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ABSTRACT
From guts to glory: Investigating modulators of the C. elegans endoderm gene
regulatory network
-Geneva Louise Alok-
Proper specification of cell fates and organ identity is critical to the creation of a fully
functional organism during animal development. Uncovering the dynamic events underlying
deployment of gene regulatory networks (GRNs) that dictate cell fate and organ identity is
critical to understanding the mechanisms that ensure developmental robustness and the
relationship between the genesis and function of organs. In C. elegans, the entire intestine
arises from a single cell, the E (endoderm) blastomere, which is specified by the seven-cell
stage of embryogenesis. As with nearly all other cells throughout development of the animal,
the E cell undergoes a stereotyped pattern of cell divisions, giving rise to 20 intestinal cells in
the fully developed embryo before hatching into a first-stage larva. While many of the key,
phylogenetically conserved regulatory factors comprising the endoderm GRN, including a
cascade of GATA-type transcription factors, have been identified, the function and identity
of modulators that regulate faithful execution of the GRN during endoderm development
have not been comprehensively revealed. To access the broad set of genetic modulators
underlying the endoderm GRN, I have developed a high-throughput pipeline based on bulk
sorting of C. elegans embryos and large-scale genomic sequencing and applied it to
identifying genomic regions responsible for natural variation in its execution. This method
revealed quantitative trait loci (QTLs) that overlap with those identified by classical
strategies, thus validating the approach, and also identified additional QTLs underlying

variation in execution of endoderm development. I found that one candidate gene, encoding

Vi



BRAP-2 (BRCA1-associated protein-2), regulates endoderm specification by modulating
expression of a core regulator, the END-1 GATA factor, likely by tuning the activity of key
maternal regulatory inputs into the GRN. I further applied this method to the bulk analysis of
embryos following mutagenesis to assess genetic regions that, when mutated, alter gut
development. This latter strategy revealed that components in actin networks play a
previously unknown role in ensuring the proper number of endoderm cells. This study
contributes to our understanding of how regulatory inputs fine-tune an embryonic GRN,
resulting in the robust production of an entire germ layer, the endoderm, and a crucial organ,

the gut.
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Chapter 1

Introduction to the endoderm GRN in C. elegans

1.1 Primary transcriptional cascade

Development is driven by progressive activation of transcriptional programs in a gene
regulatory network (GRN). Robust cellular specification and differentiation depend on strict
spatial and temporal regulation of gene expression (Levine & Davidson, 2005; Little et al.,
2013). Suboptimal transcriptional inputs may lead to developmental failure and aberrant
cellular behavior. Evolutionarily conserved GRNs exist throughout the animal kingdom to
maintain core function of basic organs. Diversity in body plan and specialized functions
arise from genetic modulators acting on the core network (reviewed in Peter & Davidson,
2011). In addition, modulators help to fine-tune gene expression to ensure reproducibility
despite environmental or genetic perturbation. It is of great interest to completely understand
every genetic and cellular interaction that exists within a single GRN so that we may fully
connect genotype to phenotype.

The development of the C. elegans endoderm provides a highly tractable model to
study developmental robustness in a complex GRN. The entire germ layer, which makes up
the twenty cells of the intestine, arises from the E blastomere (Sulston et al., 1983). The E
blastomere is the posterior cell born out of an asymmetrical division of the mesoendodermal
precursor EMS. In E, maternal SKN-1/Nrf transcription factor activates a cascade of GATA-
like transcription factors, starting with med-1/2 and culminating with e/¢-2, whose expression
1s maintained throughout the life of the worm to support transcription of genes necessary for

proper gut function (Blackwell et al., 1994; Broitman-Maduro et al., 2005; Fukushige et al.,



1998; Maduro et al., 2001, 2005; reviewed in Maduro & Rothman, 2002). MED-1/2
activates end-3, END-3 activates end-1, END-1 activates elt-7, and ELT-7 activates elt-2
(Fig. 1) (Broitman-Maduro et al., 2005; Fukushige et al., 1998; Maduro et al., 2001, 2007;
McGhee et al., 2007; Sommermann et al., 2010; Zhu et al., 1997). Duplicated genes e/t-7 and
elt-2 maintain their expression through autoregulation, as well as their ability to upregulate
each other (Sommermann et al., 2010).

Ensuring robustness of this process, the primary endoderm transcriptional cascade
uses duplicated genes in a redundant fashion and employs a feed-forward loop motif, where
upstream factors activate the next gene in the cascade as well as the preceding gene (Fig. 1)
(reviewed in Maduro, 2017). For example, end-1/3 are the products of a gene duplication
event, and, in the core pathway, END-3 upregulates end-1 transcription, but it can also
activate elt-7 transcription, traditionally thought of as the target of END-1 (Sommermann et
al., 2010; Zhu et al., 1997). ELT-7 turns on e/t-2, but it can also activate ELT-2 target genes,
and END-1 can substitute for ELT-7 in upregulating elt-2 (reviewed in Maduro, 2017,
Sommermann et al., 2010; Wiesenfahrt et al., 2016). This system ensures fidelity of the
pathway even if one gene is compromised, although of the terminal differentiation factors
ELT-2 and ELT-7, ELT-2 appears more necessary as e/f-2 mutants sometimes lack gut
granules in the most anterior and posterior intestinal rings, as well as the middle ring, and gut
integrity diminishes after hatching, whereas elt-7 mutants display no notable mutant gut
phenotype (T. Fukushige et al., 1998; Sommermann et al., 2010). This cascade begins very
early on in the embryo, as soon as the E cell is born at the 8-cell stage and relies on the
presence of SKN-1 in EMS at the 4-cell stage. Surprisingly, it has been shown that even in

the absence of maternal SKN-1, ~30% of embryos can still produce endoderm (Bowerman et



al., 1992), indicating the existence of alternative activators. It has been shown that SKN-1-

independent gut development is primarily dependent on signals from the EMS-adjacent cell,

P2 (Bei et al., 2002; Lin et al., 1995, 1998; Meneghini et al., 1999; Rocheleau et al., 1997,

1999; Shetty et al., 2005; Shin et al., 1999; Sumiyoshi et al., 2011; Thorpe et al., 1997).

SKN-1

i

MED-1/2

{

END-3

END-1

{

ELT-7 %

!

& ELT-2

{

GUT
FUNCTION AND
MAINTENANCE

Figure 1 Primary endoderm gene cascade

Diagram showing the order of the primary endoderm
transcriptional cascade, ending in the transcription of 1000’s of
genes required for normal gut function and structural
maintenance. Arrows indicate a feed-forward loop, where
transcription factors can activate genes immediately below
them as well as the target in the next tier. Autoregulation of
ELT-7 and ELT-7 are shown in addition to their ability to

activate each other.

1.2 Signaling from P2 (see also Fig. 2)

Convergence on POP-1

Without intervention, end-1 and end-3 are repressed in EMS-daughter cells by

TCF/LEF orthologue POP-1. In the anterior EMS-daughter cell, MS, end-1/3 remains

repressed by POP-1, and MED-1/2 alternatively activates MS-lineage specifier tbx-35



(Broitman-Maduro, 2006). However, POP-1 repression is relieved in the E cell by Wnt
/MAPK and Src signaling from the adjacent P2 cell. Wnt/MAPK and Src signaling converge
on and phosphorylate POP-1, turning it from a repressor of end-1/3 gene expression to an
activator of the end genes (Bei et al., 2002; Lin et al., 1995, 1998; Meneghini et al., 1999;
Rocheleau et al., 1997, 1999; Shetty et al., 2005; Shin et al., 1999; Sumiyoshi et al., 2011;
Thorpe et al., 1997). This coincides with low nuclear concentrations of POP-1 in its
activating state, and high nuclear concentrations in its repressive state (Maduro et al., 2005;
Shetty et al., 2005). These expression levels are inversely correlated with nuclear levels of
Wnt-regulated SYS-1, a B-catenin that acts as a transcriptional co-activator with POP-1
(Huang et al., 2007; Liu et al., 2008; Phillips et al., 2007). As such, the E cell contains low
nuclear POP-1 and high nuclear SYS-1, when compared to its anterior sister cell, MS. In fact,
this reciprocal POP-1/SYS-1 patterning is maintained throughout all anterior-posterior (A-P)
divisions, showing a crucial role for POP-1 and SYS-1 in A-P cell fate patterning (Huang et
al., 2007; Phillips et al., 2007). In terms of endoderm development, Wnt/MAPK and Src
signaling from P2 to E are responsible for modifying POP-1 to allow progression of the
endoderm GRN.
Wnt signaling

Canonical Wnt signaling is initiated when a Wnt ligand is recognized by a Frizzled
receptor, which activates Dishevelled in the receiving cell, in turn inhibiting GSK3f such
that B-catenin can activate TCF/LEF. Activated TCF/LEF is free to induce transcription of its
targets (reviewed in Wodarz & Nusse, 1998). In endoderm specification in C. elegans, the
maternal Wnt ligand MOM-2 is released from P2 and binds to the MOM-5/Frizzled receptor

at the posterior end of EMS, the end which is to become E (Rocheleau et al., 1997; Thorpe et



al., 1997). MOM-5 activates SGG-1/GSK3p which then activates WRM-1/B-catenin
(Maduro et al., 2001). When activated, WRM-1 phosphorylates POP-1/TCF, which serves
dual functions. Phosphorylated POP-1 no longer represses end-1/3 and is predominantly
exported from the nucleus (Lin et al., 1995, 1998; Maduro et al., 2005; Rocheleau et al.,
1999; Shetty et al., 2005). The remaining nuclear POP-1 additionally positively contributes
to end-1/3 expression with its co-factor SYS-1/B-catenin (Huang et al., 2007; Maduro et al.,
2005; Phillips et al., 2007; Shetty et al., 2005).
MAPK signaling

Another maternal factor, MAPKKK-related protein MOM-4/Tak1, is necessary in
EMS for proper E lineage differentiation. MOM-4 phosphorylates NEMO-like kinase (NLK)
LIT-1, which functions with WRM-1 to phosphorylate POP-1 (Meneghini et al., 1999;
Rocheleau et al., 1999; Shin et al., 1999; Thorpe et al., 1997). Evidence suggests that MOM-
2/Wnt from P2 is may actually be the activating signal for MOM-4 in EMS (Smit et al.,
2004).
Sre signaling

Src signaling has been shown to work in parallel with Wnt/MAPK, causing
phosphorylation and nuclear localization of HMP-2/B-catenin which functions redundantly
with WRM-1 in endoderm induction (Bei et al., 2002; Sumiyoshi et al., 2011). MES-1, a
transmembrane tyrosine kinase localized at the junction between P2 and EMS, signals to
tyrosine kinase SRC-1, which phosphorylates HMP-2 (Bei et al., 2002; Berkowitz & Strome,
2000; Sumiyoshi et al., 2011). HMP-2 is mostly recognized for its contribution to cell

adhesion processes (Costa et al., 1998; Korswagen et al., 2000). APC homolog APR-1 and



Fer like kinase FRK-1 work to repress HMP-2, and either apr-1 or frk-1 knockdowns result

in hyperproliferation in the endoderm (Putzke & Rothman, 2010; Rocheleau et al., 1997).

ABa ABp
ENIS Wnt MAPK Src
MOM-2 MES-1
] MOM-4
SKN-1 MOM-5
GS‘K 3 y
MED-1/2 | SRC-1
WRM-1
LIT-1
| | | }
POP- 1 ‘ \ POP-1P < HMP-2
»” SYS-1

end— 1/3 end-1/3

%

Figure 2 Endoderm GRN is reliant on signaling from P2

In the 4-cell embryo, Wnt/MAPK, and Src signaling from P2 to EMS converge on POP-1,
turning it from a repressor of end-1/3 into an activator. The loss of POP-1 repression defines
the E lineage, and the transcriptional cascade beginning with SKN-1 leads to the activation of

end-1/3.



1.3 Known modulators of the endoderm GRN
PAL-1

The Caudal homeoprotein PAL-1 is the major specifier of mesectodermal cell fate in
the C and D lineages, producing muscle (Hunter & Kenyon, 1996; Lei et al., 2009). PAL-1
1s a maternal factor, and it is first activated in C, the granddaughter of P1, which is the
posterior cell of the 2-cell embryo. P1 divides to create EMS and P2, and P2 divides into C
and P3. P3 continues to divide into D and P4 (J. E. Sulston et al., 1983). In order to properly
specify SKN-1 activity in EMS and PAL-1 activity in C and D, evidence suggests that PIE-1
protein limits SKN-1 and PAL-1 activity in the germline precursor cells (P1, P2, P3, and P4)
(Hunter & Kenyon, 1996; Seydoux et al., 1996). In the EMS lineage, ruled by SKN-1, the
prevailing view is that SKN-1 inhibits PAL-1 function, as antibody staining confirms the
presence of both in EMS (Bruce Bowerman et al., 1993; Hunter & Kenyon, 1996). PAL-1
can function in the C and D lineages in the absence of PIE-1, which is selectively sorted into
the germline precursors (Mello et al., 1996; Seydoux et al., 1996), and it is thought that SKN-
1 has decayed in C and D lineages, so it can no longer inhibit PAL-1, allowing
mesectodermal differentiation to proceed (Hunter & Kenyon, 1996). Additionally, SGG-
1/GSK3p can repress MED-1/2 in the C lineage (Maduro et al., 2001). In this way, SKN-1
activity is limited to the EMS lineage, and PAL-1 is allowed to function in C and D.

In the absence of SKN-1, EMS produces PAL-1 dependent muscle cells (Hunter &
Kenyon, 1996). Surprisingly, PAL-1 also provides a minor positive input into the endoderm
GRN (Fig. 2). Knockdown of SKN-1 and POP-1 together, the two dominant activators of the

of endoderm GRN, still shows 5-32% of embryos (depending on use of mutant strains or



RNAI1) that can make gut cells. However, RNA1 knockdown of skn-1, pop-1, and pal-1 in
combination completely represses endoderm specification (Maduro et al., 2005).
ICD-1

Additionally, a homologue of human BTF3, ICD-1, antagonizes SKN-1 input in
mom-2 (Wnt) or mom-4 (MAPKKK) mutants (Ewe et al., 2019). RNA1 knockdown of ICD-1
in either of these mutants increases the number of embryos that can make endoderm, and we
hypothesize that ICD-1 inhibits SKN-1 action by binding to and repressing end-1/3
promoters. ICD-1 is added to a list of factors that seemingly work to fine-tune the activating
inputs in the endoderm GRN.
Genetic screen for genes that repress endoderm hyperproliferation

Previous work from the Rothman lab identified 58 genes from a genome-wide RNA1
screen that cause excess endoderm in embryos (Mengarelli, 2006). This list includes genes
with a wide-breadth of known and predicted functions, including cyclin orthologue cyl-1,
NEDDS ubiquitin-like modifier orthologue ned-8, tensin orthologue fns-1, SF1 (splicing
factor 1) orthologue sfa-1, and many others. Within this list, we see a high GO enrichment
(>100 fold) for genes involved in cell proliferation, centrosome regulation, and p53
signaling. It is clear from this screen alone that we do not fully understand all of the
regulatory factors at play within the endoderm GRN.
QTL analysis

More dissertation work from the Rothman lab has solidified that we do not have a
complete understanding of all the modulators acting on the endoderm GRN. While studying
the genomic regions controlling variability in endoderm determination among different

1sotypes of C. elegans, analysis pointed to several large regions across the genome (Torres



Cleuren, 2016). Out of these candidate regions, work narrowed in on Pur alpha like Protein
PLP-1 and TORC?2 signaling component RICT-1, as knockdown of either was previously
shown to rescue endoderm in the absence of skn-1 (Ruf et al., 2013; Witze et al., 2009).
Newly reported, however, was that their knockdown also suppresses endoderm in the
absence of mom-2 (Torres Cleuren et al., 2019), although the specific mechanism through
which they are acting is unknown. This reciprocal relationship between factors effecting
SKN-1 and MOM-2 activating inputs is also seen with MIG-5, a Dishevelled homologue
known to act downstream of Wnt signaling in the AB lineage (Walston et al., 2004). MIG-5
has the opposite effect as PLP-1 and RICT-1; RNAi1 knockdown of mig-5 decreases
endoderm in the absence of skn-/ and increases endoderm in the absence of mom-2 (Torres
Cleuren et al., 2019). This reciprocal relationship between SKN-1 and Wnt signaling among
different isotypes is evidence of rapid evolution within the endoderm GRN and points to
plasticity within the network. While two genes on chromosomes II (rict-1 and mig-5) and one
gene on chromosome IV (p/p-1) were identified from work on the wild isolates, QTL
analysis points to other regions on chromosomes I, V, and X that contribute to the plasticity
of the GRN. We do not yet have a complete understanding of all genes deployed within the

network, nor do we fully comprehend how all of these genes are interacting together.

14 Aims of present study

As there is still much to uncover about the discreet modulators of the endoderm GRN,
the present study aims to increase our understanding of this complex network. In Chapter 2
of this study, we identified another novel regulator of the GRN, BRAP-2 (BRCA-1

Associated Protein), and we sought to investigate its mode of action using classic genetics



methods. In addition, we explored two new screening methods to expand our search for
genes that contribute to the network. Both of these new methods take advantage of the
ability to collect embryos in bulk with a FACS machine and the capacity to rapidly perform
whole-genome sequencing (WGS). The first new method, presented in Chapter 3, further
investigates the genomic regions regulating the variability seen within the GRN among two
different isolates and aims to identify modulators which are the substrates of evolutionary
forces, resulting in the plasticity of GRN. The second method, further explained in Chapter
4, explores genes controlling increased endoderm differentiation, which helps to define the
pathways contributing to the fine-tuning of activating inputs, ensuring robustness of the GRN
and faithfully producing L1 larvae with 20 gut cells at the end of embryonic development.
Validation of both new methods expands the possibilities in the field to rapidly interrogate a

developmental GRN.
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Chapter 2

Using recombination to find cryptic loci

2.1 Introduction

Most of the work done in the model organism C. elegans used descendant lines from
a strain found in Bristol, England, in the 1950’s (Nicholas et al., 1959; Nigon & Félix, 2017).
We refer to this strain as the N2 reference strain, but since the turn of the century, more
researchers are using C. elegans strains from around the globe, called wild isolates
(compared to the domesticated N2 strain), to study the genetic variation within the species
(Barriere, 2005; Barriere & Félix, 2005; Cook et al., 2017; Denver et al., 2003; Haber et al.,
2005; Hodgkin & Doniach, 1997; Knight et al., 2001; Schulenburg & Miiller, 2004;
Sivasundar & Hey, 2003). These wild isolates represent over 400 unique, inbred haplotypes,
and researchers have used this variation to study the basis of diverse phenotypes within C.
elegans. Genome wide association studies (GWAS) using many strains in one survey have
been used to pinpoint quantitative trait loci (QTLs) that are responsible for this species
diversity (Andersen et al., 2012; Cook et al., 2016; Evans et al., 2017). Furthermore,
recombinant inbred lines (RILs) created by mating two different isolates has been beneficial
community resources for identifyingQTLs underlying various traits (Elvin et al., 2011;
Greene et al., 2016; Shook et al., 1996; Shook & Johnson, 1999). These wild isolates present
a unique opportunity to study how a gene regulatory network can vary among members of
the same species.

