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ABSTRACT

The nervous system is composed of a variety of neuron types. Each distinct neuron type can
be distinguished by their morphological features, physical and electrical properties, connec-
tivity patterns, and perhaps more importantly, the expression of neuron type-specific gene
batteries. Due to this diversity in neuronal identities, different neuron types may form unique
and functioning neural circuits which control a wide range of activities we carry out every
day. It is therefore intriguing to understand how neuronal diversity is achieved from a devel-
opmental biology perspective. Over the history of developmental neurobiology, a number of
studies have been dedicated to elucidating the early steps of neuronal identity acquirement,
such as subtype specification, axon pathfinding. However, the final step of neuron develop-
ment which is the adoption of the stable terminal state as a fully differentiated post-mitotic
neuron has been poorly investigated. Recent work on the motor neurons of the nematode
Caenorhabditis elegans highlights the role of a special class of transcription factors termed
terminal selectors in defining the functional properties of a terminally differentiated neurons.
Mounting genetic analyses indicate that terminal selectors directly control the expression of
genes tightly related to the functions of fully differentiated neurons (e.g. neurotransmitter
synthesis genes, ion channels, neuropeptides etc.), which are termed terminal identity genes.
Nevertheless, given that a post-mitotic neuron must remain functioning throughout the life
of the animal, it is still unclear how the maintenance of terminal identity gene expression
over such a long period of time is accomplished. Are there other gene regulators besides the
terminal selectors involved in this long-term process? What are the mechanistical details of
terminal identity gene expression maintenance in the later stages of an animal’s life? Ad-
dressing these questions will not only help us get a comprehensive model of how neuronal
identity remains stable, but also provide clues to the etiology of late-onset neurodegenera-
tive diseases where neurons fail to maintain their identity and eventually die. Therefore, the
central goal of this thesis is to investigate how the continuous expression of terminal identity

x1



genes is achieved by focusing on the motor neurons of C. elegans.

To investigate the maintenance of terminal identity gene expression, I focus on one exam-
ple which is the glutamate receptor subunit gene glr-4. First, I characterized the endogenous
expression pattern of glr-4, showing it is only expressed in specific but not all cholinergic
MNs. I found that a novel AT-rich interaction domain (ARID) family transcription factor
CFI-1 acts as a repressor and prevents the cholinergic terminal selector UNC-3 and the mid-
body Hox proteins LIN-39 and MAB-5 from activating glr-4 in all cholinergic MNs. Using a
combination of inducible protein degradation system, genetic analysis, and promoter bashing
analysis, I showed that CFI-1 is continuously required to maintain the repression of glr-4
and it directly represses glr-4 by binding to the glr-4 promoter via a conserved binding mo-
tif for the ARID protein family. Furthermore, I performed Chromatin Immunoprecipitation
analysis followed by sequencing (ChIP-seq) for CFI-1 and revealed its genome-wide binding
pattern. The genome-wide binding profile of CFI-1 displays significant overlap with that of
the terminal selector UNC-3, suggesting that CFI-1 plays a critical role in co-regulating ter-
minal identity genes with UNC-3 in late developmental stages thereby maintaining neuronal

identity in adulthood.

Second, I explored the upstream regulatory mechanisms of the expression of cfi-1, which
appears to be crucial from the results mentioned above. With promoter bashing analysis,
I found that although cfi-1 is broadly expressed in the nervous system and muscle cells in
the head, a distal enhancer of cfi-1 is sufficient to drive its expression in the MNs. Care-
ful examination of this enhancer showed that cfi-1 expression in the MNs is regulated by
UNC-3 and LIN-39 and MAB-5. Interestingly, the Hox proteins are only required for the
initiation of cfi-1 expression during larval stages but are dispensable in adult worms. On the

other hand, UNC-3 is only important for the maintenance of cfi-1 in adulthood but is not

xii



necessary to drive the initiation of cfi-1 early on. This finding provides novel perspectives to
the functions of the terminal selector UNC-3 (apart from its known role in directly regulat-
ing terminal identity genes), as it may indirectly contribute to the maintenance of neuronal
identity by maintaining the expression of other transcription factors which then act on the

terminal identity genes.

