditional gene expression is time. A signal
transduction pathway might be involved in regulating multiple cell fate outcomes or behaviors in
the same tissue or lineage that occur during different phases of development. In this case,
transgenic protein expression with a tissue-specific promoter could alter earlier developmental
events and make it difficult to study later ones independently. In the auxin-inducible degron
(AID) system, the scaffolding protein TIR1 expressed as a transgene triggers degradation of
proteins that have been tagged with the degron sequence derived from Arabidopsis, in the
presence of a member of the auxin class of plant hormones called indole-3-acetic acid (IAA)
(Nishimura et al. 2009). This system allows for both temporal (by timing the addition of the
auxin hormone) and tissue-specific (by using specific promoters to express the TIR1 protein)

control over protein degradation and has been adapted for use in C. elegans (Zhang et al. 2015).



The original AID system was improved by replacing the original IAA with 5-Ph-IAA (5-phenyl-
indole-3-acetic acid) and using a mutant TIR1 variant (F79G), which was shown to reduce
ligand-independent degradation and achieve efficient degradation of target protein while
requiring a much lower dose compared to IAA (Hills-Muckey et al. 2022).

The AID and flexon approaches can also be combined to achieve tissue-specific depletion
of target protein with relatively weak or transient expression drivers. Wittes and Greenwald
(2024) generated transgenes of both TIR1 and TIR1F79G driven by a strong constitutive
promoter fragment (derived from rps-27) with a flexon insertion, such that those proteins would
be selectively expressed at high levels in tissues where the Cre protein is expressed.

1.4 The life cycle of C. elegans hermaphrodites

Following fertilization, the zygote undergoes several rounds of divisions before the
embryo (around 30 cells) is laid by its hermaphrodite parent (reviewed in Altun and Hall 2009).
Once hatched, the larva undergoes four molts before reaching adulthood, which is used to
separate the developmental stages of larval development, from L1 immediately after hatching
through L4. Under stressed conditions such as overcrowding and lack of food, L1 larvae may
enter a special phase called L2d rather than L2, and if conditions do not improve, become dauer
larvae. Dauer animals are developmentally-arrested and cannot feed but can survive for months.
Upon identification of a favorable condition (with respect to food availability and density), dauer
animals recover into post-dauer L3 larvae and molt into the L4 stage and develop into maturity.
1.5 Hermaphrodite somatic gonad development

The gonad of C. elegans hermaphrodites initially develops from the center of the
organism and extends in both directions (Kimble and Hirsh 1979, reviewed in Herman 2006).

The germline component of the gonad is descended from lineages distinct from the rest of the



gonad from the precursor cells Z2 and Z3, while the somatic component, which generates the
gonadal structure, nurtures the developing germline, and provides connection to the vulva,
descends from the precursor cells Z1 and Z4, which are referred to as the somatic gonad
precursors (SGPs).

The somatic gonad of L1 larvae consists of the Z1 and Z4 precursors. From L1 to L2, the
Z1 and Z4 lineage undergoes three divisions to produce 12 descendants along a mirror-
symmetric axis (Fig. 1). By early L3, the 12 cells are arranged to assume the formation of the
characteristic somatic gonad primordium (Fig. 1). The somatic gonad primordium consists of
two distal tip cells (DTC) on either ends, two dorsal uterine precursor cells (DU), four
spermatheca/sheath precursor cells (SS), three ventral uterine precursor cells (VU), and a single
anchor cell (AC). Two of the cell types, DTCs and the AC, are terminally differentiated
functional cells, while the DUs, the VUs, and the SS cells are precursor blast cells that will
generate the dorsal uterus, the ventral uterus, and the sheath and the spermatheca, respectively.
The single AC is specified from four potential cells (further discussed below), and moves
towards the center of the somatic gonad primordium while the blast cell, a VU, moves either to
the left or to the right (Kimble and Hirsh 1979).

The hermaphrodite DTCs lead the elongation of the gonadal arms in both distal directions
and are also required for nurturing the germline stem cells (Fig. 1; Kimble and Hirsh 1979;
reviewed in Lints and Hall 2009 and in Kimble and Crittendan 2005). From L2 to the mid-L3
larval stage, the DTCs migrate in the distal direction, and then loop around to migrate in the
proximal direction to complete its journey in L4, resulting in a U-shape. The DTCs also provide
a niche to keep the germline stem cells in its proximity in a mitotic state. Germline stem cells

further away from the DTC niche ultimately produce mature sperms and oocytes.



1.6 The Anchor Cell is a critical functional cell in the C. elegans hermaphrodite
reproductive system

The Anchor Cell (AC) is a single terminally differentiated cell located at the center of the
somatic gonad in hermaphrodite larvae. The AC plays several key roles in the development of
the hermaphrodite reproductive system, including the induction of the vulval precursors, the
induction of the pi cell, and the breakdown of the basement membrane that separates the gonad
and the epidermis (reviewed in Sternberg 2005).

The six vulval precursor cells (VPCs) adopt differentiated fates in a pre-specified manner
(3°-3°-2°-1°-2°-3°, anterior to posterior) for development of the vulva, which require signaling
from the AC. The AC produces LIN-3 (abnormal cell LINeage-3), an EGF (epidermal growth
factor)-like ligand protein, which signals the P6.p vulval precursor cell (VPC) via the receptor
tyrosine kinase LET-23 (LEThal-23) to adopt the 1° fate. P6.p then laterally signals, by a LIN-
12/Notch dependent mechanism, to its two adjacent cells to cause them to adopt 2° fates, which
are distinct from the 3° fates adopted by the other three VPCs that generate epidermal cells that
fuse to the hypodermal syncytium hyp7. This precise signaling cascade starting from the AC is
required for the normal formation of the vulval cells.

The AC also facilitates the connection of the uterus and vulva through pi cell induction
and basement membrane invasion. The AC signals six of twelve VU granddaughter cells to
become pi cells, four of whose daughter cells are induced by the vulval cell vulF (which itself is
patterned by the AC) to become the uv1 cells and connect with vulF, thereby connecting the
uterine and vulval cells. The other eight pi cell daughters fuse to form the uterine seam (utse)

syncytium, which the AC ultimately fuses into; the utse structure holds the uterus in place and



forms a hymen membrane separating the uterine and vulval lumens that is broken once the first
embryo passes through.

The AC invasion process degrades the basement membrane secreted by the epithelia of
the uterine and vulval tissues that had separated the two prior to the invasion (Sherwood and
Sternberg 2003; reviewed in Gupta et al. 2012). Upon signaling from the ventral nerve cord by
netrin signaling, the AC forms an invasive membrane adjacent to the basement membrane which
it then uses to degrade the basement membrane and invade across into the vulva. Apparently
taking cues from VulF, the AC proceeds towards the 1° lineage. Once the invasion is complete,
the AC fuses with the utse syncytium as described above to clear the space between the uterine
and vulval lumen.

1.7 The AC-fated cell appears to be stochastically selected from two cells

While C. elegans is well known for its invariant lineage and cell fate, the specification
process of the AC presents a curious exception. Two proximal-most cells that descend from
SGPs out of the twelve-cell primordium cells, Z1.ppp and Z4.aaa, have the possibility of
becoming ACs in a wild type background (Kimble and Hirsh 1979; Fig. 1, 2A). In 50% of wild
type hermaphrodites, Z1.ppp will assume the AC fate, while Z4.aaa will do so in the other 50%
of the animals. Laser ablation of either prior to the formation of the somatic gonad primordium
results in the other cell adopting the AC fate, although such capacity is lost after the formation of
the primordium when the cell has already committed to VU fate (Kimble 1981).

Cell fate outcomes that incorporate stochastic mechanisms can confer diversity of
phenotypes that improve the overall fitness of a population (called “bet-hedging”), such as in a
population of bacteria of the same genotype in which most individuals are fast-dividing but

vulnerable to antibiotics and some individuals are dormant or slow-dividing which may allow



them to outlast antibiotic treatment (reviewed in Johnston and Desplan 2010). However,
stochasticity can also be incorporated to ensure robust and reproducible cell fate outcomes out of
a population of cells with multivalent cell fate potential. The specification process of the AC and
the Drosophila sensory organ precursor (SOP) cells, which are described in further detail in later
sections, involve a pool of cells with initially equivalent potential for bivalent fate outcomes (AC
or VU; SOP or epidermal fate) whose differences are amplified by receptor-ligand interactions
which robustly ensure that only a single AC and SOP from the potential pool are ultimately
specified.
1.8 The sister cells of Z1.ppp and Z4.aaa are also born with potential for AC fate

The sister cells of Z1.ppp and Z4.aaa, Z1.ppa and Z4.aap, were also revealed to
transiently possess the potential for anchor cell fate (Fig. 1). Laser ablation experiments in which
both Z1.ppp and Z4.aaa were ablated soon after they were born can result in an AC being
specified from Z1.ppa or Z4.aap (Seydoux et al. 1990). Ablation of Z1.ppp and Z4.aaa after the
somatic gonad primordium has formed, however, results in a 0 AC phenotype, suggesting that
the potential for AC fate in Z1.ppa or Z4.aap is short-lived. Therefore, the four proximal-most
descendants of Z1 and Z4 out of the 12 cells in the somatic gonad primordium (Z1.ppa, Z1.ppp,
Z4.aaa, Z4.aap) are all initially born with the potential to become the AC, even if in under wild
type conditions only one of either Z1.ppp and Z4.aaa will adopt the AC fate. The two proximal
cells Z1.ppp and Z4.aaa are referred to as the a cells, and while their distal sisters Z1.ppa and
Z4.aap are referred to as B cells (Fig. 1).
1.9 LIN-12 and LAG-2 direct lateral specification of the AC

The Notch receptor is a conserved Class I transmembrane protein initially discovered in

Drosophila melanogaster where its haploinsufficient mutants induced a “notched” wing

10



phenotype (reviewed in Greenwald 2012). Later analysis of homozygous Notch mutants revealed
that lack of Notch induces embryonic lethality and a neurogenic phenotype, where the ectoderm
development is suppressed and more neural cells are specified. C. elegans has two known genes
that encode for Notch receptors, glp-1 (abnormal Germ Line Proliferation) and /in-12 (abnormal
cell LINeage). /in-12 was first identified in a screening experiment for mutations that disrupt
vulval development (Ferguson and Horvitz 1985), and was subsequently identified as a Notch
gene (Yochem et al. 1988). Notch receptors play a key developmental role in biological
functions such as cellular proliferation and differentiation and apoptosis, and mutations in human
Notch proteins have been implicated in diseases such as leukemia, lymphoma, and the vascular
disease CADASIL syndrome (cerebral autosomal dominant arteriopathy with subcortical infarcts
and leukoencephalopathy) (reviewed in Pancewicz and Nicot 2011).

As a Notch receptor, LIN-12 contains an ectodomain that binds to its ligand LAG-2/DSL
(Delta, Serrate, Lag) as well as an intracellular domain (reviewed in Greenwald 2012). The
binding of the ligand to the ectomembrane domain of LIN-12 results in cleavages of the protein
that releases the intracellular domain, which then translocates to the nucleus to associate with the
protein LAG-1/CSL (CBF-1, Su(H), and LAG-1) to activate target gene transcription.

lin-12 is required for the 1 AC outcome observed in wild type hermaphrodite animals.
lin-12(0) mutation induces 2 AC formation from both a cells, whereas dominant hypermorphic
mutants of /in-12 result in those two cells adopting the VU fate with no AC formation
(Greenwald et al. 1983; Fig. 2B, 2C). Mosaics in which one a cell was /in-12(0) and the other
was lin-12(+) always resulted in the /in-12(+) cell adopting the VU fate and the /in-12(0) cell
adopting the AC fate (Seydoux and Greenwald 1989; Fig. 2D). The fact that the /in-12(+) cell

always adopted the VU fate rather than having 50% odds of becoming an AC created an
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interesting picture in which lack of /in-12 in one a cell forcing it to the AC fate in turn appeared
to push the other a cell with /in-12 activity into adopting the VU fate. What is more, ablation of
other somatic gonad cells did not prevent the AC from being specified, suggesting that this
process requires interaction between the two a cells but not the other somatic gonad cells. Loss
of lag-2 also results in a 2 AC phenotype (Lambie and Kimble 1991; Karp and Greenwald 2004;
Fig. 2E), consistent with the idea that the AC/VU decision involves /in-12-mediated interactions
between the two a cells. These findings led to the proposal that there is a feedback mechanism in
which a stochastic difference in /in-12 activity between the a cells biases one of the a cell to
commit to VU fate and the other a cell to AC fate, which was subsequently elaborated upon in
Wilkinson et al. (1994).

Wilkinson et al. (1994) made several key findings that supported the above proposal. The
study found that both /in-12 and its ligand /ag-2 are expressed in both of the a cells initially,
preceding the specification of the AC and the VU, and that /in-12 is restricted to the presumptive
VU whereas lag-2 is restricted to the presumptive AC. Crucially, it found that /in-12 expression
in the presumptive VU is positively autoregulated. These experiments established the lateral
specification paradigm of AC/VU decision in which the difference in levels of initial /in-12
activity between the a cells is amplified by the interaction of LIN-12 and LAG-2 between the
two cells, resulting in amplification of /in-12 by a positive feedback loop in the presumptive VU,
which results in the other a cell adopting the AC fate (Fig. 3). The positive autoregulatory
feedback loop found in /in-12 provided a key explanation for the stochastic but robust outcome-
resolving aspect of the AC/VU decision, in which initial differences in genetic activity, which
may be minor, can be amplified to bias the two cells into always adopting different fate

outcomes.
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1.10 Cell fate specification in Drosophila SOP/epidermal cells is mediated by Notch and
Delta

The question then moved towards the search for the upstream regulators of /in-12 and
lag-2 that orchestrates the AC/VU decision. A similar cell fate specification process to the
AC/VU decision involving Notch and DSL in flies provided a key clue. In D. melanogaster,
Notch plays an important role in the specification of the sensory organ precursor cells (SOP),
which develop into the sensory organs of the Drosophila peripheral nervous system (reviewed in
Simpson 1997). The SOP is specified from a pool of proneural cells with equivalent potential
that also may otherwise be specified for an epidermal fate. The interaction of Notch and its
ligand Delta between these cells amplifies the difference in Notch activity, which may have been
minor initially, such that one cell will have lower Notch level and be specified as the SOP while
the rest of the precursor cells with higher Notch activity adopt epidermal fates (Heitzler and
Simpson 1991). Notch regulation of SOP specification is intimately tied to transcription factors
belonging to the basic-helix-loop-helix family (bHLH), which are described below. I will return
to discussing SOP specification in 1.12.
1.11 Basic helix-loop-helix transcription factors

bHLH proteins comprise a superfamily of transcription factors that contain the
characteristic basic-helix-loop-helix domain consisting of a basic DNA-binding region and two o
helices which contain a loop between them (reviewed in Massari and Murre 2000; reviewed in
Martin et al. 2021). Conserved in animals, plants, and yeast, they are required for developmental
functions in animals such as cell fate specification and differentiation and sex determination. The
basic region of the bLHLH domain binds to DNA binding sites known as E boxes, CANNTG. In

order to bind to E boxes, bHLH proteins must form dimers via their helix-loop-helix regions.
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bHLH proteins can either form homodimers and heterodimers, and various dimers bind different
variations of the E box sequence.

bHLH proteins have been classified based on dimerization properties, protein sequence,
and DNA-binding (Murre et al. 1994). Class I bHLH proteins, also known as E proteins, can
either homodimerize or heterodimerize with other bHLH proteins. In C. elegans, there is a single
Class I bHLH protein, HLH-2. Class II bHLH proteins, which include the Atonal and Achaete-
Scute complex genes in Drosophila, generally form heterodimers with Class I E proteins for
their functions. Class III bHLHs include proteins related to Myc and the microphthalmia-
associated transcription factor Mi, whereas Class IV bHLHs consist of proteins that either
homodimerize or heterodimerize with Myc transcription factors. Class V bHLH proteins lack the
basic DNA binding domain and negatively regulate Class I and Class II bHLH transcription
factors. Class VI bHLH proteins contain a characteristic proline residue in their basic region.
Another group of bHLH proteins, Class VII, was characterized by two tandem PAS-A and PAS-
B (Per in Drosophila, Arnt in humans, and Sim in Drosophila) domains in additional to the
bHLH domain (Crews 1998; reviewed in Massari and Murre 2000).
1.12 bHLH- and Notch-mediated regulation of SOP fate in Drosophila

In Drosophila, AS-C (achaete scute-complex) genes encode multiple Class II bHLH
proteins and their expression is required for the competence to adopt the SOP fate (Romani et al.
1989; reviewed in Ghysen and Dambly-Chaudiere 1988). Later, achaete and scute expression
becomes restricted to the SOP (Cubas et al. 1991). Class Il bHLH proteins encoded by AS-C
dimerize with their Class I bHLH partner protein Daughterless to transcribe Delta, which codes
for the DSL ligand protein in Drosophila (Kunisch et al. 1994). Notch activation in a precursor

cell results in transcription of Enhancer of split complex E(spl)-C genes, which encode Class VI
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bHLH proteins (Bailey and Posakony 1995) that contribute to the transcriptional repression of
AS-C (Oellers et al. 1994). Delta is required for Notch-mediated inhibition of neuronal fate
(Heitzler and Simpson 1993), and Heitzler et al. (1996) described a negative regulatory loop in
which Notch activity represses Delta by activating E(spl)-C which represses 4S-C, and this in
turn prevents that cell from activating Notch and inhibiting neural fate in the neighboring cells.
Thus, bHLH transcription factors are intimately involved in both enabling and contributing to the
Notch-mediated lateral cell fate specification in the Drosophila peripheral nervous system.

1.13 HLH-2 plays a key role throughout the AC specification process and in AC functions

In C. elegans, there is a single Class I bHLH protein (or E protein), HLH-2, which is
encoded by the gene //h-2 and is an ortholog of the Drosophila Daughterless (Krause et al.
1997). hih-2 plays crucial roles in somatic gonad development. At the distal ends of the
hermaphrodite somatic gonad, depletion of 4/h-2 by RNAIi during L1 prevents DTCs from being
generated whereas ectopic expression of 4/h-2 at L1 by a heat shock promoter results in extra
gonadal arm formation, suggesting that 4/h-2 is required for proper DTC specification (Karp and
Greenwald 2004). Class II bHLH proteins HLH-12 and LIN-32 form heterodimers with HLH-2
to redundantly specify the fate of the DTCs in hermaphrodites (Sallee et al. 2017).

In the proximal somatic gonad, HLH-2 is initially expressed in all four cells that are
initially competent for AC fate and their parents and is restricted to the specified AC by the
formation of the L3 somatic gonad primordium (Attner et al. 2019; Sallee et al. 2015; Fig. 4).
HLH-2 has multiple and sequential roles in the AC specification process.

First, hlh-2 is required for endowing cells with the potential for AC fate. Depletion of
hlh-2 by RNAI at L1, before the parents of a and f cells are born, prevents AC formation (Karp

and Greenwald 2004; Fig. 5). An engineered mutation in the 5’ regulatory region of Al/h-2 that
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abrogates GFP::HLH-2 expression in the o and f cells prevents AC formation and therefore
prevents vulval induction, causing a Vulvaless phenotype (Attner et al. 2019). In /in-12(0) and
lag-2(-) animals, which produce a 2 AC phenotype, L1 4lh-2(RNAi) nevertheless results in a 0
AC phenotype, indicating that the requirement of hlh-2 for AC fate is epistatic to /in-12 or lag-2
(Karp and Greenwald 2004).

Second, performing hlh-2(RNAi) during the L2 stage revealed that 4/h-2 plays a distinct
role in the AC/VU decision. hlh-2(L2 RNAi), in contrast to L1 RNA1, sometimes resulted in a 2
AC phenotype (Karp and Greenwald 2003; Fig. 5). lag-2 is a transcriptional target of HLH-2
(Karp and Greenwald 2003) during the AC/VU decision, and the mutation null for 4/A-2 in the
proximal somatic gonad results in the loss of endogenously-tagged LAG-2::GFP and LIN-
12::GFP expression in o and  cells (Attner et al. 2019). The AC/VU decision requires both
LAG-2 and LIN-12 for its resolution, and the lack of both due to lack of 4/h-2 would prevent the
lin-12 feedback loop that specifies the aVU, resulting in a 2 AC phenotype.

Finally, Alh-2 is necessary for the functions of the specified AC. HLH-2 activates the
transcription of /in-3 (LINeage defect), which is required for the vulval patterning function of the
AC (Hwang and Sternberg 2004). h/h-2 is also required for the expression of genes associated
with invasive behavior such as the protocadherin cdh-3 (CaDHerin family) and extracellular
matrix proteins mig-6 (abnormal cell Migration) and him-4 (High Incidence of Males) (Schindler
and Sherwood 2011). Furthermore, it has been suggested that HLH-2 transcriptionally activates
egl-43 (EGgLaying defect), which regulates the breakdown of the basement membrane during
AC invasion and was found to be an upstream regulator of him-4 (Hwang et al. 2007).

1.14 HLH-2 is post-translationally regulated in the VUs
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GFP::HLH-2 fusion protein driven by the 5’ regulatory sequence of 4/h-2 called hlh-
2prox is initially expressed in all four o and 3 cells before being subsequently restricted to the
specified AC (Sallee and Greenwald 2015). However, this restriction to the AC was not found in
transgenes that are driven by the same A/h-2 promoter but rather expressed GFP only (Sallee and
Greenwald 2015). Given that these transgenes lacked hl/h-2 3’ UTR or hlh-2 introns, this finding
suggested that the HLH-2 protein itself is regulated at the post-translational level by being
actively degraded in the VUs. Sallee and Greenwald (2015) found that HLH-2 homodimerization
is not only required for its regulatory role in AC specification and function but also for its
degradation in the VUs, which is consistent with the hypothesis that it is regulated post-
translationally. As HLH-2 is degraded in the VUs but maintained in the AC, this raised the
possibility that a LIN-12 target may mediate degradation of HLH-2 in the VUs.

The ubiquitination-proteasome system is a conserved pathway that mediates selective
protein degradation, including in C. elegans (reviewed in Kipreos 2005). In this pathway, the
attachment of the ubiquitin (Ub) peptide to the target protein marks it for degradation by the 26S
proteasome (although Ub conjugation can also lead to non-degradation protein modifications in
other contexts). A ubiquitin-activating enzyme (E1), for which the sole C. elegans ortholog is
uba-1, binds the Ub peptide and transfers it to a ubiquitin-conjugating enzyme (E2), which in
turn becomes bound to the Ub-protein ligase (E3) which also binds the substrate protein. The Ub
peptide is then transferred to the substrate protein. Multiple such E2-E3 interactions generate a
poly-Ub chain conjugated to the substrate protein that can be recognized by the 26S proteasome.

An RNAI screen of ubiquitin-related genes found multiple genes whose depletion
appeared to stabilize endogenous GFP::HLH-2 expression in the VUs, including the sole C.

elegans E1 enzyme uba-1 (UBA related) and the E3 ligase CUL-4 based complex-associated
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protein ddb-1 (UV-Damaged DNA Binding protein) (Benavidez et al. 2022). Taken together
with the finding from Sallee and Greenwald (2015) that RNAi depletion of proteasome
components also prevent degradation of transgenic GFP::HLH-2 in VUs, it is likely that the
ubiquitination-proteasome pathway contributes to HLH-2 degradation in VUs. However,
stabilization of HLH-2 by depleting ubiquitin-related genes did not produce ectopic ACs, which
might be because HLH-2 is inactivated in VUs or other factors besides HLH-2 are required for
AC fate (Benavidez et al. 2022).

1.15 Relative time of onset of HLH-2 in the parents of the a cells is a key predictor of
AC/VU decision outcome

At a population level, whether Z1.ppp or Z4.aaa becomes the AC is a 50/50 random
outcome. However, high-throughput lineage analysis using microfluidic devices discovered that
the relative time of the initial visualization of HLH-2 in the parents of o and 3 cells predicts the
outcome of the AC/VU decision (Attner et al. 2019).

Temporally speaking, the two a cells can be born closer or further apart. When the birth
time difference is relatively great (over 30 minutes at 20°C and 24 minutes at 25°C), the earlier-
born a cell is biased towards the VU fate, with the other a cell becoming the AC. When the birth
time difference is smaller, the outcome of the AC/VU decision appears random with respect to
birth order. However, lineage analysis of GFP::HLH-2 expression revealed that the onset timing
of GFP::HLH-2 in larvae with short birth-time difference was predictive of the AC/VU outcome:
the parent cell that expressed GFP::HLH-2 first was highly predictive that its daughter a cell
would adopt the VU fate. In other words, the onset timing of GFP::HLH-2 in the parent cells is a
key predictor in the outcome of the AC/VU decision. These findings suggested a model in which

relatively earlier onset of HLH-2 expression provides an edge in /in-12 activation in its daughter
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a cell which predisposes it to a VU fate (Fig. 6). Given that GFP::LIN-12 protein expression was
not detected in the parents of the a and [ cells, it was proposed that the parent cell with an edge
in onset of HLH-2 provides the daughter a cell with a greater accumulation of legacy /in-12
transcripts or an advantage in transcribing /in-12.
1.16 The hlh-2prox regulatory sequence is necessary and sufficient for 4/h-2 transcriptional
patterning in the proximal gonad

In the proximal somatic gonad, 4/h-2 is initially transcribed in the parents of a and B cells
and subsequently in the o and f cells. Sallee and Greenwald (2015) had found that the 5253 bp
sequence upstream of the 4/h-2 ATG is sufficient to drive transcription in the AC, VUs, and the
DTCs. Furthermore, Sallee and Greenwald (2015) identified the first 327 bases of this sequence
as sufficient to drive hlh-2 expression in the o and  cells and the specified AC in a transgene
context. This element is called Alh-2prox. An endogenous deletion mutation, Aprox, removes
207 bp of hlh-2prox and abrogates endogenously-tagged GFP::HLH-2 expression in the
proximal gonad and produces a Vulvaless phenotype, which would be expected for animals that
do not specify an AC (Attner et al. 2019). Therefore, any genetic analysis of Alh-2 transcription
in the a and B cells, their parents, and in AC specification would necessarily start with further
analysis of hlh-2prox.
1.17 The fates of a and P cells are differently regulated

Whereas all four a and 3 cells are initially born with the potential for AC fate, f cells
always become VUs in wild type. This suggests the existence of a robust mechanism that creates
differences between a and f cells such that 3 cells always lose AC potential whereas o cells
maintain it until the resolution of the AC/VU decision. Laser ablation experiments have shown

that AC potential is maintained for longer in a cells (Seydoux et al. 1990). Ablation of a cells
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right after the four cells are born in the early L2 stage results in AC fate being taken up by their
sister B cells, whereas ablation of a cells later on in the L2 stage just before the formation of the
somatic gonad primordium results in no B cells adopting the AC fate. Ablation of an a cell at that
late L2 stage when 3 cells no longer have AC potential still results in the other a cell adopting
the AC fate. Therefore, there are likely mechanisms that abrogate the ability of B cells to adopt
the AC fate early on, whether it is achieved by asymmetric division, external signaling, or
contribution from both. /in-12 activity contributes to this phenomenon; in laser ablation
experiments, 3 cells retained the potential for AC fate for longer in a /in-12(0) background
compared to a /in-12(+) background when both a cells were ablated (Seydoux et al. 1990). In
other words, /in-12 activity in the 3 cells may robustly ensure that they become VUs.

However, 3 cells possess /in-12-independent mechanisms that promote VU fate as well.
In /in-12(0) animals, both a cells always adopt the AC fate whereas B cells only rarely do so
(5%) at 20°C. At, 25°C, the proportion of B cells that adopt AC fate rises significantly such that
50% of animals have three or four ACs (Sallee et al. 2015). These results suggest that  cells
have an extra layer of redundant and temperature-sensitive regulation that a cells lack which
ensure that  cells generally adopt the VU fate even in the absence of /in-12.
1.18 A variant Wnt signaling pathway regulates asymmetric cell divisions in C. elegans

The Wnt (Drosophila Wingless and the mouse int-1) signaling pathway is a highly-
conserved mechanism in metazoans that regulates cell fate, proliferation, polarity, and
differentiation. Mutations in Wnt pathway genes have been associated with multiple diseases in
humans including birth defects and cancers (reviewed in MacDonald et al. 2009).

The Wnt/B-catenin asymmetry (WBA) pathway, as implied by the name, is a variant Wnt

signaling pathway that controls asymmetric cell divisions in many different tissues during C.
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elegans development, including the first division of Z1 and Z4, the SGP precursors, which sets
up the proximal-distal axis of the somatic gonad, as described below (reviewed in Sawa and
Korswagen 2013 and Lam and Phillips 2017). Interestingly, the key mechanism of the
asymmetry pathway appears to be the asymmetric expression pattern of Wnt pathway
components, including the TCF/LEF protein, for which POP-1 (POsterior Pharynx defect) is the
sole C. elegans ortholog, in the daughter cells, rather than whether B-catenin is destroyed or not.

The complex model of polarization and asymmetric division process in the WA pathway
can be summarized as the following (Fig. 6; reviewed in Sawa and Korswagen 2013): the Wnt
receptor LIN-17/Frizzled and DSH-1/Dishevelled are polarized to the posterior of the cell that is
receiving the Wnt signaling, whereas B-catenins WRM-1, SYS-1, as well as the destruction
complex members APC-1/APC, PRY-1/Axin, and the Nemo-like kinase (NLK) LIT-1 are
polarized to the anterior (Fig. 7). During telophase, LIT-1, WRM-1, and SYS-1 localize to the
posterior nucleus while POP-1 levels are asymmetrically higher in the anterior nucleus (Fig. 7).

In the L1 hermaphrodite somatic gonad, the division of the somatic gonad precursors Z1
and Z4 establishes the proximal-distal axis. The distal daughters, Z1.a and Z4.a, divide to give
rise to the distal tip cells (DTCs), which lead the migratory outgrowth of the somatic gonad. The
WA pathway is crucial for the distinct lineage of Z1.a and Z4.p from their proximal siblings
Z1.p and Z4.a, respectively. Mutation of either POP-1 or SYS-1/B-catenin result in a Sys
(Symmetrical Sisters) phenotype, in which Z1 and Z4 cells divide symmetrically such that both
of their daughters adopt a proximal fate, resulting in lack of DTCs and multiple ACs (Miskowski
et al. 2001; Siegfried and Kimble 2002).

Nuclear POP-1 levels are asymmetric between the daughters of Z1 and Z4 and are lower

in the distal daughter (Siegfried et al. 2004). Counterintuitively, it has been found that daughter
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cells of asymmetric divisions that require pop-1 for their cell fate express lower levels of nuclear
POP-1 compared to their sister cells. It is thought that POP-1 interacts with SYS-1 for its role as
an activator of transcription, and that relatively lower levels of POP-1 increase the ratio of
nuclear POP-1 proteins that are bound to SYS-1 and favor transcription of POP-1 target genes as
opposed to unbound POP-1 that represses transcription of POP-1 targets (reviewed in Lam and
Phillips 2017). Indeed, SYS-1 expression in the daughters of Z1 and Z4 is asymmetric and
reciprocal to that of POP-1, being readily detected in the distal daughters of Z1 and Z4 but rarely
seen in the proximal daughters (Phillips et al. 2007).

Hermaphrodite larvae that lack the germline precursors Z2 and Z3 by a mutation in mes-/
(Maternal Effect Sterile) show defective polarity of Z1 and Z4 cell division, suggesting that the
germline precursors may provide a source of the polarizing signal (Yamamoto et al. 2011).
However, the same study found that quintuple mutants of all known Wnts genes do not abrogate
the proximal-distal asymmetric fates of their daughters, suggesting that Z1 and Z4 polarization
may not be dependent on external Wnt signaling after all.

However, a recent study discovered that the polarization of Z1 and Z4 is at least in part
mediated by Wnt signal transduction. For a long time, it had been known that lack of the Wnt
receptor /in-17/Frizzled induces only a mild defect in Z1 and Z4 polarity (Sternberg and Horvitz
1988). As mentioned above, Wnt quintuple mutants do not alter this outcome as well. However,
compound mutants of /in-17 and Wnt genes such as cwn-1 (C. elegans WNT family), cwn-2, and
egl-20 were found to result in severe defects to Z1 and Z4 asymmetric division as evidenced by
defects in DTC formation (So et al. 2024). /in-17’s redundant role was found to not require its
Wnt binding domain, indicating that the pathway it acts through is not dependent on external

Wnt signaling. Double mutation of /in-17 with another Frizzled ortholog mom-5 also induced
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completely penetrant DTC defects, suggesting that the Wnt-dependent aspect of Z1 and Z4
polarity regulation may be mediated by the MOM-5 receptor. Given previous results where the
lack of Z2 and Z3 germline progenitors resulted in defective Z1 and Z4 polarity, it remains a
possibility that the germline contributes Wnt and possibly non-Wnt signaling for polarization of
Z1 and Z4 cells.

1.19 Wnt/B-catenin asymmetry pathway promotes VU fate in f cells

The role of the WBA pathway in the asymmetric fates of Z1 and Z4 daughters raised the
possibility that it may contribute to the asymmetric fates of a and B cells. However, the Sys
phenotype of sys-1 or pop-1, in which the distal daughters of Z1 and Z4 adopt the “proximal”
fate rather than give rise to the DTCs and produce extra ACs (Miskowski et al. 2001; Siegfried
and Kimble 2002), had made it difficult to study this possibility through mutant alleles. The
discovery of the hlh-2prox element permitted tissue-specific expression of POP-1 to bypass this
initial phenomenon, as /4/h-2 in the proximal somatic gonad is not transcribed until the birth of
the parents of the o and P cells.