Previous work from the lab has shown that the SKN-1 requirement for endoderm

varies among naturally occurring wild isolates (Torres Cleuren et al., 2019). Out of nearly
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one hundred strains studied, it appears that some isolates have an absolute requirement for
SKN-1 and can never produce embryos with endoderm in the absence of skn-1, while in
other strains ~60% of embryos develop endoderm under the same conditions. We see a
range of phenotypes between these two extremes in the other strains tested. Earlier work
from the lab used several methods to identify QTLs responsible for the variation in
preponderance of gut in absence of skn-1 across the different wild isolates. GWAS across all
the isolate strains identified a large QTL (> 13Mb) on chromosome IV (Torres Cleuren,
2016; Torres Cleuren et al., 2019). A type of machine learning using ElasticNet regression
models found smaller, yet still expansive, QTLs on all chromosomes except chromosome III,
ranging from ~2Mbp to 6Mbp (Torres Cleuren, 2016). Additionally, RILs were generated
between the laboratory reference strain (N2), which exhibits a partial dependence on skn-1
producing ~30% of embryos with endoderm in a skn-1 knockdown, and wild isolate strain
MY 16, which exhibits a greater dependence on skn-1 producing just ~2.5% of embryos with
endoderm under the same conditions. Single and multi-QTL analysis and bulk-segregant
analysis (BSA) was performed using phenotypic and sequencing data derived from the RIL
set, and more large QTLs were identified. A table of these different methods and the QTLs
they produced is available in Yamila Torres-Cleuren’s doctoral thesis (Torres Cleuren,
2016), although the ElasticNet analysis was later revised (unpublished data from Melissa
Alcorn).

We aimed to test a method to further narrow in on those candidate regions. eXtreme-
QTL (X-QTL) analysis has been described in yeast and C. elegans (ceX-QTL), where
mating, phenotyping, and genotyping is carried out in bulk, allowing for the analysis of

thousands of progeny (Burga et al., 2019; Ehrenreich et al., 2010). Here we describe a
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similar method, although we used a slightly different genetic approach to ensure bulk mating
among RILs. After 16 generations of continuous bulk mating among RILs, we collected
embryos that can still make endoderm under skn-1 (RNAi) using a fluorescently activated cell
sorter (FACS) machine, collecting embryos that expressed a gut-specific GFP marker. It has
been previously shown that embryos can be successful sorted and collected using a FACS
machine (Stoeckius et al., 2009). We then sequenced the collected population in bulk, along
with an unsorted control population. Using a G-statistic as laid out in the ceX-QTL method
(Burga et al., 2019), we were able to identify SNPs whose representation was most
significantly altered between a bulk of unsorted embryos and a bulk of gut+ embryos (gut+
refers to their ability to make endoderm). We have compiled a list of candidate genes that
surround those SNPs, and we are pursuing an RNAi screen. In support of this method, the
majority of top SNPs identified by this method also corresponded with the QTL regions
identified previously (Torres Cleuren, 2016). Validation of this method shows it potential
strength in quickly identifying genomic regions that underlie variation in the endoderm GRN

and may be applied across a multitude of developmental GRNs.

2.2 Methods and Materials:
Strains: JR3970 spe-27(it132) 1IV; rrisi(elt-2p::GFP) X, JR3915 MY 16; wEX1738(elt-
2::GFP + myo-2::mcherry), JR4101-JR4180—GPF+ RILs, JR3936— dpy-13(el84) skn-

1(zu67) 1V /nTl1[qls51] (IV;V)

Generating spe-27(it132) homozygous RILs: MY 16 hermaphrodites with an elt-2p::GFP

extrachromosomal array were mated with ts-spe-27; elt-2p:: GFP males with an otherwise N2
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background. The ts-spe-27 allele has an E to K mutation at AA727 (G> A at nucleotide
5865726 1V). SPE-27 is necessary for hermaphroditic sperm production but not for male
sperm production (Minniti et al., 1996). As such, at the restrictive temperature, only males
can produce sperm turning the line into an obligate mating strain. GFP+ F2 lines were
selected and tested for self-sterility at 25°C and fertility at 15°C, signifying a homozygous zs-
spe-27. 2-4 larvae from each line were placed at 25°C for two weeks, and lines that
succeeded in starving out the plate were discarded. On plates that did not starve out, the
number of progeny was counted. Additionally, individual L4 larvae from each strain thought
to be ts-spe-27 homozygous and from both parental strains were grown at both 15°C and
25°C for one week, and the number of progeny produced was counted (2-13 replicates for
each strain). 28 out of 80 total RILs were also sequenced confirmed, using PCR primers fwd
TTTGCATATTCATGTTACTCGACA and rv TCAATTCGAACCATTATTCTTGA to
amplify spe-27 and sequencing through UC Berkeley Sequencing Facility using sanger
sequencing. We did not see any false positives through the sequencing confirmation.
Populations were maintained at 15°C, and male stocks were generated using a brief heat
shock treatment in which 4-5 L4 hermaphrodites were placed at 37°C for 40 minutes. To test
for mating efficiency at 25°C, one hermaphrodite from a subset of RILs was plated with

several males from the same line, and progeny were counted after several days.

Bulk matings: About 30 males (L4 and adult) and 10 hermaphrodites (young adult and adult)
from each line were placed together such that all lines were on one 150mm plate.
Approximately 50,000 F1 were collected in liquid and redistributed to multiple 150mm

plates to allow the bulk of worms to continue growing and mating. From the F2-F16,
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approximately 250,000 worms were collected and replated at each generation. The fraction
of males in the population was assessed at each generation to make sure it was still a mating
population as successful matings result in half male progeny (Altun & Hall, 2006). GFP
expression was also confirmed in the F16 population using an Olympus SZX12 stereo

microscope.

Selection for embryos with skn-1-independent endoderm: L4s in the 16" generation were fed
skn-1 (RNAi) for 24 hours before being transferred to another skn-1 (RNAi) plate for egg
laying. Adults were washed off after several hours, and remaining embryos were allowed to
develop for 12 hours. Arrested embryos were scraped from the plate and collected in M9
buffer. After several washes, embryos were resuspended in PBST and strained through a
40uM cell strainer and then kept on ice until sorting. Embryos were sorted for GFP
expression using a BD FACSAria II system using a 100uM nozzle at low sheath fluid

pressure (20 psi).

Whole genome sequencing: GFP+ sorted embryos, an unsorted control, and both parental
strains were prepared for whole genome sequencing. Libraries were made using NEBNext®
Ultra™ II FS DNA Library Prep Kit for [llumina and NEBNext® Multiplex Oligos for
[llumina, and samples were sequenced at the UCSB Biological Nanostructures Lab (BNL)

using 75bp Paired End reads on the Illumina NextSeq 500.

Generating a SNP map: FASTQ sequencing files were uploaded onto the Galaxy public

server at usegalaxy.org (Afgan et al., 2018), and processed first with FASTQ joiner
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(Blankenberg et al., 2010) and then Trimmomatic (Bolger et al., 2014) (average base quality
of 25 required across 4 bases) before aligning to the WS235 version of the C. elegans
reference genome from wormbase.org with Bowtie for [llumina (Langmead et al., 2009;
WormBase : Nematode Information Resource). After aligning, the resulting BAM files were
processed with Samtools Sort, Samtools Merge, RmDup, and finally Generate Pileup, all
through the Galaxy workspace (H. Li et al., 2008, 2009; H. Li, 2011a, 2011b). The output is
a 10-column file with read and consensus information for each base, and this information
was imported into R and processed with a custom script to find SNPs between the parent
strains. All SNPs used for mapping were filtered for coverage greater than 3X and less than
100X and base quality greater than 20 in each parental sample. SNPs found between parental

strains JR3970 and JR3915 were used for mapping.

Bulk analysis using ceX-QTL. Alignment and quality control within Galaxy was the same for
the unsorted and gut+ sequencing files as for the parental files used in map-making,
described above. The resulting BAM files were processed with Naive Variant Caller and
Variant Annotator in Galaxy (Blankenberg et al., 2014; Dickins et al., 2014), and output files
were imported into R and processed with a custom script. Only SNPs from the map with
greater than 10X and less than 300X coverage were considered. Wildtype and MY 16
parental allele counts from each sample were used to generate a G-statistic and a G-statistic’
after a smoothing function for each SNP, as described in previous yeast and C. elegans ceX-
QTL studies (Burga et al., 2019; Magwene et al., 2011). SNPs whose reads were less than
1% or greater than 99% wildtype in the unsorted control were removed, along with SNPs

with equal proportions of wildtype reads in both the unsorted and gut+ samples. Unfiltered
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samples referenced in Table 3, Table 4, and Figure 10 retained SNPs whose WT allele

frequencies were equal in both the unsorted and gut+ populations for downstream analysis.

Picking candidates with VEP: A new variant map was made using the Naive Variant Caller
on usegalaxy.org program on the JR3915 MY 16 parental BAM file against the WS235
reference genome from wormbase.org (Afgan et al., 2018; Blankenberg et al., 2014;
WormBase : Nematode Information Resource). Any variant Skb upstream or downstream of a
top SNP was processed through Ensemble Variant Effect Predictor (VEP), and those with a

moderate or high impact were considered as candidates (McLaren et al., 2016).

Comparison with SNPs from previous analysis: We looked for N2 vs. MY 16 SNPs
identified in a previous analysis (Torres Cleuren, 2016) that were closest to the top SNPs
identified in the present analysis. RILs from the previous analysis were individually scored
for the percentage of embryos producing gut granules under skn-1 (RNAi), as well as
individually sequenced. We analyzed whether lines carrying differential alleles (N2 or

MY 16) of the previously identified SNPs showed significant difference in their skn-1 (RNAi)

phenotypes.

RNAi screen for candidate genes: RNAI clones for candidate genes were obtained from
either the Vidal (Rual et al., 2004) or Ahringer (Kamath et al., 2003) libraries and
transformed into HT115 E. coli. Bacteria containing the empty L4440 RNAi feeding vector
was used as a negative control. The RNAi clones were grown overnight at 37°C in 3mL LB

with 50pg/ml ampicillin and 50pg/ml tetracycline. The cultures were diluted 1:10 and grown
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for 4 hours at 37°C in LB with antibiotic selection. ImM IPTG was added to each culture
before seeding 60uL onto NGM plates supplemented with ImM IPTG and 25 pg/ml
carbenicillin. JR3936 L4 dumpy worms harboring a skn-1 point mutation were fed RNA1 for
1 day before being transferred to a new RNAI1 plate where they were allowed to lay eggs for
several hours and subsequently removed. Arrested embryos from the second RNAI1 plate
were scored for the presence of gut granules 6-24 hours after the removal of parents. Any
embryos scored more than 12 hours after the parents were removed were kept at 15°C until

scoring.

2.3 Results:
Generation and quality control testing of spe-277 RILs

Determining precise QTLs is a function of the extent and complexity of
recombination. To achieve high rates of recombination without setting up numerous tedious
crosses, we devised a strategy to mate RILs in bulk for several generations. This strategy
relies on generating spe-27”- recombinant lines, creating obligate mating strains that will
foster recombination without supervision. 80 spe-277 RILs from a cross between spe-27"
hermaphrodites and MY 16 males were selected by picking GFP+ F2 lines which can be
maintained at 15°C but not at 25°C. The GFP transgene is a transcriptional reporter for the
gut-specific GATA factor, ELT-2. While lines vary in brood size, they all phenocopy the
spe-27" parent strain at 25°C (1.15 +0.9 progeny for N2 derived parent) (Fig. 1A), and
sterility can be rescued through mating (Fig. 1C). Surviving progeny from the RILs at 25°C
could be selected for and could possibly take over the mating population, diminishing the

extent of recombination through multiple generations. To test this, we plated 2-4 L1s and
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kept them at 25°C for one week. The MY 16 parent completely starves out the plate under
these conditions, producing over 20,000 progeny, while all of the RILs produce vastly fewer
progeny (8.89 £ 13.94 progeny, mean and standard deviation across all RILs), with 60
progeny found in the most fertile line (Fig. 1B). Furthermore, the RILs did not show any
obvious growth rate differences. Taken together, these results suggest that takeover by any
one RIL is unlikely over the course of this experiment.

As expected, the N2 derived spe-277 parent strain showed ~30% of embryos with
endoderm under skn-1 (RNAi), while the MY 16 parent showed ~2%, both scored using gut
granules. Gut granules are autofluorescent, lysosomal-like structures in intestinal cells of C.
elegans (Clokey & Jacobson, 1986) and serve as a proxy to identify endoderm cells. It has
been previously shown that gut granules correspond reliably with elt-2p::GFP expression
(Torres Cleuren et al., 2019), and we are therefore confident in using this method to identify
cells that have undergone endoderm differentiation. A selection of RILs tested show
variation in their ability to form endoderm under skn-1 (RNAi), ranging from ~21% to ~71%
(Fig. 1D). This range in skn-1 (RNAi) phenotypes signals that these RILs harbor different

genetic loci controlling the endoderm GRN and validates their use in this experiment.
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Figure 1 Quality control testing of RILs

A) Quantification of brood size of individual worms from parental strains and a subsection of
RILs at both 25°C and 15°C. B) Bar graph showing the number of progeny found on
individual plates after 2-4 L1s were placed at 25°C for 1 week. C) Quantification of brood
size for 3 RILs at 15°C, 25°C, and 25°C with males from the same strain. D) Bar graph
showing the percent of embryos showing gut granules after skn-1 (RNAi) in parental strains

plus a subset of RILs.

Generation and sorting of recombinant embryos

Efficient QTL mapping is dependent on extensive recombination between the N2 and
MY 16 derived chromosomes. In C. elegans on average there is a single crossover per
chromosome per gamete (Barnes et al., 1995). To increase the number and distribution of
recombination events along the length of the chromosome males and hermaphrodites from all
RIL strains were plated together and allowed to mate for 16 generations. Self-fertilized
hermaphrodites only produce ~0.1% male progeny, but mated hermaphrodites produce 50%
males (Altun & Hall, 2006). The male population was maintained around 50% throughout
the experiment, signifying that mating has been robust at each generation (Fig. 2A).
Additionally, the e/t-2p::GFP transgene, introduced from the N2 hermaphrodite parent as a
genomic insert and from the MY 16 male parent as an extrachromosomal array, showed high
expression in the F16 bulk population (Fig. 2B). The maintained expression of e/t-2p::GFP

is essential in order to sort embryos for endoderm differentiation based on a fluorescent

proxy.
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Figure 2 Male and GFP maintenance during bulk mating

A) Bar graph showing the percent of males found at several generations throughout the bulk
mating. The red dotted line shows 50%, or the expected percent of males with successful
matings. B) Adult worms from the F16 population visualized with a GFP filter, both with the

brightfield light and without.

Trial runs on the FACS machine showed that it was possible to distinguish between
populations of embryos based on their elt-2p.:GFP expression following skn-1 (RNAi) (Fig.
3A). F16 parents were fed skn-1 (RNAi), and the resulting arrested embryos were sorted for
elt-2p.::GFP expression with a FACS machine, alongside controls (Fig. 3B). Over the
course of 5 different days of sorting, over 64,000 embryos were collected according to the
FACS-analysis software. This represents ~3% of the embryo population (Fig. 3C). This was

confirmed by visual inspection of an unsorted population which shows only a small fraction
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of GFP+ embryos. In contrast, the FACS-sorted population shows a vast enrichment of elt-

2p::GFP+ embryos, pointing to a successful sort and collection of gut+ embryos (Fig. 3D).
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Figure 3 FACS collection of GFP+ embryos

A) The far-right plot shows the gate used to identify embryos in the Aria FACS software. Y-
axis shows side scatter, and X-axis shows forward scatter. Other particles coming through the
FACS stream represent bacteria and debris. The middle plot shows a single population of
GFP- embryos after skn-1(RNAi) in a strain without the e/¢-2p::GFP fluorophore as a control,
and the far-left plot shows two populations of embryos after skn-1 (RNAi) in a strain with the
elt-2p::GFP fluorophore (GFP- and GFP+). Y-axis shows side scatter, and X-axis shows GFP
emission for both of these plots. Representative images of embryos from the gray-colored
population and the red-colored population are shown. B) Y-axis shows forward scatter and
X-axis shows GFP emission for all three plots. The far-right plot shows a strain without the
GFP fluorophore and guided where we should put the gate to collect GFP+ embryos (to the
right of the single population). The middle plot shows an e/t-2p::GFP strain, and we see
embryos in the GFP+ gate. The far-left plot shows one of the experimental sorts of the bulk
mating population, collecting GFP+ embryos after skn-1 (RNAi). C) Bar graph showing the
percent of GFP+ embryos out of all embryos identified by the sort across 5 different sorting
days. The number of embryos in the GFP+ gate and the total number of embryos sorted were
quantified in the Aria FACS software. D) Representative images of embryos from the bulk
mating population after their parents were fed skn-1 (RNAi). DIC and GFP images are shown

for both the unsorted population and embryos collected in the GFP+ gate.

Sequencing and identification of SNPs for mapping
To identify SNPs between the parent strains that can be used for mapping, whole

genome sequencing (WGS) was performed for both parent strains along with the unsorted
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and gut+ sorted populations. We pooled our samples such that the unsorted and gut+ groups
would receive higher coverage, and after quality control filtering, we find an average of 8.6-
fold coverage in the N2 parent, 9.3-fold coverage in the MY 16 parent, 53.6-fold coverage in
the unsorted sample, and 31.4-fold coverage in the gut+ sample (Fig. 4A). Filtering did not
affect the average coverage, but it did reduce the variance in coverage in each sample.
Filtering also reduced the percent of the genome covered in both of the parental strains to
~90% in the N2-type parent and ~71% in the MY 16 parent (Fig. 4B). This is largely due to
the low coverage in the parents and our requirement that each base considered for making the

SNP map has greater than 3X coverage in each parent.
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Figure 4 Coverage of sequenced samples
A) Average coverage per base from WGS of both parental strains plus the unsorted and gut+
(GFP+) bulks, both before and after filtering (see Methods and Materials). B) Number of

bases covered out of the entire genome from all samples both before and after filtering.

To be used as a SNP for mapping, a base has to have been called in both parents, and
it has to be different in both parents. In our samples, this yielded 50,306 SNPs across the
genome (Fig. 5), or roughly one SNP every 2Kbp. Previous sequencing analysis of RILs
from nearly identical parental strains to the ones used in the present study yielded a total of
171,713 SNPs (Torres Cleuren, 2016). One reason for the discrepancy in the number of
SNPs is because we did not achieve full coverage of the parental genomes across the
100Mbp genome. Due to low fold-coverage in the parents, some SNPs could not be assessed
as they were absent from the data in either one of both of the parents. Intriguingly, when
compared to the publicly available MY 16 variant map from the C. elegans Natural Diversity
Resource (Cook et al., 2017), we see 2,012,645 potential SNPs that match the WS235
reference in the MY 16 parent. These SNPs are scattered throughout the genome and don’t
show evidence of strain contamination through mating. One reason for this discrepancy
comes from the use of two different reference genomes: CeNDR uses WS263 and we have
been using WS235, but that cannot account for these extreme differences. Looking into these
sites in the CeNDR variant dataset reveals that some of these sites appear heterozygous, but

1,980,856 homozygous SNPs remain that are not present in our sequencing data.
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Figure 5 SNPs found between parent strains

Graphic showing the location of all SNPs found between the N2 (JR3970) and MY 16
(JR3915) parent strains on all six chromosomes. SNPs are represented as a single dot.