Overall, these results corroborate previous findings on the properties of terminal selectors
and substantially expand our knowledge on neuronal identity maintenance by identifying a
key gene regulator of the process and reporting its regulatory mechanisms. Results from this
thesis will therefore make a leap towards a comprehensive understanding of how the nervous

system remains stable throughout our life.
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CHAPTER 1
INTRODUCTION

In this chapter, section 1.4 is partially reprinted from Feng, Li et al., an review article pub-
lished in Frontiers in Neuroscience in which I am a primary author. The work is included
with permission from all authors.

Relevant Publication

Feng, W.*, Li, Y.* and Kratsios, P., 2021. Emerging Roles for Hox Proteins in the
Last Steps of Neuronal Development in Worms, Flies, and Mice. Frontiers in Neu-

roscience, 15. (* Equal contribution)

1.1 The problem of neuronal identity

The definition of neuronal identity is a fundamental problem and historically the root of
neuroscience. It dates to the classic work of Ramén y Cajal that culminated in what would
become known as the “neuron doctrine”, where he classified anatomically distinct processing
units now known as neurons (Finger, 2001). Advancements in electrophysiology further ele-
vated our understanding of the physical properties of neurons, and enabled neuronal identity
classification based on their electrophysiological features and connectivity patterns (Hamill et
al., 1981; Neher and Sakmann, 1976; Sakmann and Neher, 1984; Verkhratsky and Parpura,
2014). Over the last decade or two, the advent of RNA sequencing technique added an

additional layer to the definition of neuronal identity, which is their molecular profiles.

The modern research on neuronal identity puts emphasis on the expression and under-
lying genetic regulation of neuron type-specific gene batteries. These gene batteries define

the phenotypic features of diverse neuronal identities and provide basis for their functions



(Hobert et al., 2010). Mounting molecular profiling studies have significantly enriched our
understanding of the diversity of neuron types (Eberwine et al., 1992; Esumi et al., 2008;
Tang et al., 2009; Tietjen et al., 2003). Naturally, the problem of neuronal identity then
becomes a question of how these neuron type-specific gene batteries are regulated. In this
thesis, the discussion of neuronal identity focuses on the genetic regulation of the function-

defining gene batteries of a neuron.

1.2 Establishment versus maintainance of neuronal terminal

identity

Terminally differentiated neurons are post-mitotic, thus they no longer undergo cell division
and need to remain stable and functioning throughout the life of the animal. Therefore, a
comprehensive understanding of neuronal identity cannot be achieved without studying the
regulation of the neuron type-specific gene batteries over the entire life of a neuron. The
long-term stability in the functions of post-mitotic neurons is based upon stability in the
expression of terminal identity genes (Deneris and Hobert, 2014). These terminal identity
genes encode neuropeptides, neurotransmitter (NT) synthesis related genes, NT receptors,
ion channels, enzymes etc. and are continuously expressed throughout the life of the neuron.
While research in the past has provided insights in how initiation of terminal identity gene
is established during early development, much is unknown about how maintenance of ter-
minal identity gene expression is achieved over the full lifespan of an animal, which can last
decades in many species. Characterizing the maintenance mechanisms of terminal differen-
tiation gene expression will not only fill in the knowledge gap of neuronal development, but
provide clues to what could go wrong in scenarios of late on-set neurodegenerative diseases.
In this thesis, I will hone in on one terminal identity gene as an example, the glutamate re-

ceptor subunit glr-4, and investigate the mechanisms underlying its expression maintenance.
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Terminal selectors are a special group of transcription factors and they have been found
so far in worms, flies, chordates, and mice (Deneris and Hobert, 2014; Hobert and Kratsios,
2019; Konstantinides et al., 2018). They have two important properties - a) they are contin-
uously expressed in neurons from development to adulthood; b) they control the terminally
differentiate state of a neuron with the ability to regulate a large pool of terminal identity
genes in a given neuron type . For instance, in the cholinergic motor neurons of the nematode
C. elegans, the phylogenetically conserved Collier/Olf/Ebf (COE)-type transcription factor
(TF) UNC-3/EDbf acts as a terminal selector. Genetic analysis revealed that UNC-3 directly
controls the transcription of all known terminal identity genes in the cholinergic MNs, in-
cluding unc-17/VAChT, cha-1/ChAT, ace-2/AChE, and cho-1/ChT etc. (Kratsios et al.,
2011). While previous work suggested that UNC-3 is required both for the initiation and
maintenance of the cholinergic terminal identity genes, it is unclear whether it shows this
unified behavior towards all the target genes it regulates as a TF. In Chapter 3 of this thesis,
I will explore a novel property of UNC-3, which is it is only required for the expression main-
tenance but not initiation of a transcription factor CFI-1. This behavior is different from its
regulation of terminal identity genes and may be extended to additional transcription factor
targets. Our results strongly suggest that terminal selectors may adopt different mechanisms

when regulating the establishment and maintenance of neuronal identity.