Expression analysis of a multicopy array in which Alh-2prox was used to express
GFP::POP-1 fusion protein in the proximal somatic gonad found that GFP::POP-1 is
asymmetrically accumulated between sister cells, such that its level in an a cell is greater than in
the sister P cell, which is reminiscent of the POP-1 asymmetry observed in Z1 and Z4 daughters
(Sallee et al. 2015). Moreover, expression of the 4/h-2prox-driven GFP::POP-1 multicopy array
at 25 °C in a lin-12(0) background significantly increased the incidence of B cells adopting AC
fate compared with control GFP arrays. This suggests a model of redundant regulation in which
both /in-12 activity and Wnt signaling (as modulated by asymmetric levels of POP-1) promote

VU fate in f cells.
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1.20 The 7! ortholog nhr-67 regulates proximal somatic gonad development

The transcription factor NHR-67, the C. elegans ortholog of the Drosophila nuclear
receptor transcription factor Tailless (T1l) and the human TLX, has also been implicated in the
AC specification process. Depletion of nhr-67 by RNAI results in developmental slowdown as
well as defects in egg-laying and vulval development (Gissendanner et al. 2004). Mutations
within the coding region of nhr-67 are lethal, but viable, overlapping mutations in the 5’
upstream regions of nhr-67 between 1200 bp and 1700 bp prior to the ATG cause protruding
vulval (“Pvul”) and egg-laying (“Egl”) defects (Verghese et al. 2011). The allele nhr-67(pf88)
showed the strongest mutant phenotype and will feature in Chapter 3.

In the proximal somatic gonad, endogenously-tagged NHR-67::GFP is observed in the a
and B cells and sometimes reportedly in their parent cells (Medwig-Kinney et al. 2023). Both
nhr-67(pf88) and nhr-67(RNAi) cause a 2 AC phenotype (Verghese et al. 2011). Therefore, it has
been suggested that nhr-67 is required for either production of a VU-promoting signal from the
AC-fated cell (e.g. LAG-2) or receiving the VU signal in the VU-fated cell (e.g. LIN-12)
(Verghese et al. 2011). In nhr-67(pf88) and nhr-67(pf159) animals, lin-12::gfp is either
undetectable or very weakly expressed in the a and [ cells, while lag-2::yfp was found to be
either absent or downregulated in nhr-67(RNAi) conditions in L3, indicating the possibility that
nhr-67 may affect the expression or maintenance of both lag-2 and lin-12. However, it has not
yet been determined whether the loss of /in-12 is due to nhr-67 being specifically required for
lin-12 expression or because lack of nhr-67 alters the fate of the proximal gonad cells.
Furthermore, negative RNAI results in which hlh-2(RNAi) and nhr-67(RNAi) did not prevent
expression of NHR-67::GFP and GFP::HLH-2, respectively, in the proximal gonad suggested

that their initial expression may occur independently of each other (Medwig-Kinney et al. 2020).
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Following the AC/VU decision, endogenous NHR-67::GFP is higher in the AC than in
the three VUs (Medwig-Kinney et al. 2023). It has been suggested that HLH-2 activity
upregulates NHR-67 in the AC due to the conserved E boxes located in the enhancer element
(which are lost in the hypomorphic mutants) upstream of nhr-67 (Bodofsky et al. 2018).

In the specified AC, nhr-67 plays an important role in maintenance of the characteristic
of the AC as a terminally-differentiated and invasive functional cell. In contrast to the AC in a
wild type background in which it no longer divides and invades the basement membrane, the AC
in nhr-67-deficient animals instead proliferates (Matus et al. 2015) and loses expression of
markers of invasive differentiation such as the matrix metalloproteinases zmp-1, zmp-3, and zmp-
6, and the histone deacetylase hda-1. More specifically, nhr-67 induces G1 cell cycle arrest in
AC through the C. elegans ortholog of the Cip/Kip family CDK inhibitor cki-1, and this cell
cycle arrest was found to be required for the AC to acquire the features for its invasive functions
such as the invadopodia, which breaches the basement membrane (Matus et al. 2015). Early
markers of AC specification, such as the cadherin cdh-3 and the integrin pat-3, were still
expressed in the nhr-67-lacking AC, adding support to the hypothesis that nar-67 promotes AC
function in part by blocking cell cycle progression in the specified AC (Matus et al. 2015).

The similarities and differences between the regulation of nhr-67 and hlh-2 are striking.
Like HLH-2, NHR-67 is expressed in the a and B cells, reportedly in the parents, and is higher in
the AC than the VUs. Like hlh-2, lack of nhr-67 results in AC specification defects. However,
unlike Alh-2, nhr-67 is not required for AC competence and its mutation causes a distinct
multiple proliferating AC phenotype. In Chapter 3, I investigate 4/h-2 and nhr-67 in parallel and

explore the possibility that their initial expressions are co-regulated through similar sites.
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Figure 1: Development of the C. elegans hermaphrodite somatic gonad primordium

After hatching, the somatic gonad of a C. elegans hermaphrodite larva consists of two precursors
Z1 and Z4. In L1 and L2, the two cells undergo three rounds of mirror-symmetric divisions into
the twelve cells of the somatic gonad primordium. The distal-most granddaughters of Z1 and Z4,
Z1.aa and Z4.pp, are specified as distal tip cells (DTC) and lead the outgrowth of the gonad
distally, and also functions to maintain stem cell potential of the germline. In the proximal
lineage, the daughters of Z1.pp and Z4.aa are initially born with the potential for anchor cell
(AC) fate, a single terminally-differentiated cell that functions in vulval patterning and
connecting the developing uterus and vulval structures. The distal daughters, Z1.ppa and Z4.aap,
rapidly lose potential for AC fate after birth and constitutively acquire ventral uterine precursor
cell (VU) fates, and are referred to as B cells. In a population of wild type C. elegans
hermaphrodites, 50% of the animals have their AC specified from Z1.ppp and the other 50%
from Z4.aaa, with the non-AC cell becoming the third VU. Therefore, the lineage of Z1.ppp and
Z4.aaa have the same genetic competence and potential for AC fate, and they are referred to as
the a cells. AC fate is determined by a lateral specification process called the AC/VU decision,
and by the formation of the somatic gonad primordium in L3, the outcome has been determined.
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Figure 2: lin-12 and lag-2 are required for AC specification

a) In wild type animals, one AC and one VU are specified from the two a cells Z1.ppp and
Z4.aaa. In 50% of hermaphrodites, the AC is specified from Z1.ppp and in the other 50%, the
AC is specified from Z4.aaa. b) In /in-12(0) animals, both a cells become ACs. ¢) In lin-12(d)
animals, both a cells become VUs. d) In mosaic animals in which one a cell is /in-12(0) and the
other is lin-12(+), the lin-12(+) cell always becomes the VU and the /in-12(0) cell always
becomes the AC. e) In animals that lack /ag-2 (i.e. temperature sensitive mutant at non-
permissive temperature), both a cells become ACs.
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Figure 3
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Figure 3: The AC/VU decision is a LIN-12/Notch-driven process

A single AC is specified from the two a cells in an apparently stochastic process called the
AC/VU decision. Both a cells initially express /in-12 and /lag-2, which encode a Notch receptor
and its ligand DSL, respectively. /in-12 is positively autoregulated by binding of LAG-2 from the
other a cell to the LIN-12 receptor at the membrane, which results in the cleavages of the LIN-12
protein and translocation of its intracellular domain to the nucleus which results in more /in-12
activity. Small differences in initial /in-12 activity are amplified by this positive autoregulation,
and /ag-2 activity is also downregulated in the cell where this positive feedback loop is active.
The o cell with the amplified /in-72 commits to VU fate, while the other cell, with lag-2 activity,
becomes the AC.
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Figure 4
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Figure 4: HLH-2 is expressed in cells with AC potential and progressively restricted to the
AC

The E protein HLH-2 is expressed in the proximal gonad initially in Z1.pp and Z4.aa, the parents
of the a and P cells, after they are born and continues to be expressed in the a and B cells. Over
time, HLH-2 expression is lost in the VUs and remains on in the AC, where it is required for
AC’s basement membrane invasion. hlh-2 transcription is reported to remain on in the aVU, and
HLH-2 protein is degraded in the VUs by a proteasome-dependent mechanism.
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Figure 5
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Figure 5: HLH-2 plays key sequential roles in the specification of the AC

hlh-2 is required for the wild type AC specification pattern and plays a sequential role in this
process. Lack of hlh-2, whether by a proximal gonad null mutant or RNAI, prior to its expression
in the a and B cells, results in all four cells acquiring VU fates, indicating that /4/h-2 is required
for endowment of AC potential to o and P cells. 4/h-2(RNAi) that can target hlh-2 expression
after its initial expression in the o and [ cells, on the other hand, can result in incidence of 2 AC
phenotypes in which both a cells acquire AC fates, suggesting that 4/A-2 has a role in the AC/VU
decision. A/h-2 is required for both LIN-12 and LAG-2 and has been suggested to be a
transcriptionally activator of /ag-2.
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Figure 6
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Figure 6: Order of onset of HLH-2 expression predicts AC/VU decision outcome
In hermaphrodites in which the a cells are born further apart temporally (over 30 minutes at
20°C and 24 minutes at 25°C), the earlier born a cell is biased towards the VU fate. In
hermaphrodites with shorter birth time differences, the a cell daughter of the parent cell that was
observed to express endogenously-tagged GFP::HLH-2 earlier is biased towards the VU fate.
The time between birth and the observed onset of GFP::HLH-2 in the parent cells was found to
be regular, suggesting that the observation on birth order bias is likely related to the observation
of HLH-2 expression order-bias. The earlier HLH-2 onset may grant an edge in /in-12 activation
that is passed down to the a cell daughter. The Notch-DSL interaction would then amplify this
initial difference, and the amplified /in-12 activity in that a cell by autoregulation would result in
repression of 4/h-2 and adoption of VU fate.
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Figure 7
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Figure 7: Wnt/p-catenin asymmetry pathway regulates asymmetric cell divisions

The diagram here describes the currently understood model of asymmetric division in the WBA
pathway. External Wnt signaling from the posterior side of the parent cell polarizes the cell such
that the Frizzled and Disheveled proteins, which in the canonical Wnt pathway are involved in
reception of the Wnt signal, is polarized towards the signal in the posterior cortex. Meanwhile, 3-
catenin destruction complex proteins such as PRY-1/Axin and APR-1/APC and B-catenin WRM-
1, as well as the worm Nemo-like kinase LIT-1, are polarized towards the opposite end at the
anterior cortex. During telophase of the asymmetric division, LIT-1, WRM-1, and another (-
catenin SYS-1 is asymmetrically higher in the posterior nascent nucleus, whereas POP-1 is
asymmetrically higher in the anterior nascent nucleus. LIT-1 forms a complex with WRM-1 and
phosphorylates POP-1 to induce its extranuclear transport by PAR-5, which keeps nuclear POP-1
levels low. In the asymmetrically divided daughters, the lineage that requires the Wnt effector
TCF POP-1 counterintuitively has asymmetrically lower nuclear POP-1 levels. It is thought that
asymmetrically lower POP-1 level is more favorable for binding to SYS-1 for transcriptional
activation of POP-1 targets, whereas such transcriptional activation is inactive or repressed in the
sister nucleus with high POP-1 levels.
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Chapter 2: Influences of HLH-2 stability on anchor cell fate specification during

Caenorhabditis elegans gonadogenesis

Jee Hun Kim provided all data for Figure 1 and contributed to the writing of the publication.
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Abstract

The Caenorhabditis elegans E protein ortholog HLH-2 is required for the specification and function of the anchor cell, a unique, terminally
differentiated somatic gonad cell that organizes uterine and vulval development. Initially, 4 cells—2 o cells and their sisters, the f§ cells—
have the potential to be the sole anchor cell. The f cells rapidly lose anchor cell potential and invariably become ventral uterine precursor
cells, while the 2 « cells interact via LIN-12/Notch to resolve which will be the anchor cell and which will become another ventral uterine
precursor cell. HLH-2 protein stability is dynamically regulated in cells with anchor cell potential; initially present in all 4 cells, HLH-2 is de-
graded in presumptive ventral uterine precursor cells while remaining stable in the anchor cell. Here, we demonstrate that stability of HLH-
2 protein is regulated by the activity of lin-12/Notch in both o and f cells. Our analysis provides evidence that activation of LIN-12 pro-
motes degradation of HLH-2 as part of a negative feedback loop during the anchor cell/ventral uterine precursor cell decision by the «
cells, and that absence of [in-12 activity in § cells increases HLH-2 stability and may account for their propensity to adopt the anchor cell
fate in a lin-12 null background. We also performed an RNA interference screen of 232 ubiquitin-related genes and identified 7 genes that
contribute to HLH-2 degradation in ventral uterine precursor cells; however, stabilizing HLH-2 by depleting ubiquitin ligases in a lin-12(+)
background does not result in supemumerary anchor cells, suggesting that LIN-12 activation does not oppose hlh-2 activity solely by caus-
ing HLH-2 protein degradation. Finally, we provide evidence for [in-12-independent transcriptional regulation of hlh-2in f8 cells that corre-
lates with known differences in POP-1/TCF levels and anchor cell potential between « and f cells. Together, our results indicate that hlh-2
activity is regulated at multiple levels to restrict the anchor cell fate to a single cell.

Keywords: HLH-2; gonad; C. elegans; ubiquitin ligase; cell fate

Introduction invariably become VUs, while the 2 o cells remain bipotential
until LIN-12/Notch-mediated lateral specification resolves which
will be the AC (Kimble 1981; Seydoux and Greenwald 1989;
Seydoux et al. 1990).

Loss of lin-12 activity has different consequences for « and p
cell fate specification. In lin-12(0) mutants, both o cells become
ACs, indicating that the oVU fate depends on lin-12 activity.
However, the BVU fate does not strictly depend on lin-12 activity;
instead, the requirement is heat-sensitive, such that in a lin-12
null [lin-12(0)] mutant, many B cells become ACs at higher tem-
peratures while at lower temperatures, most f cells become VUs

The Caenorhabditis elegans hermaphrodite gonad develops post-
embryonically from a gonad primordium that contains 2 somatic
progenitors and 2 germline progenitors at hatching (Kimble and
Hirsh 1979). The first phase of C. elegans gonadogenesis begins
with the division of 2 progenitor cells, Z1 and Z4, during the first
larval (L1) stage, and ends with the rearrangement of their 12
descendants during formation of the somatic gonad primordium
in the L2 stage (Kimble and Hirsh 1979). After the somatic primor-
dium has formed, the 2 distal tip cells (DTCs) remain positioned

at each distal end to lead extension of the gonad arms and nur-
ture the germline stem cells, while the remaining somatic cells
have coalesced in the proximal region. These cells include 3 ven-
tral uterine precursor cells (VUs), which remain quiescent until
the L3 stage, and a single terminally differentiated anchor cell
(AC), a specialized ventral uterine cell that organizes subsequent
development of the uterus and vulva. While the somatic
primordium is forming, 4 proximal cells—2 o and 2 B cells
(Fig. 1a)—initially have the potential to be the AC (Seydoux et al.
1990). The B cells soon lose the potential to be an AC and

(Sallee et al. 2015). Furthermore, in lin-12(0) mutants, p cells retain
the potential to be ACs much longer than in a wild-type her-
maphrodite, well into the L3 stage (Seydoux et al. 1990; Sallee
et al. 2015). The difference in AC potential between o and B cells
also appears influenced by POP-1/TCF, which accumulates differ-
entially in o and B cells (Sallee et al. 2015).

The sole C. elegans E protein, HLH-2, plays 2 distinct roles dur-
ing ventral uterine fate patterning: hlh-2 is first required to endow
the 2 o and 2 P cells with the potential to be the AC and then to
drive expression of the gene encoding the Notch ligand, lag-2,
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Fig. 1. GFP:HLH-2 accumulates to a higher level in o and B cells in a lin-12(0) background. a) Schematic representation of the progression of o and p cell
specification and the associated pattern of GFP::HLH-2 accumulation. Left, the o and p cells initially have the potential to be an AC; in a lin-12(+)
background, the B cells rapidly lose this potential, and the o cells maintain it, requiring the lin-12-mediated AC/VU decision to resolve which o cell will
be the AC. Right, endogenous GFP::HLH-2 is initially visible in the o and B cells, then becomes progressively restricted, first to both o cells, then to the
AC. b) Representative photomicrographs showing GFP::HLH-2 levels (green) and expression of a somatic gonad marker, arTi145[ckb-3p::mCherry-h2b]
(magenta) in lin-12(+) and lin-12(0) backgrounds. All images are maximum projections of z-stacks collected using a spinning disc confocal microscope.
Scale bars are 5 pm. c) Cell fates in lin-12(+) and lin-12(0) hermaphrodites grown at 20. Left, the proportion of hermaphrodites with the number of ACs
indicated; right, the proportion of  cells that adopt AC or VU fates. n for each experiment is noted atop each respective bar. As most p cells are VUs,
differences in GFP::HLH-2 accumulation between lin-12(+) and lin-12(0) described in E-G are not due to cell fate transformations, as confirmed by
correcting for inferred transformations based on these data as described. d) Comparison of GFP::HLH-2 levels in the inferred presumptive ACs and «VUs
of lin-12(+). For this comparison, the cell fates in each individual was inferred based on the differential expression of GFP::HLH-2, with the cell
expressing higher levels of GFP in any given individual inferred to be the AC. ) Comparison of GFP::HLH-2 levels in the o cells of lin-12(+) and lin-12(0),
inferred VUs (white with black outline) were excluded from statistical analysis to avoid comparing cells of different fates. Note that even excluding
inferred VUs, lin-12(0) ACs still have a higher level of GFP::HLH-2 than lin-12(+) ACs. f) Comparison of GFP::HLH-2 levels in the B cells of lin-12(+) and lin-
12(0). The top 10% of B cells in lin-12(0) (white with black outline) are likely to be supernumerary ACs (see C), and were excluded from the statistical
analysis. Note that the remaining lin-12(0) B cells have a higher level of GFP::HLH-2 than lin-12(+) ACs. g) Comparison of o and B cells within lin-12(+)
(left) or lin-12(0) (right) reveals that the difference between o and f cells does not depend on lin-12 activity. In a lin-12(0) background, p cells have a lower
level of GFP::HLH-2 than o cells. In a lin-12(+) background, «VUs and BVUs both experience lin-12 activity and resulting degradation of GFP::HLH-2, but o
cells still have a higher level of GFP::HLH-2 than B cells. Statistical tests for d-g were Mann-Whitney U-tests. **P <0.01, **P < 0.001, ***P < 0.0001. Black
lines represent the mean GFP::HLH-2 fluorescence, and red error bars are 95% confidence intervals.

during the AC/VU decision by the a cells (Karp and Greenwald Greenwald 2015). In addition, the pattern of HLH-2 protein accu-
2003, 2004). E proteins are obligate dimers, and for all of these mulation in the proximal region of the developing gonad reflects
roles, HLH-2 appears to function as a homodimer (Sallee and these different roles: initially expressed in the 2 o and 2 B cells,

36

$20Z Jeqwadaq || uo Jesn saueliqi AlsiaAiun eiquiniod Aq 9080259/8202eM /2L /elonue/jeulnolg6/woo dno olwepeose)/:sdny Woly papeojumod



J. M. Benavidezetal. | 3

transgenic or endogenously tagged HLH-2 becomes restricted
first to the 2 o cells, and then finally to the AC (Karp and
Greenwald, 2003; Sallee and Greenwald, 2015; Attner et al. 2019;
schematized in Fig. la). Moreover, the temporal expression of
HLH-2 in the parents of the a cells also influences their fates: the
first parent that expresses HLH-2 appears to endow its o daughter
with an edge in LIN-12 activation (Attner et al. 2019). The regula-
tion of HLH-2 expression and stability therefore appears inti-
mately linked with a robust and reproducible cell fate patterning
outcome.

Two inputs into regulation of HLH-2 expression and stability
during ventral uterine fate patterning have been described thus
far. First, a regulatory element called “hlh-2prox” is necessary and
sufficient to drive expression in the o and B cells and their
parents; deletion of this element results in all 4 cells becoming
VUs because they are never endowed with the potential to be an
AC (Sallee and Greenwald 2015; Attner et al. 2019). Second, HLH-2
is post-translationally degraded in VUs (Sallee and Greenwald
2015). Moreover, dimerization drives turnover in the VUs because
mutations in the dimerization domain lead to stabilization of
HLH-2 in the VUs; remarkably, the human E2A proteins E12 and
E47 display similar dimerization-driven degradation in VUs, sug-
gesting that this regulatory mechanism is conserved. This
dimerization-driven degradation process may depend on protea-
some activity, since depletion of proteasome components stabil-
izes HLH-2 in VUs (Sallee and Greenwald 2015). Proteasome-
dependent degradation of HLH-2 was hypothesized to be part of a
negative feedback loop that helps resolve the AC/VU decision, in
which activation of LIN-12 leads to degradation of HLH-2, the
transcription factor that drives lag-2 expression in the AC (Karp
and Greenwald 2003; Sallee and Greenwald 2015).

Here, we describe further investigations into the regulation of
HLH-2 expression, stability, and activity during ventral uterine
fate patterning. Our analysis indicates that lin-12 activity leads to
degradation of HLH-2 in the o cells, providing evidence for the hy-
pothesized connection in the negative feedback loop in the pre-
sumptive oVU. We also show that lin-12 activity leads to
degradation of HLH-2 in the B cells, suggesting that ectopic stabi-
lization of HLH-2 in B cells in a lin-12(0) background may cause B
cells to adopt the AC fate. We performed a targeted RNA interfer-
ence (RNAI) screen of 232 ubiquitin-related genes and identified 7
genes whose depletion ectopically stabilized HLH-2 in VUs; how-
ever, stabilization of HLH-2 in a lin-12(+) background caused by
depletion of these ubiquitin-related genes did not alter the num-
ber of ACs, suggesting that lin-12 activity normally opposes hlh-2
activity in VUs by an additional mechanism apart from simply
causing HLH-2 degradation. We also provide evidence for lin-12-
independent downregulation of hlh-2 transcription in B cells, sug-
gesting that the putative POP-1/TCF input may contribute to the
difference in potential between o and p cells at this level.

Materials and methods
Caenorhabditis elegans alleles and transgenes
Strains were grown and maintained under standard conditions,
and experiments were performed at different temperatures as
detailed below. The full genotypes of all strains used in this study
are listed in Supplementary Table 1. All strains used in this study
contain the single-copy insertion transgene arTil45[ckb-
3p::mCherry-h2b] to mark somatic gonad cells with the red fluores-
cent protein mCherry (Attner et al. 2019).

Two engineered alleles of hlh-2 were described in Attner et al.
(2019): hlh-2{ar623[gfp::hlh-2(+)]}, a knock-in allele that encodes
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GFP:HLH-2(+), and hlh-2(ar614), hereafter called hlh-2(Aprox), a
proximal gonad-specific null allele due to a deletion of a regula-
tory element in the hlh-2 upstream regulatory region.

Strains containing the lin-12(0) molecular null allele lin-
12(n941) (Greenwald et al. 1983; Wen and Greenwald 1999) were
maintained using arEx576, an extrachromosomal rescuing array
expressing lin-12(+) and other fluorescent coinjection markers,
such that lin-12(0) homozygotes could be obtained by loss of the
array (Sallee et al. 2015).

nre-1(hd20) lin-15b(hd126) was used to increase sensitivity to
RNAI (Schmitz et al. 2007).

arTil [hih-2prox:gfp] is a single-copy transcriptional reporter
generated by cloning the hlh-2prox element (Sallee and
Greenwald 2015) upstream of gfp, followed by an unc-54 3" UTR.
The transgene was inserted into the genome on chromosome X
using the transposon-based miniMos system (Frgkjeer-Jensen
et al. 2014).

arls51[cdh-3p::gfp] (Karp and Greenwald 2003) and qyls176
[zmp-1(50-51)p::mCherry::moeABD] (Schindler and Sherwood 2011)
were used as markers for AC fate. arls51 and a similar zmp-1-
based transgene, have been found to have the same fidelity as
markers for AC fate (X. Karp and I.G., unpublished observations,
cited in Karp and Greenwald 2004).

Transgenes generated for this study to test a potential kinase-
regulated site are described below.

Microscopy

Unless otherwise specified, we mounted larvae from plates onto
4% agarose pads and immobilized them using 10 mM levamisole.
We used the ckb-3p::mCherry-h2b marker to confirm that each
scored animal was at the appropriate developmental stage. For
assessing AC marker expression and for the primary RNAi screen,
animals were scored by eye using a 63x Plan-Apo objective lens
on a Zeiss Axio Imager D1 microscope, using an X-Cite 120Q light
source for illumination. For all other experiments, a spinning disc
confocal equipped with a dual camera system was used to cap-
ture images. When both fluorescent proteins were imaged, GFP
and mCherry fluorescence were captured simultaneously. A 488-
nm, 100-mW laser was used to excite GFP and a 561-nm, 75-mW
laser was used to excite mCherry. Exposure times for specific
experiments are noted below. Imaging parameters associated
with the RNAIi screen are described along with other methods
pertaining to the screen.

Quantifying endogenous GFP::HLH-2 levels and scoring AC
number in lin-12(+) and lin-12(0) backgrounds

Eggs from the strains GS9790 and GS9814 were prepared using a
standard bleaching protocol (Stiernagle 2006) and pipetted in the
absence of food into an Erlenmeyer flask containing 10ml of M9
buffer to induce L1 arrest. After shaking for 24-36h at 20°C, L1
larvae were placed onto NGM plates seeded with OP50 bacteria.
Plates were then transferred to 20°C and left to grow: 25h for
GS9790, 22 h for GS9814.

When scoring GS9790 animals, we ensured that coinjection
markers associated with the extrachromosomal array arEx576
were lost so that we only scored lin-12(0) larvae. We imaged en-
dogenous GFP:HLH-2 using confocal microscopy as described
above, at a 300-ms exposure time for GFP::HLH-2 and a 500-ms
exposure time for mCherry-H2B.

Scoring AC number

We let the same strains grow until the larvae had reached at least
the mid-L3 stage (34h for GS9790, 31h for GS9814) which we
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defined as the “Pn.px” stage of vulval development. Animals from
the Pn.px stage to early invagination were scored for AC number.
By this stage, a cell that expressed the AC basement membrane
invasion marker qyIs176 [zmp-1(50-51)p::mCherry::moeABD] and
retained stable GFP::HLH-2 expression was considered an AC.

Quantification of GFP::HLH-2 expression in GS9790 and
GS9814

Image analyses were performed using Fiji (Schindelin et al. 2012).
Sum z-projections of each a and B cell nucleus were generated
based on ckb-3p::mCherry-h2b expression. For a given o or f nu-
cleus, its ckb-3p::mCherry-h2b expression was used to draw a seg-
mentation boundary; the expression level of GFP:HLH-2 was
acquired by measuring GFP integrated intensity inside the bound-
ary. To correct for background, GFP integrated intensity was mea-
sured in a region with the same dimensions of the original
segmentation boundary, but outside the larva. This value was
subtracted from the nucleus’ original integrated intensity value
to give the corrected value.

Imaging hlh-2prox transcription in « and p cells

GS8981 and GS8982 eggs were synchronized at L1 arrest as de-
scribed above. After shaking for 24-36h at 20°C, L1 larvae were
placed onto plates seeded with OP50 and grown for 18 to 21h at
25°C. Confocal imaging of larvae was performed as described
above. We imaged hlh-2prox::gfp at 250-ms exposure and ckb-
3p::mCherry-h2b at 500-ms exposure. Z-stacks spanning the 4 o
and B cells and/or their descendants were collected with slices
taken at 260-nm intervals.

RNAIi screen of ubiquitin-related genes and
validation of candidates

Ubiquitin-related gene library

The 232 conserved ubiquitin-related genes screened in this study
were identified as follows. A list of C. elegans ubiquitin-related
genes identified by Du et al. (2015) was analyzed using OrthoList 2
(Kim et al. 2018), resulting in a list of 239 conserved ubiquitin-
related genes. We added the E2 enzyme use-1 (Wang and Zhao
2019) and 7 members of the ring-between-ring (RBR) E3 ligase
family (Eisenhaber et al. 2007) based on the literature (ari-1.1, 1.2,
1.3, 1.4; ari-2; pdr-1; Y49F6B.9), for a total of 247 conserved
ubiquitin-related genes. We then analyzed the 260 clones cover-
ing 232 of the conserved ubiquitin-related genes that were avail-
able in the Ahringer library (including its supplement) (Kamath
et al. 2003) and the Vidal library (Rual et al. 2004), covering ~94%
of conserved ubiquitin-related genes in C. elegans.

RNAI treatment

For each round of screening; lacZ RNAi served as a negative con-
trol to assess stabilization of GFP::HLH-2 by each of 10 experi-
mental RNAI clones; lin-12 RNAI served as a positive control for
the RNAi conditions. Eggs from GS8995 animals were synchro-
nized at L1 arrest as described above. We pipetted larvae onto
RNAI feeding plates (Ahringer 2006) seeded with a feeding RNAi
strain. Plates were placed at 25°C for 26 h before scoring.

Identifying candidate genes

Our primary screen was for the presence of GFP::HLH-2 in more
than 1 cell. We mounted larvae onto 2% agarose pads and immo-
bilized them with 10mM levamisole. For each clone, we scored
the number of o or B cells expressing visible GFP::HLH-2 in >20
individuals at this stage. Under these imaging and growth condi-
tions, we found that GFP:HLH-2 was always bright in the

presumptive AC but in some experiments was dimly visible in >1
cell even in the lacZ(RNA{) negative control. We attribute this to
the fact that the endogenous GFP::HLH-2 is much brighter than
transgenes used in previous work and the timing was not quite
right to have reached the stage at which complete downregula-
tion would have occurred in most animals. To be conservative,
we only scored experiments for which >50% had only one cell in
which GFP:HLH-2 was present in the negative lacZ(RNAi) control.
In addition, we only scored experiments for which lin-12 RNAi
produced >50% of animals with supernumerary cells expressing
GFP:HLH-2, indicating that the RNAI plates successfully induced
expression of dsRNA.

We used “strict” and “lenient” criteria to identify potential reg-
ulators of GFP::HLH-2 stability. A gene met the “strict” criterion if
the average number of somatic gonad cells with stable GFP::HLH-
2 per worm was >2, suggesting that RNAi treatment stabilized
GFP:HLH-2 at a high penetrance. A gene met the lenient criterion
if (1) at least one animal scored had stable GFP:HLH-2 in all 4 o
and P cells and (2) at least half of the population scored had >1
cell containing stable GFP::HLH-2, potentially allowing for more
subtle stabilization to be recognized. After the initial screen,
RNAI treatments fitting either of the 2 criteria were repeated in
triplicate. Any candidate that did not meet either criterion upon
repetition was removed from the candidate gene list.

Quantifying GFP::HLH-2 after candidate gene RNAi

RNAI was performed by an identical protocol as during the initial
screen. However, the identity of each RNAi treatment was
blinded except for the positive control, lin-12 RNAi, which we
used to ensure that the RNAi plates were properly inducing
dsRNA expression. Larvae were imaged using confocal micros-
copy as described above. We imaged endogenous GFP::HLH-2 at
250-ms exposure and mCherry-H2B at 250-ms exposure. Z-stacks
consisting of 50 slices were taken, with slices taken at 260-nm
intervals. For each genotype, a “Blank” image was also taken us-
ing the same settings for the purposes of flatfielding.

Z-stacks were processed using a pipeline described in de la
Cova et al. (2017). Using ckb-3p::mCherry-h2b as a segmentation
marker, each o and B cell nucleus was identified and the 5 slices
of each cell containing the highest integrated intensity of
mCherry fluorescence. The integrated intensity values from the
GFP channel of those slices were summed to produce the final in-
tensity level of GFP::HLH-2 in each nucleus. There is no correction
to remove background fluorescence in this pipeline, which makes
it relatively insensitive to detect dim signals and may account for
the candidates that appeared to be positive by qualitative criteria
but not when quantified in this manner.

To facilitate comparisons between cells treated with different
RNAI, we named the o and B cells as follows: the a cell with the
highest GFP::HLH-2 fluorescence in a given animal was named
“ay,” the other o cell oy, and the P cells By (sister of a4), and B, (sis-
ter of o). In some cases, individual cells or entire animals were
excluded from quantification due to poor segmentation of o or
cell nuclei. This usually occurred for one of 3 reasons: (1) both o
cells were so physically close together in a slice that they were
segmented as an individual cell, (2) expression of ckb-3p::mCherry-
h2b was not uniform in a given nucleus, so a single nucleus was
segmented into multiple objects, or (3) the ckb-3p::mCherry-h2b
signal was not strong enough compared to background to prop-
erly segment.

38

$20Z Jeqwadaq || uo Jesn saueliqi AlsiaAiun eiquiniod Aq 9080259/8202eM /2L /elonue/jeulnolg6/woo dno olwepeose)/:sdny Woly papeojumod



J. M. Benavidezetal. | 5

Assessing AC/VU phenotypes caused by RNAIi of candidate
genes

The strain GS9740 [arTil45; arls51; nre-1(hd120) lin-15b(hd126)]
was used to assess whether knockdown of candidate genes al-
tered the AC/VU decision. In the proximal somatic gonad in the
late L2/early L3 stage, arls51[cdh-3p:gfp] is normally expressed
only in the AC; we therefore scored for zero or >1 GFP-expressing
cell. The RNAI protocol above was used except that treated larvae
were grown for 32 h instead of 26, as cdh-3p::gfp is not visible until
after the AC/VU decision is completed in late L2. For each clone,
we scored the number of ACs by cdh-3p::gfp expression in >20 ani-
mals. The lacZ RNAi and lin-12 RNAi were again used controls as
described above.