Regions with high SNP density appears as continuous lines.

28



Selection on Chr IV and X in RIL population

First, we looked at the difference in WT allele frequency at each SNP between the
gut+ and unsorted samples (Fig. 6). This analysis was useful in showing regions under high
selection in the RIL generation and bulk mating. We see that a region on chromosome 1V is
represented similarly in both populations, and this coincides with the location of spe-27 at
5.86 Mbp. Additionally, a long stretch on X was similar in both populations, and the

sequencing data shows that this is the location of the el/t-2p.::GFP insert (~5.9Mbp).
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Figure 6 WT allele frequency differences
Graphic showing the difference in WT allele frequency between gut+ and unsorted
populations at each SNP across all six chromosomes. Regions showing no difference give

continuous SNPs close to 0.0 and signify a selection in the bulk mating population.
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Top SNPS identified using ceX-QTL

To identify the likelihood of selection for any given SNP, we filtered out sites where
the WT allele frequency in the control, unsorted population was less than 1% (3 sites) or
greater than 99% (1565 sites), as those SNPs are considered too uniform in the population to
be useful for QTL analysis. We used a method first shown to work on bulk sequencing
populations in yeast and later further developed for C. elegans. This method generates a G-
statistic’ for each SNP, which takes into consideration the number of WT and MY 16 reads at
each base in both the unsorted and gut+ samples. This method, titled ceX-QTL uses a log
normal distribution of the G-statistic’ to assign a p-value. To assess the normality of the G-
statistic’, we looked at -log(G-statistic’) in a Q-Q (quantile-quantile) plot, and we noticed an
outlier population (Fig. 7A). This population was represented by SNPs where the WT allele
frequency was equal in both samples tested, and these are not SNPs we deem useful for
analysis and were filtered out (Fig. 7B). After these filtering steps, we kept 48,491 SNPs, or

roughly one SNP per every 2Kb.
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Figure 7 Q-Q plots addressing the normalcy of G-statistic’

A) Q-Q plot with reference line modeled in R showing the -log(G-statistic’) of each SNP
after filtering for any points where G-statistic’ = 0. B) The same Q-Q plot with reference line
after further filtering out SNPs where the frequency of the WT allele in the unsorted

population was equal to the WT allele frequency in the gut+ population.

Plots of the G-statistic’ (Fig. 8) and -log(p-value) (Fig. 9) do reveal some peaks in the

data. To view the top SNPs, we collected all SNPs with -log(p-value) > 2. In this collection,

we found 18 SNPs, 11 of which were in 11 different genes (Table 1 & Table 2).
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Figure 8 G-statistic’ for each SNP

Graphic showing the G-statistic’ calculated for each SNP on all chromosomes.
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Figure 9 -log(p-value) for each SNP

Graphic showing the -log(p-value) of each SNP calculated using the log-normal distribution

of G-statistics’.

Repeating the analysis without filtering any SNPs yields 48 SNPs with -log(p-
value) > 2, 12 of which are also found in the top filtered SNPs (Table 3). After applying
either a false discovery rate or Bonferroni correction, none of these SNPs are significant. We
believe that the significance of any one loci was diluted because multiple loci across the
genome control this phenotype. The multigenic nature of this phenotype is visible in the
range of skn-1 (RNAi) phenotypes seen in the RILs, as we do not simply see one group with
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the N2-like phenotype and one group with the MY 16-like phenotype (Fig. 1D). Previous
work also alludes to multiple genes and complex gene interactions contributing to the
diversity of skn-1 (RNAi) phenotypes (Torres Cleuren et al., 2019), but these sets of top
SNPs, both from the filtered and unfiltered data, provide a good starting point around which
to search for candidate genes that may be contributing to the difference in phenotypes from

the parent strains.

A
| ettt ———— 1 2Mb
GWAS/EMMA
[ Single QTL
I e DU Multi-QTL
I ElasticNet
o ceX-QTL SNPs
| | | | | | |
v S b R N B h-hd*%
[ | |
X — o e T
B
| | o | | ol | | | 1 2Mb
B B I I | 1 l | |
GWAS/EMMA
N Single QTL

T g TENEENE uit-aL
I ElasticNet
o ceX-QTL SNPs

34



Figure 10 Previously identified QTLs and top SNPs from present analysis

A) Graphic showing the location of previously identified QTLs (Torres Cleuren, 2016,
unpublished data from Melissa Alcorn) along with the location of top SNPs identified from
the filtered dataset (SNPs whose WT allele frequency was the same in both unsorted and
gut+ populations were removed for downstream analysis). B) The same graphic as A) except

top SNPs from the unfiltered dataset are shown.

Comparison with previous RIL results

Importantly, both sets of top SNPs (from filtered and unfiltered data), largely land in
QTLs revealed from previous RIL and wild isolate analysis (Fig. 10) (Torres Cleuren, 2016).
Earlier data as well as the analysis presented here both find QTLs on all chromosomes except
for chromosome III. We next used phenotypic and sequencing data from the initial RIL set
to assess if any regions found in the present analysis show significant differences in skn-1
(RNAi) endoderm formation. The initial RILs were all individually sequenced and
phenotyped (Torres Cleuren, 2016), so we identified those SNPs that were closest to the
SNPs found in the present analysis. We then looked at the phenotypes of individual lines
carrying either the N2/wildtype or MY 16 variant at those locations. We found two SNPs that
show significantly higher numbers of skn-1 (RNAi) embryos that form endoderm if they have
the wildtype allele versus the MY 16 allele, one on chromosome II (9424346) and one on

chromosome IV (3065698) (Fig. 11).
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Figure 11 skn-1 (RNAi) phenotypes of individual RIL strains

A) Using phenotypic and sequencing data from the original N2/MY 16 RILs (Torres Cleuren,
2016), the percent of embryos showing endoderm under skn-1 (RNAi) in individual lines is
shown on the Y-axis. The X-axis shows whether each strain had the WT or MY 16 version of
the SNP at position 9424346 on chromosome II. B) The same as A) except strains are
divided along the X-axis as to whether they had the WT or MY 16 version of the SNP at
position 3065698 on chromosome IV. In both graphs, significance was assessed using a

Student’s t-test.

Genes of interest around top SNPs

To identify the genes around the top SNPs that may be causal, we made a new variant
map of our MY 16 parent strain using Naive Variant Caller in Galaxy (Afgan et al., 2018;
Blankenberg et al., 2014) in order to gather as many potential candidates as possible. We
looked 5Kb upstream and 5Kb downstream of each of the top SNPs (from both filtered and
unfiltered datasets) and gathered all variants shown in the MY 16 parent strain. We then ran

those variants through Variant Effect Predictor (McLaren et al., 2016) and kept all variants
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showing a potential moderate or high impact on gene function. These effects include
missense, nonsense, and splice region mutations. This analysis leaves us with 53 candidate
genes to test using either RNAI or existing mutant strains (Table 4). Using RNAIi clones
available in lab, we performed a candidate screen of the genes shown in Table 4, knocking
them down in worms carrying a point mutation in skn-/ (Fig. 12). Of the 41 candidate genes

tested so far, none have shown significant deviation from the control.
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Figure 12 Candidate RNAIi screen

RNAI1 was fed to skn-1(zu67) mutant worms and the percent of arrested embryos with gut
granules in the next generation was assessed. Out of 37 RNA1 constructs screened, none
show a significant deviation from the L4440 control. Four constructs (targeting B0281.4/5,
bath-9/10, F1145.3/4, and ttr-11/57) target two candidate genes, so 41 genes have been

screened using this method.
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2.4 Discussion and Conclusions

This method, along with earlier work (Torres Cleuren, 2016), identified regions on all
chromosomes except chromosome III that may be contributing to differences in skn-1 (RNAi)
phenotypes. Top SNPs from the present analysis are found in every previously identified
QTL using GWAS, single-QTL, multi-QTL, and machine learning analyses, with the
exception of three QTLs found through machine learning/ElasticNet on chromosomes I, II,
and X (Torres Cleuren, 2016, unpublished data from Melissa Alcorn). Additionally, one
QTL that was only identified by ElasticNet on chromosome V coincides with a cluster of top
SNPs presented here. This overlap shows the strength of the ceX-QTL method, as this one
experiment was able to identity different regions picked up by numerous QTL analyses. It is
important to note that none of the SNPs identified here are significant after applying either a
false discovery rate or Bonferroni correction, but due to the large coincidence with
previously found QTLs, we believe the regions around the top SNPs represent real QTLs
where causal genes can be found. Due to the multigenic nature of the phenotype explored, it
appears as though many genes were selected for in the FACS sort, diluting the impact of any
one SNP. Contrasted with a single-gene trait with a low selection (0.1% selection) (Burga et
al., 2019), our analysis selected for ~3% of the population and gave us low peaks across the
genome. Previously RIL analysis did produce significant QTLs (Torres Cleuren, 2016), but
it is possible that the method presented here was successful in ensuring more recombination
and breaking up those significant QTLs into smaller regions. In generating smaller QTLs,
we may have selected for more regions, again diluting the significance of any one, larger
QTL. While no SNPs were technically significant, we believe they regions they point to are

real and will continue screening genes within these regions using RNAi and mutant strains.
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Targeting SNPs that result in changes to the protein of a given gene for our candidate
screen has so far not yielded any positive hits, as RNAi knockdown of these candidate genes
do not change the permissibility of endoderm in skn-/ mutants. It is possible that the variants
causing the diversity of skn-1 (RNAi) phenotypes in our RILs lie in regulatory regions as
opposed to exons, changing the expression patterns of different genes. In that case, our
candidate list based on protein-changing variants would not point us to the correct genes.
Further analysis of variants in known regulatory regions may show more promising results.
Additionally, due to the multigenic nature of the trait and previously demonstrated
interactions between multiple QTLs (Torres Cleuren et al., 2019), it is possible that targeting
two or more genes in combination may be necessary to see an effect.

Another interesting note from the analysis is the abundance of SNPs from the
CeNDR-MY'16 variant map that were found to be wildtype in the MY 16 parent used in this
study (Cook et al., 2017). These SNPs are spread fairly uniformly across the genome and do
not represent an introgression event from strain contamination. It is possible that strain
divergence between MY 16 samples can account for some of these, but as close to 2 million
SNPs are seen as wildtype in our samples, we do not feel that is an adequate explanation. We
are confident that our MY 16 strain is truly MY 16 due to its consistency in skn-1 (RNAi)
phenotype, so this study is still valid in examining the genetic basis behind its high SKN-1
requirement in the endoderm GRN. Further investigation is warranted to examine the basis
of the differences seen between our MY 16 and the published sequence from the CeNDR
database.

For further genomic analysis to uncover the strongest QTLs, it is possible to redo the

experiment without selecting for individual spe-27" lines at the F2 by using fog-2"" parental
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lines. To this end, we have introgressed fog-2(g71) into the MY 16 parental line to be used
for future experiments. One caveat to consider is that fog-2 is located at 20.2Mbp on
chromosome V, which puts it just to the right of the ElasticNet QTL and in the middle of
some top SNPs identified in the present study. As such, the suggested experiment may mask
the QTL on chromosome V, but it could be helpful to more narrowly define the large QTL on
chromosome IV along with others not on the right arm of chromosome V. Additionally, one
can redo the initial RIL QTL analysis by making lines out of the last generation from the
present experiment and phenotyping and sequencing as many as are feasible possible. With
enough sequencing resources, we should see smaller and more targeted QTLs.

The SNP with the highest G-statistic’ and lowest p-value landed in the middle of the
large QTL identified by GWAS/EMMA on chromosome IV at around 10Mb, and we also see
a cluster of top SNPs upstream at the left edge of that QTL around 2Mb. spe-27 lies within
that QTL, and since spe-27(it32) was selected for all of the lines used, we see a possible
disruption of that region in the analysis. Without the selection, we may have seen a more
prominent peak on chromosome IV pointing to a region between 2Mb and 10Mb. Even with
the spe-27 selection, we still see variation in the skn-1 (RNAi) phenotype among different
RILs (Fig. 1D), suggesting that we did not select out the only QTL. Furthermore, as we
know this is a multigenic trait, we may have strengthened our ability to pick up other regions
that may have a smaller effect size even if we selected against a main QTL. None of the
RILs tested so far show significantly less endoderm development than the wildtype parent
under skn-1 (RNAi), so it is possible that we selected against a QTL on chromosome IV that
greatly contributes to endoderm suppression, although only about one fifth of RILs have been

phenotyped. Even so, we see lines with enhanced ability to make skn-/-independent

40



endoderm (over 60% of embryos with gut, Fig. 1D), meaning this experiment still provides
us with the opportunity to study effectors of the endoderm pathway.

Overall, this method showed promising results as the top SNPs identified showed
great overlap with previously identified QTLs. As such, we feel this method would be useful
to explore other GRNs and can be achieved more quickly than traditional methods, especially
if using parental strains that both show the obligate-mating mutation (i.e. spe-27(it32) or fog-
2(q71)) so that singling out individual F2 lines can be avoided. The FACS sort proved to be
a powerful selection for phenotypes in the embryo that can be visualized with a fluorescent
marker (Fig. 3D). The ceX-QTL method using fluorescent markers for late differentiation
factors in other germ layers or specific organs could prove to be a powerful tool in exploring
many different developmental GRNs in the embryo. Furthermore, coupled with a
fluorescence-based worm sorter such as a COPAS machine (Pulak, 2006) opens this method
up to phenotypes seen in larvae and adult C. elegans. This tool is useful for looking at
multigenic traits, but it proves to be more powerful for rapidly exploring monogenic traits
(Burga et al., 2019).

The present study further confirmed the highly multigenic nature of the endoderm
GRN. QTLs controlling differential requirements for endoderm formation in the natural C.
elegans population are found throughout the genome and show high dependency on mostly
SKN-1-based or Wnt-based signaling systems (Torres Cleuren et al., 2019). The SKN-1
transcription factor was discovered as a master regulator of gut in the N2 reference strain, but
if initial GRN dissection had been done using a wild isolate such as CB4852, found only
~285 miles SE of Bristol, UK, in Orsay, France (Cook et al., 2017), we would likely have a

different understanding of what is considered the canonical initiation pathway, as CB4852
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has a much more lenient requirement for SKN-1 for endoderm formation (Torres Cleuren et
al., 2019). We see the effects of this cryptic variation only under knockdown or mutant
conditions, as all isolates produce a 20-cell gut upon hatching. The fact that haplotypes
within the same species can show large variation in their finely-tuned GRNss to all produce
the same, functionally identical organ (the gut) suggests that great redundancy in the
endoderm GRN has enabled cryptic evolution while still supporting robust development
(Ewe et al., 2020). The logic follows that high redundancy in factors activating gut-
specification allows for the buildup of cryptic mutations in one or more activating pathways,
eventually selecting for reliance on different inputs, which further allows degradation of less-
crucial inputs. The redundancy seen in the endoderm GRN has enabled plasticity of this
network within the species and suggests that other wide-range phenotypes within a crucial

organ or behavior are underlaid by redundant GRNSs.

Table 1- Top SNPs from filtered data (including gene and impact)

Chr | Position | WT | MY16 | -log(P-value) Gene Effect
I 5190791 C A 2.150693547 | fnem-1 intron variant
I 11466719 G A 2.207521909 bah-1 intron variant
II 2944836 T C 2.106451074 | 1rld-49 splice region variant
II 9440171 A T 2.085982322
v 1192440 C T 2.16954452 mdt-20 intron variant

v 2212161 G A 2.212361395

v 2336461 T C 2.200084071 | ppgn-1 intron variant

v 2372024 G A 2.012365748 tftc-1 intron variant
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IV | 10361150 C 2.40648441 ugt-59 synonymous variant
A" 6413543 G 2.117286378

A" 8994119 G 2.023549412

A" 17055619 T 2.046734768 | F28B1.3 | non-coding exon variant
\" 19041273 T 2.000835363 | asp-16 intron variant

V | 20577056 A 2.22372447 | clec-263 intron variant

X 11789762 A 2.035656529

X 12028925 A 2.178332855 | B0198.2 5'UTR

X 12349585 T 2.050529715

X 12643973 G 2.10616683
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Color key for Tables 2, 3, and 4
FILTERED AND UNFILTERED
UNIQUE TO UNFILTERED

UNIQUE TO FILTERED

Table 2- Top SNPs from filtered data

CHR POs | REF wb235 | JR3970 | JR3e1s | VT frequencyin | WTfrequencyin  G-statistic pval neglogP
unsorted gut (smoothed)

i 5190791 C C A 0.956521739 0702702703 25550931 | 0.00706816 | 2.15069355
i 11466719 G G A 0.965517241 0.5625 27.7531746 | 0.00620123 | 2.20752191
I 2944836 T T C 0.972972973 0730769231 | 23.93694885 | 0.00782616 | 2.10645107
I 9440171 A A T 0.320754717 0.791666667 | 23.21885718 |0.00820385 ] 2.08598232
v 1192440 c C T 0.981481481 0.78125 26.26502852 | 0.00676792 | 2.16954452
v 2212161 G G A 0.98245614 0.766666667 | 27.9476601 | 0.006132512.21236139
v 2336461 T T C 0.981818182 0.766666667 | 27.45642702 | 0.00630835 | 2.20008407
v 2372024 G G A 0.980392157 0.76 20.77921053 | 0.00971928 | 2.01236575
v 10361150 T T C 011627907 0.617647059 | 36.72515379 | 0.00392207 | 2.40648441
v 6413543 A A G 0.973684211 0730769231 | 24.32432432 | 0.00763332 2.11728638
v 8994119 A A G 0.79245283 0.408163265 | 21.1358119 | 0.00947219] 2.02354941
v 17055619 C c T 0.962962963 0.681818182 | 21.89089482 |0.00897977] 2.04673477
v 19041273 G G T 0.96 0.75 20.41666667 | 0.00998078 | 2.00083536
v 20577056 c C A 0.983606557 0.774193548 | 28.40869565 | 0.00597414] 2.22372447
X 11789762 G G A 0.974358974 0.78125 21.52742772 | 0.00921178 2.03565653
X 12028925 C C A 0.975609756 0708333333 | 26.60346154 | 0.00663235 | 2.17833286
X 12349585 A A T 0.974358974 0774193548 | 22.01654135 | 0.00890165] 2.05052972
X 12643973 A A € 0.970588235 0708333333 | 23.92685475 |0.00783129 | 2.10616683
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Table 3- Top SNPs from unfiltered data