1.3 C. elegans ventral cord motor neurons as a model to study

neuronal terminal identity

To study the problem of neuronal identity maintenance, this work adopts the motor neurons
(MNs) of the nematode Caenorhabditis elegans as the research system. This system is an

excellent platform for studying neuronal identity due to 4 reasons.
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First, there are 8 unique types of MNs (SAB, DA, DB, VA, VB, AS, DD, and VD) whose
cell body locates in the ventral cord of the animal (Figure 1.1). These distinct neuron types
can be distinguished by their i) morphology and connectivity patterns (e.g. sending axons
and innervating the dorsal or ventral body wall muscles); ii) functions (e.g. controlling for-
ward or backward locomotion); and iii) molecular profiles (e.g. SAB, DA, DB, VA, VB, and
AS neurons are cholinergic and express a repertoire of genes related to the NT acetylcholine,
whereas DD and VD neurons are GABAergic and express genes related to GABA). A pre-
vious study suggests that the unique molecular profiles of these MN types are achieved by a
group of spatial-specifically expressed transcription factors (TFs) (Kerk et al., 2017). This
rich gene regulatory network presents promising candidates for studying the maintenance

aspect of terminal identity gene expression.

A

< — » D
L | v

Ventral Nerve Cord (VNC) motor neurons

Figure 1.1: Types of MNs in the C. elegans ventral cord.

Schematic illustrating the MN system in the C. elegans ventral nerve cord. There are 8
types of MNs in C. elegans, six of which (SAB, DA, DB, VA, VB, and AS) are cholinergic
while the remaining two (DD and VD) are GABAergic.

Second, the anatomical mapping of the 302 neurons in the C. elegans hermaphrodites is
well established (White et al., 1986). Taking advantage of the remarkable wealth of neuron
type-specific fluorescent reporters, it is convenient to analyze gene expression at single cell

level.



Third, despite a much shorter lifespan comparing to humans, the development of C. ele-
gans is well characterized and is composed of embryonic, larval (L1 — L4), and adult stages.
Three of the 8 MN types are born during embryogenesis, while the rest five are born post-
embryonically and become mature at the end of the L1 larval stage. Nevertheless, all 8 MN
types remain functioning once they are born and throughout life, requiring active mainte-

nance of their unique terminal identity gene batteries.

Last but not the least, C. elegans is an excellent model organism to perform genetic
studies due to the ease of applying power genetic tools like the CRISPR/Cas9 technique
(Ghanta and Mello, 2020; Jinek et al., 2012). It is also convenient to perform worm tracking
for behavioral analysis. Thus, they present an ideal model to study how neuronal identity

is maintained throughout life.

1.4 Hox genes control terminal identity features of ventral nerve

cord MNs

In the context of both cholinergic and GABAergic MNs, recent work demonstrated that
Hox genes act as cofactors of terminal selectors (Feng et al., 2020; Kratsios et al., 2017).
In cholinergic MNs, the mid-body Hox genes lin-39 and mab-5 collaborate with unc-3 to
activate expression of several terminal identity genes (unc-129, del-1, acr-2, dbl-1, unc-77,
slo-2) (Figure 1.2). Like UNC-3, chromatin immunoprecipitation experiments suggest that
LIN-39 and MAB-5 act directly (Feng et al., 2020; Kratsios et al., 2017). In GABAergic
MNs, lin-39 and mab-5 collaborate with unc-30 to control terminal identity gene expres-
sion, as well. Apart from this UNC-3 co-factor role, lin-39 is also the rate-limiting factor
for ensuring cholinergic MN identity. In the absence of unc-3, LIN-39 no longer binds to

the cis-regulatory region of cholinergic MN genes. Instead, it relocates and switches targets,
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resulting in ectopic activation of alternative identity genes (Feng et al., 2020). Hence, the
terminal selector UNC-3 prevents a Hox transcriptional switch to safeguard cholinergic MN

identity.