Testing a potential kinase-regulated site for
effects on GFP::HLH-2 activity and stability

We created transgenes that encoded wild-type or mutant
GFP:HLH-2 proteins by cloning into pWZ111, a vector designed
for CRISPR/Cas9-mediated single-copy insertion at the ttTi4348
locus (Pani and Goldstein 2018). A ~5.2-kb 5" hlh-2 regulatory se-
quence was cloned from the plasmid pMS49 (Sallee and
Greenwald 2015), gfp and first exon of hlh-2 were cloned from the
plasmid pMS175 (Sallee and Greenwald 2015), and the remaining
hlh-2 sequences, including introns and 3" UTR, were amplified
from lysed C. elegans N2 gDNA. These fragments were assembled
with pWZ111 using a standard Gibson assembly protocol (Gibson
2011). Desired SNPs were synthesized using primer overhangs.
The constructs were inserted into the ttTi4348 locus using
CRISPR/Cas9 (Pani and Goldstein 2018). arSi113 and arSi93 are in-
dependent but identical transgenes expressing HLH-2(+) [hlh-
2p::gfp::hlh-2(gDNA) :hlh-2 3° UTR]. arSi101 contains the mutation
hlh-2(T3414), creating a putative phospho-null residue at the
T341 position. arSi103 and arSi104 contain the mutation hlh-
2(T341D), a phospho-mimetic mutation at the T341 position. We
evaluated the rescuing ability and stability of GFP::HLH-2 proteins pro-
duced from these transgenes in a WT and hlh-2(Aprox) background.

We examined the ability of mutant HLH-2 proteins to rescue
the completely penetrant Vulvaless (Vul) and Egg laying-
defective (Egl) phenotype caused by the proximal gonad-specific
hlh-2(0) allele hlh-2(ar614) [hlh-2(Aprox)] (Attner et al. 2019). We
placed a single individual of each genotype onto a plate, then let
them self-fertilize and propagate. We then scored whether the
progeny of each individual was Egl (based on the aggregation of
eggs within an animal due to its inability to lay eggs) or under-
went normal vulval and uterine development. Phenotypes were
scored using a benchtop dissection scope.

To assess protein stability, eggs were collected using a stan-
dard bleaching protocol (Stiernagle 2006), placed onto NGM
plates seeded with OP50, and grown at 25°C for 21h. Larvae were
imaged using confocal microscopy as described above, Both GFP
and mCherry were imaged at 600-ms exposure. Z-stacks were
collected with slices taken at 260-nm intervals for quantitation.
In each animal, we scored (1) the number of o or p cells with sta-
ble GFP:HLH-2 and (2) whether there was 1 cell with significantly
higher qualitative expression of GFP::HLH-2.

Results

lin-12 activity promotes degradation of HLH-2 in «
and p cells

In wild-type hermaphrodites, the o cells interact via LIN-12 to select
which becomes the AC and which becomes the aVU, while the B
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cells invariably become VUs. As HLH-2 promotes expression of lag-
2, the gene encoding the ligand for LIN-12 in the AC/VU decision,
and many other genes important for AC function that are not
expressed in VUs (Karp and Greenwald 2003; Hwang and Sternberg
2004), lin-12 activity was proposed to negatively regulate degrada-
tion of HLH-2 in the aVU as part of a negative feedback mechanism
to prevent ectopic AC fate (Karp and Greenwald 2003; Sallee and
Greenwald 2015). HLH-2 is also degraded in the BVUs (Sallee and
Greenwald 2015). We tested whether lin-12 promotes HLH-2 degra-
dation by quantifying the level of endogenous GFP:HLH-2 in the o
and p cells in lin-12(+) and lin-12(n941), a likely molecular null allele
[hereafter, lin-12(0)].

We constructed 2 strains, both containing hlh-2(ar623[gfp::hlh-
2]) and the AC marker qyIs176[zmp-1p::mCherry:: moeABD], but dif-
fering in their lin-12 genotype, one lin-12(+) and the other lin-
12(0). We quantified the endogenous GFP::HLH-2 expression lev-
els in the o and B cells in the somatic gonad primordium in the L2
stage in both strains using photomicrographs captured on a con-
focal microscope (e.g. Fig. 1b) and determined the proportion of
ectopic ACs generated (Fig. 1c). The proportion of ectopic ACs
agrees with previously published work (Sallee et al. 2015). The dif-
ference in GFP::HLH-2 levels between the inferred ACs and aVUs
in the lin-12(+) background is also shown (Fig. 1d).

We made 3 salient observations regarding the role of lin-12 in
GFP::HLH-2 stability. (1) GFP::HLH-2 expression was higher in o
cells, which are fated to be ACs, in a lin-12(0) background com-
pared to a cells in a lin-12(+) background. Even when excluding a
cells with the lower level of GFP::HLH-2 in a given animal, likely
VUs, from this analysis, there is still a significant difference be-
tween ACs of the 2 genotypes (Fig. 1e). This observation is consis-
tent with lin-12 activation promoting HLH-2 degradation while
the o cells interact with each other to resolve which will become
the AC, in accordance with the hypothesized negative feedback
loop. (2) GFP::HLH-2 expression in BVUs was significantly higher
in lin-12(0) than in lin-12(+) hermaphrodites (Fig. 1f). We note that
we corrected for B cells that become ACs in the lin-12(0) back-
ground based on the proportion of B cells that adopted the AC
fate (Fig. 1c) and excluded the 10% of B cells expressing the high-
est level of GFP::HLH-2 expression from this assessment (Fig. 1f).
Thus, we conclude that lin-12 activity contributes to HLH-2 degra-
dation in BVUs, even though lin-12 activity is not required for
them to adopt the VU fate. (3) In both genotypes, the level of
GFP::HLH-2 in B cells is lower than in a cells. Of particular note,
the aVU has a significantly higher level of GFP:HLH-2 fluores-
cence than the BVUs, so the difference is not attributable to cell
fate (Fig. 1g). This observation suggests a lin-12-independent level
of regulation that distinguishes o from B cells.

Negative regulation of hlh-2 transcription in

B cells

The hlh-2 “prox” regulatory element is both necessary and suffi-
cient for hlh-2 expression in o and P cells (Sallee and Greenwald
2015; Attner et al. 2019). Deletion of this element from the endog-
enous gene results in a proximal gonad-specific null allele hlh-
2(Aprox). In this background, the o and B cells never acquire the
potential to be an AC and always become VUs, and do not express
lin-12 and lag-2. We constructed a transcriptional reporter derived
from this element, arTil [hlh-2prox::GFP] (see Materials and
Methods), and observed visible GFP expression in the o and B cells
and their parents in an otherwise wild-type background, with ex-
pression becoming dimmer first in pVUs and then in the aVU
(Sallee and Greenwald 2015). When we examined the expression
of this reporter in the hlh-2(Aprox) background, we observed that
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hlh-2prox::GFP
Somatic Gonad

hih-2(+)

hlh-2(Aprox)

Fig. 2. Transcription of hih-2prox is negatively regulated in f cells
independent of lin-12 and hlh-2 activity. Left, the transcriptional reporter
arTil[hlh-2prox::GFP] is initially expressed in the o and p cells (not shown)
and becomes visibly restricted to the o cells. Right, arTil expression is
still restricted to the a cells in the background of hlh-2(Aprox), which has
a deletion of a regulatory element that abrogates HLH-2 expression
specifically in the o and B cells and their parents. This mutation leads to
loss of LIN-12 expression in o and B cells, and all 4 o and p cells become
VUs. Thus, restriction of transcriptional reporter to the o cells is not
dependent on hlh-2 or lin-12 activity. n=7 for hlh-2(+), n=8 for hlh-
2(Aprox). All images are maximum projections of z-stacks collected using
a spinning disc confocal microscope. Scale bars are 5 pm.

GFP was brighter in o cells, where it is readily apparent, than in p
cells, where it is essentially undetectable (Fig. 2), even though the
o and B cells no longer differ in their developmental potential.
This observation suggests that hlh-2 transcription is negatively
regulated in B cells, and may account for the lin-12-independent
level of regulation that distinguishes o from p cells inferred above
(Fig. 1g) and for the POP-1-influenced early loss of AC potential by
the B cells (Sallee et al. 2015).

Identification of negative regulators of HLH-2
stability

Depletion of hlh-2 activity in the L1 stage leads to loss of AC po-
tential and a 0 AC phenotype, whereas depletion during the AC/
VU decision leads to a failure of the AC/VU decision and a 2 AC
phenotype (Karp and Greenwald 2004). HLH-2 is degraded in pre-
sumptive VUs, so to determine if it is sufficient to drive all 4 cells
to be ACs, and/or to drive both o cells to be VUs, we need to pro-
tect it from degradation in a lin-12(+) background. Although HLH-
2 may be stabilized in presumptive VUs by mutations that com-
promise its ability to dimerize (Sallee and Greenwald 2015), such
mutations also abrogate its activity as a transcription factor, and
therefore preclude analyzing the consequences of stabilizing
HLH-2 on cell fate.

As an alternative approach, we performed an RNAIi screen for
trans-acting factors that would stabilize endogenous GFP::HLH-
2(+) in a lin-12(+) background (see Materials and Methods). Because
we knew that RNAi-mediated depletion of proteasome compo-
nents results in stabilization of GFP:HLH-2 in VUs, and that hu-
man E2A proteins expressed in C. elegans are regulated in a
similar manner (Sallee and Greenwald 2015), we screened 232
ubiquitin-related genes conserved in humans (see Materials and
Methods). We identified thirteen genes for which RNAi caused visi-
ble ectopic stabilization of GFP:HLH-2 (Fig. 3): the sole E1 enzyme
in C. elegans, uba-1; 3 E2 enzymes (let-70, ubc-25, and use-1); and 9
E3 ligases (ddb-1, eel-1, elc-1, etc-1, F22E5.6, hecd-1, marc-2, rbx-1,
and toe-4). Four of the genes identified are components of Cullin-
based E3 ligase complexes (Fig. 3c), but RNAi-depletion of individ-
ual cullin genes did not stabilize GFP::HLH-2.

We then quantified levels of endogenous GFP::HLH-2 stabiliza-
tion by confocal imaging. We compared corresponding cells to as-
sess if depletion of a candidate gene stabilized GFP:HLH-2
preferentially in the o cells, B cells, or both. We therefore named

the o cell with the highest GFP::HLH-2 fluorescence in a given ani-
mal “oy,” and also assumed that it was an AC (see also below); we
named the other o cell o,, and the B cells B, (sister of o), and B,
(sister of a,). RNAI treatment of 4/13 candidate genes resulted in
a statistically significant difference in GFP:HLH-2 levels in o,
compared to a lacZ RNAi control: the E1 uba-1; 2 E2s, use-1 and let-
70; and the E3 ddb-1 (Fig. 4a). RNAI depletion of these 4 genes also
resulted in a significant increase in GFP::HLH-2 levels in p cells,
as did RNAI directed against 3 additional E3 enzymes: hecd-1, elc-
1, and eel-1 (Fig. 4b). We consider these 7 genes to be the strongest
candidate genes identified by our screen and used them to assess
the effects of ectopic stabilization of HLH-2(+) on cell fate in the
next section.

Ectopic stabilization of HLH-2(+) appears to be
insufficient to alter the number of ACs in a
lin-12(+) background

As described above, the loss-of-function phenotype of hlh-2
affects the number of ACs, depending on the time of depletion:
RNAI directed against hlh-2 beginning in the L1 stage results in a
0 AC phenotype (both o cells become VUs) while RNAi directed
against hlh-2 in the L2 stage results in a 2 AC phenotype (both o
cells become ACs) (Karp and Greenwald 2004). If stabilization of
HLH-2 is sufficient to extend AC competence or promote AC fate,
we might expect supernumerary ACs and consequently fewer
VUs. However, stabilization of HLH-2 may also result in contin-
ued lag-2 and lin-12 expression in multiple cells, opposing AC fate
and promoting VU fate, leading to a 0 AC phenotype. It is also
possible that there could be a mixture of fates, depending on the
dynamics or level of stabilization.

As in the lin-12(0) experiments above, we used a two-part ap-
proach. We first considered whether RNAi against any of the 7
stronger candidate genes stabilized endogenous GFP:HLH-2 in
any o, and/or B cells to the same level as an AC (the o, cell). We
defined the threshold for “AC-like” levels as 1 SD below the mean
of GFP::HLH-2 fluorescence in ACs—any cell above this threshold
was considered “AC-like.” Every presumptive VU scored in the
negative control was below this threshold, while ~88% of ACs
were above, indicating that this is a conservative threshold. By
this criterion, apart from the sole E1 component uba-1, the stron-
gest effect seen was for the E2 use-1, which resulted in 67% (14/
21) of o, cells (Fig. 4a) and 15% (6/40) of B cells (Fig. 4b) falling
above the threshold.

To assess whether ectopic stabilization of GFP::HLH-2 altered the
number of ACs, we generated a strain that substituted the AC fate
marker arls51 [cdh-3::gfp] for GFP:HLH-2 but otherwise had the
same genetic background (see Materials and Methods; Supplementary
Table 1). To ensure that any defects we observed were not second-
ary consequences of developmental arrest—a particular concern
for potential 0 AC defects that might result if arrest occurred before
the AC/VU decision was completed—we only scored animals that
had >12 somatic gonad cells, by which point an AC should have
been specified. The E1 uba-1, the E2 let-70, and the E3 elc-1 were ex-
cluded from this analysis because their development was arrested
at the 12-cell stage by the RNAI treatment. None of the remaining 4
RNAi treatments resulted in significant AC/VU defects (Fig. 4c).
Strikingly, use-1 RNAI resulted in ectopic AC marker expression in
only 1/26 animals, which by position appeared to be an o cell,
whereas as described above, 67% (14/21) of a, cells had a GFP::HLH-
2 level above the AC threshold. Similarly, 0/52 B cells displayed ec-
topic AC marker expression, whereas 15% (6/40) had GFP:HLH-2
level above the AC threshold.
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(a) ,

Average GFP+ cells per animal

: lacZ negative controls

: Experimental RNAIs (negative)

: Candidate genes (verified in triplicate)
: Candidate genes (failed verification)

COeeo

(b)

Gene Class
uba-1 E1
use-1 E2
let-70 E2
ubc-25 E2
ddb-1 CUL-4 Adaptor E3
hecd-1 HECT E3
rbx-1 RING box/CUL E3
elc-1 Elongin b/CUL-2 E3
eel-1 HECT E3
marc-2 RING E3
etc-1 HECT E3
F22E5.6 BTB/CUL-3 E3
toe-4 RING E3

Depletion did not
[ result in HLH-2
stability stability

Depletion
[Dresulted in HLH-2

Fig. 3. An RNAi screen of conserved ubiquitin-related genes identified potential regulators of HLH-2 stability in « and p cells. a) We screened 232
ubiquitin-related genes conserved in humans (see Materials and Methods) for stabilization of endogenous GFP::HLH-2 after RNAI. This set of genes
included the sole E1 enzyme (uba-1), 25 E2 enzymes, 204 E3 ligases, the Nedd8 conjugating enzyme ubc-12, and the SUMO-conjugating enzyme ubc-9.
Each circle represents >20 larvae scored after treatment by one of the 260 clones scored during the screen. Magenta circles represent the negative
control lacZ, black circles represent clones that did not meet either criterion for a hit (see Materials and Methods for details), white circles outlined in
black represent clones that initially met one or both criteria for a hit but did not recapitulate those results upon replication, and green circles represent
the 14 clones encoding 13 candidate genes that met one or both criteria for a hit and recapitulated those results upon repetition. Each round of
screening included a lacZ negative control, a lin-12(RNAI) positive control to ensure that the RNAi plates and conditions were functional (not shown),
and 10 experimental genes. Each circle is positioned on the y-axis based on the average number of GFP+ cells in the >20 larvae scored. See Materials and
Methods for further details. b) The thirteen genes that were considered bona fide candidates after rescreening in triplicate (see Supplementary Fig. 1). The
genes in bold were deemed as the “stronger” candidates after fluorescence was quantified (see Fig. 4). ¢) Many of the candidate genes identified are
known to be subunits of Cullin-based complexes. Cartoons representing the canonical Cullin-based complexes are depicted here, with candidate genes
shown to reproducibly stabilize GFP::HLH-2 upon RNAi depletion colored in green. There are 6 cullin genes in C. elegans, but individual cullin RNAi

depletions did not result in GFP::HLH-2 stability.

These observations suggest that ectopic HLH-2 stabilization it-
self is not sufficient to disrupt the resolution of the AC/VU deci-
sion by the a cells, and therefore that abrogation of the negative
feedback loop resulting in HLH-2 degradation in the presumptive
aVU is not sufficient to disrupt the AC/VU decision. They also
suggest that ectopic HLH-2 stabilization alone is not sufficient to
promote AC fate or otherwise alter the fates of the e or p cells in a
lin-12(+) background.

HLH-2 activity does not appear to be regulated by
phosphorylation of T341

Certain Class II bHLH proteins can be inactivated by phosphory-
lation of a conserved serine/threonine residue at the junction of
the loop and the second helix of the bHLH domain; mutation of
this residue to A to abrogate phosphorylation results in constitu-
tive activity, and mutation to D is phosphomimetic and prevents
activation (Quan et al. 2016) (see Fig. 5a). Because ectopic HLH-
2(+) stability after RNAi of ubiquitin-related genes did not result
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in an AC/VU defect in a lin-12(+) background, and T341 is in a cor-
responding position in HLH-2 (Fig. 5a), we tested whether phos-
phorylation of T341 deactivates HLH-2 homodimers.

We generated constructs that express GFP::HLH-2(+), a puta-
tive phopho-null mutant protein [GFP::HLH-2(T341A)] and a puta-
tive phospho-mimetic mutant protein [GFP:HLH-2(T341D)] and
created single-copy insertion transgenes into a defined site on
LGI (see Materials and Methods) so that they would be expressed at
equivalent levels. If T341 regulates the activity of HLH-2 as it
does Class II bHLH proteins, we would expect HLH-2[T341D], a
putative phospho-mimetic mutation, to be inactive and HLH-
2[T341A] to be active.

We tested the ability of these transgenes to rescue the
fully penetrant 0 AC defect caused by the proximal gonad-
specific null allele hlh-2(Aprox). The GFP::HLH-2(+) transgene fully
rescued this defect, whereas neither mutant transgene had any
rescuing activity (Fig. 5b), suggesting the mutant proteins are not
active.
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Fig. 4. Depletion of candidate genes does not result in supernumerary ACs despite AC-like GFP::HLH-2 levels. GFP::HLH-2 fluorescence was quantified
as described in Methods and Materials. As most individuals have a single AC after RNAi treatment, we assigned the cell with the highest level of
GFP::HLH-2 in each larva, a4, as the presumptive AC and assumed the other a cell, a5, is the aVU. Statistical comparisons were made to the lacZ negative
control. a) GFP::HLH-2 level in ay. 4/13 RNAI treatments resulted in a significant increase in GFP::HLH-2 levels in ay: uba-1, use-1, let-70, and ddb-1. b)
GFP::HLH-2 level in B cells. 7/13 RNAi treatments resulted in significant increases in GFP::HLH-2 levels in f cells—the 4 aforementioned genes, plus elc-1,
eel-1, and hecd-1. In panels a and b), we identified « and p cells, respectively, that had “AC-like” GFP::HLH-2 levels. We found the mean GFP::HLH-2
fluorescence (horizontal red line) of ACs scored in the negative control (red triangles). We characterized any cell with GFP::HLH-2 fluoresence greater
than 1 SD below the mean as cells with AC-like levels of GFP::HLH-2 (pink background). The percent of cells with this level of GFP::HLH-2 (excluding the
presumptive AC, o4) is shown in the table above the graph. Statistical tests for both analyses are Kruskal-Wallis tests with Dunn’s multiple comparison
tests. *P < 0.05, *P < 0.01, **P < 0.001, ***P < 0.0001. Black lines represent the mean GFP::HLH-2 fluorescence for each RNAi treatment, and error bars are
95% confidence intervals. Candidate genes that did not result in significant differences in GFP::HLH-2 levels based on our statistical analyses were
excluded from this figure (see Supplementary Fig. 2). c) To find whether ectopic HLH-2 stability resulted in AC/VU defects, we treated larvae expressing
an AC marker with candidate gene RNAI. To ensure that any 0 AC defects were due to a failure to specify an AC and not due to a delay in gonad
development, we only scored animals that had progressed past the 12-cell stage of somatic gonad development. Only lin-12 RNA, the positive control,
resulted in a statistically significant number of AC/VU defects (1 AC vs. non-1 AC, Fisher’s exact test, ***P < 0.0001). Note that 3 RNAi treatments, elc-1,
let-70, and uba-1 resulted in arrest of the somatic gonad at the 12-cell stage, so we were unable to score AC marker expression using these staging
conditions. Number of animals scored after each RNAi treatment is listed above each bar.

The pattern of protein accumulation suggests that mutation interpret these results as indicating that the mutant proteins
of T341 affected the ability of the proteins to dimerize: in the hih- compromise homodimerization and therefore prevent degrada-
2(Aprox) background, both GFP::HLH-2(T341D) and HLH-2(T341A) tion in presumptive VUs. The T341 mutant HLH-2 monomers
appeared equally bright in the 2 o cells and dimmer in B cells may be stable because HLH-2 homodimerization is required for
(Fig. 5¢). All 4 of these cells are presumptive VUs, although they its turnover (Sallee and Greenwald 2015), or because lin-12, which
differ from wild-type VUs in never having had AC potential. We we hypothesize promotes HLH-2 degradation, is not expressed in
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Fig. 5. Analysis of mutations of the conserved residue T341. a) The bHLH domain of C. elegans HLH-2 aligned with the Drosophila melanogaster, Mus
musculus, and Homo sapiens orthologs, as well as the bHLH domains of the class II bHLH proteins Ato and TAP, showing conservation of the T residue
regulated by phosphorylation (Quan et al. 2016), shown in red and marked with a red arrow. b) Single-copy insertion transgenes at a defined site in the
genome, expressing wild-type, phospho-mimetic (T341D), and phospho-null (T341A) GFP:HLH-2 mutant proteins, were examined in hlh-2(+) and hlh-
2(Aprox) backgrounds. The T341A and T341D mutations did not have a dominant phenotype in an hlh-2(+) background; furthermore, they were unable
to rescue the egg-laying defect (Egl) of hlh-2(Aprox), indicating that these mutations compromise HLH-2 function. c) Representative maximum
projections of z-stacks are shown with GFP::HLH-2 (green) alone above and GFP::HLH-2 and a somatic gonad marker (magenta) merged below.
GFP:HLH-2(+) is stabilized and brightest in a single cell in both hlh-2(+) and hlh-2(Aprox) backgrounds. The phospho-null (T341A) mutant protein is
most often stabilized in a single cell in the hlh-2(+) background (7/10) but is sometimes bright in 2 cells (3/10). In an hlh-2(Aprox) background, it is bright
in 2 cells, the a cells. The phospho-mimetic (T341D) mutant protein is bright in a single cell in an hlh-2(+) background but is bright in 2 cells in an hilh-
2(Aprox) background. Cells with bright HLH-2 expression are circled by a white dotted line. Scale bars are 5 pm.

a background in the absence of hlh-2 activity (Attner et al. 2019).
In either case, the lower levels of protein in B cells reflect lower
transcription.

In addition, we tested the T341 mutants for dominant effects
in an hlh-2(+) background, as might result if heterodimers with
endogenous HLH-2(+) have dominant-negative or altered activ-
ity, but no dominant effects were observed (Fig. 5b). The pattern
of protein accumulation of GFP::HLH-2(T341D) was identical to
that of HLH-2(+) in this background (Fig. 5c). We did observe
some animals (3/10) where GFP::HLH-2(T341A) accumulated in 2
cells. Because we did not observe any dominant effects in this
strain, we again interpret this to mean that the T341A mutation
somehow prohibits the mutant protein from dimerizing, thus
resulting in its increased stability in some animals. Indeed, this
stability pattern is reminiscent of the stability pattern of HLH do-
main mutants as described in Sallee et al. (2015), supporting this
interpretation.

In sum, our analysis suggests that T341 does not regulate the
activity of HLH-2 in the manner previously seen for Class Il bHLH
proteins, although it is possible that the specific amino acid sub-
stitutions that were tolerated by the Class II proteins to support
the mechanism in heterodimers are not tolerated in HLH-2
homodimers.
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Discussion

The AC/VU decision is precise and robust: although 4 cells, 2 o
cells and 2 P cells, are initially born with the potential to be the
AC, wild-type hermaphrodites always have a single AC. The 2
cells always become VUs, but unlike many cell fates in C. elegans,
there is natural variability in which o cell becomes the AC: the 2 o
cells interact with each other via LIN-12/Notch to ensure that
only one becomes the AC and the other becomes a VU (reviewed
in Greenwald 2012).

hlh-2 is required for all aspects of AC development, endowing
the o and P cells with the potential to be the AC, driving expression
of the ligand for LIN-12 during the decision, and AC differentiation
genes thereafter (Karp and Greenwald 2003, 2004; Hwang and
Sternberg 2004; Hwang et al. 2007; Schindler and Sherwood 2011;
Verghese et al. 2011; Bodofsky et al. 2018; Medwig-Kinney et al.
2020). We have provided evidence herein for a proposed negative
feedback loop (Karp and Greenwald 2003; Sallee and Greenwald
2015) in which lin-12 activity promotes HLH-2 degradation in VUs:
when lin-12(0) and lin-12(+) hermaphrodites are compared, the av-
erage level of GFP:HLH-2 is higher in the 2 a cells, both of which
are always ACs, and in the 2 p cells, which sometimes become ACs
and sometimes become VUs, in lin-12(0) mutants.
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However, by reducing the activity of trans-acting factors that
act as negative regulators of HLH-2 stability, we also found that
HLH-2 stabilization appears to be insufficient to promote the AC
fate or otherwise alter the fates of the o or p cells in a lin-12(+)
background. By contrast, multiple ACs are specified in a lin-12(0)
background. Because individuals in the lin-12(+) background had
a single AC, it is unlikely that lin-12 activity was disrupted by de-
pletion of these trans-acting factors.

We consider here 3 possible explanations for why stabilization
of HLH-2 in presumptive VUs is not sufficient to transform them
into ACs in the presence of LIN-12. The first possibility is that
HLH-2 is inactivated as a consequence of LIN-12 activity in VUs.
We explored a potential mechanism by which this might occur,
based on the observation that certain Class II bHLH proteins can
be inactivated by phosphorylation of a conserved serine/threo-
nine residue at the junction of the loop and the second helix of
the bHLH domain (Quan et al. 2016), but our analysis suggests
that this mechanism does not account for our other observations.
A second possible mechanism is that there is another factor (or
factors) that works in conjunction with HLH-2 to confer AC po-
tential and/or in the AC/VU decision, and this factor is also down-
regulated in response to LIN-12 activation but is not stabilized by
the same RNAI treatments that stabilize HLH-2. If the missing
component is a transcription factor, it is unlikely to be a Class II
bHLH protein, as there is good evidence that HLH-2 does not have
a Class 1I heterodimerization partner in the o and B cells (Sallee
and Greenwald 2015; Sallee et al. 2017). A third possibility is
that degradation of HLH-2 contributes to the robustness of the
AC/VU decision but that even when HLH-2 is stabilized by RNAi
targeting ubiquitin-related factors, there is still a sufficient differ-
ence between the o cells that can be amplified by feedback mech-
anisms implemented upon LIN-12 activation during the AC/VU
decision.

We also identified 4 E3 enzymes as “strong” regulators of HLH-
2 stability in o and B cells. We do not know whether there is a di-
rect enzyme-substrate relationship with HLH-2 for any of the
candidates that we identified, but it is provocative that all 4 have
connections suggestive of roles in the AC/VU decision. hecd-1 was
previously shown to display genetic interactions consistent with
a role as a positive regulator of lin-12 activity in the AC/VU deci-
sion (Chen and Greenwald 2014). eel-1 has been implicated in a
negative feedback loop in the Wnt/B-catenin pathway (de Groot
et al. 2014), of interest given the apparent role for POP-1/TCF in
differential competence of the o and B cells (Sallee et al. 2015).
Finally, ddb-1 (Kim and Kipreos 2007) and elc-1 (Merlet et al. 2010)
are involved in cell cycle regulation, of interest given that the on-
set of HLH-2 expression in parent cells appears to be coupled to
their cell cycle (Attner et al. 2019), and that HLH-2 is degraded in
the VUs, cells that have not exited the cell cycle, but is stable in
the AC, which is terminally differentiated. It will be interesting to
explore these potential connections in future work, and to deter-
mine if there is coordination between these different ubiquitina-
tion pathways, as has been observed for the sequential actions of
different complexes in regulating the level of CUL-1 in C. elegans
(Dove et al. 2017).

Data availability

The data underlying this article are available in the article and in
its Supplementary material online.
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Chapter 3: Transcriptional regulation of 4/h-2 in the proximal gonadogenesis of C. elegans
hermaphrodites

Jee Hun Kim provided all data, analysis, and writing for this chapter
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ABSTRACT

The anchor cell (AC) of the Caenorhabditis elegans hermaphrodite larva is a single,
terminally-differentiated functional cell crucial for vulval development and the connection of the
vulva and the uterus. Four cells of the somatic gonad, Z1.ppa, Z1.ppp, Z4.aaa, and Z4.aap, are
initially born with the potential for AC fate. Z1.ppa and Z4.aap lose AC potential early on and
always become ventral uterine precursor cells (VUs) and are referred to as the 3 cells, while
Z1.ppp and Z4.aaa, the a cells, undergo a lateral specification process called the AC/VU decision
involving LIN-12/Notch and LAG-2/DSL from which the AC and the third VU is specified. The
E protein HLH-2 plays multiple, step-wise roles with respect to the AC. It endows a and B cells
with AC potential, is required for LAG-2 and LIN-12 for the AC/VU decision, and is required
for AC functions. HLH-2 is post-translationally degraded in the VUs, but it was also found to be
downregulated in the B cells at the transcriptional level, which correlates with the early loss of
AC potential in the § cells. What is more, a previous study showed that the order of initial
expression of HLH-2 in the parents of the a and B cells is predictive of the outcome of the
AC/VU decision between their a cell daughters. The above observations suggested
transcriptional regulation of 4l/h-2, which had been hitherto less-explored compared to its post-
translational regulation, as potentially contributing to both the differences in AC potential
between a and [ cells and the outcome of the AC/VU decision. Here, I focused on the
transcriptional regulation of /4/h-2 in the context of its initial transcription in the parents of the a
and [ cells and differential regulation between the o and f cells. I identified elements in the 5’
region of A/h-2 required for its initial transcription in the parents of the a and P cells and their
daughters, which also suggested that the initial transcription of 4/h-2 may be co-regulated with

that of nhr-67. 1 also showed that the Wnt/B-catenin asymmetry pathway, via POP-1/TCF,
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regulates the differences in /4/h-2 transcription levels between a and f cells. Finally, I found
regions in the 5’ region of A/h-2 that may promote the maintenance of 4/h-2 transcription
observed in a cells and that the histone acetyltransferase /sy-1/2 may be required for that

regulation.

INTRODUCTION

The newly-hatched C. elegans L1 hermaphrodite has a four-celled gonad primordium that
includes two somatic precursors, Z1 and Z4. These precursors undergo mirror-symmetric
lineages to give rise to the cells that form the mature, two-armed gonad (Kimble and Hirsh,
1979). Gonadogenesis occurs in two phases. The first spans the L1 and L2 larval stages,
beginning with the division of Z1 and Z4 and culminating in the generation of the somatic gonad
primordium, which consists of nine somatic gonad blast cells and three differentiated cells that
establish the distal-proximal axis of each gonad arm (Figure 1). At each distal end of the somatic
gonad primordium, there is a terminally differentiated distal tip cell (DTC) and at the center is
another terminally differentiated cell, the anchor cell (AC). During the second phase of
gonadogenesis, the DTCs lead gonadal arm outgrowth, the AC serves as a critical signaling hub
that organizes uterine and vulval development, and the nine somatic gonad blast cells generate
the structural cells of the sheath, spermatheca, and uterus.

The specification of the AC has served as a paradigm for a stochastic cell fate decision
with a robust outcome (reviewed in Johnston and Desplan 2010). As the somatic gonad
primordium is forming, four cells are born with the potential to be the AC (Kimble 1981;
Seydoux et al. 1990): Z1.ppp and Z4.aaa, also called a cells, and Z1.ppa and Z4.aap, the P cells

(Figure 1). Expression of the transcription factor HLH-2, the sole E/Daughterless protein
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ortholog in C. elegans, endows these cells with the potential to be the AC (Figure 2A): if hlh-2
activity is depleted prior to its initial expression in the a and B cells, all o and f cells become
VUs and no AC is specified (Karp and Greenwald 2004). In wild-type hermaphrodites, the 3
cells rapidly lose the potential to be the AC and always become ventral uterine precursor cells
(VUs) (Figure 1), but the two a cells retain the potential to be the AC or a VU and interact with
each other via the receptor LIN-12/Notch and the ligand LAG-2/DSL to resolve their fates, a
process called the “AC/VU decision” (Seydoux and Greenwald 1989; Wilkinson et al. 1994). At
this point, 4/h-2 activity is required for the expression of /ag-2 (Karp and Greenwald 2003) and
lin-12 (Attner et al. 2019) and HLH-2 is regulated post-translationally as part of a negative
feedback mechanism that is engaged with LIN-12 activated in the presumptive VU (Karp and
Greenwald 2003; Sallee and Greenwald 2015; Benavidez et al. 2022, Figure 2A). In addition to
its roles in establishing competence and driving lag-2 expression the AC/VU decision, hlh-2 is
also required for differentiated functions of the AC such as expressing the EGF-like ligand that
induces the vulva (Hwang and Sternberg 2004). For all of these roles, HLH-2 functions as a
homodimer (Sallee and Greenwald 2015).