CHR POS  |REF wh235 | JR3970 | JR3o1s | W7 freauencyin |WT frequencyin|  G-statistic pval neglogP
unsorted gut (smoothed)

| 5190791 C & A 0.956521739 0702702703 25550931 | 0.00816793 | 2.08788789
I 11466719 G € A 0.965517241 0.5625 27.7531746 | 0.00720932 | 2.14210574
i 2265018 T T G 0.99 0733333333 | 38.00087835 | 0.00440953 | 2.35560795
i 2282105 C C T 0.99 0761904762 | 48.3322314 | 0.0029719 | 2.52696632
I 2297532 A A C 0.99 0.72 91.28099174 | 0.0009691 | 3.0136301
i 2944836 T T C 0.972972973 0730769231 | 23.93694885 |0.00900183 | 2.04566923
I 3377615 T T & 0.99 0.8 4821974462 | 0.00298351 | 2.52527274
i 9440171 A A T 0.320754717 0791666667 | 23.21885718 | 0.00941599 | 2.02613417
I 13688709 c C T 0.99 0.818181818 | 34.90414786 |0.00505014 | 2.29669624
v 1192440 C C T 0.981481481 0.78125 26.26502852 | 0.00783657 | 2.10587426
v 1231194 T T C 0.99 0.84 25.70062948 | 0.0080967 | 2.0916922
v 1375660 T T C 0.99 0.838709677 | 35.44363636 | 0.00492876 | 2.30726245
v 2082647 C C T 0.99 0.866666667 | 22.81109799 | 0.00966449 | 2.01482111
v 2143168 T T A 0.99 0.838709677 | 32.50493167 | 0.0056493 | 2.24800558
v 2212161 G G A 0.98245614 0.766666667 | 27.9476601 |0.00713309 | 2.14672236
v 2336461 T T C 0.981818182 0.766666667 | 27.45642702 |0.00732807 | 2.13501026
% 2617615 C C T 0.99 0.827586207 | 37.44046095 |0.00451597 | 2.34524882
v 3062462 T T € 0.99 0.806451613 | 48.67523335 | 0.0029369 | 2.53211029
v 3349643 A A T 0.99 0.857142857 | 32.29169746 |0.00570774 2.24353605
v 3604175 A A G 0.99 0.814814815 | 43.66118815 |0.00351805 | 2.45369784
v 3743804 C C T 0.99 0.847826087 | 56.5698849 | 0.00227579 | 2.64286772
v 10361150 T T C 0.11627907 0.617647059 | 36.72515379 |0.00465759 | 2.33183837
v 15283274 A A G 0.99 0.8 2370562771 | 0.0091321 | 2.03942916
% 6413543 A A G 0.973684211 0.730769231 | 24.32432432 | 0.00879003 | 2.05600959
v 7616523 A A C 0.931034483 0.80952381 | 28.63592451 |0.00687304 2.16285117
% 7616534 T T G 0.99 0.75 28.63593748 | 0.00687303 | 2.16285147
v 16199972 T T C 0.99 0.833333333 | 29.27551376 | 0.00664421 2.17755643
% 19074058 C C T 0.99 0.833333333 | 28.57643098 | 0.00689494 | 2.16146964
v 19517783 T T C 0.99 0.866666667 | 24.72727273 | 0.0085778 | 2.06662391
% 19589100 A A C 0.99 0.814814815 | 39.24430095 |0.00418643 | 2.37815658
v 19642944 € € T 0.99 0.827586207 | 37.06453423 |0.00458957 | 2.33822773
% 19823476 C C A 0.99 0.846153846 | 27.70011591 |0.00723033 | 2.14084164
v 20207374 C C T 0.99 0.862068966 | 24.04545455 | 0.00894171| 2.04857931
v 20577056 c C A 0.983606557 0774193548 | 28.40869565 |0.00695726 | 2.15756181
v 20601694 T T G 0.99 0.846153846 | 26.79040404 |0.00760583 | 2.11885322
% 20611787 A A € 0.99 0.851851852 | 24.07862408 | 0.00892346 | 2.04946676
X 687011 < C T 0.99 0.891891892 | 25.99486089 | 0.00795945 | 2.09911702
X 9279323 A A G 0.99 0.851851852 | 27.75016835 |0.00721051] 2.14203417
X 9747001 G € A 0.99 0.860465116 | 40.3201581 | 0.00400704 | 2.39717677
X 9833395 T T C 0.99 0.862068966 | 24.97029115 |0.00845362 | 2.07295728
X 10333161 G A G 0.99 0.838709677 | 33.87929293 | 0.00529363 | 2.27624651
X 10612966 € G A 0.99 0.857142857 | 23.84984985 |0.00905054 | 2.04332547
X 10947277 G G T 0.99 0727272727 | 38.38552189 | 0.00433865 | 2.36264495
X 11119348 T T A 0.99 0.88372093 | 29.36340146 |0.00661369 ] 2.17955643
X 12028925 C C A 0.975609756 0708333333 | 26.60346154 |0.00768672 | 2.11425905
X 12040894 € € A 0.99 0.888888889 | 30.57422325 |0.00621411|2.20662127
X 12643973 A A G 0.970588235 0708333333 | 23.92685475 | 0.00900745 | 2.04539796
X 17388910 € € A 0.99 0.807692308 | 54.55645342 |0.00242151|2.61591361
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Table 4- Moderate and high impact VEP results

CHR POS REF | ALT TYPE GENE
II 2262520 G T missense variant KO09F6.4
II 2262550 C T missense variant KO09F6.4
II 2262562 T G missense variant KO09F6.4
II 2264189 T A splice acceptor variant KO09F6.4
II 2265429 G A missense variant KO09F6.4
II 2280452 G C missense variant KO09F6.11

missense variant,
II 2280530 T A KO09F6.11
splice region_variant

II 2280576 G A missense variant KO09F6.11
II 2281268 C T missense variant K09F6.9
II 2282456 T C missense variant K09F6.9
II 2295395 G T missense variant fbxc-25

II 2295408 G A stop_gained fbxc-25

II 2298217 C T missense variant B0281.4
II 2298506 A T missense variant B0281.4
II 2299965 C G missense variant B0281.5
II 2299998 C T missense variant B0281.5
II 2300248 C T missense variant B0281.5
II 2300274 A G missense variant B0281.5
II 2300275 T C missense variant B0281.5
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II 2300290 G missense variant B0281.5
II 2300322 C missense variant B0281.5
II 2300322 C splice_donor variant B0281.5
II 2300324 A missense variant B0281.5
missense variant,
II 2300324 A B0281.5
splice region_variant
II 2300432 G missense variant B0281.5
II 2943174 C missense variant irld-50
II 2944204 T missense variant irld-49
II 2944762 T missense variant irld-49
II 2944768 G missense variant irld-49
II 2947254 A missense variant srw-79
II 2948203 T missense variant srw-79
II 3375175 C missense variant bath-10
II 3375325 A missense variant bath-10
II 3375395 T missense variant bath-10
II 3375853 T missense variant bath-10
II 3376313 T missense variant bath-10
II 3376574 G missense variant bath-10
II 3377167 G missense variant bath-9
II 3377576 C missense variant bath-9
II 3377583 A missense variant bath-9
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II 3377615 T G missense variant bath-9

II 3378450 A G missense variant bath-9

II 3381908 C G missense_variant T06DA4.1
II 3382005 A C missense variant T06D4.1
II 3382056 T C missense variant T06D4.1
II 3382171 C A missense variant T06D4.1
II 3382173 A G missense variant T06D4.1
II 3382176 T C missense variant T06D4.1
II 3382190 G C missense variant T06D4.1
II 3382218 G T missense variant T06D4.1
II 3382219 T A stop_gained T06D4.1
II 3382424 G T splice_donor variant T06D4.1
II 3382546 A G missense variant T06D4.1
II 3382565 T G missense variant T06D4.1
II 3382569 T C missense variant T06D4.1
II 13689713 | T G missense variant rpoa-1
v 1226624 G A missense variant W09G12.8
v 1226765 G A missense variant W09G12.8
v 1229775 G A missense variant W09G12.7
v 1229784 C T missense variant W09G12.7
v 1229885 T A missense variant W09G12.7
v 1230254 G A missense variant W09G12.7
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v 1230271 A C missense variant W09G12.7
v 1230456 T C missense variant W09G12.7
v 1230506 C G missense variant W09G12.7
v 1230552 G A missense variant W09G12.7
v 1230569 A G missense variant W09G12.7
v 1230570 T A missense variant W09G12.7
v 1232399 T A missense variant WO09G12.6
v 1232402 C T missense variant WO09G12.6
v 1232682 C T missense variant W09G12.6
v 2087099 A G missense_variant mca-2

v 3062540 A G missense variant Y67D8C.6
v 3063086 G A missense variant Y67D8C.6
v 3065698 C T missense variant Y67D8C.7
v 3066791 G C missense variant Y67D8C.7
v 3346274 C T missense_variant elks-1

v 3604052 T C missense_variant Y37E11B.10
v 3604175 A G missense_variant Y37E11B.10
v 3604622 T C missense_variant Y37E11B.10
\% 6415176 C A missense variant TO5H4.7
A% 6415575 A G missense variant TO5H4.7
\% 6416251 A T missense variant TO5H4.7
A% 6417362 C T missense variant TO5H4.7
A" 7612361 G A missense variant clec-215
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\Y 7615005 G missense_variant clec-215
\Y 7615185 A missense_variant clec-215
A" 7618579 T missense variant C50E3.15
\Y 7618890 G missense_variant CS50E3.15
A" 7620102 G missense variant C50E3.15
A" 7620104 G missense variant C50E3.15
A" 7620165 C missense variant C50E3.15
A" 7620781 A missense variant C50E3.12
\Y 7620787 C missense_variant CS50E3.12
A" 7620820 T missense variant C50E3.12
\Y 7620961 C missense_variant CS50E3.12
\Y 7620976 C missense_variant C50E3.12
A" 7621002 C missense variant C50E3.12
A" 7621009 T missense variant C50E3.12
A" 7621045 C stop_gained C50E3.12
\Y 7621077 C missense_variant C50E3.12
\Y 7621099 C missense_variant CS50E3.12
A" 7621108 T missense variant C50E3.12
A" 7621109 T missense variant C50E3.12
\Y 7621113 T missense_variant C50E3.12
\Y 7621210 T missense_variant C50E3.12
\Y 7621211 A missense_variant C50E3.12
\% 8993048 A missense variant F59E11.6
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A" 16195357 | A T missense variant F11A5.3
A" 16195506 | T A missense variant F11A5.3
A" 16195992 | A G missense variant F11A5.4
A" 16196010 | A G missense variant F11A5.4
A" 16196110 | A G missense variant F11A5.4
A" 16199790 | T C missense variant F11AS.5
A" 16199804 | G A missense variant F11A5.5
\% 19039259 | C A missense variant asp-16
\% 19039261 T C missense variant asp-16
\% 19039315 | G C missense variant asp-16
\% 19044507 | G C missense variant asp-15
A" 19076968 | T A missense variant nhr-95
A" 19513201 | G C missense variant phy-4
A" 19641909 | C T missense variant Y43F8C.7
A" 19646139 | T C missense variant Y43F8C.9
A" 19646162 | A G missense variant Y43F8C.9
A" 19824474 | C G missense variant pcp-4
A" 19826838 | C T missense variant pcp-4
V20202577 | A T missense_variant fbxa-114
VvV |20203574 | A C missense_variant fbxa-113
V 120203724 | T A missense_variant fbxa-113
vV ]20203736 | C T missense_variant fbxa-113
vV |20204058 | G A missense_variant fbxa-113
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V | 20204066 | A missense_variant fbxa-113
vV |20204218 | A missense_variant fbxa-113
vV |20204223 | A missense_variant fbxa-113
vV |20204418 | G missense_variant fbxa-113
V | 20204603 | C missense variant fbxb-59
V 20204734 | C missense variant fbxb-59
V | 20204891 C missense variant fbxb-59
V20204929 | A missense variant fbxb-59
V20204932 | A missense variant fbxb-59
vV 120205029 | G missense variant fbxb-59
V| 20207021 C missense variant srbc-34
V [20207324 | C missense variant srbc-34
V | 20575071 C missense variant clec-263
V | 20575087 | G missense variant clec-263
V 20575248 | G missense variant clec-263
V 20575273 | C missense variant clec-263
V 20575332 | G missense variant clec-263
V | 20575355 | A missense variant clec-263
V 20575383 | G missense variant clec-263
V | 20575416 | A missense variant clec-263
V | 20575652 | C missense variant clec-263
V | 20575885 | A missense variant clec-263
V | 20576452 | A missense variant clec-263
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V | 20576745 | A missense variant clec-263
V | 20577553 | A missense variant clec-263
missense variant,
V 120597052 | G F46B3.1
splice region_variant
missense_variant,
V 120597053 | C F46B3.1
splice region_variant

V |20597143 | C missense_variant F46B3.1
V | 20600292 | A missense_variant col-163
V [ 20600309 | A missense variant col-163
V | 20600450 | G missense variant col-163
V | 20600468 | A missense_variant col-163
V | 20600477 | C missense variant col-163
V | 20600546 | G missense variant col-163
V | 20600619 | C missense variant col-163
V | 20600678 | T missense variant col-163
VvV [ 20600730 | G missense variant col-163
V | 20600967 | G missense variant col-163
V 120601191 | C missense_variant col-163
V 120601253 | T missense_variant col-163
V |20601422 | T missense_variant col-163
vV |20601482 | A missense_variant col-163
vV |20601929 | T missense_variant col-163
V | 20603509 | G missense_variant ttr-11
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V | 20604115 | C G missense_variant ttr-11
V | 20604305 | A T missense_variant ttr-11
V | 20604370 | T G missense_variant ttr-11
V | 20605308 | C G missense_variant ttr-57
V | 20605513 | T C missense_variant ttr-57
V | 20605516 | C T missense_variant ttr-57
V | 20605562 | G A stop_gained ttr-57
V | 20605567 | A G missense_variant ttr-57
V | 20605570 | A C missense variant ttr-57
V |20606447 | T G missense_variant F46B3.23
V | 20606666 | A C missense variant F46B3.23
V | 20607967 | C T missense_variant ttr-12
V | 20608242 | A G missense_variant ttr-12
vV |20611009 | C G missense_variant grd-2
vV | 20611011 | T G missense_variant grd-2
V | 20611041 | C A missense_variant grd-2
vV | 20611138 | T G missense_variant grd-2
V | 20613096 | T A missense_variant grd-2
V | 20613135 | A G missense_variant grd-2
V | 20613345 | A G missense_variant grd-2
V | 20613357 | C T missense_variant grd-2
X 9279323 A G missense variant B0416.4
X 9835368 G C missense_variant ipla-2
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X 10947277 missense variant T21B6.3
X 10947621 missense variant T21B6.3
X 12043027 missense variant B0198.3
X 12045180 missense variant B0198.3
X 12352101 missense variant F42F12.4
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Chapter 3
BRAP-2 negatively regulates Wnt-mediated endoderm specification in C. elegans

(in preparation for publication with minor adjustments)

3.1 Introduction

BRAP-2 is an orthologue of human BRAP (BRCA-1 associated protein, also referred
to as BRAP2 and IMP) and is an E3 ubiquitin ligase. BRAP was first identified in a yeast-
two hybrid screen for binding partners of the BRCA-1 nuclear localization signal (NLS) (S.
Lietal., 1998). BRCA-1 is a DNA damage-response factor involved in homologous
recombination repair and is famously associated with high risks of familial breast and
ovarian cancers (Burgess & Puhalla, 2014; Hall et al., 1992; Helpman et al., 2017; Rakha et
al., 2008). BRAP has been found to regulate NLS-dependent nuclear import of viral proteins
(Fulcher et al., 2009), and two yeast-two hybrid screens in testis (human and mouse) showed
a range of proteins that show BRAP-dependent nuclear localization (Davies et al., 2013;
Fatima et al., 2015). BRAP also regulates NF-«B nuclear translocation through interactions
with SCF (Skp1-Cullin1-F-box protein)-type ubiquitin ligase complex and ubiquitin-like
molecule Nedd8 (Takashima et al., 2013). Owing to its complex interactions with multiple
signaling pathways, polymorphisms in BRAP are associated with numerous human diseases,
including metabolic syndrome, schizophrenia, and coronary artery disease (Avery et al.,
2011; Chida-Nagai et al., 2019; Hinohara et al., 2009; Imaizumi et al., 2018; Kelly et al.,
2020; Kim et al., 2018; Kubo et al., 2017; Liao et al., 2011; Ozaki et al., 2009; Takeuchi et

al., 2012; Wu et al., 2013; Y. Yamada et al., 2017; Zhang et al., 2014; Zhao et al., 2017).
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In C. elegans, mutants that lack brap-2 undergo larval arrest when exposed to
oxidative stress, and that this response requires BRCA1 orthologue BRC-1 (Koon &
Kubiseski, 2010). In postembryonic animals, SKN-1 is involved in a wide array of
homeostatic functions, including mitigating oxidative stress, a conserved role of Nrf2 (An &
Blackwell, 2003). Loss of brap-2 results in constitutive nuclear localization of
phosphorylated SKN-1, which is regulated by p38 MAPK orthologue PMK-1, leading to
upregulation of detoxification genes. This transcriptional response is also partially dependent
on GATA factor ELT-3 and lipid metabolism regulator NHR-49 (Q. Hu et al., 2017, 2018;
Inoue et al., 2005). Additionally, BRAP-2 promotes germline apoptosis in response to DNA
damage by inhibiting cell-survival signals from PMK-1/SKN-1 and the Insulin/ Insulin-like
growth factor Signaling (IIS) pathway (D’Amora et al., 2018). Given the conserved
interactions between BRAP-2 and SKN-1, we sought to explore the role of BRAP-2 in
endoderm development. Here, we report that the loss of brap-2 rescues the loss of endoderm
due to the depletion of SKN-1. We showed that this effect depends on the function of POP-1,
SYS-1 and PAL-1, and that the expression of end-1 is upregulated in brap-2 deletion mutant
even in the absence of the immediate transcriptional activator SKN-1. Evidence suggests that
BRAP-2 normally works to repress the effect of Wnt signaling on POP-1 as brap-2 mutants
show decreased nuclear/cytoplasmic POP-1 ratio when compared to wildtype. We have thus
identified a new role for BRAP-2 in fine-tuning the levels of the Wnt effector to ensure the

robust specification of the endoderm during early embryonic development.
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3.2 Materials and Methods

C. elegans culture and strains: All strains were cultured under standard conditions, as

previously described (Brenner, 1974). Strains were obtained from the Caenorhabditis

Genetics Center at the University of Minnesota unless noted otherwise. FX5132 was a

generous gift from Dr. Shohei Mitani’s lab. Double mutant strains were generated according

to standard protocols. The N2 Bristol strain was used as the wild type, and all experiments

were conducted at 20 °C. C. elegans strains used in this chapter are listed in Table 1 below.