Are Hox genes required during adulthood to maintain terminal identity features and
thereby ensure continuous functionality of individual neuron types? Inducible, protein de-
pletion experiments using the auxin inducible degradation (AID) system demonstrated that
the midbody Hox protein LIN-39 is required in adult life to maintain MN terminal identity
features (Feng et al., 2020; Li et al., 2020). This finding is unexpected because Hox genes are
mostly thought to act early during animal development. Additional work on Hox is needed
in C. elegans and other model systems to rigorously test whether maintenance of neuronal

identity is a key feature of Hox gene function in the nervous system.

The organization of cholinergic MNs into distinct subtypes along the A-P axis also offers
an opportunity to dissect the molecular mechanisms underlying neuronal subtype identity.
For example, the DA class of nine MNs can be subdivided into four subtypes based on cell
boy position: DA1 is located at the anterior ganglion (retrovesicular ganglion [RVG]), DA2-7
are located at the VNC, and DA8-9 are found at the posterior ganglion (preanal ganglion
[PAG]). In addition to their position, cholinergic MN subtypes do show distinct connectiv-
ity features and expression profiles of terminal identity genes (Kratsios et al., 2017). Hox
genes control cholinergic MN subtype identity along the A-P axis of the C. elegans nervous
system via an intersectional strategy that involves the terminal selector UNC-3 (Kratsios et
al., 2017). For example, UNC-3 is expressed in all 9 DA neurons, but collaborates with the
mid-body Hox genes lin-39 and mab-5 in mid-body DA2-7 neurons to control their terminal
identity (Figure 1.2). Similarly, UNC-3 and the posterior Hox gene egl-5 determine posterior

MN (DA9) terminal identity (Figure 1.2). In addition, egl-5 also controls the appropriate



synaptic wiring of DA9 neurons, illustrating that Hox proteins can coordinate connectivity
and terminal identity features (Kratsios et al., 2017). Although the molecular mechanism of
egl-5 activity in posterior MNs is unknown, biochemical evidence suggest that LIN-39 — like
UNC-3 - acts directly by binding on the cis-regulatory region of terminal identity genes. This
direct mode of regulation further extends to intermediary TFs (cfi-1/Arid3a, bne-1/Bncl/2)

responsible for MN subtype identity (Kerk et al., 2017; Li et al., 2020).

A B
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Figure 1.2: Hox gene functions in the MNs of C. elegans.
A-B, An intersectional strategy for the control of terminal identity of midbody (A) and
posterior (B) MNs along the A-P axis of the C. elegans ventral nerve cord.



1.5 The ARID family transcription factors and their role in

regulating neuronal identity

The ARID (AT-rich interaction domain) proteins are a large protein family that can be found
in all eukaryotes and plays critical role in development and tissue-specific gene expression
(Patsialou et al., 2005). This protein family is recognized by a highly conserved ARID do-
main, which is a helix-turn-helix motif-based DNA binding domain. Previous work on ARID
proteins in humans, fruit flies, and yeast revealed that despite their shared ARID domain,
not all ARID proteins have the same DNA-binding behavior. While the human ARID3a
and Drosophila Dri (dead ringer) proteins bind to a consensus AT-rich motif, the human
ARID1a protein which is a member of the SWI/SNF chromatin remodeling complex does
not show preference for specific DNA sequences (Dallas et al., 2000; Gregory et al., 1996;
Herrscher et al., 1995; Whitson et al., 1999).

The gene cfi-1 encodes the only ARID protein in C. elegans (Shaham and Bargmann,
2002). As a homolog of ARID3 subfamily of ARID proteins in humans, previous work sug-
gested that CFI-1 also shows DNA sequence preference and binds to a consensus AT-rich
motif (Shaham and Bargmann, 2002). Genetic analyses suggest that CFI-1 acts as a reg-
ulator of cell identity in specific neuron types (Kerk et al., 2017; Shaham and Bargmann,
2002). A detailed review of these genetic studies will be covered in Chapter 3. It appears
that CFI-1 may function as either a gene activator or repressor depending on the neuron
types. Nevertheless, it is unknown whether CFI-1, potentially playing a key role in deter-
mining neuronal identity, is also involved in maintaining their terminal identity beyond early

development and neurogenesis.