The AC/VU decision is stochastic in that every hermaphrodite has just one AC, but in a
population of hermaphrodites, the AC fate is assumed by Z1.ppp in half of the animals and by
Z4.aaa in the other half (Kimble and Hirsh, 1979, Figure 1). However, high-throughput lineage
analysis of endogenously-tagged GFP::HLH-2 established that two inter-related stochastic events
that occur prior to the birth of the a cells bias the LIN-12/Notch-mediated interaction between
them (Attner et al. 2019). The first event is the relative birth order and birth time difference
between the a cells, which in turn can be traced to the division of Z1 and Z4. The second event is

the onset of expression of HLH-2 in the parents of the a cells, which is linked to the parents’
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birth (and thereby is related to the first event) in that endogenous GFP::HLH-2 expression is
initially observed within a narrow window after the birth of a parent cell. It is highly predictive
of which a cell becomes the AC and which becomes the VU: the first parent to express
GFP::HLH-2 gives rise to the aVU. Because A/h-2 is initially required in the a and [ cells for
LIN-12 as well as LAG-2 expression, the current model is that earlier expression of HLH-2 in a
parent cell gives its a daughter an “edge” in LIN-12 activation, thus biasing it to be the aVU
(Attner et al. 2019). Key predictions of this model have been supported by analysis of a
biosensor for Notch activation called SALSA (Sensor Able to detect Lateral Signaling Activity)
(Shaffer and Greenwald 2022b).

The patterns of 4/h-2 transcription and HLH-2 protein stability in the proximal region of
the somatic gonad correlates with its different roles in establishing AC potential and resolving
the fates of the a cells. Transcription of hlh-2 begins in Z1.pp and Z4.aa, the parents of the o and
B cells, and is initially sustained in the o and f cells, consistent with the role of HLH-2 in
endowing these cells with AC potential (Benavidez et al. 2022, Sallee and Greenwald 2015,
Figure 2B). Then, a difference between a and [ cells is observed: transcription of 4lh-2 is lost in
the B cells (Benavidez et al. 2022; Fig 2B), consistent with the observation that 3 cells soon after
their birth lose their AC potential, which is sustained in the a cells, and consistent with the
requirement for HLH-2 promoting transcription of /ag-2 as the a cells undergo the LIN-12-
mediated AC/VU decision (Figure 2B). In this study, I will refer to these separate phases in wild
type hlh-2 transcriptional dynamics as tcs (for transcriptional stage): tcs1 would denote
transcription in parent cells, tcs2 would denote initial transcription in a and f cells, and tcs3
would denote when loss of transcription in f cells and maintenance of transcription in o cells is

observed, in order for comparison with mutant reporter or genetic mutants (Fig. 2B). Until this
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point, HLH-2 protein correlates with transcription of 4lh-2, but as the cells resolve their fates,
post-translational mechanisms as part of negative feedback regulation become apparent: LIN-12
activation leads to degradation of HLH-2, so the HLH-2 protein is degraded in the presumptive
aVU and becomes restricted to the presumptive AC even as both a cells continue to report 4/h-2
transcription (Sallee and Greenwald 2015, Benavidez et al. 2022, Figure 2A, 2B).

In this study, I investigated two early events that bias the outcome of cell fate in cells
born with AC potential: (i) what governs the initial expression of 4/h-2 in the parents of the a
and B cells, which will have a deterministic event on the AC/VU decision later and (ii) how the
difference in a and B sister cell potential, one manifestation of which is a difference in A/h-2
transcriptional regulation, emerges. In studying the first event, I show that the onset of hlh-2
transcription in the parents of the o and f cells is coordinately regulated with the onset of
transcription of another gene, nhr-67, via specific sequence elements previously identified in
nhr-67 (Bodofsky et al. 2018), and identified several transcription factors that contribute to the
transcription of both Alh-2 and nhr-67. To understand how the difference between o and f3 cells
emerges, | test the hypothesis that the Wnt/B-catenin pathway regulates repression of hlh-2
transcription in B cells. Third, I also identified elements within 4lh-2prox that regulate
maintenance of Alh-2 transcription after initial activation and found that the MY ST-type histone

acetyltransferase /sy-12 contributes to this activity.

RESULTS
The initial expression of i#lh-2 in the parents of the a and p cells

Evidence that hlh-2 and nhr-67 are co-regulated in the parents of the a and J cells
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Sallee and Greenwald (2015) identified A/h-2prox as a 327-bp element 5.2kb upstream of
the start of the 4/h-2 coding region that is both necessary and sufficient for the dynamic
expression pattern of 4/h-2 in the a and 3 cells and their parents (Attner et al. 2019). In an
attempt to identify the element(s) that mediates the early activation of /4/h-2 transcription in the
parents--the proximate stochastic event that biases the outcome of the AC/VU decision--I used
CRISPR/Cas9 to generate a single copy insertion GFP(2xNLS) transgene containing 5252 bp
sequence upstream of hlh-2, which includes 4lh-2prox, in the LGI docking site (see Materials
and Methods, Pani and Goldstein 2018) and analogous transgenes containing 100 bp — 126 bp
deletions within the 4/h-2prox element (Fig. 3). This analysis identified a region of interest
within /4/h-2prox that appears to plays a role in the continuation of A/A-2 transcription in the o
cells (see below; Fig. 12) but did not identify a single subregion required for early expression
(Supp. Fig 1). Surprisingly, given the importance of 4/h-2prox in hlh-2 regulation, phylogenetic
analysis using a set of Caenorhabditis species often used for phylogenetic analysis (C. brenneri,
C. briggsae, C. remanei, and C. japonica; see Materials and Methods) did not identify a region
corresponding to Alh-2prox. 1 therefore considered whether information from previous studies of
other genes expressed in the developing ventral uterine region of the somatic gonad primordium
might help in identifying elements required for the initial expression of hlh-2.

In particular, prior studies of nhr-67, which encodes the ortholog of mammalian nuclear
receptor subfamily 2 group E proteins, made it an attractive candidate for a gene that might be
co-regulated with A/h-2 and provide useful information about how 4/h-2 may be regulated.
Multicopy transcriptional reporters had shown it to be expressed in the o and B cells, and there
was a wealth of information about potential regulatory elements from phylogenetic analysis and

mutant transcriptional reporters (Verghese et al. 2011; Bodofsky et al. 2018); furthermore,
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endogenously tagged NHR-67::GFP had been shown to be expressed in the a and 3 cells and
sometimes in their parents (Medwig-Kinney et al. 2020).

Two lines of evidence supported the hypothesis that the initial transcription of nhr-67 and
hlh-2 in the proximal region of the L2 somatic gonad may be co-regulated and therefore that
available information about nAr-67 might be applicable to 4/h-2. First, endogenous NHR-
67::GFP expression becomes visible in the parents of the a and B cells at a similar time after their
birth as endogenously-tagged GFP::HLH-2 (Attner et al. 2019; Alexandra Ketcham, personal
communication). Second, I strengthened the inference from negative RNAI results suggesting
that the initial expression of nhr-67 and hlh-2 are independent (Verghese et al. 2011; Medwig-
Kinney et al. 2020) by showing that the initial expression of endogenous NHR-67::GFP in the o
and [ cells and their parents is normal in A/h-2(ar614), a proximal gonad-specific null allele that
deletes most of hlh-2prox (Attner et al. 2019), and that initial expression of endogenous
GFP::HLH-2 is normal in nhr-67(pf88), a hypomorphic allele of nhr-67 that results in multiple
non-invading ACs due to a combination of failure of the AC/VU decision and loss of cell cycle
quiescence allowing the ACs to divide (Verghese et al. 2011, Matus et al. 2015) (Fig. 4).

I note that normally, NHR-67::GFP is sustained at a higher level in the AC than in the
VUs, and HLH-2 is believed to contribute to sustaining its expression in the AC (Medwig-
Kinney 2020). In hlh-2(ar614), the o and B cells never had the potential to generate an AC
because they do not express HLH-2 and furthermore, they do not express LIN-12 or LAG-2
(Attner et al. 2019). These VUs, unlike 4/h-2(+) VUs, continue to express NHR-67::GFP
strongly and uniformly, implying that the presence of NHR-67::GFP is not sufficient to prevent
VU fate and that HLH-2 is not required for nAr-67 in a gene regulatory network if a VU does not

have a history of AC potential. This is reminiscent of observations in the development of the

53



Drosophila notum where in a background that lacks achaete-scute complex genes (4S-C) that
provides the competence for proneural fate, cells that lack Notch activity adopt epidermal fate

anyway because they never had the potential for neural fate (Heitzler and Simpson 1991).

Initial expression of hlh-2 and nhr-67 each depends on two Early Activation Elements with
identical sequences

Loss of nhr-67 coding region is lethal, but Verghese et al. (2011) had identified viable
mutants with deletions in the nhr-67 5’ region that causes an incompletely-penetrant 2AC defect
consistent with failure of the AC/VU decision by the a cells. One of these alleles is nhr-67(pf88),
a deletion of 398 bp 1815 bases upstream of the nir-67 ATG. Using phylogenetic analysis
comparing C. elegans with C. brenneri, C. briggsae, and C. remanei, Bodofsky et al. (2018) had
identified the element “ATTGCGY” (Y refers to either C or T) at two positions within the region
deleted by nhr-67(pf88) and showed that these elements are necessary for the expression of nhr-
67p::gfp multicopy transcriptional reporters in o and f cells. I computationally identified two
copies of the “ATTGCGY" sequence within 4/h-2prox in close proximity to each other (Fig.
5A), -5120 bp and -5078 bp upstream of the 4/h-2 ATG. I note that the aforementioned sites on
nhr-67 and hlh-2 also contain conserved “AA”, such that the full sequence appears to be
"ATTGCGYAA."

Using genetic engineering tools that have become available since the work of Bodofsky
et al. (2018), I tested whether the two ATTGCGY sites in nhr-67 and hlh-2 act as Early
Activation Element (EAESs) for the initial expression of these genes. First, for each gene, I used
CRISPR/Cas9 to create single-copy insertion transcriptional reporters in a defined docking site

on LGI (Materials and Methods and Fig. 3A). The wild-type promoter sequences generated using
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this method gave the expected expression in the o and 3 cells and their parents for both A/h-2 and
nhr-67 (Fig. 5B). Consistent with previous findings, 4/h-2 transcription is diminished in B cells
from tcs2 to tes3 while increasing in a cells (Benavidez et al. 2022; Supp. Fig. 1).

I made further observations on the transcriptional dynamics of the wild type nhr-67
transcriptional reporter. When looking at L1 arrest-synchronized animals at the Al/A-2 tcs2 and
tcs3 timepoints, I found that nkr-67 transcription was decreased in the B cells and was
maintained in the a cells (Fig. 6A). Given the similarities in transcriptional pattern and timing
with hlh-2, 1 will use the same stage designation (e.g. tcs2) for nhr-67 transcription. However,
examining older L3 primordium animals, I found that GFP expression of the nhr-67
transcriptional reporter in the aVU was dimmed to BVU-like levels in 14/20 animals (Fig. 6B).
From the quantification data, I separated the a cell data for each larva at tcs3 as higher (al) and
lower (a2) expressing a cells. Compared to expression at tcs2, GFP levels were higher for al but
not significantly different for a2 (Fig. 6C). Taken together, nhr-67 transcription appears to
become diminished in the VUs over time but with a delay for the aVU, which I distinguish
separately as tcs4 (Figure 6D). Given that HLH-2 was suggested to upregulate nhr-67 in the AC
(Bodofsky et al. 2018, Medwig-Kinney et al. 2023) and the aVU is specified after the BV Us, I
hypothesize that the later specification of the aVU and the potentially longer sustained HLH-2
activity in that cell contributes to this dynamic.

Mutating the two “ATTGCGY” sites abrogated expression of both nhr-67 and hlh-2
transcriptional reporters at tcs1 and tcs2 (Fig. 5B). Mutating one rather than both EAE sites on
hlh-2prox resulted in a significantly reduced but still visible GFP expression at tcs2 (Fig. 5B,
5C). At tcs3, GFP expression of the mutant reporters became visible in the specified AC for the

nhr-67p(Aboth EAE) reporter and in one or both a cells for the hlh-2(Aboth EAE) reporter, albeit
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at dimmer levels compared to their wild type counterparts (Fig. 5D, SE). It is possible that these
EAEs continue to contribute to expression in the AC and the a cells (for 4lh-2) even as other
transcription factors begin to drive expression through other loci as well.

Having ascertained the effect of mutating the EAE sites in a transcriptional reporter
context, I also tested the effect of the same mutations in endogenous genes, where I could score
both expression and phenotype. When both EAEs were mutated in endogenous nhr-67::gfp [nhr-
67(syb509ar667)], NHR-67::GFP expression was not detected in the parents of the o and B cells
and very rarely seen in the o and B cells (Fig. 7A). When I examined the effect of the EAE
mutant nhr-67(syb509ar667) on the expression of endogenously-tagged wrmScarlet::HLH-2 in o
and [ cells in the L3 somatic gonad primordium, I observed the following; 19/20 of the wild type
nhr-67.:gfp animals had one cell, the presumed AC, with visible wrmScarlet::HLH-2 expression,
whereas in EAE mutant animals, wrmScarlet:: HLH-2 expression were detected in all four a and
B cells in 4/20 animals, three cells in 8/20 animals, and two cells in 6/20 animals (Fig. 7A),
indicating that the mutation ectopically lengthened the stability of HLH-2 expression in multiple
proximal gonad cells. Verghese et al. (2011) had suggested that lack of nhr-67 disrupts adoption
of the VU fate, and stabilization of HLH-2 expression would be one indication of a partial or
complete failure to adopt the VU fate.

When I mutated both EAEs in endogenously-tagged gfp::hlh-2 [hih-2(ar623)], 1 did not
detect GFP::HLH-2 expression in the parents of the a and  cells and only rarely observed
expression in the o and B cells (Fig. 7B). I also observed phenotypes in older mutant animals: in
L4, I observed that 75% (15/20) of the hermaphrodites lack invagination, which could be caused
by the lack of a functioning AC (Fig. 7B). Thus, mutating the EAEs may induce abrogation of

AC potential. However, given that a larger deletion removing most of hlh-2prox results in a fully
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penetrant 0 AC phenotype (Attner et al. 2019), other elements on A/h-2prox may contribute a low

level of hlh-2 expression that is sporadically sufficient for AC specification and function.

RNAi screen for transcription factors that may act via the EAEs of hlh-2 and nhr-67

I first used the transcription factor binding prediction tool CIS-BP (Weirauch et al. 2014)
to identify transcription factors that may potentially bind to the EAEs of 4/h-2 and nhr-67 (see
Materials and Methods). For both, the top five candidates were athp-3 and hmg-12, which
encode AT-hook transcription factors, and atf-1, ces-2, and zip-8, which encode bZIP
transcription factors. I performed RNAi depletion targeting each of these genes in a strain
carrying the wild-type Alh-2 transcriptional reporter and the RNAi-sensitizer nre-1 (hd20) lin-
15B (hd126) (Schmitz et al. 2007) and found that depletion of athp-3, ces-2, and zip-8 resulted in
diminished hlh-2 transcription in one or both a cells at both tcs2 and tcs3 consistent with roles in
regulation of early transcription (Figure 8A).

Because the CIS-BP database does not include all predicted C. elegans transcription
factors, I also considered if other AT-hook or bZIP proteins might be the relevant factor,
encouraged by the resemblance of the “ATTGCGYAA” sequence of the EAEs to the consensus

DNA binding site of mammalian AT-hook protein HMGA2, ATATTGCGCAWWATT (Cui and

Leng 2007) (W refers to either A or T), and the consensus DNA binding site of the C/EBP
family of bZIP transcription factors “ATTGCGCAAT” (Vinson et al. 1989). I therefore tested
RNALI depletion of the other 26 predicted AT-hook transcription factors and the 4 C/EBP bZIP
orthologs (identified using Ortholist 2; Kim et al. 2018) for effect on A/h-2 transcription.

I ranked the results based on the percentage of worms with defective expression

combined for both tcs2 and tcs3 (Table 1). I found that depletion of attf-2, a predicted AT-hook
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transcription factor gene, induced a comparable loss of 4/h-2 transcription in a cells as other hits
(Fig. 8A). Another interesting finding was for Isy-12(RNAi), which has a predicted AT-hook but
has been better characterized as a MY ST-type histone acetyltransferase (HAT) (O’Meara et al.
2010), which resulted in loss of a cell A/h-2 transcription in tcs3 but not at tes2 (Fig. 8A, Table
1). I speculate that the four other hits may play a role in the initial transcription of 4/h-2 whereas
Isy-12 may be involved in its transcriptional maintenance, which I discuss later.

Given my hypothesis that the initial transcription of 4/h-2 and nhr-67 in the proximal
gonad may be co-regulated, I proceeded to test the effect of athp-3(RNAi), attf-2(RNAi), ces-
2(RNAi), zip-8(RNAi), and Isy-12(RNAi) on expression of the wild-type transcriptional reporter
of nhr-67 in the RNAi-sensitized background. nhr-67 is transiently transcribed in all four a and 3
cells and then maintained robustly only in the AC after specification and inconsistently in the
aVU (Fig. 6). Therefore, I scored for expression in both a cells at the earlier stage (tcs2) and for
expression in any a cell at the later stage (tcs3/4). I found that RNAIi of athp-3, attf-2, ces-2, and
zip-8 resulted in loss of nAr-67 transcription compared to negative control at both stages (Fig.
8B, Table 2). This not only supports the hypothesis for co-regulated initial activation of A4/h-2
and nhr-67 but also suggests those candidate genes as potential components of the co-regulation
pathway. On the other hand, /sy-72 had no observed effect on nhr-67 transcription (Table 2),
which is consistent with the hypothesis that it is involved in maintaining continued hlh-2

transcription at tcs3 but not for initial transcription at tcs1 or tes2.

Candidate genes from RNAi-depletion screen have no apparent effect on GFP::HLH-2

expression pattern in the L3 primordium
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I then proceeded to test if depletion of these transcription factors identified as potentially
regulating hlh-2 and nhr-67 transcription had an effect on the number of proximal gonad cells
with stable GFP::HLH-2 expression in the L3 somatic gonad primordium, which can indicate
defects in the AC specification process. I found that RNAi of all the candidate genes had no
significant effect on the number of GFP::HLH-2 expressing cells. I observed no 0 GFP::HLH-2
phenotype indicative of 0 AC outcome and neither the “strict” nor the “lenient” criteria for
increased GFP::HLH-2 stability as defined by Benavidez et al. (2022) (Materials and Methods)
were met by any depletion conditions (Fig. 9). Given that depletion of these candidate genes
appeared to have a stronger effect on nhr-67 transcription, and nhr-67 hypomorphs and nhr-
67(RNAi) was reported as resulting in 2 AC phenotypes (Verghese et al. 2011), it had seemed
plausible that depletion of the genes that disrupt nhr-67 transcription might stabilize GFP::HLH-

2 in multiple cells.

hlh-2 transcription is regulated differently in a and P sister cells by the Wnt/B-catenin
asymmetry pathway
Asymmetrically low level of GFP::POP-1 in f cells precedes loss of hlh-2 transcription

The Wnt/B-catenin Asymmetry Pathway (WPBA) in C. elegans creates differences
between sister cells in many lineages (reviewed in Sawa and Korswagen 2013). In this pathway,
the asymmetric polarization of proteins in a parent cell results in differing levels of Wnt pathway
genes including the Wnt effector gene POP-1/TCF in the daughter cells. This pathway
establishes the proximal-distal axis of the somatic gonad in the division of Z1 and Z4 cells, with
lower POP-1/TCF levels in the distal cells Z1.a and Z4.p than in the proximal cells Z1.p and

Z4.a (Siegfried et al. 2004); similarly, transgene-encoded GFP::POP-1 accumulates to a higher
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level in a cells than in the B cells (Sallee et al. 2015). The genetic interaction of a multicopy
transgene of pop-1 that alters POP-1 dynamics in the a and B cells with /in-12(0) suggested that
the lower POP-1 level observed in the B cell nuclei of wild type animals may promote VU fate,
essentially reducing their potential to be the AC (Sallee et al. 2015). Furthermore, a miniMos-
based single-copy insertion A/h-2 transcriptional reporter found that //Ah-2 transcription is
downregulated in 3 cells in a background null for proximal 4lh-2, even though the a and B cells
in this background no longer differ in their developmental potential (Benavidez et al. 2022).

If the loss of Alh-2 transcription in the B cells is a consequence of the lower level of POP-
1 in these cells compared to a cells, I would expect that the asymmetric accumulation of POP-1
would precede the loss of /4/h-2 transcription. Indeed, I observed that the level of endogenous
GFP::POP-1, encoded by pop-1(he335) (van der Horst et al. 2019), is lower in B cells when Alh-2
transcription as reported by ar7i460[/hlh-2p::tdTomato(2xnls)] is at similar levels between a and
B cells (Fig. 10A). Furthermore, in a hlh-2(ar614) background which is null for 4/h-2 in the
proximal somatic gonad, GFP::POP-1 asymmetry is still observed (Fig. 10B). Together, these
results suggest that asymmetric POP-1 accumulation is distinct from //h-2 and may plausibly

contribute to the loss of 4/h-2 transcription in the B cells.

Depleting LIT-1::AID stabilizes GFP::POP-1 in f cells

If POP-1 asymmetry is responsible for the differential transcriptional regulation of hlh-2
in a and P cells, increasing the level of POP-1 in B cells should sustain 4/A-2 transcription. To
stabilize POP-1, I used the Auxin Inducible Degradation (AID) system to deplete the kinase LIT-
1, the ortholog of mammalian NLK. LIT-1 phosphorylates nuclear POP-1 to promote its export

to the cytoplasm, thus lowering the relative level of nuclear POP-1 (Rocheleau et al. 1999; Lo et
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al. 2004). In the context of the WBA pathway, this relatively lower level of POP-1 is then
thought to become “active” in promoting transcription of target genes (reviewed in Lam and
Phillips 2017). I used the combined AID-flexon system developed by Wittes and Greenwald
(2024) for robust somatic gonad-specific expression of TIR1F79G, to control both the timing and
tissue-specificity of LIT-1 depletion (Fig. 10C).

I first looked at endogenous GFP::POP-1 to examine the effect of LIT-1 depletion on
POP-1 asymmetry. I found that LIT-1::AID depletion abrogates the wild type asymmetric pattern
of GFP::POP-1 nuclear accumulation (Fig. 10D). This suggests that LIT-1’s role in regulating
nuclear POP-1 asymmetry is maintained for a and B cells, and that stabilizing POP-1 in f cells
by targeting LIT-1 could reveal a potential relationship between the WBA pathway and hlh-2

transcriptional regulation.

Depleting LIT-1::AID maintains hlh-2 transcription and increases HLH-2 protein levels in the
cells

Differential regulation of //h-2 transcription between o and f cells does not depend on
HLH-2 (Benavidez et al. 2022). If the WBA pathway is required for the difference in Alh-2
regulation between a and f cells, then I would expect to see maintenance of A4/k-2 transcription in
the B cells when LIT-1::AID is depleted. Indeed, in the L3 somatic gonad primordium, I
observed that the GFP expression reporting slh-2 transcription in 3 cells is significantly higher
upon LIT-1::AID depletion compared to control whereas it remained similar in o cells between
the control and treatment groups (Fig. 10E), supporting my hypothesis that the loss of hlh-2

transcription in B cells depends on the WPBA pathway. Separately, I observed that depletion of
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LIT-1::AID also resulted in higher expression of endogenously-tagged GFP::HLH-2 expression

in B cells compared to control in the L3 primordium (Fig. 11A).

Depleting LIT-1::AID does not alter the AC/VU decision

I also examined the consequences of depleting LIT-1::AID on cell fate, which suggested
that LIT-1::AID depletion does not induce BAC, with some caveats. Pairwise comparison of ACs
with B cells with the higher GFP::HLH-2 expression in the same animals strongly indicated
significantly higher expression in the ACs (Fig. 11), suggesting a lack of BAC transformation.
Analysis of the expression of the AC marker cdh-3::gfp, a transcriptional target of HLH-2
(Schindler and Sherwood 2011), in mid-L3 following the division of the VUs also suggests that a
single AC is specified: in 20/20 hermaphrodites, a single cell expressed a high level of cdh-
3::GFP expression as in wild type. However, I also observed that in many cases, there was also a
very dim level of cdh-3::GFP expression in one (8/20) or two (1/20) cells adjacent to the AC
(Fig. 11B), suggesting that the extra HLH-2 expression, while not sufficient to transform VUs
into ACs, may activate cdh-3 transcription in VUs. Therefore, I conclude that abrogating the
WA pathway disrupts repression of 4/h-2 transcription in 3 cells but is not sufficient for cell
fate transformation.

hlh-2 transcription appears to be maintained in the aVU past the AC/VU decision, and
preventing the degradation of GFP::HLH-2 by depleting E3 ligase genes did not produce ectopic
anchor cells (Benavidez et al. 2022). Therefore, neither maintenance of A/h-2 transcription nor
ectopic stabilization of HLH-2 are necessarily sufficient for AC fate. Furthermore, the increased
BAC transformation phenotype by transgenic GFP::POP-1 arrays in Sallee et al. (2015) was

observed in a /in-12(0) background, which maintains the AC potential for longer in the f cells
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(Seydoux et al. 1990) and can itself produce BACs, especially at higher temperature (25°C)
(Sallee et al. 2015). Therefore, BVU fate in wild type animals is likely redundantly regulated by
both /in-12 activity and the WBA pathway, and preserving A/h-2 transcription on its own is likely

insufficient for AC fate.

The maintenance of 4lh-2 transcription in a cells is distinctly regulated from initial
activation
The Later Maintenance Elements (LME) maintain hlh-2 transcription in o cells

In the proximal gonad, A/A-2 is initially transcribed in the Z1.pp and Z4.aa (tcs1) and
their daughter a and [ cells (tcs2) (Fig. 2B). Reporter expression of //h-2 transcription is reduced
in the B cells over time whereas it is increased in the o cells (tcs3) (Fig. 12; Supp Fig. 1). To
identify specific regions that regulate slh-2 transcription, I generated single-copy insertion
transcriptional reporters of hlh-2 with 100 bp (the last one being 126 bp) truncations on the hlh-
2prox element staggered over 50 bp steps, which were all inserted into the same docking site on
LGI (Fig. 3B).

While all five truncations substantially lowered GFP expression compared to wild type
(Supp Fig. 1), likely due to the relatively large sizes of the deletions, I made a salient discovery
on the A200-326 reporter; on that deletion, I observed a pattern in which stable initial GFP
expression at tcs2 (albeit at lower levels than wild type) was subsequently significantly reduced
in the a cells as in the B cells at tcs3, which was not observed in the wild type reporter or in other
deletions (Fig. 12B, Supp Fig. 1A). To narrow this further, I made three additional
transcriptional reporters consisting of smaller deletions within A200-326, which covered 200-

250, 250-286, and 286-326 bp of hlh-2prox (Fig. 12A; Supp Fig. 2). I found that the reporters
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with A200-250 and A286-326 deletions showed reduction of 4lh-2 transcriptional reporter
expression in a cells from tes2 to tcs3, with the expression intensity for the A200-250 reporter
being especially similar to that of A200-326 (Fig. 12D).

My finding suggests that besides the initial activation of 4/h-2 transcription in the o and 3
cells and their parents, there exists one or more other mechanisms that interact within 200-250
and 286-326 stretches of hlh-2prox to coordinate the continued maintenance of A/h-2
transcription in a cells. Therefore, I labeled these regions the Later Maintenance Elements, or

LMEs.

Isy-12 regulates maintenance of hlh-2 transcription in o cells

My RNAI screen to identify regulators of 4/h-2 transcription factors identified several
genes that affected initial transcription of hlh-2. However, Isy-12(RNAi) stood out in that it
appeared to diminish hlh-2 transcription in a cells at tcs3 but not prior in tes2 (Fig. 8A).

To further investigate the role of Isy-12 in regulating hlh-2 transcription in the proximal
gonad, I examined //h-2 transcription in Isy-12 recessive mutants ot/ 70 and ot/71, which among
Isy-12 mutants induced the highest rate of defect in ASEL neuron marker expression and
produces protruding vulval defects (Pvul) (Sarin et al. 2007). Consistent with findings from the
RNAI screen, I found that 4/h-2 transcriptional reporter is initially robustly expressed in the four
a and B cells at tcs2, and that the expression level is decreased in not just B cells but also in the o
cells at tcs3, which is also similar to the pattern found in the ALME transcriptional reporters
(Fig. 13). I hypothesize that lack of Isy-12 either inhibit or delay the activation of the
mechanisms that carry on A/h-2 transcription in a cells past the initial transcriptional activity in

all four cells.
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Mechanisms that maintain Ah/h-2 transcription in a cells may also be active in B cells

My findings suggested that 4/h-2 transcription in f cells is repressed by the WA
pathway. Therefore, I wondered whether the maintenance of 4/A-2 transcription in a cells that
appears to be regulated by the LMEs is a process specific to a cells or is shared in o and f3 cells
but occluded by the WBA pathway in  cells. I examined expression of the A200-250 hlh-2
transcription reporter upon depletion of LIT-1::AID and found that the depletion significantly
increases transcriptional reporter levels in  cells compared to control (Fig. 14). This provides
functional evidence that lack of A200-250 in A/h-2prox downregulates //h-2 transcription in 3
cells separately from the WBA pathway, which taken in reverse suggests that the LME promotes
maintenance of 4/h-2 transcription in B cells as well even if the effect of transcriptional

repression ultimately outweighs it.

DISCUSSION

In wild type C. elegans hermaphrodites, the AC fate is assumed by Z1.ppp in 50% of the
animals and by Z4.aaa in the other 50%. Attner et al. (2019) suggested the source of this
stochastic outcome to an earlier stochastic event; the order of apparent onset of GFP::HLH-2
expression in the parents of a and B cells is predictive of the AC/VU decision outcome. Given
the crucial implication of the initial activation of 4/h-2, then, I sought to further the current
understanding of how Alh-2 is initially transcribed in these early events.

My findings suggest that the initial transcription of 4lh-2 and nhr-67 requires the EAE
sites in their 5° regulatory elements (Figure 5), and mutations of those sites at their endogenous

loci also disrupts their expression. This finding, their similar expression patterns in the L2

65



proximal gonad, identification of genes whose depletion disrupt their transcription, and the
evidence for their independent initial expression are all consistent with the hypothesis that 4l/h-2
and nhr-67 share the upstream pathway that initially activates their initial transcription in the
parents of o and B cells. The similar time of onset of visible GFP::HLH-2 and NHR-67::GFP
expression in Z1.pp and Z4.aa from the time of the cell’s birth (Attner et al. 2019, Alexandra
Ketcham, personal communication) is not only further consistent with this hypothesis but also
invites the possibility that their transcriptional activation might be regulated by cell cycle entry
or progression.

The apparent lack of GFP::HLH-2 observed in the o and B cells and especially their
parent cells did not translate into a similarly penetrant phenotype consistent with lack of AC,
though certainly aberrant compared to wild type. A potential explanation is that the initial
transcription in the four a and f cells and their parents, enabled by the EAE, provides an
important but not exclusive source of 4/h-2 prior to specification of the AC. I identified elements
within A/h-2prox, LME, that appear to promote maintenance of /4/h-2 transcription and also
observed dim but visible A/h-2 transcription in a cells in the EAE mutant transcriptional reporter
at tcs3. The combination of initial transcription enabled by the EAE and the boost to
transcription by the LME could ensure robustness of 4/A-2 expression in a cells; if this is the
case, missing the EAE would degrade the fidelity of this outcome, even if the outcome is not
always 0 AC like hlh-2(ar614) which deletes the EAEs and the LMEs (Attner et al. 2019).

It is possible that a low level of initial 4/A-2 that is not detectable by fluorescence but still
past a certain threshold may be sufficient for AC competence and fate, even if not consistently
so. Ablation of all but one B cell in early L2 results in the § cell acquiring an AC fate (Seydoux

et al. 1990). If the HLH-2 requirement for initial competence is low, a minimal level of hlh-2
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sporadically in just one of the four cells endowed with AC potential might still resultina 1 AC
phenotype as the final outcome. My deletion analysis suggests that multiple sites on A/h-2prox
are required to produce wild type level of hlh-2 transcription (Supp Fig. 1); removal of the EAE
sites may bring down Alh-2 transcription levels 1) low enough to be not visible to fluorescent
microscopy and 2) at a borderline level for endowing AC competence and fate.