Table 1 List of strains used in Chapter 3

Strain Genotype Source
FX5132 | brap-2 (tm5132) II Mitani lab
RB1346 | EEEDS8.16 (0k1492) I CGC
JR4080 | brap-2 (tm5132) II [FX5132 backcrossed 5X with N2] Rothman lab
JR3936 | dpy-13 (e184) skn-1 (zu67) IV /nT1 [qls51] (IV;V) Rothman lab
JR3886 | brap-2 (tm5132) II ; dpy-13 (e184) skn-1 (zu67) IV / nT1 [qIs51] (IV;V) Rothman lab
JR1904 | wis117 [pRF4 + pMM414 (med-1::GFP::POP-1::med-1 3'UTR)] Rothman lab
JR3911 | brap-2 (tm5132) 11 ; wis117 [pRF4 + pMM414 (med-1::GFP::POP-1::med-1 Rothman lab
3'UTR)]
JR1186 | wis93 [pRF4 + pMM280 (med-1::GFP::MED-1)] Rothman lab
JR4183 | brap-2 (tm5132) II ; wis93 [pRF4 + pMM280 (med-1::GFP::MED-1)] Rothman lab
JR996 wls75 [end-3::NLS::lacZ + end-3::NLS::GFP + pRF4] Rothman lab
JR4184 | brap-2 (tm5132) II ; wis75 [end-3::NLS::lacZ + end-3::NLS::GFP + pRF4] Rothman lab
JR4021 itls37 [pie-1p::mcherry::H2B::pie-1 3'UTR + unc-119 (+)] IV ; stls10226 [his- Rothman lab
72p::Itls-24::mcherry::let-858 3'UTR + unc-119 (+)] ; tels46 [pRL1417; end-
1p::GFP::H2B + unc-119 ()]
JR4022 | brap-2 (tm5132) 11 ; itIs37 [pie-1p::mcherry::H2B::pie-1 3'UTR + unc-119 (+)] Rothman lab
IV ; stls10226 [his-72p::Itls-24::mcherry::let-858 3'UTR + unc-119 (+)] ; tels46
[pRL1417; end-1p::GFP::H2B + unc-119 (+)]
AZ212 unc-119 (ed3) ruls32 [pie-1p::GFP::H2B] 111 CGC
JR3913 | brap-2 (tm51320) IT ; unc-119 (ed3) ruls32 [pie-1p::GFP::H2B] III Rothman lab
JR3924 | syls243 [myo-3p::TOM20::mRFP + unc-119 (+) + pBS Sk+] ; kcls6 [IFB- Rothman lab
2::CFP] IV ; rrlsl [elt-2p::GFP] X
JR3940 | brap-2 (tm5132) II ; syls243 [myo-3p:: TOM20::mRFP + unc-119 (+) + pBS Sk+] | Rothman lab
; kels6 [IFB-2::CFP] IV ; rrls] [elt-2p::GFP] X
JR3933 | dpy-11 (e1180) mom-2(or42) V /nT1 [qls51] (IV;V) Rothman lab
JR3934 | brap-2 (tm5132) II ; dpy-11 (e1180) mom-2(or42) V /nT1 [qIs51] (IV;V) Rothman lab
PS4867 | syls146 [mom-2::GFP + unc-119(+)] CGC
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JR4023 | brap-2 (tm5132) II ; syls146 [mom-2::GFP + unc-119(+)] Rothman lab

TX964 unc-119 (ed3) 111 ; him-3(e1147) IV ; tels98 [(pRL1450) pie-1p::GFP::sys-1 + CGC
unc-119(+)]

JR4316 | brap-2(tm5132) I ; unc-119 (ed3) III ; him-3 (e1147) IV ; tels98 [(pRL1450) pie- | Rothman lab
1p::GFP::sys-1 + unc-119 (4)]

MS562 | unc-119 (ed4) IIT ; irls31 [tbx-35::GFP + unc-119 (+)] Maduro lab
JR4317 | brap-2 (tm5132) II ; unc-119 (ed4) II1 ; irls31 [tbx-35::GFP + unc-119(+)] Rothman lab
MY16 C. elegans wild isolate CGC
PD7963 | ccls7963 [hlh-1::GFP + rol] Fire lab
JR4186 | brap-2 (tm5132) II ; ccIs7963 [hlh-1::GFP + rol] Rothman lab
N2 Domesticated laboratory strain Rothman lab

RNA interference (RNAi): RNAI clones were obtained from either the Vidal (Rual et al.,
2004) or Ahringer (Kamath et al., 2003) libraries. HT115 E. coli was transformed with
L4440 plasmid expressing desired dsRNA. Bacteria containing the empty L4440 RNAi
feeding vector was used the control experiments. The RNAi clones were grown overnight at
37°C in 3mL LB with 50pug/ml ampicillin and 50pg/ml tetracycline. The cultures were
diluted 1:10 and grown for an additional 4 hours at 37°C in LB with ampicillin and
tetracycline. The cultures were spiked with ImM IPTG before seeding 80uL. onto NGM
plates supplemented with 1mM IPTG and 25 pg/ml carbenicillin. Worms were synchronized
according to standard practices (Brenner, 1974) and fed E. coli OP50 on nematode growth
medium (NMG) plates until the L4 larval stage. L4 worms fed on RNAI for at least 24 hours
for all experiments before transfer to a new plate for egg-laying. Egg laying proceeded for 4-
12 hours, and adult worms were removed. After another 7-12 hours, embryos were scored for

gut granules using polarized light. All embryos were scored within 24 hours of being laid.

RT-PCR: Mixed staged worms were washed with M9 buffer solution, and RNA was
collected using the Zymo Direct-zol RNA prep kit (Zymo Research #R2051). cDNA was

generated using Superscript III 1st Strand Synthesis System (using the oligo(dT) primer to
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target mRNA, Invitrogen #18080051). PCR was performed using KOD Hot Start
polymerase enzyme (MilliporeSigma #71086). Primers used for RT-PCR: fwd-
CTCAAGCTTGTCTCCACCCT, rv- ATCCGCCAATTGGAGTTATG. PCR products were
run on a 1% agarose gel and bands were excised for sequencing. WT and brap-2(tm5132)
PCR products were Sanger sequenced at UC Berkeley DNA Sequencing Facility using the

RT-PCR primers, and sequences were compared using ApE software.

Testing ability to enter the dauer state: NGM plates with worms were left for two weeks
after food depletion, and only plates without any contamination were used for the assay.
Worms were washed and placed on a rotator in 1% SDS in M9 solution for 30 minutes. After
washing again with M9, worms were aliquoted and live and dead worms were counted. Live

worms thrash in solution whereas dead worms appear as a straight rod.

Mating experiment testing maternal effect: Crosses were set up according to standard
practices (Fay, 2018). In these experiments, fluorescently labeled males (syls243 [myo-
3p::TOM20::mRFP + unc-119 (+) + pBS Sk+]) were mated with non-fluorescent
hermaphrodites. Prior to mating, parents were on skn-1(RNAi) for 24 hours, and then
transferred to mating plates that were also seeded with skn-1(RNAi) bacteria. Parents were
removed after egg laying, and arrested embryos were scored for the presence of MYO-

3::RFP and gut granules the next day.

Microscopy and fluorescent analysis: Images were taken on the Nikon Eclipse Ti using NIS-

Elements AR 4.13.05 software and images were processed using FlJI/ImagelJ. For early
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endoderm marker analysis in Fig. 1C & D, only embryos at stages where GFP was expected
were scored. MED-1::GFP was seen from the 8-cell stage to ~100-cell stage; END-3::GFP
expression was seen from 2E-8E; END-1::GFP expression started at 2E and lasted until
comma stage. For tbx-35::GFP analysis, embryos at 2E stage were scored for expression.
For analysis of nuclear/cytoplasmic ratio of POP-1 and SYS-1, z-stacks of strain expressing
med-1p::gfp::pop-1 and pie-1p.::GFP::sys-1 were taken in the DIC and GFP channels.
Measurements were made on a single plane that was in the best focus for the cell considered.
Cell perimeters were drawn based on DIC images. Whole cell fluorescence and nuclear
fluorescence were corrected for by taking the raw integrated pixel density and subtracting the
area x mean fluorescence intensity of the image background. Cytoplasmic fluorescence was
calculated by subtracting the corrected nuclear fluorescence intensity from the corrected
whole cell fluorescence intensity. For analysis of MOM-2::GFP expression, max intensity
projections of z-stacks were used for fluorescent measurements, and entire embryos were
analyzed. To measure HLH-1::GFP, embryos were imaged after gastrulation but before
entering the bean stage, when GFP expression was seen around the perimeter of the embryo.
Whole embryo fluorescence was measured as described above, except the entire embryo was
measured as opposed to one cell. myo-3::mRFP was measured in synchronized L1 larvea by
taking a measurement of the entire worm and subtracting the mean fluorescence intensity of

the image background, as described above.

gPCR: For both N2 and MY 16, day 1 adults that had just begun egg laying were washed
with M9 buffer solution, and RNA was collected using the Zymo Direct-zol RNA prep kit

(Zymo Research #R2051). cDNA was generated using Superscript III 1st Strand Synthesis
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System (using the oligo(dT) primer to target mRNA, Invitrogen #18080051). qPCR was
performed on a Bio-Rad CFX96 Real-Time PCR machine using the Light Cycler 480 SYBR
Green | Master mix (Roche, Cat. #04 707 516 001). Three biological replicates (each with
three technical replicates) were used for analysis. Cycle threshold data was converted into
linearized values, and brap-2 transcript levels were normalized to act-1 transcript levels
before calculating fold-over N2 expression. The following primers were used to amplify the
targets: brap-2F- ACTACCACAAAGGACGACGG, brap-2R-
TAGGCAACTTGGTCAGGTGGT, act-1F- TCCATTGTCGGAAGACCACG, act-1R-

GGTGACGATACCGTGCTCAA.

Statistics: Standard deviation is used throughout the chapter when reporting quantitative
results in text and as error bars on graphs. A Student’s two-tailed t-test was used for

statistical analysis throughout.

33 Results
Loss of BRAP-2 suppresses the endoderm defect in SKN-1 deficient embryos
Eliminating maternal SKN-1 either through RNA1 or a strong loss-of-function
mutation skn-1(zu67) leads to a partial penetrant loss-of-endoderm phenotype, such that only
28.54 6.5% or 34.8 + 5.1% of embryos contain a differentiated gut, respectively (Fig. 1A),
consistent with previous reports (Bowerman et al., 1992; Ewe et al., 2020; Maduro et al.,
2005; Torres Cleuren et al., 2019). Knocking out brap-2 partially rescues skn-1(RNAi)-
induced loss-of-endoderm phenotypes: 86.0 + 5.1 and 53.0 + 6.8% of brap-2(tm5132) and

brap-2(okl1492) embryos produce endoderm, respectively (Fig. 1A & B). RNAI targeting
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GFP is equally effective in wild type and brap-2(tm5132), ruling out the possibility that the
impenetrate phenotype is the result of reduced RNA1 efficacy in brap-2(-) mutants (Fig. 2).
Confirming our observation, brap-2(tm5132) suppresses the gut defect of skn-1(zu67)

mutant, resulting in 71.2 £+ 13.2% of embryos with endoderm (Fig. 1A).
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Figure 1 Eliminating brap-2 suppresses skn-1(-) endoderm loss
A) brap-2 mutants suppress endoderm loss in skn-1 (RNAi) and in skn-1(zu67) mutants. At
least 800 embryos were scored in each condition. B) Image of gut granules using polarized

light for WT and brap-2(tm5132) embryos after skn-1(RNAi).
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Figure 2 brap-2(tm5132) is not RNAi-deficient

A) DIC and GFP images of embryos expressing pie-1p::GFP::H2B on control (RNAi) and
GFP (RNAi). Fluorescence was measured in the embryos in the areas outlined. B) Corrected
total embryo fluorescence was measured in both RNAi conditions. We see similar RNAi

efficiency between WT and brap-2(tm5132). N > 20 embryos for each condition.

brap-2(-) mutants have in-frame deletions and can enter dauer

It is notable that the brap-2 allele ok1492 is a larger C-terminal deletion that removes
most of the conserved domains (albeit in frame) (Koon & Kubiseski, 2010), while the
tm5132 allele is a 313 bp deletion with a 7 bp addition and lacks most of the RNA
recognition motif in the third and fourth exon. In silico splicing analysis suggested that
tm5 132 may result in an in-frame deletion, preserving the C-terminus. Indeed, we detected
brap-2 mRNA in the tm5132 mutant using RT-PCR, and Sanger sequencing of the product
agrees with the in-frame deletion (Fig. 3). An earlier paper focusing on brap-2(ok1492)
noted that this strain cannot enter the dauer state (D’Amora et al., 2018). Conversely, we
found that both brap-2(oki1492) and brap-2(tm5132) strains can enter dauer, although they
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are both slightly dauer defective when compared to wildtype strains (WT- 54.70 + 30.40%,

brap-2(0kl1492)- 20.16 £ 12.78%, brap-2(tm5132)- 19.79 + 24.56%) (Fig. 4).
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Figure 3 Schematic of brap-2 mutant alleles

brap-2 mRNA diagram with trm5132 and 0k1492 deletions shown in black below. tm57132
mRNA sequencing matches an in-frame deletion removing the third exon and most of the

fourth exon, most of the RNA recognition motif.
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Figure 4 brap-2(-) strains can enter dauer

Bar graph showing the percent of worms that survived 1% SDS treatment for 30 minutes,

indicating their ability to enter the dauer state. Error bars show standard deviation.
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Loss of BRAP-2 does not restore the MS lineage in skn-1 (RNAi)

Since SKN-1 is the major transcription factor acting in both MS and E cell lineages
(Bowerman et al., 1992), we wanted to test whether loss of BRAP-2 can restore MS gene
expression in addition to E gene expression. In MS, SKN-1 activates MED-1/2, which then
activate TBX-35 to specify MS, as the E gene cascade is repressed by the transcription factor
POP-1 (Broitman-Maduro, 2006; Lin et al., 1995). We examined tbx-35::GFP expressing
embryos under control (RNAi) and skn-1(RNAi), and saw no expression in the early embryo

in both the wildtype strain and brap-2(-) after skn-1(RNAi) (Fig. 5).
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Figure 5 brap-2(-) does not rescue MS in skn-1 (RNAi)
A) DIC and GFP images of WT and brap-2(tm5132) strains expressing tbx-35::GFP after
control and skn-1 (RNAi) treatments. B) Bar graph showing the percent of appropriately

staged embryos expressing tbx-35:GFP after control and skn-1 (RNAi) treatments. Error bars
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show standard deviation. As seen in both A and B, neither WT nor brap-2(tm5132) strains

express the MS-marker tbx-35::GFP in early embryos following skn-1 (RNAi).

Loss of maternal BRAP-2 induces END-1 expression
Eliminating skn-1 causes EMS-to-C transformation (Bowerman et al., 1992). Lo

brap-2 may restore mesendoderm specification or cause transformation of other progeni

ss of

tor

cell(s) to E fate in the absence of skn-1. To determine the developmental origin of the gut

cells when SKN-1 and BRAP-2 are removed, we examined various early endoderm

specification markers in the mutant (Fig. 6). In these experiments, we found no evidence of

ectopic END-1::GFP expression in brap-2(-); skn-1(RNAi) embryos, suggesting the function

of BRAP-2 is restricted to the E lineage (Fig. 6A). While skn-1 (RNAi) treatment alone

severely impacts END-1 expression (14.3 + 0.0%), the number of embryos expressing END-

1::GFP is significantly increased in brap-2(-); skn-1(RNAi) (58.6 = 2.0%) (Fig. 6B). On

the

other hand, knocking out brap-2 failed to restore med-1 or end-3 expression in skn-1(RNAi)

embryos (Fig. 6).
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brap-2(tm5132) + ctrl

WT + skn-1 (RNAI)

END-1

1 (RNAI)

brap-2(tm5132) + skn-1 (RNAi)

Figure 6 brap-2(-) restores end-1 transcription
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A) Images of staged embryos for each GFP marker for WT and brap-2(tm5132) on control
(RNAi) and skn-1 (RNAi). B) Percent of staged embryos showing the GFP marker indicated
on the x-axis. WT embryos on control (RNAi) (L4440) were used to determine the
expression pattern for each marker (See methods and materials). 8 <N <43 for all

conditions.

BRAP-2 is a maternal effect gene

To test whether, like SKN-1, BRAP-2 is a maternal factor, we generated brap-2(-/+)
heterozygotes using either wildtype mothers and brap-2(-) fathers or vice versa. Crossed
progeny were identified by paternally-derived myo-3-driven RFP. We found that the only
brap-2(-/+) progeny from brap-2(-) mothers can effectively rescue the endoderm defect in
skn-1 deficient embryos, showing 81.7 £+ 2.3% of embryos with gut, compared to 44.2 +
6.7% in heterozygotes from wildtype mothers, showing maternal BRAP-2 is required for its
effect in endoderm specification (Fig. 7). In support of this result, brap-2 transcript is found
in the early embryo and is gradually enriched in the germline lineage (Fig. 8). Together,
these results show that inactivation of maternally provided BRAP-2 induces endoderm

specification in skn-1(-) embryos by activating end-1.
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Figure 7 brap-2(-) suppression of skn-1(RNAi) is a maternal effect

A) Parents were kept on skn-1(RNAi), and only cross progeny were scored (see Methods and
Materials). Heterozygotes from brap-2(tm5132) mothers showed the rescue effect while
those from WT mothers did not. N > 70 for all conditions. B) RFP and gut granules images
of heterozygous progeny from E. Only RFP+ embryos were scored for the presence of gut
granules. Standard deviation is shown on all bar graphs, and significance was determined

using a Student’s t-test.
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Figure 8 brap-2 transcript is expressed in the early embryo

A) Bar graph showing the mean RPKM of act-1 and brap-2 transcripts found in each cell of
the 4-cell embryo. B) Visualization of brap-2 transcript distribution from the 1-cell stage
through the 16-cell stage. Darker cells indicate that more transcript was found in single-cell
RNAseq experiments. Data for both A and B was pulled from the RNAseq resource at

tinotori.bio.unc.edu. (Gene Expression Visualization)

brap-2 expression in increased in a SKN-1-dependent strain

Since it appears that BRAP-2 is normally working to inhibit SKN-1-independent
endoderm development, we wanted to test if a wild isolate strain with high SKN-
ldependence has altered brap-2 expression. MY 16 can only produce about 2% of embryos

with gut under skn-1(RNAi) (see Chapter 2). Within the brap-2 gene, there is only one
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variant between N2 and MY 16; it is in the first intron and not at a site predicted to affect
splicing. The first intron can act as a transcriptional regulatory region and can bind
additional transcription factors (Bass et al., 2014), so we hypothesized that brap-2 expression
may be increased in MY 16, thereby increasing inhibition of SKN-1-dependent gut
development. Indeed, we found that brap-2 transcripts were increased in MY 16 compared to
N2 (1.72 + .23 fold expression over N2) (Fig. 9). This evidence strengthens our hypothesis

that BRAP-2 modulates SKN-1-independent endoderm activating inputs.