1.6 Aim of this study

Motor neurons (MNs) transmit information from the central nervous system directly to mus-
cles, thus are essential for controlling movements. MNs are highly diverse in terms of their
morphology, connectivity patterns and molecular profiles. Degeneration of MN subtypes has
been implicated in various severe diseases, including spinal muscular atrophy (SMA) and
amyotrophic lateral sclerosis (ALS). Despite much effort in elucidating the mechanisms of
early MN development, the molecular mechanisms underlying the maintenance of MN di-

versity remain poorly understood.

To investigate the mechanisms of MN identity maintenance, this study focuses on one
terminal identity gene glr-4, a glutamate receptor subunit in the nematode C. elegans, which
is expressed specifically in certain but not all MNs of the VNC. The expression of glr-/ in
these MNs begins during larval stages and lasts throughout life. Previous work suggests that
the conserved Collier/Olf/Ebf (COE)-type transcription factor (TF) UNC-3/EDbf is required
to activate glr-4 (Kratsios et al., 2011). Given that UNC-3 is expressed in all cholinergic
MNs, an intriguing question then arises - How UNC-3 only activates glr-4 selectively in a
subset of these MNs but not in all of them? A genetic analysis suggests that the C. elegans
ARID protein CFI-1 acts as a repressor and prevents UNC-3 from activating g¢lr-4 in the
rest of the MNs. However, it is unknown whether CFI-1 is continuously required to maintain

the repression of glr-4.

In this thesis, Chapter 2 will investigate the role of CFI-1 in maintaining the neuron
-type specific expression pattern of glr-4 in adult worms. Chapter 3 will dive deeper into
the upstream regulation of cfi-1, which turns out to be key player in maintaining neuronal
identity. Together, our results uncover a sophisticated gene regulatory network involving

UNC-3, CFI-1, and Hox proteins that is dedicated in establishing and maintaining neuronal
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identity diversity. The findings presented in this thesis may provide general mechanisms that
apply to other species, hence contributing to a more comprehensive understanding of how

the stability of post-mitotic neurons is achieved.
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CHAPTER 2
CONTROL OF NEURONAL TERMINAL DIFFERENTIATION
THROUGH CELL CONTEXT-DEPENDENT CFI-1/ARID3
FUNCTIONS

This Chapter is a full reprint of Li et al., bioRxiv, in which I am the primary author. The
work is included with permission from all authors. To be noted, the manuscript here has
not yet been formally peer-reviewed and may undergo revision.

Relevant Publication

Yinan Li, Jayson J. Smith, Filipe Marques, Anthony Osuma, Hsin-Chiao Huang, Paschalis
Kratsios. (2022) Control of neuronal terminal differentiation through cell context-
dependent CFI-1/ARID3 functions. bioRziv; doi: https://doi.org/10.1101/2022.

07.04.498728

2.1 Abstract

ARID3 transcription factors are expressed in the nervous system, but their functions and
mechanisms of action are largely unknown. Here, we generated in vivo a genome-wide bind-
ing map for CFI-1, the sole C. elegans ARID3 ortholog. We identified 6,396 protein-coding
genes as putative direct targets of CFI-1, most of which (77%) are expressed in post-mitotic
neurons and encode terminal differentiation markers (e.g., neurotransmitter receptors, ion
channels, neuropeptides). To gain mechanistic insights, we focused on two neuron types.
In sensory neurons (IL2 class), CFI-1 exerts a dual role: it acts directly to activate, and
indirectly to repress, distinct terminal differentiation genes. In motor neurons, however,
CFI-1 acts directly as a repressor, continuously antagonizing three transcriptional activators

(UNC-3/Ebf, LIN-39/Hox4-5, MAB-5/Hox6-8). By focusing on a glutamate receptor gene
14
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(glr-4/GRIK1), we found CFI-1 exerts its repressive activity through proximal binding to
the glr-4 locus. Further, the core DNA binding domain of CFI-1 is partially required for
glr-/ repression in motor neurons. Altogether, this study uncovers cell context-dependent
mechanisms through which a single ARID3 protein controls the terminal differentiation of

distinct neuron types.