My RNAI screen identified several transcription factors that may regulate transcription of
both Alh-2 and nhr-67 in the proximal gonad: athp-3, attf-2, ces-2, and zip-8. I do not know
whether all these genes directly target the EAE sites on Alh-2 and nhr-67 or some other sites in
their regulatory regions, or possibly another upstream gene(s) in the pathway that ultimately
regulates hlh-2 and nhr-67, although it seems unlikely that the EAE sites recruit all those genes
simultaneously. While very little is known about either athp-3 or attf-2 besides their predicted
AT-hook domains, biochemical analysis on the binding affinity of the mammalian AT-hook

transcription factor HMGA?2 had identified 5'-ATATTGCGCAWWATT-3’, the central part

(“ATTGCGCAW?) of which resembles the “ATTGCGYAA” sequences shared in the EAE sites
(Y refers to either C or T, and W refers to either A or T) (Fig. 2B), as one of its two consensus
binding sequences (Cui and Leng 2007). ces-2 is a PAR (proline- and acid- rich) bZIP
transcription factor best known for regulating programmed cell death (Ellis and Horvitz 1991).
However, it also plays other roles such as initiating transcription of /in-48 in the excretory duct
cell (Wang et al. 2006). The core consensus sequence recognized by CES-2 is ATTACGTAAC
(Metzstein et al. 1996), which bears a partial resemblance to the EAEs except for the adenine in
the fourth position (underlined). zip-§ is a largely uncharacterized bZIP transcription factor, but
has been speculated to function as a co-factor in targeting open chromatin in multiple contexts

based on the finding that it is especially frequently detected in composite motifs in analyses of
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ChIP-seq data (Narasimhan et al. 2015), so it may act as a co-factor in the complex that activates
hlh-2 and/or nhr-67 transcription. Interestingly, a yeast-one-hybrid (Y 1H) hybrid screen found
that the ZIP-8 protein may interact with the promoter region of ces-2 (Fuxman Bass et al. 2016),
so it is possible that zip-8(RNAi) reduces hlh-2 transcription through downregulation of ces-2.

Given that f3 cells are born with AC competence but always acquire VU fate and
transcriptional regulation of 4/h-2 was suggested as a contributing factor to their fate, I was also
interested in how the differences between a and P cells are created in the context of hlh-2
transcription. My finding that downregulation of 4/h-2 transcription in the B cells is WBA-
dependent raises interesting questions about both the upstream and downstream aspects of this
regulation (Figure 5). The nature and source of the signaling that induces the asymmetric
division of the a and B cell parents Z1.pp and Z4.aa with respect to the WBA pathway is yet
unknown, though the germline is a plausible suspect for the source of the signal given its
proximity and the finding that in the earlier stage of development, lack of Z2 and Z3 germline
progenitors disrupts the polarity of Z1 and Z4 that establish the initial proximal-distal axis
(Yamamoto et al. 2011). The polarity of Z1 and Z4 was suggested to be redundantly dependent
on the Wnt-independent activity of the Frizzled receptor LIN-17 and Wnt-mediated signaling,
which may be mediated by another Frizzled receptor MOM-5 (So et al. 2024). Whether this is
also the case for the polarity of their descendants Z1.pp and Z4.aa, the parents of a and B cells,
remains a potential further avenue for investigation.

Lower levels of POP-1 in WPBA pathway contexts are associated with activation of its
transcription targets (reviewed in Lam and Phillips 2017), and if POP-1 activates transcriptional
targets that repress //h-2 transcription in 3 cells, identification of those genes would provide a

more complete picture of hlh-2 regulation. In the WBA pathway, the target genes
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transcriptionally regulated by POP-1 differ based on cellular context (reviewed in Sawa and
Korswagen 2013). In the division of Z1 and Z4 that establishes the initial distal-proximal axis in
the gonad, ceh-22 was identified as the target gene activated by POP-1 for DTC specification;
however, its expression in lost in the proximal lineages of Z1 and Z4 (Lam et al. 2006).
Therefore, it is likely that B cells feature their own, possibly unique, complement of POP-1 target
genes that regulate 4lh-2 transcription.

On the other hand, an alternate model of WBA pathway has been identified as regulating
the transcription of #£x-3 in which POP-1 in the anterior rather than the posterior (analogous to
proximal rather than distal in the somatic gonad) cell activates target gene transcription. Here,
POP-1 complexes with REF-2 rather than SYS-1, and the complex interacts with Zic DNA
binding sites to activate target gene transcription (reviewed in Murgan and Bertrand 2015). If
this model applies to the L2 proximal somatic gonad, the higher POP-1 level in the a cells might
either directly promote //h-2 transcription or promote activators of hlh-2 transcription. The hlh-
2prox sequence lacks the C. elegans Zic binding site previously identified on #x-3,
“GCACCCCGCTCA,” (Bertrand and Hobert 2009), so if a POP-1:REF-2 complex does indeed
function in this context, it likely targets genes that promote Al/h-2 transcription.

My deletion analyses also identified regions that are required for maintenance of 4/h-2
transcription after initial expression, which I refer as the later maintenance elements (LME). This
later activity appears to be maintained for both o and B cells but masked in 3 cells by WA
pathway-mediated regulation. My RNALI screen also raised Isy-12 as being potentially involved
in the maintenance of 4/h-2 transcription, and analysis of A/A-2 transcription in /sy-12 mutants
found a similar trend for expression in a cells as in the ALME hlh-2 transcriptional reporters. [sy-

12 was previously found to regulate lateral asymmetry in ASE neurons, and it was suggested that

69



the histone acetyltransferase (HAT) complex that includes LSY-12 is recruited by the C2H2 Zn
transcription factors DIE-1 and CHE-1 to regulate genes that are laterally asymmetric between
the left and right ASE neurons (O’Meara et al. 2010). I speculate the possibility that as in ASE
neurons, a HAT complex that includes LSY-12 may be recruited by transcription factors to

positively regulate 4/h-2 transcription after its initial activation.

MATERIALS AND METHODS
Caenorhabditis elegans alleles and transgenes

The complete lists of alleles and strains used in the study are provided in Table 2 and 3
respectively. All injections were performed on healthy young adult hermaphrodites. Strains were
maintained at 20 °C and temperature conditions during each experiment are indicated below.
hlh-2{ar623[gfp::hlh-2]} I is a knock-in allele for endogenously-tagged GFP::HLH-2 (Attner et
al. 2019).
hlh-2(ar614) I is a deletion within the 5’ regulatory element of hlh-2 hilh-2prox that is null for
hlh-2 in the proximal somatic gonad (Attner et al. 2019).
Isy-12(ot170) V and Isy-12(ot171) V are recessive alleles of /sy-12 mapped to the final exon of
the Isy-12a isoform that induce ASE neuronal and Pvul defects (Sarin et al. 2007; O’Meara et al.
2010).
nhr-67{syb509[nhr-67::gfp]} IV is a knock-in allele for endogenously-tagged NHR-67::GFP
(Medwig-Kinney et al. 2020).
nhr-67(pf88) IV is a deletion in the 5’ regulatory region of nhr-67 that induces 2AC and vulval
defects (Verghese et al. 2011).

nre-1 (hd20) lin-15B (hd126) X confers hypersensitivity to RNAi1 (Schmitz et al. 2007).
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pop-1{he335[egfp::pop-1]} I is a knock-in allele for endogenously-tagged GFP::POP-1 (van der
Horst et al. 2019).

arls51[cdh-3::gfp] IV was used as an AC marker (Karp and Greenwald 2003).
arTil12[ckb-3p::mCherry::his-58::unc-54 3’'UTR] V and arTil45[ckb-3p::mCherry::his-
58::unc-54 3’UTR] II were used to mark somatic gonad cells with mCherry (Attner et al. 2019).
arTi237[ckb-3p::Cre(opti)::tbb-2 3’UTR] X is a somatic gonad-specific Cre driver (Shaffer and
Greenwald 2022a).

arTi443[rps-27p:: TIR1IF79GY(flexon)::unc-54 3’'UTR] V is a lox2272-flexon-based (Shaffer and
Greenwald 2022a) transgene which expresses TIR1F7°6 (Hills-Muckey et al. 2022) in cells that

express Cre (Wittes and Greenwald 2024).

CRISPR/Cas9-based single copy transcriptional reporters for hl/h-2prox deletion analysis
and EAE mutants in hlh-2 and nhr-67

To generate single-copy transgenes that insert at the same locus, I used the pWZ111
backbone, which permits CRISPR/Cas9-mediated single copy insertion into the #7i4348 locus
on Chromosome I (Pani and Goldstein 2018). The plasmid inserting wild type Alh-2
transcriptional reporter into #¢7i4348, pHK42, was generated by the following method. The 5252
bp region upstream of hlh-2 cloned from N2 genomic DNA, codon-optimized GFP flanked by
N-terminal SV40 and C-terminal eg/-13 nuclear localization sequences, and unc-54 3’ UTR were
assembled into pWZ111 digested with Notl and Avrll using the Gibson assembly protocol
(Gibson 2011). The version of hlh-2prox (326-bp) analyzed in this study for all experiments
differs from the original 327-bp hlh-2prox sequence described in Sallee et al. (2015) in that the

guanine at the -5253 position upstream of 4/h-2 ATG is not included, and thus is shorter by one
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base; the wild type GFP reporters generated (arSil55, arSi214) are expressed at high levels in a
and f cells, their parents, and o cells following AC specification. The wild type transcriptional
reporter plasmid served as the template for generating transcriptional reporters of hlh-2 with
deletions and substitutions in the 4/h-2prox sequence. Truncations and substitutions on the Alh-
2prox sequence, for the deletion analysis and analysis of the EAEs, respectively, were cloned
from this plasmid and then reassembled into pHK42 that had been digested with Spel and Agel,
which removed the original wild type hlh-2prox, using the Gibson assembly protocol. EAE
substitutions, which mutated the ATTGCGY sites into TTTTTTY, either replaced the first EAE
only (5126-5121>A, number indicates bp upstream of nhr-67 ATG), the second EAE only
(5084-5079>A), or both of the EAEs (5126-5121>A; 5084-5079>A).

The 3710 bp region upstream of nhr-67 cloned from N2 genomic DNA, codon-optimized
GFP flanked by N-terminal SV40 and C-terminal eg/-/3 nuclear localization sequences, and unc-
54 3’ UTR were assembled into pHK35 (a slightly modified version of pWZ111 where the ccdB
cassette removed by Notl and Avrll was exchanged with GFP) digested with Notl and Avrll
(which rendered the vector sequentially identical to pWZ111 digested with Notl and AvrIl) using
the Gibson assembly protocol (Gibson 2011) to generate a wild type transcriptional reporter
plasmid of nhr-67 (pHK68). To make the EAE mutant transcriptional reporter plasmid of nhr-67
(pHK69), I inserted a long oligo with the EAE substitution mutations (1706-1701>A; 1642-
1637>A, number indicates bp upstream of nhr-67 ATG), mutating the ATTGCGY sites into
AAAAAAY, and fragments of the nhr-67 3710bp upstream region cloned from pHK68 into
pHK35 digested with Notl and AvrIl. I note that 1797bp upstream of nhr-67 ATG, there is an 18

bp-long cytosine repeat in the reference genome which is 17 bp long in both pHK68 and pHK69.
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All plasmids were sequenced for verification. The transgenes described above were
inserted into ##7i4348 in N2 animals using CRISPR/Cas9 (Pani and Goldstein 2018). Alleles

generated are listed in Table 2.

CRISPR/Cas9-based endogenous mutations

To mutate the endogenous EAE sites of 4lh-2 and nhr-67 and insert an AID tag to the 3’
end of /it-1, I followed the protocol as described by Ghanta and Mello 2020. The repair templates
for hlh-2 and nhr-67 were cloned as PCR fragments from pHK62 and pHK69, respectively. The
repair template for /it-1 consisted of a flexible linker and the AID degron sequence flanked by
small homology arms for repairing the Cas9 cut site on /iz-/ which was cloned from a
pBluescript-based plasmid with AID degron flanked by flexible linkers (pHKS57). The crRNA
were ordered from IDT and consisted of the following: nhr-67: /AltR1/rCrGrC rArArU rArUrC
rGrArG rArArC rGrArU rGrCrG rUrUrU rUrArG rArGrC rUrArU rGrCrU /AltR2/; hlh-2:
/AItR1/rArUrG rArArU rArArC rUrCrA rUrUrG rCrGrC rArArG rUrUrU rUrArG rArGrC
rUrArU rGrCrU /AltR2/; lit-1: /AltR1/rUrUrU rUrUrU rUrGrU rCrArC rCrArA rGrCrC rUrGrG
rUrUrU rUrArG rArGrC rUrArU rGrCrU /AltR2/. The injection mix for hlh-2 was injected into
GS9222 (hlh-2{ar623[gfp::hlh-2]} I; arTil 12 V) to generate GS10134 (hlh-2{ar623ar668[hih-
2p(Aboth EAE)::gfp::hlh-2]} I; arTil 12 V), the injection mix for nhr-67 was injected into
PHXS509 (nhr-67{syb509[nhr-67::gfp]} IV) (Medwig-Kinney et al. 2020) and crossed with
arTil 12 V to generate nhr-67{syb509ar667[nhr-67p(Aboth EAE)::nhr-67::gfp]} IV, and the
injection mix for /iz-/ was injected into N2 animals to generate /it-1{ar665/lit-1::AID]} III.

Homozygozed strains were verified by genotyping and sequencing.
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CRISPR/Cas9-based knock-in reporter

To insert a wrmScarlet tag at the N-terminal locus of A/A-2, 1 followed the protocol from
Dickinson et al. 2015. The self-excising cassette (SEC) repair template pYR1, containing the
hlh-2 homology arms and wrmScarlet, was generated by Yasmin Ramadan, a rotation student,
and the Cas9-sgRNA construct plasmid pJB56, which targeted the sequence
“AGTTTTCAGAACCTCAATGG”, was generated by a former graduate student Justin
Benavidez. The generated allele 4lh-2{ar657/wrmScarlet::hlh-2]} I expresses the wrmScarlet
tag as expected including in the AC, VUs, distal tip cells, sex myoblasts, and head neurons. The
worms are healthy and lays embryos copiously. I discovered an extra “A” insertion 18 bp
upstream of the ATG, which likely occurred during the repair as it is adjacent to the sgRNA

sequence.

Minimos-based transgenes

pIB78[ckb-3p::mTagBFP2::his-11::unc-54 3’ UTR] was used to generate a single-copy
mTagBFP2-based somatic gonad reporter allele ar7i448 I1.

pHK23[hlh-2p(5.2kb): :tdTomato(2xnls): :unc-54 3’'UTR] was used to generate arTi460
111, a single-copy reporter of hlh-2 transcription in tdTomato flanked by N-terminal SV40 and C-
terminal eg/-13 nuclear localization sequences. A clone of the 5.2kb 5’ regulatory sequence of
hilh-2 (Sallee and Greenwald 2015) was assembled with tdTomato(2xnls) and unc-54 3> UTR.

pHKS6[rps-27p: :mCherry(flexon)::his-58::unc-54 3 ’UTR] was used to generate arTi481
I and arTi483 111, loxP-flexon-based single-copy somatic gonad cell markers in mCherry with
greater brightness than ar7il45 or arTil12. The first intron of mCherry was replaced with a

flexon (Shaffer and Greenwald 2022a) which prevents expression of mCherry by the strong
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ubiquitous promoter 7ps-27p until the flexon has been excised by Cre. I used this transgene in
conjunction with arTi237[ckb-3p::Cre(Opti)::tbb-2 3’'UTR] X for expression in somatic gonad
cells.

All plasmids were generated with Gibson assembly (Gibson 2011) with backbone derived
from the MiniMos vector (pCFJ910) and the unc-54 3’'UTR and were sequenced for verification.
The transgenes were injected into N2 animals following protocol from Frekjar-Jensen et al.
2014. Single-copy random insertions were mapped following standard protocol (Frekjer-Jensen

et al. 2014).

Phylogenetic Analysis
The Caenorhabditis elegans hlh-2prox sequence used in this study (-5252 to -4927) and
intergenic sequences upstream of 4/h-2 in C. brenneri, C. remanei, C. briggsae, and C. japonica

obtained from the Wormbase genome browser (https://wormbase.org) were attempted to be

aligned using ClustalW (Thompson et al. 1994, https://www.genome.jp/tools-bin/clustalw) and
MAFFT (Katoh and Standley 2013, Katoh et al. 2019, https://mafft.cbrc.jp/alignment/server/).
Following the criteria from Bodofsky et al. (2018), I sought to identify sites of common
homology with 6 or more base pairs but did not identify any. I used intergenic sequences

upstream of both A/h-2.1 and hlh-2.2 for C. brenneri, for which hlh-2 is duplicated.

Microscopy
For experiments that required quantification or were anticipated as potentially requiring
quantification, I used a spinning disc confocal microscope to capture images with a single or dual

camera system. Larvae were mounted on 4% agarose pads and immobilized with 10 mM
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levamisole. The following lasers were used for each fluorescent protein used in the study: 488
nm 100 mW laser for GFP, 561 nm 75 mW laser for mCherry and tdTomato, and 405 nm 50mW
laser for mTagBFP2. All images were captured with slices at intervals of 0.25 pm. Exposure
times and laser power parameters for each experiment are described below. Fiji (Schindelin et al.
2012) and GraphPad Prism were used for quantification and statistical analysis, respectively.
For scoring experiments, I used the 63x Plan-Apo objective lens inserted into a Zeiss
Axio Imager D1 microscope, with X-Cite 120Q as the light source. Larvae were mounted on 3%

agarose pads and immobilized with 10 mM levamisole.

Deletion analysis of hlh-2prox

Embryos from the strains GS10032, GS10001, GS10021, GS10033, GS10020, GS10031,
GS10065, GS10068, and GS10060 were obtained using a standard bleaching protocol
(Stiernagle 2006) and pipetted into an Erlenmeyer flask containing 10 ml of M9 buffer to induce
L1 arrest. After shaking for 24-36 hours at 20°C, L1 larvae were placed onto NGM plates seeded
with OP50 bacteria and left to grow in 25°C. In wild type, A/h-2 is initially transcribed in o and f3
cells (tcs2) and is decreased in f cells over time while being maintained in a cells (tcs3). To
capture this dynamic, larvae were imaged at 16 hours after release from L1 arrest for tcs2, when
hlh-2 reporter is robustly expressed in all four a and B cells, and at 18.5 hours for tcs3, when
expression is relatively diminished in 3 cells (Note: GS10060[hlh-2p(5.2kb hlh-2prox A250-
286)::gfp(2xnls)] was imaged at 15.5 hours after release from L1 arrest for tcs2; Supp Fig 2).
GFP expression was captured using the confocal microscope’s single camera at 100 ms exposure
time at 10% laser power. I used Fiji (Schindelin et al. 2012) to perform image analyses. For each

a and B nucleus, GFP expression was used to draw the segmentation boundary. The top three
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slices for each cell in terms of integrated density was used to create sum z-projections, from
which the integrated density was measured for analysis. Background was corrected by
subtracting the integrated density of an area with the same dimension as the original

segmentation boundary outside the larva from the raw integrated density.

Initial expression of NHR-67::GFP in hlh-2(ar614) and GFP::HLH-2 in nhr-67(RNAi) and
nhr-67(pf88)

Embryos from the strain GS9640 were obtained using a standard bleaching protocol
(Stiernagle 2006) and pipetted into an Erlenmeyer flask containing 10 ml of M9 buffer to induce
L1 arrest. After shaking for 24-36 hours at 20 °C, L1 larvae were placed onto NGM plates
seeded with OP50 bacteria and left to grow in 25 °C for 15 hours, when the larvae were imaged
for GFP expression using the confocal microscope’s single camera at exposure of 300 ms at 15%
laser power. The images were visually assessed for expression of NHR-67::GFP in the a and (3
cells and their parents. nhr-67(RNAi) was performed on GS8995 L1 larvae using the same
protocol as described for the RNA1 screen below. The RNAI clone was obtained from the
Ahringer Library (Kamath et al. 2003). Larvae were scored 20.5 hours later after release from L1
arrest for GFP::HLH-2 expression using the Zeiss Axio Imager D1 microscope. For GS10157,
L2 animals were selected from a mixed-age plate grown at 20 °C and staged for gonadal
development using the marker ckb-3p::mCherry::H2B; using the Zeiss Axio Imager D1
microscope, worms at the 8-cell stage were scored for presence of GFP::HLH-2 expression in the
parents of o and [ cells, and worms at the 12-cell stage were scored for presence of GFP:::HLH-
2 in a and f cells. Methods for examining expression of NHR-67::GFP and GFP::HLH-2 in wild

type background animals are described in p.77.
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Analysis of hlh-2 and nhr-67 EAEs
Assessing EAE mutations in parents of o and f cells in single-copy insertion transcriptional
reporters

Embryos from the strains GS10032, GS10079, GS10113, and GS10115 were obtained
using a standard bleaching protocol (Stiernagle 2006) and pipetted into an Erlenmeyer flask
containing 10 ml of M9 buffer to induce L1 arrest. After shaking for 24—36 hours at 20°C, L1
larvae were placed onto NGM plates seeded with OP50 bacteria and left to grow in 25°C for 13
hours, around the timepoint when the parents of a and [ cells divide. They were then imaged
using the confocal microscope’s camera at 200 ms at 10% laser power for hlh-2p::GFP(2xnls)
and nhr-67p::GFP(2xnls) expression. Parents were identified based on morphology and whether
the division into o and B cells had already occurred. Images of each larva were assessed in terms

of whether GFP expression in a parent cell was visible in the proximal somatic gonad.

Assessing EAE mutations in o and [ cells in single-copy insertion transcriptional reporters
Embryos from the strains GS10079, GS10080, GS10089, GS10113, and GS10115 were
obtained using a standard bleaching protocol (Stiernagle 2006) and pipetted into an Erlenmeyer
flask containing 10 ml of M9 buffer to induce L1 arrest. After shaking for 24-36 hours at 20°C,
L1 larvae were placed onto NGM plates seeded with OP50 bacteria and left to grow in 25°C.
They were then imaged using the confocal microscope’s camera at 100 ms at 10% laser power
for hlh-2p::GFP(2xnls) and nhr-67p.::GFP(2xnls) expression at tcs2 (16 additional hours of
growth) and tcs3 (18.5 additional hours of growth). Given that o and B cells in images of

GS10079 and GS10115 did not show visible expression in the vast majority of the samples, their
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images were assessed and compared to wild type in terms of whether GFP was visible in the a
and [ cells. The GFP expression in GS10080 and GS10089 were universally visible, so they
were quantified with Fiji (Schindelin et al. 2012) using the same protocol as for the deletion

analysis described above.

Assessing endogenous EAE mutations in parents of o. and f cells

Embryos from the strains GS9222, GS10133, GS10134, and GS10147 were obtained
using a standard bleaching protocol (Stiernagle 2006) and pipetted into an Erlenmeyer flask
containing 10 ml of M9 buffer to induce L1 arrest. After shaking for 24—36 hours at 20 °C, L1
larvae were placed onto NGM plates seeded with OP50 bacteria and left to grow in 25 °C for 13
hours. They were then imaged using the confocal microscope’s dual camera for ckb-
3p::mCherry::H2B at exposure time of 800 ms at 30% laser power and their respective
endogenously tagged GFP alleles at exposure time of 250 ms at 10% laser power. For each
image, the parents of a and [ cells were identified by ckb-3p::mCherry::H2B expression and

then assessed visible GFP expression.

Assessing the effect of endogenous EAE mutations after the birth of the o. and f cells

For GS10133 and GS10147, L2 animals were selected from a mixed-age plate grown at
20 °C and staged for gonadal development using the marker ckb-3p::mCherry::H2B; worms at
the 12-cell stage were scored for NHR-67::GFP expression in a and f cells with the Zeiss Axio

Imager D1 microscope.
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For GS10180 and GS10181, L3 animals were selected from a mixed-age plate grown at
20 °C and staged for gonadal development at the somatic gonad primordium stage based on
gonad size; larvae were scored for visible wrmScarlet::HLH-2 expression in the o and B cells.

Given the transient nature of GFP::HLH-2 expression in o and [ cells that become VUs
in wild type animals, GFP::HLH-2 expression was scored in growth-synchronized worms for
GS9222 and GS10134. Embryos from the strains GS9222 and GS10134 were obtained using a
standard bleaching protocol (Stiernagle 2006) and pipetted into an Erlenmeyer flask containing
10 ml of M9 buffer to induce L1 arrest. After shaking for 24-36 hours at 20 °C, L1 larvae were
placed onto NGM plates seeded with OP50 bacteria and left to grow in 25 °C for 13.5 hours. L2
animals were staged for gonadal development using the marker ckb-3p::mCherry::H2B; worms
at the 12-cell stage were scored for GFP::HLH-2 expression in in a and  cells with the Zeiss
Axio Imager D1 microscope. To examine L4 phenotypes, L4 larvae of GS9222 and GS10134
were selected from a mixed-age plate grown at 20 °C and examined for whether invagination had

occurred with the Zeiss Axio Imager D1 microscope.

RNAI screen for frans acting genes on hlh-2 and nhr-67 transcription
CIS-BP database

The documentation for the CIS-BP database is provided in Weirauch et al. 2014. I used
the “Scan single sequences for TF binding” tool set to species “C. elegans” and motif model
“PWMs — LogOdds” with threshold set at “8,” which was the default setting. I scanned upstream

of sequences of //h-2 and nhr-67 that contained their EAEs as well as adjacent 10 bases.

RNAi library
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MacNeil et al. (2015) had constructed a comprehensive and annotated feeding RNAi
library of 891 out of 934 predicted C. elegans transcription factors. I used an updated version of
the RNAI library in which some clones were corrected and some gene’s predicted characteristics
were revised. The library contained annotations of the predicted DNA binding domains, which I
used to identify genes that were predicted to have AT-hooks. I sequenced all clones before
testing. Some of the clones did not map to the correct location, so I generated RNAi plasmids for
attf-5, Isy-12, and pgn-75 myself and transformed them into HT115 E. coli cells. I cloned exon-
containing DNA fragments of those genes from N2 genomic DNA and inserted them into
pGC480 (Korta et al. 2012) digested in Notl and HindIII following standard Gibson protocol
(Gibson 2011). Additionally, the clone for rad-26 was not correct so a correct clone was

obtained from the Ahringer RNAI library (Kamath et al. 2003).

Preparation of worms

Embryos from the strains GS10123 and GS10160 were obtained using a standard
bleaching protocol (Stiernagle 2006) and pipetted into an Erlenmeyer flask containing 10 ml of
MO buffer to induce L1 arrest. After shaking for 36-48 hours at 20°C, L1 larvae were placed onto
RNAI feeding plates seeded with a feeding RN AL strain, and each round had an empty vector
L4440 plate as negative control. Plates were placed in 25 °C and scored at 20.5-21 hours for tcs2
and 24.5-25 hours for tcs3 (GS10123) and tcs3/4 (GS10160). I note that worms in a nre-1 (hd20)
lin-15B (hd126) background are slow growing, hence the different growth time from other

experiments.

Scoring
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20 worms were scored for each round, except for one round for the L4440 negative
control for GS10123 in which only 17 larvae at the tcs2 stage could be found on the slide. I
considered GFP expression as defective in a worm if expression of the respective single-copy
reporter in one or both a cells was either not visible or very dim, except for nhr-67p.:gfp(2xnls)
at tcs3/4, for which expression in aVU is inconsistent and therefore my criteria for wild type
expression was bright expression in a single a cell (presumed AC), such that a larva was only
considered defective in expression if GFP was missing or very dim in both a cells. I first scored
depletion on the hlh-2p::GFP(2xnls) strain (GS10123) and obtained triple replicates for the
RNAI clone if I observed greater than 5/20 defective worms expression in either tcs2 or tcs3. The

same RNAI clone was then tested on GS10160 as triple replicates.

Testing against off-target effects

Based on paralog analysis, Rual et al. (2007) predicted that in C. elegans, RNA1i off-
target effects occur in mRNA that shares more than 95% identity over 40 nucleotides with
dsDNA. Using BLAST (wormbase.org), I analyzed the RNAi sequences that were used in triple
replicate experiments for homology with off-target sequences and did not identify any non-target

genes that met this criterion.

Scoring for lack or increase in stabilized GFP::HLH-2 expression by candidates from the RNAi
screen

Candidates from the transcriptional reporter screen that were tested in replicates were
depleted by RNAI for effect on endogenously-tagged GFP::HLH-2 expression. Screening

protocol followed Benavidez et al. (2022). Embryos from the strain GS8995 were obtained using
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a standard bleaching protocol (Stiernagle 2006) and pipetted into an Erlenmeyer flask containing
10 ml of M9 buffer to induce L1 arrest. After shaking for 36-48 hours at 20°C, L1 larvae were
placed onto RNAI feeding plates seeded with a feeding RNA strain, and had an empty vector
L4440 plate as negative control and a /in-12(RNAi) plate as a positive control. Plates were placed
in 25 °C and scored after 26 hours. L3 animals just prior to division of somatic gonad
primordium cells were scored for number of visible proximal gonad cells with GFP::HLH-2

expression. 20 larvae per condition were scored.

Comparison of GFP::POP-1 and hlh-2p::tdTomato(2xnls) levels

Embryos from the strains GS9697 and GS9911 were obtained using a standard bleaching
protocol (Stiernagle 2006) and pipetted into an Erlenmeyer flask containing 10 ml of M9 buffer
to induce L1 arrest. After shaking for 24-36 h at 20°C, L1 larvae were placed onto NGM plates

seeded with OP50 bacteria and left to grow in 25°C for 16.5 hours.

Imaging GFP::POP-1, hlh-2p::tdTomato, and somatic gonad markers

In the strain GS9911, GFP::POP-1, tdTomato(2xnls), and mtagBFP2::H2B were imaged
on the confocal microscope with a single camera with the following settings, respectively: 800
ms at 30% laser power, 800 ms at 30% laser power, and 1250 ms at 40% laser power. In the
strain GS9697, GFP::POP-1, and mCherry::H2B were imaged on the confocal microscope with
dual camera with the following settings respectively: 800 ms at 30% laser power and 700 ms at

20% laser power.

Quantification of GFP::POP-1 and tdTomato(2xnls) levels for differences between o and p cells
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I used Fiji (Schindelin et al. 2012) to perform image analysis. For each o and 3 nucleus,
the somatic gonad marker expression, either mCherry::H2B (for GS9697) or mTagBFP2::H2B
(for GS9911), was used to draw the segmentation boundary. The top three slices for each cell in
terms of expression of their somatic gonad markers as measured by the integrated density was
used to create sum z-projections, from which the integrated density for the somatic gonad
marker, GFP::POP-1 (for both strains), and tdTomato(2xnls) (for GS9911) were measured.
Background was corrected by subtracting the integrated density of an area with the same
dimension as the original segmentation boundary outside the larva from the raw integrated
density. Integrated density of GFP::POP-1 and tdTomato(2xnls) were normalized with
mTagBFP2::H2B expression for GS9911, and integrated density of GFP::POP-1 was normalized

with mCherry::H2B expression for GS9697.

Tissue-specific depletion of LIT-1::AID in the somatic gonad

Embryos from the strains GS10126, GS10127, GS10128, and GS10129 were obtained
using a standard bleaching protocol (Stiernagle 2006) and pipetted into an Erlenmeyer flask
containing 10 ml of M9 buffer to induce L1 arrest. After shaking for 24-36 h at 20°C, L1 larvae
were placed onto NGM plates seeded with OP50 bacteria and left to grow in 25 °C for a certain
number of hours to put them past the initial division of Z1 and Z4 (11 hours for GS10126,
GS10127, GS10128; 12 hours for GS10129) as measured by our preliminary experiments to
bypass the Sys phenotype induced when Wnt signaling is abrogated in Z1 and Z4 (Miskowski et
al. 2001). The larvae were then washed with M9 and pipetted into specially-prepared NGM
OP50 plates which were soaked with either 100ul EtOH(100%) or 100ul of 50 uM 5-Ph-IAA in

EtOH and then allowed to dry for 24-36 hours. For GS10129, the larvae were grown in 25°C for
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6 additional hours (18hrs total after release from L1 arrest) to analyze asymmetry of GFP::POP-1
levels between a and B nuclei in L2, while for GS10127 and GS10128, the larvae were grown for
9 additional hours in 25°C (21hrs total after release from L1 arrest) to analyze hlh-2 transcription
and HLH-2 protein levels in early L3 (tcs3), respectively. For GS10126, the larvae were grown
for 14 additional hours in 25°C (25hrs total after release from L1 arrest), past when the somatic

gonad primordium had begun to divide, to analyze specified AC fate.

Imaging

In all four strains, I used the dual camera setting on the confocal microscope to image the
somatic gonad marker rps-27p::mCherry(flexon) driven by ckb-3p::Cre(Opti) and the markers in
GFP. I used the following exposure time for GS10128, GS10127, GS10129, and GS10126,
respectively: mCherry: 250 ms at 10% laser power, GFP::HLH-2: 150 ms at 15% laser power;
mCherry 100 ms at 10% laser power, hlh-2p::GFP(2xnls): 100 ms at 15% laser power; mCherry:
100 ms at 10% laser power, GFP::POP-1: 1000 ms at 30% laser power; and mCherry: 75 ms at

10% laser power, cdh-3::GFP: 75 ms at 10% laser power.

Quantification

I used Fiji (Schindelin et al. 2012) to perform image analysis. For each a and 3 nucleus,
the somatic gonad marker expression rps-27p::mCherry(flexon) driven by ckb-3p::Cre(Opti) was
used to draw the segmentation boundary. The top three slices for each cell in terms of expression
of their somatic gonad markers as measured by the integrated density was used to create sum z-
projections, from which the integrated density for the somatic gonad marker, GFP::POP-1

(GS10129), hlh-2p.::GFP(2xnls) (GS10127), and GFP::HLH-2 (GS10128) were measured. Note:
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The AC marker cdh-3::GFP was assessed visually (GS10126). Background was corrected by
subtracting the integrated density of an area with the same dimension as the original
segmentation boundary outside the larva from the raw integrated density. For all analyses,

worms with Sys phenotype gonads were excluded. The integrated density of GFP::POP-1, hlh-
2p::GFP(2xnls), and GFP::HLH-2 were normalized to somatic gonad marker expression for each
cell. For GFP::POP-1, I took the ratio of the GFP::POP-1/somatic gonad marker in a nuclei over
that of their sister  nuclei to assess changes in POP-1 asymmetry between the EtOH control and

the 5-Ph-IAA treatment group.