*kk
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0.5

0.0

N2 MY16

Figure 9 brap-2 is expressed at higher levels in the wild isolate MY16 than N2

Bar graph showing the fold expression over N2 (WT) of brap-2 mRNA in the MY 16 wild
isolate strain, normalized to act-1 mRNA levels. RNA was collected from day 1 adults, and
mRNA levels were measured using qPCR. Error bars show standard deviation, and the
asterisks show significance between the linearized and normalized brap-2 mRNA levels in

WT vs. MY 16 as determined by a Student’s t-test.
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BRAP-2 attenuates multiple endoderm-activating inputs

Phosphorylated POP-1, in complex with co-activator SYS-1, together with SKN-1
and PAL-1, account for the major endoderm-activating inputs (Huang et al., 2007; Maduro et
al., 2005). We sought to determine the node at which BRAP-2 functions by knocking down
pop-1, sys-1, and pal-1 alone or in combination in brap-2;skn-1 double mutants. The
suppression of loss of endoderm by brap-2(-) in skn-1 deficient embryos is abrogated in the
absence of POP-1, SYS-1, or PAL-1 function (pop-1(RNAi): 29.9 £+ 1.0%; sys-1(RNAi): 19.6
+ 2.6%; pal-1(RNAi): 26.8 = 0.1% of embryos with gut). While simultaneous depletion of
SKN-1, Wnt signaling and PAL-1 by RNAi completely abolishes endoderm development
(Maduro et al., 2005), the additional depletion of hrap-2 results in embryos with gut granules
(5.9 £3.3% of brap-2(tm5132); skn-1(zu67); pop-1(RNAi); sys-1(RNAi); pal-1(RNAi)
embryos contains gut granules (Fig. 10A), a similar phenotype to that of brap-
2(tm5132);mom-2(or42),skn-1(RNAi) (8.4 £ 1.4% gut) (Fig. 10B). Our results suggest that
loss of brap-2 restores gut specification in skn-/ mutants largely by enhancing Wnt signaling
activity, which subsequently modulates POP-1 cellular distribution and function (see below);
however, the residual endoderm made in mutants lacking SKN-1, PAL-1, POP-1, and SYS-1
suggests that BRAP-2 normally represses at least one additional endoderm activator.

Surprisingly, loss of SYS-1 enhances the gut defect of brap-2(tm5132);skn-
1(zu67),pop-1(RNAi),;pal-1(RNAi) (16.0 £2.6% vs. 5.9 + 3.3% of embryos with gut) (Fig.
10A & B) suggesting incomplete penetrance of pop-1 (RNAi) is enhanced by the depletion of
Whnt-activated SYS-1 or that the beta-catenin may function independent of POP-1 in E fate

activation (Doumpas et al., 2019).
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Figure 10 brap-2(-) suppression of skn-1(RNAi) is dependent on alternate activators

A) brap-2(tm5132) rescue is dependent on pop-1, sys-1, and pal-1. Below the graph, skn-1
and brap-2 refer to genetic mutants zu67 and tm5132, respectively. ‘+’ refers to the WT
copy. For pop-1, sys-1, and pal-1, ‘- refers to RNAI1 for said gene. For the triple RNAi in
the last column, RNA1 cultures were mixed in equal proportions after the 4-hour culture and
ITPG addition, right before seeding the plates (see Methods and Materials). N > 145 embryos
for all conditions. B) brap-2(tm5132) can rescue skn-1(zu67) on pop-1 + pal-1 (RNAi) as

well as mom-2(or42) on skn-1 (RNAi). N > 200 embryos for each condition.

BRAP-2 modulates POP-1 asymmetry
73



To test whether BRAP-2 affects nucleocytoplasmic distribution of POP-1, we crossed
med-1p::POP-1::GFP into brap-2(-) mutants. This construct shows a strong POP-1::GFP
signal in the EMS descendants, allowing assessment of POP-1 localization in MSa, MSp, Ea,
and Ep cells (Maduro et al., 2002) (Fig. 11A, Materials and Methods). In both wildtype and
brap-2(-) mutant, the anterior sister cells contain higher total amounts of POP-1::GFP than
the posterior sister cells, although brap-2(-) mutants appear to have slightly (non-statistically
significant) weaker signal across all cells measured (Fig. 11B & C). Importantly, brap-2(-)
mutants showed significantly decreased nuclear concentrations of POP-1::GFP (Fig. 11E),
accompanied by a slight increase in the cytoplasmic signal (Fig. 11F), resulting in an overall
lower nuclear/cytoplasmic fluorescence ratio across all four cells analyzed (Fig. 11D).
Hence, we conclude that depletion of BRAP-2 leads to enhanced nuclear export of POP-1.
Activation of Wnt signaling results in the nuclear export of POP-1. It is possible that
depletion of brap-2 results in hyperactivation of the Wnt pathway. To test this, we examined
the levels of MOM-2/Wnt in brap-2(-) mutants. We see no difference in levels of MOM-
2::GFP in brap-2(-) mutants compared to WT (Fig. 12A & B). If the Wnt pathway is hyper
activated in brap-2(-) mutants it would appear to be downstream of mom-2 transcription. To
test this, we examined the expression and localization of SYS-1/B-catenin, the Wnt-signaled
transcriptional co-activator for POP-1. We also see no difference between brap-2(-) and
wildtype for SYS-1 expression or localization, suggesting that brap(-) does not result in
hyperactivation of the Wnt pathway (Fig. 13). Alternatively, BRAP-2 could be regulating
nuclear POP-1 levels through an independent mechanism in conjunction with kinases (e.g.
LIT-1) analogous to that observed during oxidative stress (D’Amora et al., 2018; Q. Hu et al.,

2017).

74



brap-2(tm5132)

WwT
brap-2(tm5132)

o
[T
O
S
o
1
> g
Q o'
& &
o 0
o ™
o 2
[=
<
w
o 0
u R
= \&"’ KR
& <&
D
wT .
brap-2(tm5132) DS WT
H brap-2(tm5132)
~ 60000 ne *
3 g
n.s. n.s.
e G*
2 2 .
3 7
» 40000 o
g g
3 2
= g,
3 3
T 20000 ]
IE =
0 0
MSa MSp Ea Ep MSa MSp Ea Ep
Cell Cell
F
il n.s.
40000 . =
- g 30000{ "=
=. ~ n.s. n.s.
€ g
8 5
P=0.06
c =
£ 30000 . o
2 2
g strain S 20000 strain
3 B wr N B wr
EZOOOO || brap-2(tm5132) § || brap-2(tm5132)
3 8
s g
c £ 10000
.g 10000 °
= 3
=
0 0
MSa MSp Ea Ep MSa MSp Ea Ep
Cell Cell

75




Figure 11 brap-2(-) affects nuclear localization of POP-1

A) med-1-driven GFP::POP-1 expression in WT and brap-2(tm5132) embryos. DIC images
show a single plane, and GFP images show the max intensity z-stack projection. Contrast
levels were adjusted in FIJI/Imagel to better show the cytoplasmic GFP. B) Anterior total
cell GFP/posterior total cell GFP in med-1-driven GFP::POP-1 embryos. N =5 for the WT
strain, and N = 6 for brap-2(tm5132). C) Corrected total cell fluorescence was measured in
MSa, MSp, Ea, and Ep (see Methods and Materials). N = 5 for the WT strain, and N = 6 for
brap-2(tm5132). D) Ratio of nuclear GFP/cytoplasmic GFP in med-1-driven GFP::POP-1
embryos. N = 5 for the WT strain, and N = 6 for brap-2(tm5132). E) Total nuclear
fluorescence in med-1-driven GFP::POP-1 expressing embryos. F) Total cytoplasmic
fluorescence in med-1-driven GFP::POP-1 expressing embryos. Cytoplasmic fluorescence
intensity was calculated by subtracting nuclear fluorescence intensity from whole cell

intensity (see Methods and Materials). N = 5 for WT, and N = 6 for brap-2(tm5132).
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Figure 12 brap-2(-) does not affect mom-2 expression

A) Zygotic mom-2::GFP expression in WT and brap-2(tm5132) embryos. B) Quantification

of fluorescence pictured in G. Only similarly staged embryos were used for analysis. N=8

for brap-2(tm5132), and N=19 for WT. Standard deviation is shown on all bar graphs, and

significance was determined using a Student’s t-test.
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Figure 13 sys-1::GFP expression is not altered in brap-2(-)
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A) DIC and GFP images of WT and brap-2(tm5132) embryos expressing sys-1::GFP. The E
cell is outlined with dashes. The marker is highly dynamic in early embryos and localizes to
centrosomes right before and after cell divisions. B) Bar graph showing no significant
difference between WT and brap-2(tm5132) in the fluorescence intensity of sys-7::GFP in
the E cell nucleus. Error bars show standard deviation. C) Bar graph showing no significant
difference between WT and brap-2(tm5132) in the fluorescence intensity of sys-7::GFP in
the E cell nucleus divided by the fluorescence seen in the cytoplasm. Error bars show
standard deviation.
brap-2(-) shows contradictory effects on the PAL-1 muscle-specification pathway

As the brap-2(-) suppression of skn-1(-) in the endoderm development pathway is
also partially dependent on muscle transcription factor PAL-1, we hypothesized that loss of
BRAP-2 may increase PAL-1 nuclear localization. To test this, we looked at the expression
of two different markers downstream of PAL-1 in muscle development. PAL-1 directly
activates Alh-1, the only myogenic regulatory factor family-related gene in C. elegans
(Fukushige & Krause, 2005; Lei et al., 2009). We find that, actually, Alh-1 expression is
significantly decreased in brap-2(-) embryos (WT- 145204.1 + 44058.80 a.u of fluorescence,
brap-2(-)- 90677.3 £ 26593.57 a.u of fluorescence, p-value<0.001) (Fig. 14A & B). myo-3, a
myosin structural gene, is downstream of HLH-1 (Fukushige & Krause, 2005), and, in
contrast to our previous results, myo-3 expression is actually significantly increased in brap-
2(-) L1 larvea (WT- 2472550 + 1097918 a.u of fluorescence, brap-2(-)- 3984436 + 1728466
a.u of fluorescence, p-value<0.01) (Fig. 14C & D). Further investigation is warranted to
analyze if PAL-1 activity is altered in brap-2(-) and if this affects some sort of transcriptional

negative feedback loop involving HLH-1 and MYO-3.
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Figure 14 brap-2(-) mutants show contradictory hlh-1 and myo-3 expression changes

A) DIC image of a WT embryo showing the stage at which all embryos for A were
photographed (and subsequently measured for B). GFP images showing embryonic Alh-
1::GFP expression in WT and brap-2(tm5132) strains. B) Bar graph showing the
quantification of hlh-1::GFP intensity in WT and brap-2(tm5132) embryos. Error bars show
standard deviation, and asterisks indicate significance found using a Student’s t-test. C) DIC
and RFP images of WT and brap-2(tm5132) L1 larvae expressing myo-3::RFP. D) Bar graph
showing the quantification of myo-3::RFP intensity in WT and brap-2(tm5132) L1 larvae.
Error bars show standard deviation, and asterisks indicate significance found using a

Student’s t-test. myo-3 is downstream of 4/h-1 when specifying muscle, and it is unexpected

79



that brap-2 mutants would show increased hlh-1::GFP expression yet decreased myo-3::RFP

expression when compared to WT.

34 Discussion and conclusions

In mammals, BRAP has been found to repress Ras-dependent activation of
ERK/MAPK signal transduction (Matheny et al., 2004). Additionally, BRAP may function as
a cytoplasmic retention factor for many signaling effectors (Asada et al., 2004; Davies et al.,
2013; Fatima et al., 2015; Fulcher et al., 2009; Takashima et al., 2013). In C. elegans, BRAP-
2 inhibits nuclear localization of SKN-1 through PMK-1 phosphorylation, and enhances
DAF-16 nuclear localization, likely through inhibition of AKT-1 through PHLP-2 (D’ Amora
etal., 2018; Q. Hu et al., 2017). In the present study, we show that BRAP-2 additionally
negatively regulates endoderm specification by modulating the nuclear localization of the
Wnt effector POP-1. Depleting the function of BRAP-2 rescues loss of endoderm in skn-1
deficient embryos through increased activation of end-1 in the E lineage, and this rescue is
dependent on endoderm activators POP1, SYS-1, and PAL-1. Our study revealed a novel role
of BRAP-2 in cell fate specification and provided a new insight into how signaling activities

are tuned to ensure a robust developmental outcome.
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Figure 15 Model of BRAP-2 action in E lineage
A) BRAP-2 prevents nuclear export of POP-1%, allowing for increased activation of POP-1°
target, end-1. B) BRAP-2 may be acting on factors upstream of POP-1, such as the

MAPKKK pathway.

Duplicated GATA factors (MED-1/2, END-1/3 and ELT-2/7) and redundant
signaling systems ensure threshold levels of gene expression is achieved and developmental
outcome is reproducible (Raj et al., 2010). In addition, gut-inducing signals are tuned by
numerous modulators, such as FRK-1/Fer-type nonreceptor kinase, which attenuates the
effect of HMP-2/B-catenin (Putzke & Rothman, 2010). We recently reported that BNAC
ICD-1 downregulates SKN-1-mediated endoderm specification (Ewe et al., 2019). Similarly,
OSM-11 and RICT-1 antagonize SKN-1 activity during embryonic development (Dresen et
al., 2015; Ruf et al., 2013). Interestingly, RICT-1 may exert an opposing effect on Wnt
signaling, fine-tuning the activating signals in the E cell, although the mechanism remains
unclear (Torres Cleuren et al., 2019). In this study, we further show that BRAP-2 negatively
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regulates endoderm specification, and depleting BRAP-2 significantly rescues the endoderm
defects of skn-1 deficient embryos. Suboptimal expression of the end genes may lead to
hypo- or hyperplasia and disruption of gut functions (Maduro et al., 2015). Taspase, TASP-1,
and a prion-like glutamine/asparagine rich protein, PQN-82, further modulate the expression
level of ELT-2, and TASP-1 can rescue endoderm in skn-/ knockdown (Wiesenfahrt et al.,
2018). These findings reveal the importance of quantitative regulation of developmental
signals within a restricted developmental window by multiple partial redundancies acting at
multiple levels in a rapidly developing embryo.

Modulation of Wnt signaling has impacts for cancer, especially considering that 90%
of all colorectal cancers show hyperactivation of the Wnt pathway (Bienz & Clevers, 2000;
Fodde et al., 2001; Giles et al., 2003; Kinzler & Vogelstein, 1996; Segditsas & Tomlinson,
2006). This is perhaps not surprising as there are also reports of the importance of Wnt
signaling in the development and homeostasis of the intestine (Fevr et al., 2007; Korinek et
al., 1998; Tian et al., 2015; van Es et al., 2005), with Wnt target Lgr5 (leucine-rich-repeat-
containing G-protein-coupled receptor 5) serving as a marker for stem cells in the small
intestine and colon in mice (Barker et al., 2007). Wnt gene expression helps to define the
intestinal stem cell crypt (Van der Flier et al., 2007). Therefore, Wnt signaling thresholds in
intestinal stem cells must be finely regulated. Given the conservation of Wnt signaling in gut
development across metazoa, it will be interesting to see if BRAP can modulate intestinal
Wnt signaling in mammalian systems, as well.

Our results indicate that BRAP-2 modulates nucleocytoplasmic distribution and
activity of POP-1: brap-2 deletion mutants contains lower levels of nuclear levels of POP-1

and slightly higher level of cytoplasmic POP-1. Although not statistically significant, brap-2
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mutants show slightly lower level of POP-1::GFP in all cells analyzed (Fig. 11C). It is
possible that cytoplasmic POP-1 is more prone to degradation, leading to overall lower levels
in the whole cell. In canonical Wnt systems, NLK inhibits TCF/LEF signaling through
phosphorylation (Ishitani et al., 1999), and it was shown in Xenopus that NLK activity
enhanced ubiquitination and subsequent degradation of TCF/LEF (M. Yamada et al., 2006).
In C. elegans Wnt/B-catenin asymmetry pathway (a divergent canonical Wnt signaling), the
NLK orthologue LIT-1 normally works with WRM-1/B-catenin to phosphorylation and cause
nuclear export of POP-1. Perhaps increased LIT-1/WRM-1 activity also results in
degradation of POP-1 in this pathway. It is currently unclear whether BRAP-2 interacts
directly with POP-1 or if it modulates the activity of LIT-1/WRM-1 upstream (Fig. 15).

An atypical MAPKKK activates LIT-1/NLK, and the possibility that BRAP-2
modulates Wnt signaling through repressing MAPKKK activity should be explored. brap-
2(0ok1492) mutants show increased levels of ERK-1/2 orthologue MPK-1 and increased
phosphorylation of p38 MAPK PMK-1 (D’Amora et al., 2018; Q. Hu et al., 2017). BRAP
can act as a scaffold protein for AKT phosphatase PHLPP1 in mouse testis (Fatima et al.,
2015), and C. elegans BRAP-2 can interact with PHLPP1/2 orthologue PHLP-2 in vitro
(D’Amora et al., 2018). In addition, mammalian BRAP can inhibit ERK signal transduction
by binding scaffold KSR1 and preventing interactions with Ras. In stimulated cells however,
BRAP can bind Ras and actually help facilitate kinase signaling (Chen et al., 2008; Matheny
et al., 2004; Matheny & White, 2009; Ory & Morrison, 2004; Shoji et al., 2017). As
evidence suggests that BRAP and its orthologues can modulate chief phosphorylation-based
signaling systems, future studies should examine LIT-1 and POP-1 phosphorylation levels in

brap-2(-) mutants.
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Chapter 4
Largescale mutagenesis, sorting, and bulk sequencing of C. elegans embryos reveals act-
4 as a novel modulator of the endoderm gene regulatory network.

(in preparation for publication with minor adjustments)

4.1 Introduction

Traditional forward genetic screens in C. elegans involve mutagenesis and observation
of F2 offspring (Jorgensen & Mango, 2002; Zuryn & Jarriault, 2013). However, achieving
saturation with this method is laborious and non-comprehensive, as several candidate
mutations inevitably fall through the screen.. To address these issues, we developed a new
screen that involves sequencing large numbers of mutants in bulk and applied this strategy to
study the gene regulatory network (GRN) governing endoderm development in C. elegans.
Complex GRNs govern the specification and behavior of cells as they develop from a single-
cell embryo. High resolution expression data and an invariant cell lineage make C. elegans
an ideal model system to study GRNs and their reliable governance of organ development.
Through careful dissection and analysis of the endoderm GRN, we provide further insight
into the complexity of GRNs generally in both healthy and diseased states.

C. elegans endoderm, consisting of 20 cells, is derived from one blastomere cell—the E
blastomere--which is specified at the 4-cell embryo stage (J. E. Sulston et al., 1983). Signals
from P, blastomere, Wnt, MAPK, and Src tyrosine kinase, converge on the precursor, EMS,
instructing it to divide into E and MS along the Anterior-Posterior axis (Bei et al., 2002;
Goldstein, 1992, 1993, 1995; Ishitani et al., 1999; Meneghini et al., 1999; Rocheleau et al.,

1997; Schierenberg, 1987; Thorpe et al., 1997). These signals relieve repression by TCF/LEF
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POP-1 of endoderm GATA factors, end-1/3, and turn POP-1 into an activator of endoderm
fate (Gina Broitman-Maduro et al., 2005; Lin et al., 1995; Maduro et al., 2002).

The maternally provided SKN-1 transcription factor initiates the mesendoderm GRN,
activating GATA factors med-1/2 which in turn activate GATA factors end-1/3 in E cell (B.
Bowerman et al., 1992; Maduro et al., 2001; Zhu et al., 1997). While SKN-1 is also present
in mesectoderm and germ lineages, it is repressed by PAL-1 and PIE-1. Relieving repression
of SKN-1 can result in excess endoderm in place of other cell lineages (B. Bowerman et al.,
1993; Hunter & Kenyon, 1996; Lin et al., 1995; Maduro et al., 2001; Mello et al., 1992;
Seydoux et al., 1996). In addition, several separate factors have been identified that can
promote transcription of end-1/3 in the absence of SKN-1 (Maduro et al., 2005; Ruf et al.,
2013; Witze et al., 2009). The plasticity of this network and the modulators that result in the
robust development of the gut is an area of active investigation.