2.2 Introduction

Members of the ARID family of proteins are found in plants, yeast, fungi, and invertebrate
and vertebrate animals (Kortschak et al., 2000, Patsialou et al., 2005, Wilsker et al., 2002,
Wilsker et al., 2005). ARID family proteins are expressed either ubiquitously or in a tissue-
specific fashion and control various biological processes, such as cell proliferation, differen-
tiation, and embryonic patterning (Wilsker et al., 2002, Wilsker et al., 2005). Additionally,
mutations in ARID family proteins are associated with cancer and several neurodevelopmen-
tal disorders (Shang et al., 2015, Bramswig et al., 2017, Kosho et al., 2014, Miyake et al.,
2014, Smith et al., 2016, Lin et al., 2014).

Humans possess fifteen ARID family proteins, divided into seven subfamilies (ARID1-5,
JARID1-2) based on the degree of sequence similarity (Wilsker et al., 2005). The AT-Rich
Interaction Domain (ARID), after which the family is named, was first identified in ARID3
proteins. These bind DNA in a sequence-specific manner, prefer AT-rich sequences, and are
known to function as transcription factors (Wilsker et al., 2005). The ARID5 subfamily
also encodes transcription factors (Patsialou et al., 2005, Wilsker et al., 2002), but the re-
maining five subfamilies (ARID1-2, ARID4, JARID1-2) encode proteins that bind DNA in a
non-sequence-specific manner (Patsialou et al., 2005). For example, ARID1A, ARID1B, and
ARID2 constitute subunits of the SWI/SNF (BAF/PBAF) chromatin-remodeling complex
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that can move and/or eject nucleosomes. Although the precise functions of all ARID proteins
are not known, accumulating evidence suggests they can act either as positive or negative
regulators of gene transcription, or as components of chromatin-remodeling complexes (Ko-

rtschak et al., 2000, Patsialou et al., 2005, Wilsker et al., 2002, Wilsker et al., 2005).

Mouse Bright (Arid3a) and Drosophila dead ringer (retained) are the founding members
of the ARID family, and belong to the ARID3 subfamily, which is specific to metazoans.
Single orthologs exist in C. elegans (CFI-1) and Drosophila (dead ringer), whereas mam-
mals contain three orthologs (ARID3A-C) (Fig. 1A) (Kortschak et al., 2000, Wilsker et al.,
2005, Gregory et al., 1996, Shaham and Bargmann, 2002). A defining feature of ARID3
proteins is the extended ARID (eARID) domain, a ~40 residue-long region next to the core
ARID domain (Wilsker et al., 2002, Wilsker et al., 2005) (Kortschak et al., 2000). Structural
studies showed both ARID and eARID domains contact DNA (Iwahara and Clubb, 1999,

Iwahara et al., 2002).

ARID3 proteins have several early developmental roles, as identified by genetic studies.
Mice lacking Bright/Arid3a display early embryonic lethality due to defects in hematopoiesis
(Webb et al., 2011). Bright/Arid3a is best studied in B cell lineages, where it acts as an acti-
vator and increases immunoglobulin transcription(Herrscher et al., 1995, Ratliff et al., 2014,
Webb et al., 2011, Webb et al., 1998). However, Bright/Arid3a is also critical for embryonic
stem cell differentiation (An et al., 2010, Popowski et al., 2014, Rhee et al., 2014). In this
context, it can act either as an activator or repressor of gene expression (Rhee et al., 2014).
Similar to mice lacking Bright/Arid3a, null mutants for dead ringer in Drosophila display
early lethality (Shandala et al., 1999, Shandala et al., 2002). Dead ringer is essential for
anterior-posterior patterning and muscle development in the fly embryo, and can act either

as an activator or repressor of gene transcription (Hader et al., 2000, Shandala et al., 1999,
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Valentine et al., 1998). Lastly, Arid3a and Arid3b have been associated with tumorigenesis

by acting as direct inducers of cell cycle regulators (Lestari et al., 2012, Saadat et al., 2021).