Examining hlh-2 transcription in /sy-12 mutants

Embryos from the strains GS10182 and GS10183 were obtained using a standard
bleaching protocol (Stiernagle 2006) and pipetted into an Erlenmeyer flask containing 10 ml of
MO buffer to induce L1 arrest. After shaking for 24-36 h at 20°C, L1 larvae were placed onto
NGM plates seeded with OP50 bacteria and left to grow in 25°C, and were examined under a
confocal microscope after 16 and 18.5 hours. GFP expression in the somatic gonad were
captured at 16 hours and 18.5 hours after release from L1 arrest for tcs2 and tcs3, respectively, at
10% laser power and 100 ms exposure time. GFP expression was quantified using Fiji

(Schindelin et al. 2012)using the same method as described for the deletion analysis.

Examining effect of LIT-1::AID depletion in the hlh-2(A200-250)p::gfp(2xnls) reporter
Embryos from the strain GS10179 were obtained using a standard bleaching protocol
(Stiernagle 2006) and pipetted into an Erlenmeyer flask containing 10 ml of M9 buffer to induce

L1 arrest. The same protocol was followed as for the strain with the wild type hlh-2 reporter
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(GS10127) as described in the “Tissue-specific depletion of LIT-1::AID in the somatic gonad”

section above.
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Chapter 3: Figures and Tables
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Figure 1

Zipp Z4aa |

Figure 1: Early somatic gonadogenesis in C. elegans hermaphrodites

Early somatic gonadogenesis in C. elegans hermaphrodites. The hermaphrodite somatic gonad
descends from Z1 and Z4 progenitor cells along a mirror-symmetric axis. The daughters of Z1.pp
and Z4.aa, o and f cells, are initially born with the potential for AC fate. The distal B cells
(Z1.ppa and Z4aap) invariably become VUs, while the proximal a cells maintain AC potential
until the outcome of the AC/VU decision. In 50% of animals, the Z1-descended a cell (Z1.ppp)
will become the AC (with Z4.aaa becoming a VU), and in the other 50%, the Z4-descended a
cell (Z4.aaa) will become the AC (with Z1.ppp becoming a VU).
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Figure 2
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Figure 2: HLH-2 protein and Alh-2 transcriptional dynamics in the proximal somatic
gonad

a) Expression pattern of GFP::HLH-2 in the proximal somatic gonad. Green indicates robust
expression and light green indicates loss of expression. In the proximal somatic gonad,
GFP::HLH-2 begins to be expressed in the parents of a and B cells Z1.pp and Z4.aa and is
expressed in their daughters o and 3 cells. GFP::HLH-2 expression is restricted to the AC and is
degraded in the VUs. b) Pattern of /4/h-2 transcription in the proximal somatic gonad based on
hlh-2 transcriptional reporters. hlh-2 transcription begins in the parents of a and 3 cells Z1.pp
and Z4.aa and is transcribed in their daughters o and B cells when they are born. Over time, //h-2
transcription is diminished in 3 cells and remains robustly maintained in both the AC and the
aVU. In this study, I will refer to the stage when Alh-2 transcription comes on in the parent cells
as tcs1 (for transcriptional stage), when A/h-2 is initially transcribed in o and f3 cells as tcs2, and
when /Alh-2 transcription is diminished in B cells but maintained in a cells as tcs3.
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Figure 3
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Figure 3: Schematics of the CRISPR/Cas9-based single copy insertion GFP reporter and
deletions made on hlh-2prox for deletion analysis

a) Schematics of CRISPR/Cas9-based single copy insertion transcriptional reporter. The
promoter of interest, GFP flanked by N-terminal SV40 and C-terminal eg/-/3 nuclear
localization sequences, and unc-54 3’ UTR were inserted into a repair template plasmid targeting
the pre-designated #/7i4348 landing pad on LGI as described by Pani and Goldstein (2018). The
transgene was then integrated into #7i4348 following the protocol as described by Pani and
Goldstein (2018). b) Schematics of deletions made on hlh-2prox for the deletion analysis. 5252
bp of hlh-2 intergenic region upstream of 4/h-2 ATG were cloned and then inserted into the
plasmid described in a). The wild type reporter plasmid was then used as a template to generate
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deletions within the A4/h-2prox region (in this study, the first 326 bp of the 5252 bp sequence).
100 bp of DNA were deleted in 50 bp steps; the last deletion deleted the final 126 bp of hlh-
2prox. The transcriptional reporter plasmids generated, including the wild type reporter, were
inserted into #7i4348 as described in Materials and Methods.
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Figure 4
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Figure 4: Initial expression of HLH-2 and NHR-67 does not depend on one another

a) Initial NHR-67::GFP expression in the proximal somatic gonad does not depend on Alh-2. 1
observed NHR-67::GFP in all a and f cells observed (n = 20). I observed NHR-67::GFP
expression in 40/41 parents of a and f cells observed (n = 22). I examined animals null for 4lh-2
in the proximal gonad (hlh-2(ar614)) and always observed NHR-67::GFP in a and B cells (rn =
15) and their parents (n = 5). + indicates expression observed in 80%+ of expected cells; -
indicates expression not observed in 80%+ of expected cells.

b) Initial GFP::HLH-2 expression in the proximal somatic gonad does not depend on nhr-67. 1
observed GFP::HLH-2 in 77/80 of a and f cells examined (» = 20) and their parents (38/40; n =
20). I observed GFP::HLH-2 expression in a nhr-67(pf88) background in the parents of o and 3
cells (33/40; n = 20) and in the o and B cells (79/80; n = 20). Upon depletion of nhr-67 by nhr-
67(RNAi), GFP::HLH-2 was observed in the parents of o and B cells (12/12; n = 7) and in o and
B cells (54/60; n = 16). + indicates expression observed in 80%+ of expected cells; - indicates
expression not observed in 80%+ of expected cells.
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Figure 5
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Figure 5: EAE elements are required for initial 4/h-2 and nhr-67 transcription
a) Visualized alignment of the EAE sites (ATTGCGY ; highlighted) shared between the hlh-
2prox and nhr-67 5’ upstream regions. The adjacent number indicates the number of base pairs
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upstream of the respective ATG. The shared “AA” after the “ATTGCGY” common to all four
instances of the EAE sites were also highlighted. b) Mutation of EAE sites abrogates initial
transcription of nhr-67 and hlh-2 in the proximal gonad. nhr-67p::gfp(2xnls) produces reporter
expression in o and [ cells at tcs2 (76/76; n = 19) and their parents at tcs1 (32/33 n = 24). In
nhr-67(Aboth EAE)p::GFP(2xnls), GFP expression was not visible in 75/80 of o and [ cells at
tcs2 (n = 20) and not visible at all at tes1 (n = 21). hlh-2p::gfp(2xnls) produces GFP expression
in o and B cells at tcs2 (80/80; n = 20) and in their parents (21/21 , n = 18). hih-
2p(AEAE])::gfp(2xnls) and hlh-2p(AEAE?2).:gfp(2xnls) displayed detectable but significantly
lower level of transcription (quantification in Fig. 5C). In hlh-2p(Aboth EAE)::gfp(2xnls) GFP
expression was not visible in 84/88 of o and B cells (n = 22) at tcs2 and not visible at all at tcs1
(n = 22). ++ and + indicates expression observed in 80%+ of expected cells; - indicates
expression not observed in 80%+ of expected cells; N/T indicates not tested. The distinction ++
is only relevant for hlh-2 reporters to denote attenuated expression for EAE1 and EAE2 mutant
reporters, which are quantified in c. c¢) Mutation of individual 4/h-2 EAE sites attenuates hlh-2
transcription. Mutation of individual EAE sites on Alh-2 in transcriptional reporters significantly
reduces hlh-2 transcription levels in o and B cells at tcs2 (Wild Type; hlh-2p::gfp(2xnls): n = 20,
AEAE 1; hih-2p(AEAEI ). :gfp(2xnls): n = 19, AEAE 2; hlh-2p(AEAE2)::gfp(2xnls): n = 22).
Black bars indicate mean value, and red bars indicate 95% confidence intervals. Statistical tests
used were Mann-Whitney U-tests. **P <0.01, ***P <0.001, ****P <0.0001. d) EAE-mutant
nhr-67 transcriptional reporter begins expressing in the presumptive AC. nhr-67 transcription is
always observed for the wild type reporter and very rarely for the EAE-mutant reporter at tcs2
(Fig. 5B). At tcs3, 19/19 of the larval gonads have visible GFP expression of the nhr-67(Aboth
EAE)p::GFP(2xnls) reporter in one cell in the somatic gonad, the presumed AC (n = 19). White
bars indicate 5 um. e) Aboth EAE mutant hlh-2 transcriptional reporter is visible in a cells at
tcs3. At tcs3, 19/25 of the larval gonads had visible but dim GFP expression of the hlh-2(Aboth
EAE)p::GFP(2xnls) reporter in one (13/25) cell or two (6/25) cells in the proximal somatic
gonad, which are likely a cells based on location at the center of the proximal gonad and nuclear
morphology (n = 25). White bars indicate 5 um.
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Figure 6
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Figure 6: nhr-67 transcription is sequentially downregulated in VUs

a) GFP expression of nhr-67p::gfp(2xnls) is initially robust in all four a and B cells (tcs2) and is
downregulated in B cells over time, while it is maintained in the a cells over the same time period
(tcs3). b) Visually examining older L3 somatic gonad primordium animals whose VUs have not
yet divided, 14/20 animals have dim nhr-67p::GFP(2xnls) expression in the aVU at levels
similar to that in BVUs, whereas 6/20 animals have both a cells expressing nhr-67p::gfp(2xnls)
at clearly brighter levels than their BVU sisters. ¢) Compared to tcs2, GFP expression of nhr-
67p::gfp(2xnls) in the a cells with higher GFP expression is higher whereas a cells with lower
GFP expression have similar levels at tcs3. d) tcs4 is distinguished from tcs3 in that transcription
of nhr-67 in the aVU appears to be reduced to VU-like levels over time. Statistical tests for a
and ¢ were Mann-Whitney U-tests. **P <(.01, ***P <0.001, ****P <(0.0001.
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Figure 7
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Figure 7. EAE mutations abrogate wild type expression pattern of GFP::HLH-2 and NHR-
67::GFP

a) [ observed endogenous NHR-67::GFP in the parents of a and f cells in nhr-67::gfp animals
(see Fig. 4) but not at all in nhr-67p(Aboth EAE):nhr-67::gfp animals (0/47; n = 24). I observed
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endogenous NHR-67::GFP in a and f cells in nhr-67::gfp animals (see Fig. 4), whereas in nhr-
67p(Aboth EAE):nhr-67::gfp animals, I observed endogenous NHR-67::GFP in 2/80 of the a and
B cells (n = 20). + indicates expression observed in 80%+ of cells; - indicates expression not
observed in 80%+ of cells. Scoring the somatic gonad primordium in early L3 animals, in nhr-
67::gfp animals, wrmScarlet:: HLH-2 was detected in 1 proximal gonad cell in 19/20 animals and
3 proximal gonad cells in 1/20 animal. In nhr-67p(Aboth EAE)::nhr-67::gfp animals,
wrmScarlet:: HLH-2 was detected in 1 proximal gonad cell in 2/20 animals, 2 proximal gonad
cells in 6/20 animals, 3 proximal gonad cells in 8/20 animals, and 4 proximal gonad cells in 4/20
animals. b) I observed endogenous GFP::HLH-2 expression in the parents of o and f cells in
gfp::hlh-2 animals (see Fig. 4) but not at all in hlh-2p(Aboth EAE)::gfp::hlh-2 animals (0/63; n =
36). 1 observed endogenous GFP::HLH-2 in o and B cells in gfp.:hlh-2 animals (see Fig. 4),
whereas in hlh-2p(Aboth EAE)::gfp::hlh-2 animals, I observed endogenous GFP::HLH-2 in 6/80
of the a and B cells (n = 20), all of which expressed GFP::HLH-2 at dim levels. + indicates
expression observed in 80%+ of expected cells; - indicates expression not observed in 80%+ of
expected cells. In L4 hermaphrodites, I observed invagination in 20/20 of gfp.:hlh-2 animals
observed, whereas 15/20 of hlh-2p(Aboth EAE)::gfp::hlh-2 animals lacked invagination, and the
remaining 5/20 did show invagination. White bars indicate 20 um.
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Figure 8
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Figure 8. RNAI experiments identify potential regulators of hlh-2 and nhr-67 transcription
in the proximal somatic gonad
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a) RNALI of several transcription factors suggest defective 4/h-2 transcription in the proximal
gonad. GS10123 larvae were treated with feeding RNA1 and scored by eye at tcs2 and tes3. With
negative control (L4440 plasmid) treatment, 4/h-2 transcriptional reporter is initially observed in
a and B cells tcs2, whereas at tcs3, GFP is no longer visible or heavily diminished in the 3 cells
but maintained at high levels in the a cells (left cartoon). I scored for worms in which the GFP
reporter in one or both a cells were not visible or heavily diminished at either time points (right
cartoon). On the right, the fractions and percentages of such phenotypes are shown for the
negative control and each RNAi condition that were tested in triple replicates. b) RNAi of
several transcription factors suggest defective nhr-67 transcription in the proximal gonad.
GS10160 larvae were treated with feeding RN A1 and scored by eye at tcs2 and tes3/4. With
negative control (L4440 plasmid) treatment, nhr-67 transcriptional reporter is initially observed
in o and B cells at tcs2 whereas at tcs3/4, GFP expression is only consistently found in a single o
cell, the presumed specified AC (left cartoon). I scored for worms in which the GFP reporter in
one or both a cells were not visible or heavily diminished at tcs2 and for worms that had no
visible or heavily diminished GFP expression in both of the a cells at tcs3/4 (right cartoon). On
the right, the fractions and percentages of such phenotypes are shown for the negative control
and each RNAI condition that were tested in triple replicates.
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Figure 9

GFP::HLH-2 stabilized cells

0 1 2 3 4

L4440 20/20
lin-12(RNAI) 15/20 5/20
athp-3(RNAI) 20/20
attf-2(RNAI) 20/20
ces-2(RNAi) 19/20 1/20
Zip-8(RNAI) 19/20 1/20
Isy-12(RNAi) 17/20 3/20

Figure 9: RNAI depletion of hits from the transcriptional reporter RNAIi screen do not
appear to affect number of cells with GFP::HLH-2 expression

Hits identified from the RNAi screen on A/h-2 and nhr-67 transcription, athp-3, attf-2, Isy-12,
ces-2, and zip-8 were tested on GS8995 for effect on GFP::HLH-2 expression. RNAi of those
genes were tested alongside /in-12(RNAi) as positive control. As expected, in the negative
control, 20/20 of animals had 1 cell with stabilized GFP::HLH-2 expression, whereas in the
positive control /in-12(RNAi), 15/20 of animals had 2 cells, and 5/20 of animals had 3 cells with
stable GFP::HLH-2 expression. None of the RNAI treated resulted in a 0 GFP::HLH-2
phenotype nor met the criteria for increased stability of GFP::HLH-2 expression as defined in
Benavidez et al. (see Materials and Methods).
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Figure 10
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Figure 10: Wnt signaling effector POP-1/TCF is asymmetric between o and p cells and
regulates hlh-2 transcription in p cells
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a) GFP::POP-1 accumulates at higher levels in a cell nuclei compared to 3 cell nuclei. Left:
Endogenous GFP::POP-1 level normalized to somatic gonad marker levels is higher in a cell
nuclei than in B cell nuclei. Right: In the same cells analyzed for GFP::POP-1, hlh-
2p::tdTomato(2xnls) levels normalized to somatic gonad marker levels between o and [ cell
nuclei are similar. n = 21. b) GFP::POP-1 asymmetry does not depend on hlh-2. In a hih-
2(ar614) background, endogenous GFP::POP-1 level normalized to somatic gonad marker levels
is higher in a cell nuclei than in B cell nuclei. n = 32. ¢) Schematics of LIT-1::AID depletion
experiment. In non-somatic gonad cells, TIR1¥7°Y protein is not expressed, so LIT-1::AID is not
depleted when 5-Ph-TAA is added. ckb-3p.:Cre activates Cre in the somatic gonad, such that the
flexon in the rps-27p::TIRI ¥°S (flexon) transgene is floxed out. Consequently, TIR1F7°¢ is
expressed at high levels in the somatic gonad, and thus LIT-1::AID is depleted in somatic gonad
cells when 5-Ph-TAA is added. d) Wild type asymmetric pattern of endogenously tagged
GFP::POP-1 is abrogated following depletion of LIT-1::AID. Ratio of the a nuclei’s GFP::POP-
1 levels normalized to somatic gonad marker expression over that of the sister § nuclei was taken
to compare changes in asymmetry upon 50 uM 5-Ph-IAA treatment. n = 15 for EtOH, n = 13 for
5-Ph-TAA. e) LIT-1::AID depletion results in increased A/h-2 transcription in  cells compared to
EtOH control at tcs3, but not for a cells. Left: B cell 4lh-2 transcriptional reporter levels
normalized to somatic gonad marker expression compared between EtOH control and 50 uM 5-
Ph-IAA treatment. Right: a cell 4lh-2 transcriptional reporter levels normalized to somatic gonad
marker expression compared between EtOH control and 50 uM 5-Ph-IAA treatment. n = /7 for
EtOH, n = 21 for 5-Ph-IAA. Statistical tests for a and b were Wilcoxon matched-pairs signed
rank tests. Statistical tests for d and e were Mann-Whitney U-tests. **P <0.01, ***P <0.001,
*aExP <0.0001.
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Figure 11
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Figure 11: LIT-1::AID depletion does not abrogate AC/VU decision

a) LIT-1::AID depletion results in increased GFP::HLH-2 expression in 3 cells but does not
abrogate AC/VU decision. GFP::HLH-2 levels normalized to somatic gonad marker expression
is compared between EtOH control and 50 uM 5-Ph-IAA treatment in the L3 somatic gonad
primordium. The a cell expressing the highest level of GFP::HLH-2 was inferred as the AC for
each worm. n = 23 for EtOH, n = 20 for 5-Ph-IAA. Black bars indicate mean value, and red bars
indicate 95% confidence intervals. Statistical tests for a were Mann-Whitney U-tests. **P <0.01,
kP <0.001, #***P <0.0001. *Furthermore, pairwise comparison of the AC and the B cell with
higher GFP::HLH-2 level in same animal for the 5-Ph-IAA treatment group by Wilcoxon
matched-pairs signed rank tests suggested a significant difference (P<0.0001). b) Depletion of
LIT-1::AID induces dim ectopic expression of the HLH-2 transcriptional target and AC marker
cdh-3::gfp. Left: in EtOH control, only the AC expresses cdh-3::gfp (20/20, n = 20). Right:
Under 50uM 5-Ph-TAA, one AC brightly expresses GFP as in the control, but in some animals,
one (8/20) or two (1/20) nearby adjacent cells express GFP at much dimmer levels (n = 20).
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Figure 12
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Figure 12: The last 126 bp fragment of hlh-2prox regulates maintenance of hlh-2

transcription in a cells
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a) The deletion A200-326 in hlh-2prox was further subdivided into three smaller deletions
(A200-250, A250-286, A286-326) to generate transcriptional reporters that would more
specifically identify regions that promote maintenance of 4/h-2 transcription in a cells from tcs2
to tcs3. b) A200-326 on Alh-2prox results in loss of 4lh-2 transcriptional maintenance in a cells.
In the wild type reporter, GFP levels increase for a cells and decrease for B cells from tcs2 to
tcs3 (n = 20 for tes2, n = 20 for tcs3). However, in A200-326, expression levels for both a and 3
cells decrease from tcs2 to tcs3 (n = 21 for tes2, n = 22 for tcs3). ¢) Expanded view of A200-326
quantification in b). d) A200-250 and A286-326 reporters show trends seen in the larger A200-
326 deletion. Expression data from //h-2 transcriptional reporters with A200-250 and A286-326
deletions in hlh-2prox replicates the trend observed in A200-326 in which GFP expression in o
cells decreases from tcs2 to tcs3. The expression pattern in A200-250 is also similar to that in
A200-326 in terms of magnitude. n = 20 and n=19 for A200-250 at tcs2 and tcs3 respectively. n
= 20 and n=21 for A286-326 at tcs2 and tcs3 respectively. Black bars indicate mean value, and
red bars indicate 95% confidence intervals. Statistical tests for b, ¢, and d were Mann-Whitney
U-tests. **P<0.01, ***P <0.001, ****P <0.0001.
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Figure 13
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Figure 13: Isy-12 regulates maintenance of 4/h-2 transcription in a cells

a) Isy-12(ot170) results in loss of hlh-2 transcriptional maintenance in a cells. In a Isy-12(ot170)
background, GFP expression of hlh-2p.:gfp(2xnls) was observed in o and B cells at tcs2 and tcs3.
Here, GFP expression in o cells, as well as in f cells, is decreased from tcs2 to tcs3 (n = 20 tcs2
and n = 21 tcs3), suggesting that the maintenance of Al/h-2 transcription in a cells seen in wild
type animals (see Fig. 12) was abrogated. b) Isy-12(ot171) results in loss of 4/h-2 transcriptional
maintenance in a cells. In a Isy-12(ot171) background, GFP expression of hlh-2p.:gfp(2xnls) was
observed in o and P cells at tcs2 and tcs3. Here, GFP expression in a cells, as well as in B cells, is
decreased from tcs2 to tcs3 (n = 20 for both tcs2 and tes3), suggesting that the maintenance of
hlh-2 transcription in a cells seen in wild type animals (see Fig. 12) was abrogated. These
experiments were performed after the 63x objective lens on the confocal microscope was
replaced so the raw intensity cannot be compared one-to-one with other raw expression data.
Anecdotally, o and B nuclei of 0¢/70 and ot/71 animals appeared smaller than in wild type
background. Black bars indicate mean value, and red bars indicate 95% confidence intervals.
Statistical tests for a and b were Mann-Whitney U-tests. **P < (.01, ***P <0.001,

*axxpP <0.0001.
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Figure 14
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Figure 14: LIT-1::AID depletion increases expression of hlh-2(A200-250) transcriptional
reporter in f cells at tcs3

a) Diagram describing the deletion on Alh-2prox (A200-250) in the ALME transcription reporter
used in this experiment b) LIT-1::AID depletion increases #/h-2(A200-250) transcription in 3
cells. Left: in tcs3 a cells, GFP expression of 4/h-2(A200-250)p::gfp(2xnls) normalized to
somatic gonad marker expression is not changed by LIT-1::AID depletion by Ph-5-IAA
compared to EtOH control. Right: in tcs3 B cells, GFP expression of 4/h-2(A200-
250)p::gfp(2xnls) normalized to somatic gonad marker expression is significantly higher upon
LIT-1::AID depletion by Ph-5-IAA compared to EtOH control. » = 23 for EtOH, n = 26 for 5-
Ph-IAA. Black bars indicate mean value, and red bars indicate 95% confidence intervals.
Statistical tests for a and b were Mann-Whitney U-tests. **P <(0.01, ***P <0.001,

*axxpP <0.0001.
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Supplemental Figure 1
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Supplemental Figure 1: Deletion analysis suggests regulation of 4/h-2 transcription at
multiple locations in hlh-2prox

109



a) Quantified GFP expression of A/h-2 transcriptional reporters in a cells with various deletions
on hlh-2prox as summarized in Fig. 3B. Images were taken at tcs2 (16 hours after release from
L1 arrest) and tcs3 (18.5 hours after release from L1 arrest). All deletions resulted in loss of
transcription at tcs2 compared to wild type expression. Decrease in a cells from tcs2 to tcs3 was
observed for A200-326, which is further discussed in Fig. 12. The n was the following for each
reporter (Wild Type tcs2: n = 20, tcs3: n = 20; A0-100: tcs2: n = 22, tcs3: n = 25; A50-150: tcs2:
n=19,tcs3:n=21; A100-200: tcs2: n = 20, tcs3: n = 22; A150-250: tcs2: n = 21, tcs3: n = 21,
A200-326: tcs2: n = 21, tcs3: n = 22). Note: GFP could not be detected in a cells at tcs2 for the
following: 4/40 for A100-200; and at tcs3 for the following: 2/50 for A0-100; 1/44 for A100-200;
and 10/42 for A150-250. b) Quantified GFP expression of 4/h-2 transcriptional reporters in 3
cells with various deletions on A/h-2prox as summarized in Fig. 3B. Images were taken at tcs2
and tcs3 (16 and 18.5 hours post release from L1 arrest). All deletions resulted in loss of
transcription at tcs2 compared to wild type expression. The n was the following for each reporter
(Wild Type tes2: n = 20, tes3: n = 20; A0-100: tes2: n = 22, tes3: n = 25; A50-150: tcs2: n = 19,
tcs3: n = 21; A100-200: tcs2: n = 20, tcs3: n = 22; A150-250: tcs2: n = 21, tcs3: n = 21; A200-
326: tcs2: n = 21, tcs3: n = 22). Note: GFP could not be detected in  cells at tcs2 for the
following: 5/40 for A100-200; and at tcs3 for the following: 17/50 for A0-100; 31/42 for A50-
150; 43/44 for A100-200; and 20/42 for A150-250). Black bars indicate mean value, and red bars
indicate 95% confidence intervals. Statistical tests for a and b were Mann-Whitney U-tests.
*¥*P<(0.01, ***P<0.001, ****P<(.0001. Statistical tests were not conducted for conditions
where more than half of expected cells did not show detected expression.
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Supplemental Figure 2
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Supplemental Figure 2: Expression pattern of #lh-2(A250-286) transcriptional reporter
resembles wild type pattern

Quantified GFP expression of hlh-2p(A250-286).:gfp(2xnls) at tcs2 (n = 21, 15.5 hours after
release from L1 arrest) and tcs3 (n = 21, 18.5 hours after release from L1 arrest). The observed
trend followed the pattern seen in the wild type transcriptional reporter in Supp. Fig. 1, with
increase in GFP expression in a cells and decrease in [ cells over time, but the extent of changes
in expression are apparently less pronounced. Note: This experiment was performed after the 63x
objective lens on the confocal microscope was replaced so the raw intensity cannot be compared
one-to-one with Supp. Fig. 1. Black bars indicate mean value, and red bars indicate 95%
confidence intervals. Statistical tests for a and b were Mann-Whitney U-tests. **P <0.01,
kP <0.001, #***P <0.0001.
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Table 1

RNAi tes2 tes3 Total defective %
L4440 4/317 7/320 1.7
attf-2* 27/60 26/60 44.1
athp-3* 18/60 20/60 31.7
ces-2* 17/60 17/60 283
zip-8* 14/60 12/60 21.7
Isy-12%* 3/60 21/60 20
cebp-2 4/20 3/20 17.5
FI13C5.2 4/20 3/20 17.5
hmg-11 3/20 4/20 17.5
gmeb-3 2/20 4/20 15
saeg-2 2/20 4/20 15
C34F6.9 4/20 1/20 12.5
F23B12.7 1/20 2/20 7.5
ing-3 1/20 2/20 7.5
xnd-1 2/20 0/20 5
atf-1 1/20 1/20 5
attf-4 0/20 1/20 2.5
attf-5 0/20 1/20 2.5
cebp-1 0/20 1/20 2.5
daf-16 1/20 0/20 2.5
hmg-12 0/20 1/20 2.5
isw-1 1/20 0/20 2.5
nurf-1 0/20 1/20 2.5
phf-31 0/20 1/20 2.5
rad-26 1/20 0/20 2.5
sapc-1.2 1/20 0/20 2.5
spe-44 0/20 1/20 2.5
zip-4 0/20 1/20 2.5
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athp-1 0/20 0/20 0
attf-6 0/20 0/20 0
B0019.2 0/20 0/20 0
FI6B12.6 0/20 0/20 0
F33H1.4 0/20 0/20 0
mel-28 0/20 0/20 0
pqn-75 0/20 0/20 0
T10D4.6 0/20 0/20 0

Table 1: Result of feeding RNAI screen for regulator of 4/h-2 transcription in the proximal
gonad

L1 larvae of GS10123 were fed with feeding RNAi and scored for GFP reporting hlh-2
transcription. The larvae were scored for expression in both a cells at tcs2 and tcs3. The results
for each RNAi were ranked by combined frequency of worms with defective GFP expression
(Total defective %). Genes suggested by CIS-BP analysis are highlighted in light blue. C.
elegans C/EBP orthologs are coded in yellow. Genes in white background are predicted AT-
hook containing genes. Marked with asterisks, candidate genes that had at least 5/20 with
defective expression at either time point in the first round of scoring were rescored as triplicates.
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Table 2

RNAIi tes2 tcs3/4 Total defective %
L4440 6/120 4/120 4.1

attf-2 56/60 36/60 76.7

ces-2 42/60 29/60 59.2

athp-3 38/60 23/60 50.8

zip-8 26/60 8/60 28.3

Isy-12 3/60 1/60 3.3

Table 2: Result of feeding RNAI experiments for regulation of nhr-67 transcription in the
proximal gonad

Candidate genes that were subject to replicates for the 4lh-2 screen were tested as triplicates for
effect on nhr-67 transcription in GS10160 using the same method as for GS10123. They were
scored for expression in both a cells at tcs2 and a single a cell at tcs3/4. They were ranked by
combined frequency of worms with defective GFP expression (Total defective %).
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Table 3 (List of Alleles)

Allele Genotype Reference
ar6l4 hilh-2(ar614) 1 Attner et al.
2019
ar623 hih-2{ar623[gfp::hih-2]} I Attner et al.
2019
ar657 hih-2{ar657 [wrmScarlet::hih-2]} I This paper
ar665 lit-1{ar665/lit-1::AID]} 111 This paper
syb509ar667 | nhr-67{syb509ar667[nhr-67p(Aboth EAE)::nhr-67::gfp]} IV This paper
ar623ar668 hih-2{ar623ar668[hih-2p(Aboth EAE)::gfp::hih-2]} I This paper
arls51 cdh-3::gfp IV Karp and
Greenwald
2003
arSil38 hih-2p(5.2kb hih-2prox A1-100)::gfp(2xnls): :unc-54 3'UTR | This paper
arSil44 hih-2p(5.2kb hih-2prox A150-250)::gfp(2xnls): :unc-54 3'UTR This paper
arSil45 hih-2p(5.2kb hih-2prox A50-150)::gfp(2xnls)::unc-54 3'UTR [ This paper
arSil54 hih-2p(5.2kb hih-2prox A200-326)::gfp(2xnls): :unc-54 3'UTR [ This paper
arSil55 hih-2p(5.2kb)::gfp(2xnls): :unc-54 3' UTR [ This paper
arSil56 hih-2p(5.2kb hih-2prox A100-200)::gfp(2xnls): :unc-54 3'UTR This paper
arSil 64 hih-2p(5.2kb hih-2prox A286-326)::gfp(2xnls): :unc-54 3'UTR | This paper
arSil69 hih-2p(5.2kb hih-2prox A200-250)::gfp(2xnls): :unc-54 3'UTR | This paper
arSil72 hih-2p(5.2kb hih-2prox A250-286)::gfp(2xnls): :unc-54 3'UTR | This paper
arSil74 hih-2p(5.2kb hih-2prox Aboth EAE)::gfp(2xnls)::unc-54 3'UTR 1 This paper
arSil75 hih-2p(5.2kb hih-2prox AEAE2)::gfp(2xnls): :unc-54 3'UTR This paper
arSil83 hih-2p(5.2kb hih-2prox AEAE])::gfp(2xnls): :unc-54 3'UTR [ This paper
arSil194 nhr-67p::gfp(2xnls): :unc-54 3'UTR | This paper
arSil96 nhr-67p(Aboth EAE)::gfp(2xnls): :unc-54 3'UTR 1 This paper
arSi2 14 nhr-67p::gfp(2xnls): :unc-54 3'UTR I * This paper
arTill2 ckb-3p::mCherry::his-58::unc-54 3’ UTR V Attner et al.
2019
arTil45 ckb-3p::mCherry::his-58::unc-54 3'UTR II Attner et al.
2019
arTi237 ckb-3p::Cre(opti)::tbb-2 3’'UTR X Shaffer and
Greenwald
2022a
arTi443 rps-27p:: TIRIF79G9(flexon)::unc-54 3’'UTR V Wittes and
Greenwald
2024
arTi448 ckb-3p::mTagBFP2::his-11::unc-54 3’'UTR 1l This paper
arTi460 hih-2p(5.2kb): :tdTomato(2xnls): :unc-54 3 ’UTR 11l This paper
arTi481 rps-27p::mCherry(flexon): :his-58::unc-54 3'UTR | This paper
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arTi483 rps-27p::mCherry(flexon)::his-58::unc-54 3’'UTR IV This paper

hd20 hd126 nre-1(hd20) lin-15B(hd126) X Schmitz et al.
2007

he335 pop-1{he335[egfp.::pop-1]} [ van der Horst
et al. 2019

otl70 Isy-12(0t170) V Sarin et al.
2007

otl71 Isy-12(ot171) V Sarin et al.
2007

pr88 nhr-67(pf88) 1V Verghese et
al. 2011

syb509 nhr-67{syb509[nhr-67::gfp]} IV Medwig-
Kinney et al.
2020

* arSi2 14 was derived from the same unexcised SEC strain as arSil 94
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Table 4 (List of strains)

Strain Genotype Figure(s) Reference
GS8995 hih-2(ar623);arTil45;nre-1(hd20)lin-15B(hd126) 4B, 9 Benavidez et
al. (2022)

GS9222 hih-2(ar623);arTil 12 4B, 7B This paper*
GS9697 hilh-2(ar614) pop-1(he335);arTil45 10B This paper
GS9911 pop-1(he335);arTi448;arTi460 10A This paper
GS10001 | arSii38 S1 This paper
GS10020 | arSil44 S1 This paper
GS10021 | arSil45 S1 This paper
GS10031 | arSil54 S1,12 This paper
GS10032 | arSil55 5B, 5C, 12, S1 | This paper
GS10033 | arSil56 S1 This paper
GS10060 | arSil64 12 This paper
GS10065 | arSil69 12 This paper
GS10068 | arSil72 S2 This paper
GS10079 | arSil74 5B, SE This paper
GS10080 | arSil75 5B, 5C This paper
GS10089 | arSil83 5B, 5C This paper
GS10113 | arSi194 5B, 6A, 6B, 6C | This paper
GS10115 | arSi196 5B, 5D This paper
GS10124 | arSil55;arTil45;nre-1(hd20)lin-15B(hd126) 8A This paper
GS10126 | arTi481; lit-1(ar665), arls51; arTi443; arTi237 11B This paper
GS10127 | arSil55;1it-1(ar665),;arTi483,arTi443; arTi237 10E This paper
GS10128 | hlh-2(ar623);lit-1(ar665),arTi483;arTi443; arTi237 11A This paper
GS10129 | pop-1(he335);lit-1(ar665),;arTi483,arTi443; arTi237 10D This paper
GS10133 | nhr-67(syb509ar667);arTil 12 TA This paper
GS10134 | hlh-2(ar623ar668);arTil 12 7B This paper
GS10147 | nhr-67(syb509),;arTil 12 4A, 7TA This paper
GS10157 | hlh-2(ar623);arTil 12;nhr-67(pf88) 4A This paper
GS10160 | arSi214;arTil45;nre-1(hd20)lin-15B(hd126) 8B This paper
GS10179 | arSil69;lit-1(ar665),;arTi483,;arTi443; arTi237 14 This paper
GS10180 | ar657; syb509ar667 7B This paper
GS10181 | ar657; syb509 7B This paper
GS10182 | arSil55; Isy-12[ot170] 13 This paper
GS10183 | arSil55; Isy-12[ot171] 13 This paper

* Strain was generated by Justin Benavidez.
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Chapter 4: General Discussion
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This study examined regulation of 4/A-2 in the proximal somatic gonad, firstly at the
post-translational level by /in-12, and secondly in its transcriptional regulation more generally.
Here, I discuss unresolved questions that arise from the results and suggest potential approaches
to address them. The questions I discuss are: Is the initial transcription of 4/h-2 and nhr-67 in the
proximal gonad cell cycle-regulated (4.1)? Why do transcription factors whose depletion reduces
transcription of both Alh-2 and nhr-67 in the proximal gonad have no apparent effect on HLH-2
expression or AC/VU outcome (4.2.1-4)? Why does abrogating the normal POP-1 asymmetry
pattern not transform P cells into ACs (4.3.1)? What are the signaling source and upstream
mediator(s) of the WBA pathway in a and B cells (4.3.2-4)? What transcription factor(s) act
downstream of the WBA pathway to target 4/h-2 (4.3.5)? Might POP-1 activate instead of repress
hlh-2 transcription (4.3.6)? How does /sy-12 regulate maintenance of slh-2 transcription (4.4.1-
3)?