In this study, we investigate the mechanisms underlying robust gut development using a
high throughput genetic mapping strategy. We selected hundreds of embryos producing
excess endoderm from a mutagenized population using fluorescence activated cell sorting
(FACS). These samples were pooled and sequenced in bulk using NextGen whole genome
sequencing (WGS) followed by bioinformatic analyses. Using this method, we were able to
identify candidates that would have been missed with traditional methods. This includes act-
4, an ortholog of human ACTB that was found to play a role in endoderm development. This
rapid mapping strategy of bulk-sequencing in combination with FACS can be readily adapted

to identify other genetic regulators of embryogenesis.
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4.2 Materials and Methods

Strains: JR3920 [syls243 (myo-3p::TOM20:: mRFP + unc-119) ; rrisl (elt-2p::GFP) X] was
used for the mutagenesis and for the control (RNA4i) image in Figure 3C. N2 WT and JR1128
[wWIs82 (elt-2::GFP + pRF4 rol-6)] were used as FACS controls. JR4083 [itls(pie-
Ip::mcherry::H2B::pie-1 3'UTR +uncl19(+)) IV ; rrisi(elt-2p:: GFP) X] was used for the

act-4 (RNAi) image in Figure 3C.

Microscopy: Images were taken on the Nikon Eclipse Ti using NIS-Elements AR 4.13.05
software and images were processed using FIJI/ImagelJ. (microscopy descriptions in G3
screens are very minimal, some missing completely, so I’m not inclined to add exposure

times).

Mutagenesis: Approximately 200,000 L4 C. elegans (JR3920) were mutagenized with 50mM
EMS for 4 hours at 20°C with constant rotation. They were re-plated and allowed to lay eggs
for 1-2 days. Approximately 200,000 L1s were collected and re-plated while arrested F1
embryos were collected to be sorted on the FACS machine. This was repeated for the F3

generation.

RNAi treatment: L4 worms were fed RNAI clones with the L4440 vector backbone in HT115
cells for at least 24 hours at 20°C. Worms were then either synchronized (as previously
described (J. Sulston & Hodgkin, 1988)) to extract embryos or allowed to lay eggs on a new

plate before being removed. Embryos were then scraped from the plate using a modified
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glass Pasteur pipette. For act-4 vs control (RNAi) endoderm cell counts, significance between

the samples was assessed using the Mann-Whitney-Wilcoxon test.

C. elegans embryo sorting for controls: L4s were treated with either L4440 control or pop-1
(RNAi). Mixed stage adults were bleached and washed according to standard synchronization
protocol (J. Sulston & Hodgkin, 1988), and embryos were left spinning at room temperature
in M9 buffer for two hours before being placed on ice. Embryos were strained through a

40uM cell strainer and resuspended in PBST. Embryos were sorted using a BD FACSAria II

system using a 100uM nozzle at low sheath fluid pressure (20 psi).

C. elegans embryo sorting from mutagenesis: Arrested embryos were scraped from plates
and washed several times with M9 buffer. Embryos were strained through a 40uM cell
strainer and resuspended in PBST. Embryos were sorted using a BD FACSAria II system

using a 100uM nozzle at low sheath fluid pressure (20 psi).

DNA preparation + sequencing: DNA from sorted embryos was extracted using standard
phenol-chloroform extraction protocols (Sambrook & Russell, 2006). Library preparation
and next-generation sequencing was carried out by the McDonnell Genome Institute at
Washington University. Each generation (F1 and F3) was differentially barcoded. Samples
were run on an [llumina NovaSeq and sequenced using 150bp paired-end reads.
Collaborators at WashU aligned the sequencing data to the WEBcel235 version of the C.

elegans genome.
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Sequence analysis: Aligned BAM files were received from WashU and filtered for read
(Q15) and mapping quality (q15) using BCFtools 1.9 from SAMtools. Coverage was limited
to the mean coverage of the sample £50% of the mean. For 1Kbp and 5Kbp sliding windows,
the genome was parsed into bins 1/20™ the size of the window, and mutant density, coverage,
and coverage variance (Interquartile Range [[QR]/Median) were analyzed in each using a
custom python script. Rare variants were called based on representing only 1-2 reads for a
given base. Windows were comprised of averages of the bins, and mutant allele densities
divided by coverage IQR/Median (to control for variance) were plotted using the middle of a
given window. Given that the sequence coverage varies across the genome and that coverage
affects the ability to spot rare mutations, we increased the signal to noise ratio by dividing the
mutant density for a given window by the variation in coverage depth across that window
assessed through the interquartile range divided by the median. We refer to this variable as
the normalized mutant density of a window. Regions of interest were called by gathering all
windows that were at least 3 standard deviations greater than the mean normalized mutant
density. Further analysis looked to at least 8 standard deviations greater than the mean. To
select for genes, the number of protein-coding changes were identified among these rare
variants using Ensembl Variant Effect Predictor, and the number of protein-coding changes
was divided by the longest mRNA length known, according to Wormbase.org. Genes were
tested for significance using a 1-sample binomial test and a Bonferroni corrected p-value.
GO term analysis was run on The Gene Ontology Resource at Geneontology.org using gene

IDs from Wormbase.org.
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Gene lists and GO enrichments: All gene lists and GO enrichments mentioned in this
chapter are available on the Rothman lab NAS (Network Attached Storage), hosted by
University of California, Santa Barbara. The following lists can be found there:

1Kbp window, 3sd above mean, in both generations (410 genes)

1Kbp window, 3sd above mean, in the F3 (1910 genes)

1Kbp window, 5sd above mean, in the F3 (153 genes)

1Kbp window, 8sd above mean, in the F3 (13 genes)

5Kbp window, 3sd above mean, in the F3 (768 genes)

cDNA analysis, significant in both the F1 and F3 (53 genes)

GO term analysis of genes found in cDNA analysis in both samples (53 enrichments)
cDNA analysis, significant in either the F1 or F3 (548 genes)

GO term analysis of genes found in cDNA analysis in either sample (227 enrichments)

cDNA analysis, significant in F1 (388 genes)

4.3 Results and Discussion
High-throughput phenotypic screening using FACS.

It has previously been shown that it is possible to sort C. elegans embryos using
FACS (Burdick et al., 2016; Stoeckius et al., 2009) . Here we report the ability to sort
embryos based on excess endoderm, using a differentiation marker, elt-2p::GFP, as a readout.
ELT-2 is a direct target of END-1/3, and early specifier for endoderm fate (T. Fukushige et
al., 1998; Tetsunari Fukushige et al., 1999; McGhee et al., 2009). Embryos contain
autofluorescent gut granules even in the absence of the GFP reporter, and group as one

population (Fig 1A). Using GFP expression levels from elt-2p:: GFP in mixed stage embryos
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as a control, we were able to set a conservative gate for any embryos expressing GFP above
expected levels, which is greater than 10* B 530/30-H (GFP emission height measurement,
Fig. 1A x-axis). To confirm the robustness of the ‘excess gut’ gate, we repeated the
experiment with arrested embryos from pop-1 (RNAi) in which MS is mis-specified to form
E, producing excess endoderm (Lin et al., 1995; Maduro, Hill, et al., 2005; Rocheleau et al.,
1997). Mixed stage embryos from these RNAi-treated worms were analyzed on the FACS
machine and sorted using the ‘excess gut’ gate. The mixed population shows many under-
developed embryos that do not show any GFP expression (as is expected since pop-1 (RNAi)
results in a population of embryos arresting before gut development commences?), along
with embryos showing various levels of GFP expression. Importantly, we see a portion of the
embryos with higher GFP expression than is seen in control (RNAi) conditions. The
phenotype of the embryos sorted in the ‘excess gut’ gate were examined manually using
fluorescent microscopy and approximately 65% of embryos in that gate were confirmed to
have more than the expected 20 e/t-2p::GFP positive cells (Fig. 1A-C). Why it is that less
than 100% of the embryos from the ‘excess gut’ gate have extra gut cells could possibly be
because the process of sorting and collection caused degradation of part of the sample before

it could be scored for number of gut cells by hand.
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Figure 1 Embryos with extra intestine can be collected via FACS

A) FACS profile of L4440 control and pop-1 (RNAi) in N2 WT and elt-2p::GFP embryos.
X-axis shows 530/570 GFP emission. Y-axis shows forward scatter FSC. The rectangle
shows the gate used to collect embryos with excess endoderm. B) Phenotypes of embryos
collected in the sort of elt-p.:GFP embryos under pop-1 (RNAi) (n= 222 embryos, error bars
show SD). C) elt-2p::GFP in embryos collected in the sort of e/t-2p::GFP embryos under

pop-1 (RNAi).

We then mutagenized populations of late L4 (fourth larval stage) worms with ethyl
methanesulfonate (EMS) and collected arrested embryos at the F1 and F3 generations that
fell within the ‘excess gut’ gate, above 10* B 530/30-H GFP emission (Fig. 2A). At each

generation, adults were allowed to lay eggs overnight before being washed off. After the
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adults were removed, the plates grew for 24 hours at 15°C, and then larvae were washed
from the plates and arrested embryos were collected. In the F1, 18,651 arrested embryos
were sorted, and 473 embryos (2.54%) were collected within the ‘excess gut’ gate. 42,356
arrested embryos were sorted in the F3, and 201 (1.08%) were collected in the ‘excess gut’
gate (Fig. 2B). We sequenced the genomes of the mutants from each collection in bulk.
Sequencing analysis using sliding windows reveals positive hits

We used ~96% and ~93% of the genome in the F1 and F3, respectively, that remained
after quality control (see Methods and Materials). To identify regions of the genome that are
associated with the increased gut phenotype selected for in the sorting, we first found what
were considered to be rare variants. These variants occurred at low frequency, usually in only
one or two reads, and represent unique mutations from the mutagenesis. We found 1,687,091
rare mutations in the F1 bulk and 891,044 rare mutations in the F3 bulk which represents
1.752% and 0.949% of sites in the F1 and F3 pools respectively. Considering our average
coverage in each sample, we find 0.0529% and 0.0451% of the genome in the F1 and F3
respectively is mutated on average per embryo in the bulk, giving roughly around 50,000
mutant bases per embryo.

With both 1Kbp and 5Kbp sliding windows, we calculated the mutant density of each
window as we scanned the genome and normalized the mutant density by variance in
coverage (termed normalized mutant density) (see Methods and Materials) (Fig. 2C). To
identify candidates, every window with a normalized mutant density three standard
deviations above the mean of that sample was collected and overlapping bins were

condensed together. (F1—sliding window 1Kbp: 0.2074763 £ 0.070437; sliding window

5Kbp: 0.1075844 £ 0.02070262; F3—sliding window 1Kbp: 0.09517261 + 0.04505752;
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sliding window 5Kbp: 0.04924972 + 0.01331044). We gathered genes that are either fully or
partially located within each window.

Using a 1Kbp sliding window in our initial analysis, we found a total of 410
significant genes, two of which, 4imp-2 and apr-1, were significant in both generations. APR-
1 is an orthologue of human APC, a regulator of Wnt signaling, and HMP-2 is one of four C.
elegans beta-catenins and is canonically involved in cell-to-cell adhesion in epithelial cells
(Costa et al., 1998) but has been reported as a modulator of Wnt signaling in the E
blastomere downstream of Src signaling (Putzke & Rothman, 2010; Sumiyoshi et al., 2011).
Evidence suggests that APR-1 helps to limit HMP-2/Wnt signaling in the E lineage, and
excessive Wnt signaling can cause hyperproliferation in the E lineage. Indeed, apr-1 (RNAi)
modestly increases gut cell number—23.8+/-2.6 compared to 20.0+/-0.3 in WT (Putzke &
Rothman, 2010). Additionally, in a mutant lacking the Fer-type nonreceptor tyrosine kinase
FRK-1, HMP-2 translates into the gut nucleus and causes hyperplasia (Putzke & Rothman,
2010). We were encouraged in our analysis by the identification of known Wnt effectors that
can cause increased gut cell number.

Using the same analysis, we identified pop-1 and pie-1 amongst the 1910 significant
protein coding genes in the F3 bulk sample. Both pie-1 and pop-1 (RNAi) knockdowns are
known to produce excess endoderm in the next generation. pie-1 R(RNAi) relieves
repression of SKN-1 in germline and muscle lineages resulting in their differentiation into
endoderm (Bowerman et al., 1993; Goldstein, 1995; Hunter & Kenyon, 1996; Mello et al.,
1992; Seydoux et al., 1996). pie-1 is retained in the F3 out of 768 genes when using a SKbp
sliding window and in the top 153 protein coding genes (5 standard deviations above the

mean) using a sliding window of 1Kbp. This genome-wide analysis identified many
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intergenic windows as significant, pointing to either regulatory regions that were selected for

or mutagenesis hot spots that were more susceptible to insults (Fig. 2D).
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Figure 2 Mutagenesis, collection, and sliding window analysis
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A) Schematic of experiment. Arrested embryos showing excess gut are circled in red. These
embryos were collected via FACS and sequenced in bulk. B) FACS profiles showing
embryo collection after mutagenesis. X-axis shows 530/570 GFP emission, and Y-axis shows
side scatter SSC. The rectangles show the gate used to collect embryos with extra intestine,
over 10*530/570-H GFP emission. Two consecutive collections in the F1 gave a total of 473
embryos, although only one collection is shown here. C) Boxplot showing the normalized
mutant density (see Methods and Materials) for each 1Kbp sliding window in each
generation. D) Plots showing the locations of 5Kbp sliding windows that were 3 standard
deviations (left) and 4 standard deviations (right) above the mean when looking at
normalized mutant density. E) Diagram showing the locations of protein-coding mutations in
pie-1 mRNA found in F1 and F3 embryos. Out of three isoforms of pie-1, two contain all
five exons (Y49E10.14a.1 and Y49E10.14a.2), and one is limited to exon 5 (Y49E10.14b.1).
Mutations in the second Zn finger are highlighted in red, and the nature of those three

mutations are annotated.

c¢DNA analysis reveals gene networks involved, known and novel (need to break into
sections)

We prioritized genes by filtering for only protein-coding changes in each gene
divided by the size of the largest mRNA. A 1-sample binomial test was applied to the mutant
allele densities to find genes that were significantly enriched for mutations.

Interestingly, pie-1 was one of 54 genes found as significant in both the F1 and F3
using this analysis method. As mentioned before, pie-/ is a maternal effect gene, so we

wouldn’t expect to see any selection for pie-1 in the F1 data. It is possible that dominant
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mutants were coupled with early zygotic PIE-1 expression in some arrested embryos
displaying extra gut. Closer analysis of the distribution of mutations in pie-/ revealed that
mutations in the second Zinc finger were limited to the F1 pool (Fig. 2E). This Zn finger has
been implicated in activating gene expression in the germline, independent of pie-1’s
repressive role on transcription (Tenenhaus et al., 2001). This Zn finger has also been shown
to be sufficient to target PIE-1 to P granules (Reese et al., 2000). It is possible that mutations
in this Zn finger lend themselves to dominant effects.
Gene Ontology Enrichment

548 unique protein-coding genes were found among both generations, and GO term
analysis revealed an over 5-fold enrichment for axon guidance genes, which is consistent
with previous findings that axon guidance genes modulate intestine morphogenesis in C.
elegans (Asan et al., 2016). While GO term analysis for these 548 genes showed 227 unique
GO term enrichments in total (Fig. 3A), only 18 terms were enriched over 10-fold. Among
these 18 terms, we find semaphorin-plexin signaling at the top with an > 18-fold enrichment.
Semaphorin-plexin signaling is implicated in the axon guidance networks that drive
endoderm morphology as well as having conserved roles in cytoskeletal dynamics that drive
many cell functions (Jongbloets & Pasterkamp, 2014). Semaphorin-plexin signaling is
known to affect actin polymerization in the growth cone as both a repulsive or attractive
signal (Goshima et al., 2002; Hinck, 2004; Jongbloets & Pasterkamp, 2014; Polleux et al.,
2000). It also has roles in establishing morphology of epithelial and endothelial cells (Tran et
al., 2007). Furthermore, it has been shown that plexin signaling in Xenopus and C. elegans
can drive translation of ADF/cofilin, an actin-depolymerizing enzyme (Chisholm, 2008;

Nukazuka et al., 2008; Piper et al., 2006). While semaphorin-plexin signaling is mostly
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documented in driving actin regulation in axons, semaphorin signaling has been reported in
other diverse cell types regulating a variety of functions, usually initially through regulating
morphology (Alto & Terman, 2017; Goshima et al., 2002; S. Hu & Zhu, 2018).

We were further intrigued by an almost 17-fold enrichment for hemidesmosome
assembly. Hemidesmosome-like structures in C. elegans, called fibrous organelles, help
connect developing muscle to the cuticle, which facilitates the transduction of mechanical
signals (Francis & Waterston, 1991; Pasti & Labouesse, 2018). The transduction of force
signals can also regulate morphology and differentiation during development (Mammoto &
Ingber, 2010). Coupled with the enrichment for semaphorin-plexin signaling, we see
consistency in the role of signal transduction through the cytoskeleton.

More specifically related to the cytoskeleton, we also see an > 16-fold enrichment for
actin-filament based transport, an almost 13-fold enrichment for actin filament-based
movement, and a > 10-fold enrichment for regulation of actomyosin structure organization.
Furthermore, GO term analysis on the 53 genes found mutually in the F1 and F3 shows an >
100-fold enrichment for both skeletal muscle myosin thick filament assembly and skeletal
myofibril assembly (2 genes, unc-54 and unc-89) among 53 enrichments. We also see an >
32-fold enrichment for myofibril assembly, an > 23-fold enrichment for actomyosin structure
organization, and an > 11-fold enrichment for both actin cytoskeletal organization and actin
filament-based processes (Fig. 3B).

This guided our attention towards the five actin orthologues in C. elegans (act-1-5).
act-4 routinely came up in the sliding window analysis. It was one of 13 protein-coding
genes whose normalized mutant density was over 8 standard deviations from the mean using

a 1Kbp sliding window in the F3, alongside fr/-1, an orthologue of human FMNL1/2/3
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(formalin like), which has predicted actin binding activity, and #n-1, an orthologue of human
SPEGNB (SPEG neighbor), which exhibits actin filament binding activity and myosin
binding activity. It is notable that fr/-/ and ttn-1 are very large genes, 27,417 bp and 81,722
bp, respectively. Their large size may bias them for selection in the sliding window analysis,
as they are in more of the sliding windows across the genome compared to a smaller gene.

act-4, however, is only 3,864 bp, making it a highly intriguing candidate.
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Figure 3 GO enrichment points to actin networks
A) A selection of GO enrichments found in the set of 548 genes found as significant in either
the F1 or the F3 using cDNA analysis. B) A selection of GO enrichments found in the set of

53 genes found as significant in both the F1 and the F3 using cDNA analysis.
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act-4 and actin networks affect endoderm development

act-4 1s an orthologue of human beta-actin and is one of five actin genes in C. elegans
(MacQueen et al., 2005). Intriguingly, ACT-4 also has predicted interactions with HMP-2
(Zhong & Sternberg, 2006). act-4 (RNAi) results in embryonic arrest, and FACS analysis

after act-4 (RNAi) shows low levels of embryos (1.07 £0.55%) in the ‘excess gut’ gate (Fig.