Genetic studies in Drosophila and C. elegans have also identified late developmental roles
of ARID3 proteins in the nervous system. In Drosophila larvae, dead ringer is expressed in
distinct neuron types and controls axonal pathfinding (Ditch et al., 2005, Shandala et al.,
2003, Sibbons, 2004), though its downstream targets in neurons - and thus, whether dead
ringer behaves as an activator or repressor — remain unknown. In C. elegans, cfi-1 is selec-
tively expressed in head muscle and several neuron types: the IL2 sensory neurons, the AVD,
PVC, and LUA interneurons, and various classes of motor neurons (Shaham and Bargmann,
2002, Li et al., 2020). Because C. elegans animals lacking cfi-1 are viable (Shaham and
Bargmann, 2002), these mutant strains provided a glance into the potential functions of
ARID3 proteins during post-embryonic life. Candidate approaches that examined a handful
of effector genes encoding neurotransmitter (NT) biosynthesis proteins and receptors sug-
gested that CFI-1 acts as an activator of gene expression both in sensory neurons (IL2) and
interneurons (AVD, PVC) (Shaham and Bargmann, 2002, Zhang et al., 2014, Ahn et al.,
2022). However, in ventral nerve cord motor neurons, CFI-1 is thought to act as a repressor
of the glutamate receptor gene gir-4/GRIK1 (Kerk et al., 2017). The molecular mechanisms
underlying the differential activities of CFI-1 (activator versus repressor) in these distinct
neuron types remain unknown. Elucidating such mechanisms in C. elegans may provide
clues as to how CFI-1 orthologs in other species control cell differentiation. Lastly, unbiased
approaches to identify the in vivo targets of CFI-1 (and any other ARID3 protein) in the
nervous system are currently lacking, preventing a comprehensive understanding of the neu-

ronal functions controlled by ARID3 transcription factors.

Here, we performed chromatin immunoprecipitation for CFI-1 followed by sequencing
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(ChIP-Seq). By generating an in vivo binding map on the C. elegans genome, we identified
6,396 protein-coding genes as putative direct targets of CFI-1, the majority of which (77%)
are expressed in post-mitotic neurons. Gene ontology analysis suggests CFI-1 is primarily
involved in the process of neuronal terminal differentiation. To gain mechanistic insight into
how CFI-1 controls the terminal differentiation of different neuron types, we focused on head
sensory neurons (IL2 class) and nerve cord motor neurons (DA, DB, VA, and VB classes). In
sensory IL2 neurons, CFI-1 exerts a dual role: it acts directly to activate and indirectly to re-
press distinct terminal differentiation genes (e.g., NT receptors, ion channels). In nerve cord
motor neurons, however, CFI-1 acts directly to repress expression of the glutamate receptor
gene glr-4/GRIK1. CRISPR/Cas9-mediated mutagenesis of endogenous CFI-1 binding sites
suggests proximal binding to the glr-4 locus is necessary for repression, advancing our under-
standing of ARID3-mediated gene repression. Importantly, the core DNA binding domain
of CFI-1 is partially required for glr-4 repression in motor neurons. Altogether, this study
offers mechanistic insights into cell context-dependent functions of CFI-1 (ARID3), a critical

regulator of the terminal differentiation program of distinct neuron types.
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2.3 Materials and Methods

2.3.1 C. elegans strain culture

Worms were grown at 20°C or 25°C on nematode growth media (NGM) plates supplied with
E. coli OP50 as food source (Brenner, 1974).

2.3.2  Generation of transgenic animals carrying transcriptional fusion

reporters and overexpression or rescue constructs

Reporter gene fusions for cis-regulatory analyses of g¢lr-4 were made with PCR fusion
(Hobert, 2002). Genomic regions were amplified and fused to the coding sequence of tagrfp
followed by the unc-54 3> UTR. PCR fusion DNA fragments were injected into young adult
pha-1(e2123) hermaphrodites at 50 ng/pl together with pha-1 (pBX plasmid) as co-injection
marker (50 ng/ul). To generate animals with c¢fi-1 overexpression in the SAB neurons, the
unc-4 promoter was fused to the cDNA sequence of cfi-1 followed by the unc-54 3> UTR.
The fluorescent co-injection marker myo-2::gfp was used (2 ng/ul) and the PCR fusion DNA
fragments were injected into young adult animals carrying the glr-4::tagrfp reporter at 50
ng/ul. To generate transgenic animals carrying different versions of the cfi-1 ¢cDNA rescue
constructs (WT, AARID, AeARID, AHTH), the cfi-1 enhancer driving expression in mo-
tor neurons was fused to the corresponding version of c¢fi-1 ¢cDNA followed by the unc-54 3’
UTR. The fluorescent co-injection marker myo-2::gfp was used (2 ng/pl) and the PCR fusion
DNA fragments were injected into young adults of cfi-1(-) mutants carrying the glr-4::tagrfp

reporter at 50 ng/pul.
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2.3.8 Targeted genome editing