4.1 Is the initial transcription of 4/h-2 and nhr-67 in the proximal gonad cell cycle-
regulated?

I found that nhr-67, like hlh-2, is consistently transcribed in the parents of the o and 3
cells and that the transcription of both genes depend on the shared EAE elements (Chapter 3). |
also identified transcription factors that appear to regulate the transcription of both genes. These
findings, combined with observations that the time difference between the birth of the o and 3
cell parents and the observed onset of expression of endogenous GFP::HLH-2 is consistent
(103+18; Attner et al. 2019) and apparently similar to that of endogenous NHR-67::GFP based
on preliminary pilot experiments (114+39 minutes; Alexandra Ketcham, personal
communication) raise the possibility that 4/h-2 and nhr-67 are co-activated in a cell cycle

dependent manner. One way of testing this would be to induce cell cycle arrest in o and B cell
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parents immediately after they are born and observe whether 4/h-2 and nhr-67 transcription
reporters are expressed in the arrested cells.

As in other organisms, the cell cycle in C. elegans is regulated by the interactions of
proteins called cyclins and CDKs (cyclin-dependent kinase), as well as inhibitors of CDKs called
CKIs (CDK-inhibitory proteins) (reviewed in Kipreos and van den Heuvel 2019). The cyclin-
CDK complex involved in G1/S progression, the earliest stage that may be targeted by cyclins or
CDKs, is Cyclin D/Cdk4/6, whose orthologs in C. elegans are cyd-1 and cdk-4, respectively.

If a gene that is essential for cell cycle progression can be identified, it could be tagged
with an AID sequence. Larvae whose Z1.p and Z4.a cells have begun to divide (as visualized by
bright flexon-based somatic gonad nuclear markers) could be treated with auxin for rapid and
somatic gonad-specific depletion of that gene to induce cell cycle arrest in the nascent a and 3
cell parents. After confirming cell cycle arrest in the somatic gonad, the o and  cell parents
could be examined for whether hlh-2 and nhr-67 transcriptions are prevented. If successful G1/S
cell cycle arrest does not prevent 4lh-2 and nhr-67 transcription, it may be because the consistent
timing of their expression is not cell cycle dependent, which is a known phenomenon
(Grosskortenhaus et al. 2005), or because G1 entry rather than G1/S progression regulates /4/h-2
and nhr-67 and the depletion cannot time the arrest that early.

Presently, inducing G1/S arrest in the parents of the o and 3 cells presents a challenge.
cyd-1 is the sole C. elegans cyclin D ortholog and regulates G1/S progression. However, cyd-1
mutants and depletion by RNAI induce delay, rather than halting, of cell cycle progression in the
somatic gonad (Tilmann and Kimble 2005). What is more, in cyd-/ mutants, the initial division
of Z1 and Z4 were delayed, but the timing of subsequent divisions, including that of a and 3 cell

parents, appeared normal. I attempted to arrest somatic gonad development by tagging cyd-1
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with the AID sequence, but 5-Ph-IAA treatment from the embryonic stage nevertheless resulted
in somatic gonad formation, consistent with earlier findings. An alternate target may be its
partner cdk-4, although it is unclear if targeting it would yield a different effect than targeting
cyd-1 if it functions through cyclin D as canonically understood.

4.2.1 Why do transcription factors whose depletion reduces transcription of both A/Ah-2 and
nhr-67 in the proximal gonad have no apparent effect on number of cells that express
HLH-2 or AC/VU outcome?

The RNAI screen in this study sought to identify potential regulators of 4/h-2 and nhr-67
transcription. However, candidate transcription factors whose depletion resulted in loss of
transcription for both genes had no significant effect on number of cells expressing
endogenously-tagged GFP::HLH-2, which suggested the wild type 1 AC outcome upon depletion
of the candidate genes.

In the RNAI screen for 4/h-2 transcription, most animals that showed loss of Alh-2
transcription only did so for one a cell out of the two, which would still result in an AC being
specified. However, RNAi-depletion of the same genes showed loss of transcription of nAr-67 in
both a cells at high frequency, and this did not translate into known nkAr-67 phenotypes such as a
2 AC phenotype (Verghese et al. 2011) or stabilized HLH-2 protein expression in multiple o and
B cells (Chapter 3) based on observing GFP::HLH-2 expression.

One possibility is that despite the apparent lack or heavily diminished expression of hlh-2
and nhr-67 transcriptional reporters, those two genes are still transcribed at low but sufficient
levels to produce biologically relevant levels of their respective proteins such that a single AC is
specified. This also suggests that the transcriptional activation of 4/h-2 and nhr-67 may be

regulated redundantly by multiple transcription factors.
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Another possibility, which is not mutually exclusive, is that the chromatin structure at the
endogenous //h-2 and nhr-67 loci outside of the 5’ regulatory sequence that is sufficient for
expression is distinct from that of #7i4348, where the transgenes are integrated into, in a way
that alters their regulation of gene expression. What is more, the 5’ sequence directly abutting
hlh-2prox, the first 3.1 kb section of the 8.3 kb intergenic region between col-61 and hlh-2, had
been largely unexplored due to challenges in cloning the region. In 4.1.2 and 4.1.3, I discuss
experimental approaches for testing potential regulatory redundancy and generating fluorescent
reporters using the endogenous 5’ region. In 4.1.4, I suggest a yeast-one-hybrid screen as an
alternate means of finding additional potential regulators of hlh-2prox as well as a way of testing
interaction between the proteins of candidate genes identified here and the EAE sites.

4.2.2 Hypothesis: The candidate genes identified from the screen redundantly promote
initial Alh-2 transcription

I identified multiple transcriptional factors whose depletion by RNAi results in
incompletely penetrant repression of 4/h-2 transcription and has no apparent effect on
GFP::HLH-2 expression (Chapter 3). Therefore, it is possible that the activation of hlh-2
transcription in the proximal gonad is redundantly regulated. This could be examined by
simultaneously depleting the expression of some or all of those candidate genes.

The AID system is an effective approach for depleting multiple factors. I used the
CRISPR/Cas9-based gene editing protocol from Ghanta and Mello (2020) to rapidly and
successfully tag /iz-1 with the AID degron and deplete its protein expression. Because this
method does not leave a /lox scar, it would be possible to use this method to sequentially knock in
AID tags into multiple genes, which would then be used to deplete the protein expression of

those genes tissue-specifically in the somatic gonad. Therefore, taking an intermediate strain that
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contains the somatic gonad tissue-specific AID system, a somatic gonad marker, and a
transcriptional reporter of hlh-2, one could sequentially tag the hits from the RNAi screen (i.e.
attf-2, athp-3, ces-2, zip-4) with AID sequences and examine potential changes in hlh-2
transcriptional reporter expression between different complements of AID-tagged alleles upon
depletion by auxin.

4.2.3 Hypothesis: Transcription factors regulate transcriptional reporter transgenes
inserted at non-endogenous sites differently from the endogenous 5’ region

The RNAI screen for transcriptional regulators of 4/h-2 and nhr-67 in this study used a
single copy insertion transcriptional reporter of hlh-2 and nhr-67 5’ fragments inserted into a
heterologous region, the #¢7i4348 locus on LGI. The RNAi experiment that examined candidates
from that screen on HLH-2 protein expression used an endogenously-tagged GFP::HLH-2.
While those transcriptional reporters are robustly expressed in the proximal somatic gonad, it is
not out of the question that the different chromatin context of #i7i4348 and the endogenous loci
may affect transcriptional regulation. Therefore, transcriptional reporters of hlh-2 and nhr-67
integrated at the endogenous loci of those genes may be used to confirm the results from the
1tTi4348-based reporters.

Introduction of 2A peptides produces a ribosome skipping event in which the peptide N-
terminal to the ribosome is released prematurely, such that two peptides are produced from one
mRNA transcript (Donnelly et al. 2001). By cloning T2A::NLS::GFP::NLS and integrating that
fragment to the endogenous hlh-2 and nhr-67 loci C-terminally (Ahier and Jarriault 2014) using
CRISPR/Cas9, it would be possible to generate transcriptional reporters for those genes that
utilize their endogenous 5’ regions. CRISPR/Cas9 could also be used to replace the endogenous

3’ UTRs with that of unc-54 so that the dynamic reported is focused on transcriptional
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regulation. These T2A-based GFP reporter alleles could then be crossed in with somatic gonad
markers and the RNAi hypersensitizer nre-1 (hd20) lin-15B (hd126) (Schmitz et al. 2007) to see
whether the effects of RNAi depletion of attf-2, athp-3, ces-2, and zip-8 that were detected by
the 1¢Ti4348-based hlh-2 and nhr-67 transcription reporters are replicated with these endogenous
locus-based reporters.

4.2.4 Proposal: Y1H hybrid screen for identifying transcription factors that bind to Alh-2
EAE sites and hlh-2prox and testing direct binding of hits from the RNAi screen

In this study, I used DNA binding predictions from the computational tool CIS-BP to
identify candidate genes that had higher likelihood of binding to the EAE sites of 4lh-2 and nhr-
67 and therefore activating their transcription (Weirauch et al. 2015). While I have identified
several genes whose RNAi depletion results in loss or diminishment of A/h-2 transcription as
well as that of nhr-67, their effect on 4/h-2 was rather mild in that only one a cell out of the two
were usually affected. Given that computational tools are not perfect and the CIS-BP’s database
of DNA binding is not all-encompassing, it is possible that there exist one more transcription
factors whose binding to 4/h-2 EAE or other sites on /4/h-2prox are indispensable for proximal
gonad hlh-2 expression. A more high-throughput approach with a yeast-one-hybrid (Y 1H) screen
could provide an alternative means of generating a list of candidate genes that regulate A/h-2
transcription.

To summarize, Y 1H screens consist of “bait” DNA sequences and “prey” proteins, which
is a fusion protein that consists of the examined transcription factor and the yeast Gal4 activation
domain. The successful binding of the “prey” protein with the “bait” DNA sequence results in
activation of the reporter gene downstream of the “bait” sequence (HIS3 or LacZ) that can be

scored and analyzed (reviewed in Reece-Hoyes and Walhout 2012). Reece-Hoyes et al. (2011)
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developed a high-throughput protocol for Y1H screens that uses an automatic mating robotic
platform that increases throughput and a colony-quantification software that automatically
detects positive colonies. Reece-Hoyes et al. (2013) used this high-throughput method to
extensively study the protein-DNA interactions between transcription factors and the 5’
regulatory sequences of transcription factor genes. While 2.0 kb of the 4l/Ah-2 5° region upstream
was used in this study, it did not include A4/h-2prox, which is 5.2 kb upstream of the ATG. Given
the high-throughput nature of this system, screening the transcription factor prey library on just
hlh-2prox bait sequences could be relatively rapid.

The whole hlh-2prox fragment, which is necessary and sufficient for 4/A-2 transcriptional
patterning in the proximal gonad, as well as smaller fragments within /4/h-2prox that contain the
two EAE sites and 10 bp upstream and downstream of those sites, could be used as the bait
sequences to be screened by the transcription factor library, given that up to 2000 bp of DNA
was readily used as bait sequences in Reece-Hoyes et al. (2013). Candidate transcription factors
that are positively identified as interacting with the EAE sites or the whole A/h-2prox sequence
could then be further analyzed with transgenes and mutations in C. elegans. Endogenous
fluorescent tags could be either obtained or built and examined for their expression pattern in the
proximal somatic gonad, and either mutants or depletion of those genes by RNAi or AID could
be used to assay the effect of their loss on hlh-2 transcription, HLH-2 expression, and AC/VU
outcome.

This screen would also allow for examining whether the proteins of the genes that were
identified from the RNAIi screen (attf-2, athp-3, ces-2, and zip-8) directly interact with the EAE

sites or somewhere else on A/h-2prox. If they interact with hlh-2prox but not the EAE sites, for
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example, it would suggest that their site of action lies somewhere else on hlh-2prox rather than
the EAE sites.

4.3.1 Why does abrogating the normal POP-1 asymmetry pattern not transform f cells into
ACs?

While depletion of LIT::AID, which disrupts asymmetric POP-1 nuclear levels, maintains
hlh-2 transcription in B cells, it did not appear to transform them to AC fate. It is important to
note that the LIT-1::AID depletion experiments here were conducted in a /in-12(+) background.
While expression of GFP::POP-1 extrachromosomal arrays significantly increased BAC
transformation in Sallee et al. (2015), such experiments were performed in /in-12(() animals at
25 °C, a condition that is sensitized for BAC fate even without ectopic POP-1 expression. The
above experiments indicate that 8 cells are regulated redundantly by /in-12 activity and the WBA
pathway to promote VU fate. Thus, disrupting the WBA pathway alone would be unlikely to be
sufficient to alter cell fate in B cells in a /in-12(+) background.

Given that A/h-2 transcription is maintained in the VU-fated a cell and that the vast
majority of B cells in /in-12(0) animals, which have elevated GFP::HLH-2 compared to 3 cells in
lin-12(+) animals, commit to VU fate (Benavidez et al. 2022), it is not entirely surprising that the
maintenance of 4/h-2 transcription and elevated GFP::HLH-2 observed in LIT-1::AID depletion
is insufficient for BAC transformation, though I note that depletion experiments such as these do
not have 100% efficacy and the WBA pathway regulation may not have been completely
abolished here. However, the question remains on how this commitment to VU fate, which likely
involves lin-12, is still asymmetrically maintained in the B cells where the WBA pathway has

been disrupted.
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I pose the possibility of a yet unidentified asymmetric cell division mechanism, distinct
from the Wnt asymmetry pathway-mediated regulation of 4/h-2 transcription, that nudges the
newborn f cell to rapidly commit to VU fate after birth. Given that LIN-12::GFP expression is
not observed in the parents of a and [ cells (Attner et al. 2019), it may be that the dividing o and
B cell parent is polarized in such a manner that /in-12 transcripts are asymmetrically distributed
at higher levels in the newborn f3 cells, whose higher levels of LIN-12 may rapidly result in loss
of AC potential in addition to repression of 4/h-2 transcription by Wnt signaling. It is also
possible that proteins that promote /in-12 transcription are polarized during cell division to
favorably transcribe /in-12 in B cells soon after birth.

4.3.2 What are the signaling source and upstream mediator(s) of the WBA pathway in a
and p cells?

If the differences in Alh-2 regulation in the a and [ cells are generated by the WA
pathway, what is the upstream mechanism by which the parents of the a and B cells are polarized
to produce asymmetric cell division? This question can be divided into two components: 1) the
search for a potential external signaling source that provides the ligands for such polarization and
2) the receptor(s) in the parents of o and B cells that permit the signaling cascade leading to the
asymmetric cell division.

In the division of Z1 and Z4 cells, lack of germline precursor cells induces loss or
reversal of POP-1 asymmetry in their daughters (Yamamoto et al. 2011), suggesting that the
germline may contribute to the WBA pathway in the somatic lineage, such as by contributing
Wnt ligands that polarize the somatic gonad precursor cells. Prior to the formation of the somatic
gonad primordium, the germline is intermingled with somatic gonad cells (reviewed in Lints and

Hall 2009). Therefore, it is also possible that the polarization of the parent cells is achieved by
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proximal inhibition of Wnt signaling by Wnt antagonists such as secreted Frizzled-like proteins
(sRBP) rather than the source of their signaling being positioned at their distal ends (reviewed in
Lam and Phillips 2017; Fig. 1). So et al. 2024 had found that the asymmetric division of Z1 and
Z4 is redundantly regulated by Wnt-independent /in-17 activity and the Wnts cwn-1, cwn-2, and
egl-20, whose signaling may be mediated by the Frizzled mom-5 receptor.

The above findings relating to Z1 and Z4 asymmetric division suggest two starting
hypotheses for the induction of WBA asymmetric division in the parents of the a and B cells that
may be tested: 1) the germline contributes to the asymmetric regulation of 4/A-2 in o and B cells
(Fig. 1); and 2) the asymmetric regulation of 4/A-2 in o and B cells pathway in o and B cells
requires one or more Frizzled receptor genes (Fig. 1). In 4.2.3 and 4.2.4, I propose approaches to
test these hypotheses in ways that bypass the initial WBA pathway-dependent polarity of Z1 and
Z4.

4.3.3 Hypothesis: The germline contributes to the asymmetric regulation of 4/h-2 in a and p
cells

Yamamoto et al. (2011) found loss of normal POP-1 asymmetry in Z1 and Z4 daughters
in animals that lacked Z2 and Z3 germline precursor cells from a mes-/ mutation. However,
given that my desired staging is further along the Z1 and Z4 lineage, I cannot use germline
defective mutants. My only option would be to ablate the germline after the Z1 and Z4
precursors have already divided.

Compared to traditional laser ablation and transgenes that express cell death genes, using
a tissue-specific photosensitizer that induce lethal reactive oxygen species by irradiation at
specific wavelengths confers several advantages (reviewed in Fang-Yen et al. 2012): unlike

physical laser ablation, individual cells do not have to be targeted for ablation, and use of the
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laser can allow for greater specificity of temporal control compared to promoters. This advantage
in controlling the timing of ablation is particularly useful for studying Wnt signaling in the o and
B cell and their parents, as it would allow for bypassing WBA pathway-dependent Z1 and Z4
polarity. However, a caveat is that cell debris could still provide some activity.

MiniSOG (mini singlet oxygen generator) is a synthetic green fluorescent protein derived
from Arabidopsis phototropin 2 which upon blue-light illumination generates toxic singlet
oxygen (Shu et al. 2011). The MiniSOG system was further improved by Xu and Chisholm
(2016), which demonstrated significantly enhanced effectiveness of target cell ablation without
increasing toxicity under ambient conditions.

The use of a mex-5 (Muscle EXcess) promoter fragment and the 3> UTR from thb-2
(TuBulin, Beta) has been shown to be sufficient to produce robust expression in the germline
precursor cells Z2 and Z3 (Zeiser et al. 2011). Therefore, I would generate a miniSOG construct
as improved by Xu and Chisholm (2016) that is driven by the mex-5 promoter with a tbb-2
3’UTR. Following the generation of the strain, I would confirm ablation of the germline upon
irradiation by observing sterility in adults. For observing phenotypes in a and B cells, I would
control the timing of the ablation such that rather than right after the L1 larva has hatched, I
would target the germline cells after the Z1 and Z4 cells have divided so as to not disturb the
initial establishment of the distal-proximal axis of the somatic gonad. I would then observe
whether this late germline ablation results in 1) loss or reversal or GFP::POP-1 asymmetric
localization and 2) maintenance of //h-2 transcription in BV Us.

4.3.4 Hypothesis: the asymmetric regulation of 4#/h-2 in o and f cells pathway in o and

cells requires one or more Frizzled receptor genes
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So et al. (2024) had found that compound mutants of /in-17 and Wnt genes cwn-1, cwn-2,
and egl-20 as well as /in-17 and mom-5 double mutants result in loss of polarity in Z1 and Z4
cells and DTC specification defects. /in-17 and mom-5, therefore, pose a plausible starting point
for investigating the upstream regulatory mechanisms that polarize the parents of o and f3 cells. It
would be a scientifically interesting result if the same regulatory mechanism is conserved in a
lineage for different fate outcomes (DTC fate, VU fate).

In the compound mutant animals examined by So et al. (2024), the initial establishment
of the proximal-distal axis lineage is disrupted, making the effects of the mutations on the
asymmetry between o and f cells impossible to analyze. Therefore, those genes would have to be
either knocked out or depleted after the division of Z1 and Z4. Given the rapid sequential
divisions of the Z1 and Z4 descendants into the twelve cells of the somatic gonad primordium,
depletion of protein would be a more appropriate approach rather than genetic knockout (e.g. by
Cre-Lox) considering protein perdurance.

Ghanta and Mello (2020) provide a rapid and scar-less method of endogenous genetic
modification by CRISPR/Cas9. I propose a sequential AID-depletion experiment in which the
Frizzled receptors /in-17 and mom-5 are first tagged with the AID sequence separately and
depleted in the somatic gonad after Z1 and Z4 had divided to see whether normal POP-1
asymmetry is abolished and hlh-2 transcription in 3 cells is maintained. In Chapter 3, I depleted
LIT-1::AID in the somatic gonad to examine its effect on GFP::POP-1 and hlh-2 transcriptional
reporter level. The /it-1::AID in those strains (GS10129 and GS10127, respectively) could be
crossed out, so that the AID tag could be directly injected and integrated into those strains.

If depletion of just one of those genes is insufficient to abolish normal POP-1 asymmetry,

then I would proceed to insert the AID tag in the other Frizzled gene and examine the effect of

130



depleting both Frizzled genes on POP-1 asymmetry and 4/Ah-2 transcription. The degrons could
be tagged along with fluorescent proteins to confirm depletion. In the double AID-tagged strain,
another way of testing whether depletion is successful would be to treat the strain with auxin
from L1, which if depletion is successful should result in abolishing of Z1 and Z4 polarity as
reported in So et al. (2024).

If it is found that POP-1 asymmetry between o and f cells is redundantly regulated by
lin-17 and mom-35 as in the daughters of Z1 and Z4, the next question would be whether Wnt
signaling also contributes to this regulation. The polarity of Z1 and Z4 is redundantly regulated
by lin-17 in a Wnt-independent manner and by Wnts. To assay whether the polarity of the
parents of the a and f cells is also regulated redundantly by Wnt signaling (presumably through
mom-5) and Wnt-independent activity of /in-17, lin-17 AID depletion could be combined with
Wnt mutants. Because the strains involved here already have multiple transgenes and
endogenous gene modifications, crossing in one or multiple Wnt mutants might not be feasible,
so the same rapid CRISPR/Cas9 method could also be used to induce deletion alleles in Wnt
genes.

In the case that depletion of /in-17, mom-5, or both genes do not abolish asymmetric
POP-1 localization, it is possible that other Wnt receptor genes such as mig-1 and cfz-2 regulate
the WBA pathway in this context, and the same AID-based approach described here could be
used to test that possibility.

4.3.5 What transcription factor(s) act downstream of the WBA pathway to target hih-2?

In the establishment of the distal-proximal axis in the division of the SGP Z1 and Z4
cells, POP-1 in the distal daughters activates the transcription factor ceh-22 (C. Elegans

Homeobox), the C. elegans ortholog of nkx2.5, which is required for the specification of the
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DTCs (Lam et al. 2006). Transgenic expression of ceh-22b::VENUS is lost in the proximal
lineage of Z1 and Z4, suggesting that ceh-22 is unlikely to be the transcriptional target of POP-1
in the context of asymmetry between a and P cells. What is more, transcriptional targets of POP-
1 in the WPBA pathway are generally thought to be context-dependent (reviewed in Sawa and
Korsawagen 2013).

I propose an RNAI screen to identify potential candidate transcription factors that repress
hlh-2 transcription in B cells, which may reveal potential downstream transcriptional targets of
POP-1 activity. I had already generated a RNAi-hypersensitized strain with a transcriptional
reporter of 4lh-2 and somatic gonad markers to identify transcription factors that activate hlh-2
transcription. I would first computationally generate a list of transcription factors with TCF
binding sites in their 5’ regulatory region. Then, using the Walhout transcription factor RNAi
library (MacNeil et al. 2015), I would screen those genes for hits whose depletion by RNAi
maintains Al/h-2 transcriptional reporter expression in 3 nuclei in the L3 somatic gonad
primordium. Once a list of potential candidate genes has been generated, I would examine their
DNA binding motifs for potential binding to the 4lh-2prox sequence, obtain or build fluorescent
tags to observe their expression pattern, and identify known and predicted co-factors from
literature to infer potential mechanisms.

4.3.6 Might POP-1 activate instead of repress hlh-2 transcription?

The traditional understanding of the WBA pathway had been that in the daughter with the
lower POP-1 nuclear localization (posterior, or distal in the somatic gonad), POP-1 complexes
with the B-catenin SYS-1 to activate its transcriptional targets. According to this model, in the
distal B cells, the POP-1 would presumably transcriptionally activate genes that result in the

repression of A/h-2 transcription (Fig. 1, Fig. 2).
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However, an alternate model of POP-1-mediated transcriptional regulation in the
asymmetry pathway has been suggested in which POP-1 in the anterior daughter (analogous to
proximal in the somatic gonad) forms a complex with the Zic transcription factor REF-2
(REgulator of Fusion) and activates target gene transcription target through the Zic binding site
(reviewed in Murgan and Bertrand 2015). In a sense, this represents an inversion of the prior
understanding of the WBA pathway. Here, it is thought that in the posterior cell, POP-1
complexing with SYS-1/B-catenin inhibits POP-1 from complexing with REF-2 and interacting
with Zic binding sites, resulting in lack of transcriptional target activation in the posterior cell.
This atypical pathway was discovered in the transcriptional activation of the LIM (lin-11, isl-1,
mec-3) domain transcription factor #zx-3 (abnormal ThermoTaXis), which is asymmetrically
expressed in the anterior daughter of a neuroblast that divides to produce the SMDD motoneuron
and the ALY interneuron. In the anterior daughter, POP-1 complexes with REF-2 to activate #x-3
transcription at the Zic binding site, while in the posterior daughter cell, this is inhibited by POP-
1 complexing with SYS-1.

In WBA-mediated cell divisions in the somatic gonad, the proximal cell is analogous to
the anterior cell in non-mirror-symmetric WBA contexts. If this alternative model regulates A/h-2
in the a and B cells, then POP-1 in the proximal a cell may actually positively regulate ilh-2
transcription in o cells, whether it directly regulates 4/h-2 or positively regulates genes that in
turn promote A/h-2 transcription (Fig. 2). Based on the conserved Zic binding site for #£x-3
identified in Bertrand and Hobert (2009) (“GCACCCCGCTCA”), I did not find a Zic binding
site in the hlh-2prox sequence. However, this does not preclude the possibility that a POP-
1:REF-1 complex may activate enhancers of 4/h-2 transcription (Fig. 2). I propose a few ways to

examine the possibility of this regulation. First, a reporter of REF-2 expression, either by
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obtaining an existing transgene (Sarov et al. 2006, Zhong et al. 2010) or building an
endogenously-tagged allele, could be used to see if REF-2 is expressed in the proximal somatic
gonad. Second, one may deplete ref-2 by RNA1 or REF-2 by AID to see whether hlh-2
transcription level is low in both o and f cells in the L3 somatic gonad primordium. If REF-
2:POP-1 functions to positively regulate 4lh-2 transcription in the a and f cells, depletion of ref-
2 would reduce //h-2 transcription in the o cells.

4.4.1 How does Isy-12 regulate maintenance of hl/h-2 transcription?

Either depletion of /sy-72 by RNAIi or mutations in the /sy-/2 coding region results in
loss of Alh-2 transcriptional maintenance in a cells, suggesting that /sy-/2 may be involved in
maintaining the transcription of 4/h-2 after its initial activation. Therefore, more in depth
investigation into /sy-12’s regulatory role is warranted, including its expression pattern and the
mode of its regulation, which is described in 4.4.2 and 4.4.3, respectively.

4.4.2 Is LSY-12 expressed in the proximal gonad?

While Isy-12 appears to be required for 4/h-2 transcriptional maintenance in the a cells,
its expression pattern in the somatic gonad, if at all, is unknown. Therefore, I propose to generate
an endogenous GFP fluorescent tag of Isy-12 to track its expression pattern. The o170 and ot171
mutations have been mapped to the last exon of Isy-72, and isoforms of /sy-12 either include this
exon (e.g. Isy-12a) or are truncated to exclude this exon (e.g. Isy-12b) (O’Meara et al. 2010), so I
would tag /sy-12 at the C-terminus. If it is expressed in a and [ cells, it may cell autonomously
regulate hlh-2. If it is not expressed in the o and B cells but instead in adjacent tissues (e.g. the
germline), it would suggest that Isy-12 regulates 4/h-2 in a cell non-autonomous manner by in a

cascade that involves external signaling. If Isy-72 is widely expressed, this may be because Isy-
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12’s role in the regulation of A4/h-2 is mediated by other genes that are more proximal gonad
specific.
4.4.3 How does Isy-12 regulate hlh-2 transcription?

It has been proposed that in ASE neurons, LSY-12 forms a MY ST-type histone
acetyltransferase (HAT) complex with LSY-13 and LIN-49 and that this complex is recruited by
the C2H2 Zn transcription factors CHE-1 and DIE-1 to regulate laterally asymmetric gene
expression between the left and right neurons (O’Meara et al. 2010). These genes, thought to
interact with LSY-12, suggest a starting point for investigating LSY-12’s regulatory role for 4/h-
2. I would deplete these genes (Isy-13, lin-49, che-1, and die-1) by RNAI in the screening strain
used in this study (GS10124; hlh-2p:.:gfp(2xnls),;ckb-3p::mCherry::h2b;nre-1 (hd20) lin-15B
(hd126)) to see if their depletion replicates the loss of 4lh-2 transcriptional maintenance observed
in Isy-12. It is possible that LSY-12 promotes //h-2 transcription similar to its suggested role in
ASE neurons, by forming a histone acetyltransferase complex that is recruited to the slh-2prox
(possibly somewhere in the LME elements) and enhancing transcription through HAT activity
(Fig. 3).

If LSY-12 is found to be endogenously expressed in a and [ cells, it may be feasible to
identify its interaction partners specifically in those cells by co-immunoprecipitation (ColP).
Baytek et al. (2022) developed an improved ColP protocol integrated with mass spectrometry for
use in C. elegans that could be used to identify proteins that interact with LSY-12. I would
generate a multicopy array encoding Isy-12::gfp::3xHA driven in the a and [ cells by hlh-2prox,
because its expression driven as a single copy insertion may not be strong enough. The 3x
hemagglutinin (HA) tag would be used for antibody targeting during the co-immunoprecipitation

protocol, and mass spectrometry then would be used to identify proteins that were co-
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immunoprecipitated along with LSY-12. If the identified proteins suggest a coherent complex or
a pathway, it could be used to deduce how Isy-12 is involved in the regulation of hlh-2
transcription.