4A & B).
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A) Embryos from control (RNAi) or act-4 (RNAi) were analyzed on the FACS machine. X-
axis shows 530/570 GFP emission, and Y-axis shows forward scatter FSC. The rectangle
shows the excess gut gate, and the red dashed line has been artificially added to mark 10*
530/570-H GFP emission, which has been the lower limit of GFP emission used for the
excess gut gate throughout this study. Any embryos (dots) falling within the gate have been
artificially colored black, as the original green was very faint. B) Embryo counts from FACS
analysis of control (RNAi), pop-1 (RNAi), and act-4 (RNAi). The red dashed line has been
artificially added to mark 10* 530/570-H GFP emission, which has been the lower limit of

GFP emission used for the excess gut gate throughout this study.

Microscopic analysis of act-4 (RNAi) embryos shows that a small percentage of
embryos (5.01 = 1.95%, n=766) show more than the 20 expected elt-2p::GFP positive cells
when scored by hand, up to 25 cells. The distribution of GFP+ cell counts in act-4 vs control
(RNAi) embryos was significant (Mann-Whitney-Wilcoxon p-value=1.333e-10, Fig. 5B). It
is not known if these extra cells are a result of extra divisions within the E-lineage or
inappropriate specification of other cell types. The fact that this method could identify act-4
even though it has a very mild excess-endoderm phenotype shows its sensitivity and power.
Due to the pleiotropic nature of ACT-4, embryos arrested at various stages and took on a
variety of morphologies. Some embryos had started elongation before arrest while others
remained as a ball of cells. All of the embryos with the extra intestine phenotype have not
elongated and show a cluster of GFP+ cells at one pole of the embryo (Fig. 5A), suggesting
that dosage and timing of act-4 (RNAi) is crucial for this phenotype. Many embryos that

appeared similarly staged had variable GFP expression. The majority of embryos had no
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GFP expression at all, suggesting that either elt-2 transcription was never promoted, that it
was downregulated early in development, or that ELT-2+ cells died before scoring. We posit
that this variability in GFP strengthens the hypothesis that actin is important in controlling
specifically endoderm cell number. While the mechanism through which act-4 (RNAi) can
generate extra intestinal cells in C. elegans embryos remains unknown, it may present a new
model to study actin’s effects on differentiation and gene regulation.

cyk-1 is a dominant actin filament nucleator during cytokinesis, and colocalizes with
the actomyosin contractile ring (Chan et al., 2018; Gong et al., 2018). cyk-1 was one of 388
protein-coding genes found as significant in the F1 alongside pie-1, and cyk-1 has been
previously identified in the lab as affecting endoderm cell number (Mengarelli, 2006). cyk-1
(RNAi) showed 5.26 + 1.01% (n=133) of embryos with extra gut cells, ranging from 23 to 34
GFP+ cells (Fig. 5B). Additionally, tns-1, a tensin homologue, was found as significant in
the F1 with cyk-1 and pie-1. tns-1 helps mediate actin-filament binding at focal adhesions
and has a positive role in motor neuron axon regeneration, and it is also enriched in the
intestine (Han et al., 2017; Haynie, 2014; Hisamoto et al., 2019; Le Clainche & Carlier,
2008). Like cyk-1, tns-1 was identified in an earlier screen for genes affecting gut cell
number (Mengarelli, 2006). While the mechanism in which actin-effectors cyk-1 and tns-1
alter endoderm cell number is unknown, the identification of act-4 as a modulator of the

endoderm GRN may start to bridge these concepts.
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Figure 5 act-4 (RNAi) and cyk-1 (RNAi) produce embryos with extra gut cells

A) DIC and GFP fluorescent images of an L4440 control (RNAi) -treated late-stage embryo
showing the expected 20 GFP+ gut cells, an act-4 (RNAi) embryo showing excess (24) gut
cells, and a cyk-1 (RNAi) embryo showing excess (26) gut cells. All images are from a single
z-plane except the GFP panel for act-4 (RNAi), which shows a max projection of z-stacks. B)
GFP+ cell count of ctrl, act-4 (RNAi), and cyk-1 (RNAi) embryos. Mann-Whitney-Wilcoxon
tests show that act-4 (RNAi) and cyk-1 (RNAi) embryo populations are significantly different

from the control population (p-values= 1.333e-10 and 4.496e-13, respectively).

Actin is incredibly pleiotropic in C. elegans and across eukaryotes (Pollard, 2016;
Pollard & Cooper, 2009; Varland et al., 2019). In embryonic development alone, actin plays
arole in cytoplasmic streaming, fertilization, cytokinesis dynamics, chromosome

segregation, polarity, intracellular transport, and cell morphology, including axon generation
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(reviewed in Velarde et al., 2007). Actin has also been implicated in differentiation, and it
has been reported that actin inhibition leads to an increase in endodermal differentiation in
mouse embryonic stem cells (Boraas et al., 2018; Guo et al., 2014; Jain et al., 2013; Roy et
al., 2018). One study suggests that actin-myosin polymerization driven by Rho activity
pushes adult stem cells towards specific lineage determinations (McBeath et al., 2004).
Another shows that endoderm proliferation persists in embryonic stem cells even if
morphological changes induced by actin inhibition are mitigated (Boraas et al., 2018). It has
also been shown that increased reprogramming and stemness of different cell cultures
showed increased actin tension in generated spherical embryonic bodies (Guo et al., 2014).
How cell shape can drive gene expression patterns is under investigation, and it has been
reported that actin-myosin contraction can affect histone deacetylase distribution and activity

in cultured fibroblasts (Jain et al., 2013).

4.4 Conclusions

This method produced a highly mutagenized sample, and thousands of candidates
were pulled from analyses as having high levels of mutagenicity above the background.
Many of the candidates were intergenic or, if they were in genes, a knockdown failed to
produce arrested embryos, let alone embryos with excess gut. It must be considered that a lot
of these regions may be acting in conjunction with each other to produce arrested embryos
with extra intestinal cells. In addition to synthetic phenotypes, these mutations might
represent either gain of function mutations or be neomorphs that affect protein-protein
interactions, which would not be detected by RNAi knockdown experiments. This technique

to explore a gene regulatory network may be improved by performing a more conservative
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mutagenesis on the samples as to reduce the background mutations. Even with a large
number of candidates, we were able to identify positive controls such as pop-1, pie-1, and
Wnt factors, along with an enrichment for axon guidance genes, which are also known to be
involved in endoderm development. We identified a gene, act-4, newly discovered to be
involved in the endoderm gene regulatory network in C. elegans. While we identified act-4
and cyk-1 as new modulators of endoderm development, perhaps more exciting was our
ability to newly implicate the actin network and actin-based signaling in endoderm cell
divisions. The high enrichment for actin-based processes in our samples is accompanied by
high enrichment of semaphorin-plexin signaling and hemidesmosome assembly. This new
method may be used to investigate the differentiation of other germ layers or any phenotype

that can be sorted appropriately, including disease models.
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Appendix 1

Experiments concerning pink-1

Appendix 1.1
pink-1(w46) CRISPR-generated allele

We used a CRISPR-based system to generate a new allele of pink-1. PINK-1 (Pten
Induced Kinase) acts as a sensor of mitochondrial membrane potential and assists in
initiating mitophagy of defective mitochondria. PINK-1 is constantly cleaved from the
membrane of mitochondria with acceptable membrane potential and builds up on the
membrane of defective mitochondrial, signaling them for clearance through mitophagy
(Fedorowicz et al., 2014; Geisler et al., 2010; Narendra et al., 2008; Sha et al., 2010; Vives-
Bauza et al., 2010). We generated a new deletion allele of pink-1 (Fig. 1) by following the
protocol laid out in the supplemental material (File S1) of a 2014 paper from Geraldine
Seydoux’s lab detailing a CRISPR process for C. elegans (Paix et al., 2014). We used two
sgRNAs, created by cloning two different oligos (GM30-
TGGCCGGAAAACTCGACCGGTTTTAGAGCTAGAAATAGCAAGT
and GM31- ACAAAAGAACGCAATAGACGTTTTAGAGCTAGAAATAGCAAGT) into
pDD162 constructs using the QS5 Site-Directed Mutagenesis kit from NEB. Following
injection of these plasmids, worms were screened for the deletion allele by PCR-amplifying
pink-1 and analyzing the results by gel-electrophoresis. The deletion allele was extracted
from the gel and sequenced. In total, we deleted 2013 bp, starting in exon 3 and extending

into the 3° UTR.

106



pink-1(w46)
~=2009 bp—-

GCCTTGTAACTCGCCACGG----GTTTICCG------ = ---—--—-A ATTGCGTTCTTITIGICTAATTACGGTTITATCA

|\l\\muuumu-mum- [ [N AR AR

GCCT LgLAn’:IC.-’.‘_ CGGTCGAGTTTTCCGGCCA! ccagcctattgcg\:tct: tgtctaattacggtctatca
* *

exon 3 3 UTR

Figure 1 Schematic of pink-1(w46)
CRISPR-generated pink-1(w46) shows a total deletion of 2013 bp, beginning in exon 3 and

ending in the 3’ UTR.

Appendix 1.2
PINK-1 in endoderm development

pink-1(w46) is a 2013 bp deletion starting in exon 3 and deleting the rest of the
coding sequence (see Appendix 1.1). pink-1(tm1779) is a 350 bp deletion that begins
upstream of pink-1, in the 3> UTR of its neighboring gene, EEEDS. 10, and ends in the
beginning of pink-1’s second exon. pink-1(0k3538) is a roughly 500 bp deletion in exons 6
and 7. It appears that different alleles of pink-1 have different effects on endoderm
development in SKN-1 and MOM-2 knockdowns (Fig. 2). Of the three pink-1 alleles tested
under skn-1 (RNAi), pink-1(w46) significantly increases endoderm development (44.61 +
5.88% of embryos with gut compared with 29.97 &+ 6.89% in WT, p-value=0.026), pink-
1(0k3538) significantly decreases endoderm development (17.62 £ 2.37%, p-value=0.016),
and pink-1(tm1779) has no effect (33.21 £ 13.08%) (Fig. 2A). pink-1(tm1779) does,
however, significantly increase endoderm development in mom-2(or42) mutant embryos
(42.93 £ 3.81% compared with 17.96 £ 6.45% in mom-2(or42), p-value=0.0003) (Fig. 2B).

Intriguingly, pink-1 is just upstream of brap-2, and EEEDS. 10, pink-1, and brap-2 are
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transcribed together in operon CEOP2176. While none of these genes have been implicated
in gut development prior to the present study, our results suggest that this operon may be

involved in fine-tuning inputs that control the endoderm GRN.
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Figure 2 PINK-1 affects endoderm development

A) Bar graph depicting the percent of embryos showing gut granules after skn-1 (RNAi) or in
skn-1(zu67) mutants in different pink-1 genetic backgrounds. Error bars show standard
deviation, and asterisks show the results of a Student’s t-test comparing individual pink-1
alleles with the WT control. B) Bar graph depicting the percent of embryos showing gut
granules in mom-2(or42) mutants or in mom-2(or42) mutants after skn-1 (RNAi) in different
pink-1 genetic backgrounds. Error bars show standard deviation, and asterisks show the

results of a Student’s t-test comparing individual pink-1 alleles with the WT control.
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Appendix 1.2
PINK-1 in cell death

Previous work from the lab identified PINK-1 as an enhancer of cell death (Dey,
2013). In an attempt to replicate and confirm these results, we looked at dopaminergic (DA)
neurons in the C. elegans pharynx (CEP and ADE neurons, Fig. 3A). Using a dat-1-driven
GFP marker, which specifically labels the DA neurons, we originally scored for the presence
of extra axons extending to the anterior tip of the pharynx (Fig. 3D). In this assay, we see
that all three pink-1 alleles tested show a significant increase in fed, adult worms with an
extra GFP-labeled axon when compared with WT worms (WT- 22.86 + 5.12, pink-
1(tm1779)- 58.37 £ 9.19, p-value=3.24¢e-06, pink-1(0k3538)- 58.39 £ 4.93, p-value=1.17¢-
05, pink-1(w46)- 92.22 + 3.14, p-value=7.35e-07). We also found that pink-/ mutant worms
that were either scored as dauers or had experienced the dauer state showed significantly
reduced percentages of the extra axon phenotype when compared to their fed counterparts
(pink-1(tm1779)- 14.81 £ 5.10, p-value=0.0001, pink-1(0k3538)- 11.08 £+ 3.96, p-
value=3.17e-05, pink-1(w46)- 53.47 £ 11.37, p-value=0.01). As the extra axon was
sometimes very faint, we performed antibody staining against GFP in pink-1(tm1779); pdat-
1::GFP worms to provide better images of the extra axon running through the middle of the

pharynx (Fig. 3C).
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Figure 3 dat-1 driven GFP shows extra axons in pink-1 mutants
A) Graphic from wormatlas.org depicting the location of DA neurons in the pharynx. Four
CEP cells sit between the two pharynx bulbs and project axons to the anterior end of the

nose. Two ADE cells rest at the posterior end of the terminal bulb. B) GFP+ cell bodies in an
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adult pharynx are shown with white arrows in pdat-1::GFP worm in an otherwise WT
background. Eight cell bodies are seen. C) Antibody staining against GFP is shown in a pink-
1(tm1779); pdat-1::GFP worm. Eight cell bodies are shown with white arrows, and an extra
axon extending to the tip of the nose is shown with a white arrowhead. D) The presence of
extra axons (more than 4, typically 5) was scored in different pink-1 genetic backgrounds.
Trials were also differentiated based on whether the worms had been fed continuously or
whether they had experienced dauer (either scored as dauers or post-dauer). Student’s t-tests
were performed to test for significance between the fed and dauer data for each strain as well
as between the fed WT control allele and individual fed pink-1 mutant alleles. E)
Representative images showing ten GFP+ cell bodies in both a pdat-1::GFP L1 larvae and a

pink-1(tm1779); pdat-1::GFP L1 larvae.

As examination of these strains continued, it became clear that the pdat-1::GFP
marker was labeling extra cells (eight instead of the expected six) in the WT and mutant
adults (Fig. 3B). Looking at synchronized L1 larvae, we saw that worms with this marker
hatched with a total of ten GFP+ labeled cells (Fig. 3E). To address this issue, we used a
second neuronal marker, cat-2::GFP, that should also be specific to the DA neurons. Now
scoring for cell bodies instead of extra axons in the pharynx, we saw a significantly increased
incidence of an extra cell body in pink-1(tm1779); cat-2::GFP L1 larvae when compared with
WT (WT- 6.42 £+ 3.05%, pink-1(tm1779)- 25.21 + 5.87%, p-value=0.0001) (Fig. 4A+B). We
also saw a slight, but significant, decrease in the number of cell corpses seen in the pharynx
of pink-1(tm1779) L1 larvae (WT- 12.20 £ 5.61, pink-1(tm1779)- 8.05 £ 5.85, p-value=0.01)

(Fig. 4D). Surprisingly, when pink-1 mutant strains were scored again a few years later for
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cat-2::GFP+ cell bodies, we no longer saw a significant difference in phenotype (Fig. 4C).
Before scoring again in 2019, these strains were thawed from our frozen collection, and they
were scored ~2 generations after the thaw. There may be some lasting epigenetic effects
from the freezing that reduce the prevalence of these extra cell bodies, and future studies
should follow these lines for multiple generations after thawing to see if the phenotype

manifests.
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Figure 4 cat-2::GFP allows for better comparison of DA cell body number in the
pharynx

A) A representative image of a pink-1(tm1779); cat-2::GFP L1 larvae pharynx showing the
expected six DA neurons (white arrows). B) Bar graph of data collected in 2016 showing the
percent of L1 larvae with extra GFP+ cell bodies in the pharynx. All strains used expressed
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cat-2::GFP. Error bars show standard deviation, and asterisks show significance determined
by using a Student’s t-test between mutant strains and the WT control. C) Same as B, except
data was collected in 2019, using strains ~2 generations out after thaw from a frozen
population. D) Bar graph showing the number of cell corpses seen in L1 pharynxes. All
strains were in a ced-1(el735) background to increase visualization of corpses. Error bars
show standard deviation, and asterisks show significance determined by using a Student’s t-

test between mutant strains and the WT control.

Appendix 2
MS-specific markers after skn-1 (RNAi)

We discovered that MS-specific markers turn on in late-stage, arrested embryos after
skn-1 (RNAi) (Fig. 1). This was surprising because the MS transcriptional cascade, similarly
to the E cascade, begins with SKN-1 (Broitman-Maduro, 2006; Maduro et al., 2007). The
MS-marker thx-35::GFP is typically expressed in the early embryo, and we do not see early
embryonic expression after skn-1 (RNAi) (see Chapter 3). Looking at late-stage arrested
embryos, we see 83.40 + 6.83% of embryos expressing tbx-35::GFP (strain- MS562) and

53.44 + 12.99% of embryos expressing ceh-22::GFP (strain- JR1575).
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Figure 1 MS markers are expressed in skn-1 (RNAi) arrested embryos

A) DIC and GFP images of arrested embryos after skn-1 (RNAi) expressing either tbx-
35::GFP or ceh-22::GFP in an otherwise WT genetic background. B) Bar graph showing the
percent of arrested embryos after skn-1 (RNAi) expressing either thx-35::GFP or ceh-22::GFP

MS-specific markers. Error bars show standard deviation.

Appendix 3
ced-3 in transorganogenesis

Transorganogensis has been described in C. elegans whereby the pharynx and
somatic gonad begin to express gut-specific markers and take on a gut-like morphology after
heat shock-induced over expression of the GATA factor, ELT-7 (Riddle et al., 2013, 2016).
When L1 larvae with a 4s.:elt-7 construct are exposed to heat shock conditions (30 minutes
at 33°C), the majority of worms arrest at the L1 stage (74.94 £ 17.33% of worms) (Fig. 1).

CED-3 is a caspase most notably involved in initiating apoptosis in cells programmed to die
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(Ellis & Horvitz, 1986; Sulston & Horvitz, 1977). Here we report that ced-3(n717) mutants
partially rescue the L1 arrest phenotype after heat shock-induced expression of ELT-7 (33.69
+ 17.14%, p-value=0.04) (Fig. 1). This may indicate that CED-3 plays a role in
transorganogenesis, and the whole process is partially blocked in the ced-3(n717) strain.

Equally plausible is that cell death is necessary for the arrest phenotype.
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] wr
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Figure 1 ced-3(n717) rescues larval arrest after heat shock

Bar graph showing the percent of worms that arrested as L1 larvae in either WT or ced-
3(n717) strains expressing the As::elt-7 construct wls125 [hs::elt-7 + pRF4 (rol-6(sul004))].
Larval arrest with and without a 30 minute heat shock at 33°C is shown. Error bars show
standard deviation, and the asterisk shows significance determined by using a Student’s t-test

between ced-3(n717) and the WT control.
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