If one or more of the proteins identified from mass spectrometry are transcription factors,
then I would check computationally using CIS-BP whether their DNA binding motifs occur in
hlh-2prox and in particular in the LME regions, whose deletions in /4/h-2 transcriptional reporters
showed loss of transcriptional maintenance in o cells as was seen in /sy-/2 mutants. if a potential
interaction site is found, then small mutations could be made on those sites in 4lh-2
transcriptional reporters to ascertain whether they replicate the loss of 4/A-2 transcriptional
maintenance observed in the larger LME deletions.

Analysis of the 200-326 bp region of hlh-2prox by CIS-BP, which includes both LMEs,
did not find predicted binding sites for CHE-1 and DIE-1, transcription factors which were
suggested to recruit LSY-12 to regulate gene expression in ASE neurons. Therefore, if LSY-12
and its complex partners, if any, are recruited to sites on or near the 4/h-2prox LME regions, it is
likely recruited by another complement of transcription factors besides CHE-1 and DIE-1 to
promote sustained /4/h-2 transcription.

4.5 Closing remarks

This study sought to further the understanding of how //h-2 is regulated in the proximal
somatic gonad. Building on previous work, I found evidence to support the hypothesis that /in-12
activity contributes to degradation of HLH-2. Moreover, I provide a focused investigation on the
transcriptional dynamics of 4/A-2 in the proximal gonad, including its initial activation in o and 3
cells and their parents and how its distinct regulation between a and B cells are generated. |

found that the initial transcription of hlh-2 requires the 5° EAE elements in an apparent co-

136



regulation with the EAE sites in the nhr-67 5’ region, that the differences between o and f3 cells
in hlh-2 transcription is regulated by the Wnt/p-catenin asymmetry pathway through POP-1, and
that there is another mechanism separate from initial activation that maintains hlh-2
transcription, for which Isy-12 apparently plays a role (Fig. 4). I also identified transcription
factors that may contribute to initial 4/A-2 transcription in the a and f cells based on RNA1
experiments.

My findings also generate new questions that may serve as a guide for future exploration.
The previous finding that the order of apparent HLH-2 onset in the parents of o and f3 cells is
predictive of a cell fate raised the importance of how Alh-2 is regulated early on, including the
initial activation of its transcription. The upstream pathways that culminate at the EAE sites on
hlh-2 and nhr-67 5’° regions to activate their initial transcription remain a mystery, though I
suggest cell cycle-based regulation as a potential source and the hits from the RNAi screen in
may be involved in some manner. We now know that the WBA pathway creates the differences
in hlh-2 transcription between the a and B cells, but the upstream regulators that induce the
polarity for such asymmetric division in the parents of the a and B cells, as well as the
downstream mediators of the WBA pathway that directly regulate 4/h-2, are yet to be identified.
What is more, the finding that 3 cells appear to commit to VU fate when the WBA pathway has
been abrogated hint at the existence of other yet unidentified asymmetric cell division
mechanisms that likely involves biasing of /in-12 activity. Lastly, further exploring the pathway
by which Isy-12 regulate 4/h-2 and its potential relationship with the LME regions on Alh-2prox
would create a fuller picture of 4/h-2 transcriptional control in the proximal gonad, spanning its

initial activation, asymmetric regulation, and maintenance.
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Chapter 4: Figures
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Figure 1
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Figure 1: Partial hypothetical model for WBA pathway regulation of hlh-2

A partial hypothetical model for the WBA pathway-mediated asymmetric division of a and  cell
parents, using Z4.aa as an example. If the WBA regulatory mechanism suggested for Z1 and Z4
in So et al. 2024 is similar for the o and f cell parents, germline-originating Wnt signal
interacting with MOM-5/Frizzled and Wnt-independent /in-17 activity may polarize the parent
cell to induce asymmetric division into o and 3 cells. If the position of the Wnt source itself isn’t
polarized (given the intermingled nature of germline and somatic cells in L2), then proximal Wnt
signaling may be inhibited by Wnt antagonists. If low POP-1 levels activate transcription targets
in this context, then POP-1 would activate genes that repress transcription of 4/h-2, which may
be identified with a screen.
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Figure 2
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Figure 2: Alternative model of the WBA pathway in which POP-1 in a cells promote hlh-2
transcription

a) In the traditionally understood model of the WBA pathway, the posterior (or distal in SGP
division) cell that has a lower level of POP-1is thought to result in activation of target gene
transcription by a favorable intranuclear ratio for its co-activator B-catenin SYS-1. Applied to a
and f cells, this would suggest that POP-1 in f cells activates genes that repress Alh-2
transcription. b) However, in an alternate model of POP-1-mediated transcriptional activation,
POP-1 in the anterior (or proximal in SGP division) cell interacts with REF-2 to bind to the Zic
binding site and activate target gene transcription. Given that 4/h-2prox apparently lacks a Zic
binding site, if the POP-1:REF-2 complex is indeed active in a cells, it likely promotes
transcription of genes that positively regulate 4/h-2 rather than directly activating hlh-2.
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Figure 3

(+,-./012

2]
X5
f
S
12

Transcription factors

hlh-2prox \‘ﬁ

LME LME

(200-250) (286-326) Later
transcription
of hih-2

Figure 3: Hypothetical schematic for maintenance of 4/Ah-2 transcription

Isy-12 and two sequences in the 5’ regulatory region of hlh-2 hih-2prox (LME) apparently
mediate maintenance of hl/h-2 transcription after initial activation, but their potential relationship
has not been determined. A simple hypothetical model for regulation is presented based on the
existing model of /sy-12 regulation in ASE neurons (O’Meara et al. 2010). In this model, LSY-
12 is a member of a histone acetyltransferase (HAT) complex that is recruited by transcription
factors, whose identity are yet unknown, to the sl/h-2 regulatory sequence, which may lie on the
LME sequences identified on Alh-2prox. Then, LSY-12 may enhance transcription of 4/h-2 by
the activity of the HAT complex.
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Figure 4
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Figure 4: A model for transcriptional regulation of 4/h-2 in the proximal somatic gonad
The findings of this study suggests that transcriptional regulation of 4/h-2 occurs in multiple
steps in the proximal somatic gonad. The initial transcription of Alh-2 in Z1.pp, Z4.aa, and their
daughter a and P cells require the EAE elements, may involve transcription factors found in this
study’s screen such as attf-2, athp-3, ces-2, and zip-8, and appears to be co-regulated with the
transcriptional activation of nhr-67. Asymmetric division mediated by the WBA pathway creates
transcriptional differences in Alh-2 between the proximal and distal sister cells such that
transcription levels are decreased in the 3 cells, which may be due to POP-1 activating
transcription targets that repress A/h-2 transcription. slh-2 transcription is further maintained by a
mechanism that involves the LME sequences and Isy-12.
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1. Alignment of 5’ intergenic sequences of C. inopinata hlh-2 and nhr-67 with 5’ regulatory
sequences of C. elegans hlh-2 and nhr-67

Identification of evolutionarily conserved genetic elements by DNA alignment
comparison is a key tool in searching for functionally relevant DNA sites, such as potential loci
of interaction with transcription factors. For example, the alignment of the C. elegans nhr-67 5’
region with the nhr-67 5’ regions in other Caenorhabditids revealed multiple conserved sites,
including E boxes (Bodofsky et al. 2018). Experiments that removed those conserved sites in
transcriptional reporters abrogated GFP expression in the o and f cells (Bodofsky et al. 2018),
and this study found that removal of the conserved EAE sites (in Site 3 and Site 6 identified in
Bodofsky et al. 2018) resulted in the loss of initial n4r-67 expression in the a and  cells and
their parents in both transcriptional reporter and endogenously-tagged contexts (Chapter 3).

hlh-2prox, a regulatory element of C. elegans hlh-2 that is 5.2 kb upstream of the hlh-2
ATG, is both necessary and sufficient for 4/h-2 expression in the proximal somatic gonad and is
required for the specification of the AC (Sallee and Greenwald 2015; Attner et al. 2019).
However, comparisons of 4/h-2prox with the 5’ intergenic regions of 4lh-2 in multiple
Caenorhabditids (C. brenneri, C. briggsae, C. remanei, and C. japonica) using Clustal W
(Thompson et al. 1994, https://www.genome.jp/tools-bin/clustalw) or MAFFT (Katoh and
Standley 2013, Katoh et al. 2019) did not yield a single conserved homology site (defined as 6 or
more identical base pairs in alignment), much less a cluster of such homology sites that would
suggest the existence of regulatory regions analogous to 4/h-2prox (Chapter 3).

The evolutionary distance between C. elegans and other Caenorhabditids frequently
compared for genetic conservation is considerable even though they belong to the same genus;

the closest-related Caenorhabditid commonly used for alignment comparison with C. elegans, C.
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briggsae, is estimated to have split in lineage from its common ancestor with C. elegans some 18
million years ago (Cutter 2008).

C. inopinata, previously known as C. sp. 34, is a relatively recently characterized
nematode species that is currently thought to be the closest extant relative of C. elegans, being
estimated to have diverged from its common ancestor with C. elegans 10.5 million years ago
(Kanzaki et al. 2018), closer than the 18 million years ago estimated for C. briggsae. Therefore, |
was interested in whether a i/h-2prox-like sequence could be identified in the 5° intergenic
region of C. inopinata hlh-2, and in particular whether the EAE sites that I identified as being
required for initial transcription of 4/h-2 (Chapter 3) were conserved in the 5’ region of C.
inopinata. 1 also examined whether an analogous sequence to the 276-bp fragment in the C.
elegans nhr-67 5’ region, which was characterized by Bodofsky et al. (2018) as sufficient and
necessary for nhr-67 transcription in the proximal somatic gonad, exists in the 5’ intergenic
region of C. inopinata nhr-67 and whether the 8 elements identified as conserved between C.
elegans, C. brenneri, C. briggsae, and C. remanei in that sequence (Bodofsky et al. 2018) is also
conserved in C. inopinata.

Using MAFFT comparison, I found a 281-bp sequence in the 5’ intergenic region of C.
inopinata hlh-2 that contains multiple sites of homology with A/h-2prox, including the two EAE
sites. I also found a 187-bp sequence in the 5’ intergenic region of C. inopinata nhr-67 that
contain multiple sites of homology with the 276-bp 5’ regulatory sequence in C. elegans nhr-67,
with the caveat that many of the conserved sites identified in Bodofsky et al. (2018) were
incompletely and/or poorly conserved in that sequence.

MATERIALS AND METHODS
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The 326-bp hlh-2prox sequence used in this study (-5252-4927 bp 5’ of hlh-2 ATG) and
the 276-bp regulatory sequence upstream of nhr-67 ATG identified in Bodofsky et al. (2018) (-
1796-1521 bp of nhr-67 ATG, hence referred to as the nhr-67 276-bp sequence) were compared
with the entire 5’ intergenic regions of their respective orthologs in the C. inopinata genome
using the online MAFFT version 7 tool (Katoh and Standley 2013, Katoh et al. 2019,

https://mafft.cbrc.jp/alignment/server/) with default settings. The orthologs in C. inopinata were

identified by Wormbase-Compara (https://wormbase.org/resources/analysis/WormBase-

Compara#0--10) and the intergenic sequences were downloaded from the Wormbase genome

browser (https://wormbase.org). Sites of homology with 6 or more identical bases were identified

as conserved sites as in Bodofsky et al. (2018), and I looked for regions in which multiple such
homology sites were clustered together to identify sequences potentially analogous to Alh-2prox
and the C. elegans nhr-67 276-bp sequence.

RESULTS AND DISCUSSION

I used MAFFT to compare the 5’ intergenic sequences of C. inopinata hlh-2 and nhr-67
with Ahlh-2prox and the nhr-67 276-bp sequence in C. elegans, respectively, and found multiple
sites of homology for both (Fig. 1 and Fig. 2).

In particular, 11451 bp upstream of the C. inopinata hih-2 ATG, 1 identified a 281-bp
region that contained 8 homology sites in a cluster, which I characterized as the “core alignment
region” for C. inopinata hlh-2 and suggest as being potentially analogous to the C. elegans hih-
2prox (Fig. 1). Notably, the two EAE sites on hlh-2prox, which are together required for initial
transcription of hlh-2 (Chapter 3), were both conserved within this core alignment region (Fig.
1). Similarly, I also identified a 187-bp sequence 1803 bp upstream of the C. inopinata nhr-67

ATG that contained 7 homology sites in a cluster, which I labeled as the “core alignment region”
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for C. inopinata nhr-67 that may be analogous to the 276-bp sequence in C. elegans. Here, [
examined whether the 8 conserved sites for nhr-67 identified in Bodofsky et al. (2018) were also
conserved in C. inopinata. Interestingly, despite the closer estimated evolutionary distance of C.
inopinata to C. elegans compared to other Caenorhabditids, many of the sites from Bodofsky et
al. (2018) were incompletely conserved (Fig. 2), including 3 (Sites 5, 6, and 8) that had less than
6 matching base pairs and would not be considered “homology sites” based on my criteria. With
respect to the EAE sites, whereas the first EAE site (“ATTGCGY™) in Site 3 was conserved
(though lacking the trailing “AA” found in the C. elegans EAE sites), the second EAE site in
Site 6 was only partially aligned and did not match in the 3rd position (Fig. 2).

The mechanism by which the AC is specified and whether A/h-2 plays a critical role in its
specification (as does for C. elegans) in non-C. elegans Caenorhabditids is currently unknown.
While the existence of an i/h-2prox-like sequence in C. inopinata may in part be attributed to its
closer evolutionary distance to C. elegans compared to other Caenorhabditids, it is also possible
that the conserved elements in the 4lh-2prox-like sequence play a similar or analogous role to
hlh-2prox in regulating hlh-2 expression and AC specification in C. inopinata. Given the
necessary and sufficient role of 4/h-2prox in the transcription of 4/h-2 in AC-competent cells and
the AC in C. elegans, it is possible that 1) the hlh-2prox-like sequence in C. inopinata promotes
hlh-2 transcription in one or more cells with AC potential and 2) hlh-2 expression in C. inopinata
contributes to the specification and/or function of the AC.

In order to test the first hypothesis, I would examine whether the C. inopinata hlh-2 5’
intergenic sequence controls 4/h-2 expression in the proximal somatic gonad with a GFP-based
transcriptional reporter expressed in C. elegans. If the reporter drives GFP expression in the o

and [ cells and the AC, I would delete the 4/h-2prox-like region in another transcriptional
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reporter to test whether that sequence is required for hlh-2 expression. I would also generate a
substitution mutation in another transcriptional reporter in which the conserved EAE sites are
removed to test whether the requirement of EAE sites for 4/h-2 transcription is maintained for C.
inopinata. Additionally, for comparison, I would also generate GFP transcriptional reporters
driven by hlh-2 5’ intergenic sequences of other Caenorhabditids (e.g. C. briggsae), which might
not control A/h-2 expression in the AC or AC-competent cells due to the lack of an 4/h-2prox-
like sequence and therefore might not show GFP expression there.

As aforementioned, the AC-specification process in non-C. elegans Caenorhabditids is
not yet known. For analysis of the relationship between /hlh-2 expression and AC specification or
function in C. inopinata, the first step would be to examine the expression pattern of
endogenously-tagged or transgenic C. inopinata HLH-2 in C. inopinata, testing whether it is
expressed in the proximal somatic gonad and the AC. Furthermore, mutating the endogenous
hlh-2 locus or knocking down Alh-2 by RNAI in C. inopinata would allow for testing whether
hlh-2 is required for AC specification and/or function.

As for nhr-67, it is notable that many of the sites that are conserved in C. elegans, C.
remanei, C. briggsae, and C. brenneri (Bodofsky et al. 2018) are only partially preserved in C.
inopinata, which is thought to be more closely related to C. elegans than those other
Caenorhabditids. One may speculate that this is because the expression of nhr-67 in the AC-
competent cells and the AC is not conserved in C. inopinata, although it should be noted that the
expression pattern and role of nAar-67 in the somatic gonads of any non-C. elegans
Caenorhabditid is unknown. One quick potential way to examine this hypothesis would be to
generate transcriptional reporters with the 5° intergenic sequences of nhr-67 in C. inopinata, C.

remanei, C. briggsae, and C. brenneri and express those reporters in C. elegans to see whether
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they are sufficient for expression in the a and B cells and the AC. If the transcriptional reporters
of the sequences from C. remanei, C. briggsae, and C. brenneri show expression but the C.
inopinata reporter does not, then that could indicate that nhr-67 expression and function in the
AC and ventral uterus may have been independently lost in the C. inopinata lineage. If the
transcriptional reporter with the sequence from C. inopinata does express in the a and B cells and
the AC, I would generate another transcriptional reporter with the 187-bp sequence that is
potentially analogous to the C. elegans 276-bp sequence deleted to ascertain whether that

sequence is required for expression as is the case for the 276-bp sequence in C. elegans.
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2. Loss of hlh-2 transcription in the B cells does not appear to require lin-15 or lin-54

In Chapter 3, I found that endogenously-expressed GFP::POP-1 is asymmetrically lower
in B cell nuclei compared to a cell nuclei and that the loss of /4/h-2 transcription in the 3 cells
requires the WBA pathway. According to the generally understood paradigm of the WA
pathway, the relatively lower level of POP-1 in the B cell nuclei would favor its activity with the
B-catenin SYS-1, enabling activation of Wnt target genes (reviewed in Lam and Phillips 2017)
which would presumably then downregulate 4/h-2 transcription. The pathway downstream of
POP-1 in the context of a and B cells remains unknown. In the distal daughters of the Z1 and Z4
SGP precursors, POP-1 activates transcription of ceh-22 to enable DTC fate; in the proximal
lineage of Z1 and Z4, ceh-22 expression is reportedly lost (Lam et al. 2006), therefore making it
an unlikely candidate as a POP-1 target in the a and f cells.

In C. elegans, SynMuv genes are those characterized by their redundant antagonization of
vulval cell fates (reviewed in Fay and Yochem 2007). SynMuv genes are categorized into classes
A, B, and C, and co-mutation in genes in any two classes result in a Multivulva (Muv)
phenotype, hence the “Syn” (for Synthetic) distinction (Ferguson and Horvitz 1989; Ceol and
Horvitz 2004). Besides their well-known role in vulval development, SynMuv genes have been
found to be involved in other developmental functions as well. In particular, several SynMuv
Class B proteins have been characterized as repressing germline gene transcription in somatic
tissues by histone methylation (Rechtsteiner et al. 2019).

LIN-15B, a C. elegans THAP (THanatos Associated Protein) domain protein encoded by
the Class B SynMuv gene /in-15B, represses transcription of germline genes by cooperating with
the DREAM (dimerization partner [DP], retinoblastoma [Rb]-like, E2F, and MuvB) complex,

which also includes Class B SynMuv genes (Gal et al. 2021). Interestingly, /in-15(n309) in a lin-
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12 loss-of-function background /in-12(nl137 n720) was observed to result in a 3 or 4 AC
phenotype (Sternberg and Horvitz 1989); this is reminiscent of the observation that in the /in-12
null background /in-12(n941), disrupting the asymmetric nuclear accumulation of POP-1 by
ectopically expressing GFP::POP-1 in f cells increases the number of 3 or 4 AC phenotype at
25 °C (Sallee et al. 2015). Therefore, I was interested in whether /in-15B or other Class B
SynMuv genes might be required for the loss of 4lh-2 transcription in the B cells downstream of
POP-1 in the WBA pathway. /in-54 is another SynMuv Class B gene that encodes a core subunit
of the DREAM complex involved in the DNA binding activity of the complex to target genes
(Tabuchi et al. 2011). Therefore, if /in-15B regulates the repression of 4/h-2 transcription in a
pathway that involves the DREAM complex, a lack of /in-54 may also result in the maintenance
of hlh-2 transcription in the B cells.

Here, I tested whether /in-15B (hence referred to as /in-15 because the mutation used in
the experiment targets both /in-154 and lin-15B) or lin-54 are required for the loss of 4lh-2
transcription in the B cells. My observations do not support that either /in-15 or lin-54 are
required for the loss of Ahlh-2 transcription, although /in-54 may contribute to the division of
somatic gonad cells and further observation may be required for definite confirmation that /in-15
is not involved in the loss of 4/h-2 transcription.

MATERIALS AND METHODS

Strains and Alleles

Strains were grown and maintained at 20°C unless otherwise noted. The alleles used are listed
here.

arSil155[hlh-2(5.2kb)p::gfp(2xnls). :unc-54 3’ UTR] I is a single-copy hlh-2 transcriptional

reporter inserted into the 1774348 on LGI (see Chapter 3).
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lin-15(n309) X is a mutation that extends into both operons of the /in-15 locus, lin-154 and lin-
15B, which encode for Class A SynMuv LIN-15A and Class B SynMuv LIN-15B, respectively.
lin-15(n309) therefore induces a SynMuv phenotype on its own (Ferguson and Horvitz 1985;
Huang et al. 1994).
lin-54(n3423) IV is a null allele of /in-54 which is sterile and maintained with a balancer
chromosome (Harrison et al. 2006).
tmc9 IV is a balancer allele on LGIV with the markers and ensures crossover suppression
(Dejima et al. 2018). It was used to maintain the /in-54(n3423) allele.
Two strains were generated for observation: GS10148 [arSi155;lin-54(n3423)/tmc9)] and
GS10150 [arSi155;1lin-15(n309)].
Examination of hlh-2 transcription

Embryos from the strains GS10148 and GS10150 were obtained using a standard
bleaching protocol (Stiernagle 2006) and pipetted into an Erlenmeyer flask containing 10 ml of
MO buffer to induce L1 arrest. After shaking for 24-36 hours at 20°C, L1 larvae were placed
onto NGM plates seeded with OP50 bacteria and grown in 25°C to early L3 stage, when hlh-2
transcription is diminished in wild type animals (tcs3). L3 larvae of GS10148 were imaged and
analyzed at 19 hours after release from L1 arrest, and L3 larvae of GS10150 at 22 hours after
release from L1 arrest, as the /in-15(n309) mutant background apparently resulted in
developmental delays. Larvae were mounted on 4% agarose pads and immobilized with 10 mM
levamisole. They were imaged using the spinning disc confocal microscope’s single camera for
100 ms with the 488 nm laser at 10% laser power for hlh-2p::GFP(2xnls) with slices at intervals
of 0.25 pm . For GS10148 worms, whose lin-54(n3423) alleles are balanced on tmc9 balancer

chromosomes, I only imaged larvae that lack expression of the tmc9 balancer marker myo-
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2p::Venus and therefore are homozygous for /in-54(n3423). Images taken of L3 larvae of either
strain were visually examined to determine whether the A4/h-2 transcription level as reported by
hlh-2p::gfp(2xnls) in a B cell was obviously diminished compared to its a cell sister or
maintained at a comparable level.

RESULTS AND DISCUSSION

In order to test whether either /in-15 or lin-54 are required for the loss of hlh-2
transcription in the B cells, I crossed in an Alh-2 transcriptional reporter into mutant loss-of-
function backgrounds of the two, /in-15 (n309) and lin-54 (n3423), and then observed whether
hlh-2 transcription is lost in 3 cells in L3 stage as does for wild type animals.

For lin-54(n3423), I observed that A4/h-2 transcription is diminished in the B cells
compared to their a cell sister cells in 36/46 (78.3%) of the pairs observed compared to only 1/46
(2.2%) in which they were assessed as similar, which suggested that /in-54 is not required for the
loss of Alh-2 transcription in the  cells. Interestingly, I also observed 5/46 (10.9%) instances in
which the parent cell of a and B cells appeared to still not yet have divided in L3 and 4/46 (8.7%)
instances in which Al/h-2 appears to not have been transcribed at all (based on the lack of GFP
expression) in that mirror-symmetric lineage, which may have been caused by a defect in the
parent cell or its daughter o and B cells or by a defect further upstream in the lineage. Therefore,
while it appears that /in-54 is not required for the loss of A/h-2 transcription in the B cells, /in-54
may play a role in regulating the division of the somatic gonad cells prior to the formation of the
somatic gonad primordium. In order to further investigate this potential phenomenon, I would
cross in the somatic gonad marker ckb-3p::mCherry::h2b which would allow for confirmation

that the parents of the o and [ cells occasionally fail to divide and to discern whether the lack of
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GFP expression is caused by a defective parent cell or a failure of cell division further upstream
in the lineage.

For lin-15(n309), 1 found that B cells show diminished A/A-2 transcription compared to
their a cell sisters in 40/48 (83.3%) and similar levels in 8/48 (16.6%), which at a glance may
indicate a modest increase in B cells that maintain comparable Al/h-2 transcription levels
compared to the observation for /in-54(n3423). However, a confounding factor in this
observation was that compared to /in-54(n3423) or wild type animals, /in-15(n309) animals
appear to exhibit markedly slower somatic gonad development and therefore were assessed at a
later time than for /in-54(n3423) or wild type animals (22 hours after release from L1 arrest vs
18.5 hours for wild type animals (Chapter 3) and 19 hours for /in-54(n3423)). It was previously
reported that in addition to a multivulva phenotype, /in-15(n309) results in significant delay in
larval development (Fisher et al. 2007). Therefore, it is plausible that the visually comparable
transcriptional reporter expression observed between a and B sister cells may be an artifact due to
a delay in gonadal development rather than a particular role played by /in-154 or lin-15B in
regulating hlh-2 transcription. This could be confirmed by repetition of this experiment that
examines /in-15(n309) animals at an even later time point after release from L1 arrest, such as 25
hours or the time point just prior to division of the somatic gonad primordium cells.

This experiment sought to test whether /in-54 or lin-15 are required for the loss of hlh-2
transcription in the  cells as a part of an effort to determine the mechanisms downstream of the
WA pathway in the B cells. Based on my observations, neither /in-54 nor lin-15 are likely to be
required for this asymmetric regulation of 4/h-2 transcription. Therefore, identification of
potential genes that act in this pathway may require a larger scale screening experiment, such as

the RNAI screen for stabilized Alh-2 transcription proposed in 4.3.5 in this study.
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Appendix: Figures

168



Figure 1

Beginning of hlh-2prox

LRQ

GlERmE) kil e e e e e e e e e e e e S e gatcctear-

-14543 inopinata  aatgaatactcaaatgaattctgctgaaactgttttcaagttggattcagaatccteaga
Ik ok ke ok ok kK

I
>
e galrsiPil B e e b e s et EtlSS e e Lcgtctacttcecteftatcactetttatte
_11553 inopinata gcgacggagagaccgagagcctcgecactacackegtctactteteptectectatcaccet
O - Pe ook k& ok ok ok ok ok kok | LR Ok ok K
I elegans hl cacttttccc----tajcgtttttfatgcttticggtectactgtagtigt-—--------- te
Q. |inopinata cgcgcectcecttgatoegttttteggettgeggtetactgtagthpgtegttegacgagee
O - ‘k.* ..**** E I ****‘************** * % EAE 1 .-)(
i elegans hl gtctcccttcgagacaacctegtlattgttal-—-—--- tagggaatattpttpcgcaatpget
—l |inopinata tcctceccctccacaccgtcatgdattgttalgtgtggeacatactaccptthegeaatpget
O JEEhk kK kk ok kk ko [kokokok ok ok k| EAE'é L, K kk Bk dkok ok ok ok ok ok
a elegans hl |tcgagatacccacaaaaaatacattcackgttgcgcaatigagttatteatta--------
inopinata |[tcggacacaccactgtgacaa----- aacgttgecgcaatgaattgttetegatacgagge
I *ok k| L L x * * o [kkkkkkkkkkokk ok Kk kxkk 0k
>
o elEgpme Il ——os—ome e e cgatatttcaatttttectgttctegaatiaaaaaactg-——--—---
inopinata ggcgaggtctctgeccgetttttttttttttttggttctegaatiggagaaatgecaatgtge
Oa - hk ok Kok Khkkkh Pk kAkkA kK| ok hk kK
™
elegpng Il ====tEE R T T T e T T e e e e S e T s T m e e E e e S e e

inopinata agctggaaggaaaggtcglcgtcgegcagtgtettggaattgtatgaatcagcatttetgg
."l* [k & %k * * ok kK K

Ealtecrany= i IR R cctggggtgtaaggaagggcpr———-————-————-——-—————-——--—-
-10228 inopinata aattcaattccgccctactatgcaagdgaagggcpgaattcecggattecgeegtttttttt
- *ok ok JFKR Rk [Rkok ok ok ok ok
ElEgEme Rl comome s e e taccatgaatcatagatgtatg-—-—-——-----
-7228 inopinata_ catcttgtgctcttcagcactattcttagatgttacgaaccattagtgaatgtgecctte
*_‘_*_'k**_*** __'k* * Kk K
Elleerne il ssss=s== gtatacggtag-——-"--"""""-""-——-——-——-——-——-——————————

5608 inopinata_ tggagaccgtactcggcaattgccttaaaatgatgatgtgagagagtgecgaacgagtgg

'I(‘}.')\’- )\’**-)\’_

Elegpng Il ——==o===== ElrlEElE!E EEE E B G s s e e e e oo e oo — o
5368 inopinata ctccactttcagcactitaaatttgaattctgcatgaattctgaactaatagagettcatt

)\’..** L End Offlh-zprox

2lggang Ikl —os-oooom s agthcggaapggaagett——————-————-———————m—mm oo
-2308 inopinata gaatccggaaaacggaaapcggaapaaaaattttttcacggaatctggaatccggaagat
* ek &k kK * k * K

Figure 1: 5’ intergenic region of C. inopinata hlh-2 contains a region similar to C. elegans
hlh-2prox

MAFFT alignment of C. elegans hlh-2prox (-5252 to -4927) and the intergenic region of C.
inopinata between col-61 and hlh-2. The number in front of “inopinata” on the left indicates the
number of bases before the C. inopinata hlh-2 ATG. Identical alignments of six bases or more
are highlighted in red boxes. The region in the C. inopinata sequence from -11451 to -11170 bp
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upstream of the ATG has 8 such sites of alignment with A/h-2prox in a cluster and was labeled
the “core alignment sequence” with respect to 4/h-2prox. Both of the early activation element

(EAE) sites were conserved in the C. inopinata sequence and are highlighted in purple boxes and
labeled.
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Figure 2

2" hase of the C. elegans 276-bp regulatory sequence
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Figure 2: Conserved sites in the 5’ regulatory region of C. elegans nhr-67 are incompletely
conserved in C. inopinata

MAFFT alignment of the 276-bp C. elegans nhr-67 regulatory element (-1796 to -1521 upstream
of the ATG) and the intergenic region of C. inopinata between CO8F8.2 and nhr-67. The number
in front of “inopinata” on the left indicates the number of bases before the C. inopinata nhr-67
ATG. The alignment of the first base in the 276-bp sequence is omitted in this figure. Identical
alignments of six bases or more are highlighted in red boxes unless the alignment is a repeat of
the same base. Black lines above the C. elegans sequence indicate the completely conserved sites
identified in Bodofsky et al. (2018) between the nhr-67 5’ regions of C. elegans, C. briggsae, C.
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remanei, and C. brenneri. The numbers in black correspond to the numbering of such conserved
sites in Bodofsky et al. (2018). E boxes and EAE sites in the C. elegans sequence are highlighted
in purple boxes and labeled. The region of the C. inopinata intergenic sequence from -1803 to -
1617 bp upstream of the ATG has 7 homology sites with the C. elegans enhancer fragment in a
cluster and is labeled the “core alignment sequence” with respect to the C. elegans 276-bp
sequence. Sites 1-8 show at least some degree of conservation. Sites 2 and 4 are completely
conserved. Sites 1 and 7 are partially conserved including the E boxes, although the match for
Site 1 lies outside of the “core alignment sequence”. Less than 6 bases are in alignment for Sites
5, 6, and 8. The EAE sequence “ATTGCGY” on Site 3 is conserved (albeit lacking the “AA”
after the “Y”), but the second EAE sequence in Site 6 differs on position 3 for C. inopinata.
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Figure 3

A
hih -2p:: gfp (2xnls);lin -54(n3423)
Asymmetric Similar Undivided Expression
parent not detected
36 (78.3%) 1(2.2%) 5(10.9%) 4(8.7%)
B

hih -2p:: gfp (2xnls);lin -15(n309)

Asymmetric Similar Undivided Expression
parent not detected
40 (83.3%) 8 (16.6%) 0 0

Figure 3. lin-54 and lin-15 do not appear to be required for the loss of 4#/h-2 transcription
in the P cells

Tables classifying pairs of sister o and B cells by visual comparison of GFP intensity expressed
by the Alh-2 transcriptional reporter: asymmetric indicates clearly diminished expression in the §
cell compared to the sister a cell, similar indicates apparently comparable expression intensity
between the sister o and B cells, undivided parent indicates that the parent cell of a and B cells
has not apparently divided (inferred from a singular large nucleus that expresses GFP), and
expression not detected indicates no GFP expression detected from that side of the somatic
gonad. a) In /in-54(n3423) larvae, hlh-2 transcription in the B cells does not appear to be
maintained (36/46; 78.3% asymmetric vs 1/46; 2.2% similar) but somatic gonad defects that
apparently prevent GFP-expressing parent cells of a and B cells from dividing (5/46; 10.9%) or
expression of GFP at all (4/46; 8.7%) were observed at low rates. hlh-2p::gfp(2xnls), lin-
54(n3423) animals were examined 19 hours after release from L1 arrest at early L3 (n = 23). b)
lin-15(n309) animals show a small proportion (8/48; 16.6%) with similar GFP expression levels
between o and B cells as opposed to asymmetric (40/48; 83.3%), which is higher than in /in-
54(n3423) animals, but this may be an artifact of the slower growth rate of /in-15(n309) larvae.
hlh-2p::gfp(2xnls), lin-15(mn309) animals were examined 22 hours after release from L1 arrest at
early L3 (n =24).
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