The endogenous glr-4 reporter allele syb3680 [2x NLS::mScarlet::glr-4] was generated by
SunyBiotech via CRISPR/Cas9 genome editing by inserting the 2x NLS::mScarlet cassette
immediately after the ATG of glr-4. Moreover, the endogenous glr-/ reporter allele syb5348
[2x NLS::mScarlet::SL2::glr-411 CFI-1 sites MUT | {1 at carries nucleotide substitutions in eleven
CFI-1 binding sites was also generated by SunyBiotech. The endogenous glr-4 reporter al-
lele kas29 [2x NLS::mScarlet::SL2::glr-4COET MUT] that carries nucleotide substitutions in
a single UNC-3 binding site (COE1 motif) was generated in the Kratsios lab by using ho-
mology dependent repair and inserting a synthesized DNA fragment that carries the desired

mutations.

2.3.4  Microscopy

Imaging slides were prepared by anesthetizing worms with sodium azide (NaNj3, 100 mM)
and mounting them on a 4% agarose pad on glass slides. Images were taken with an auto-
mated fluorescence microscope (Zeiss, Axio Imager 7Z2). Images containing several z stacks
(0.50 pm intervals between stacks) were taken with Zeiss Axiocam 503 mono using the ZEN
software (Version 2.3.69.1000, Blue edition). Representative images are shown following
max-projection of 2-5 pm Z-stacks using the maximum intensity projection type. Image

reconstruction was performed with Image J (Schindelin et al., 2012).

2.8.5 Motor neuron subtype identification

Motor neuron subtypes were identified based on combinations of the following factors: [1]
co-localization with or exclusion from additional reporter transgene with known expression

patterns; [2] Invariant position of neuronal cell bodies along the ventral nerve cord, [3] Birth
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order of specific motor neuron subtypes (e.g., during embryonic or post-embryonic stages);

[4] Total cell numbers in each motor neuron subtype.

2.3.6 Bioinformatic prediction of binding motifs

Information of the CFI-1 binding motif is curated in the Catalog of Inferred Sequence Binding
Preferences database (http://cisbp.ccbr.utoronto.ca). To predict and identify CFI-1
binding motifs in the glr-4 promoter, we utilized tools provided by MEME (Multiple Expec-
tation maximization for Motif Elicitation) bioinformatics suite (http://meme-suite.org/),

and performed FIMO (Find Individual Motif Occurrences) motif scanning analysis.

2.3.7 Chromatin Immunoprecipitation (ChIP)

ChIP assay was performed as previously described, with the following modifications (Yu et
al. 2017; Zhong et al. 2010). Synchronized L1 c¢fi-1(syb1778/3xFLAG::cfi-1]) worms and N2
worms were cultured on 10 cm plates seeded with OP50 at 20°C overnight. Late L2 worms
were cross-linked and resuspended in FA buffer supplemented with protease inhibitors (150
mM NaCl, 10 ul 0.1 M PMSF, 100 pl 10% SDS, 500 nl 20% N-Lauroyl sarsosine sodium,
2 tablets of cOmplete ULTRA Protease Inhibitor Cocktail [Roche Cat.# 05892970001] in
10ml FA buffer). For each IP experiment, 200 ul worm pellet was collected. The sample was
then sonicated using a Covaris 5220 at the following settings: 200 W Peak Incident Power,
20% Duty Factor, 200 Cycles per Burst for 1 min. Samples were transferred to centrifuge
tubes and spun at the highest speed for 15 min. The supernatant was transferred to a new
tube, and 5% of the material was saved as input and stored at -20°C. The remainder was
incubated with FLAG antibody at 4°C overnight. Wild-type (N2) worms do not carry the

GFP tag and serve as negative control. The cfi-1(syb1778/3xFLAG::cfi-1]) CRIPSR gener-
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ated allele was used in order to immunoprecipitate the endogenous CFI-1 protein. On the
next day, 20 ul Dynabeads Protein G (1004D) was added to the immunocomplex which was
then incubated for 2 hr at 4°C. The beads then were washed at 4°C twice with 150 mM Na(Cl
FA buffer (5 min each), once with 1M NaCl FA buffer (5 min). The beads were transferred
to a new centrifuge tube and washed twice with 500 mM NaCl FA buffer (10 min each), once
with TEL buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1mM EDTA, 10 mM
Tris-HCI, pH 8.0) for 10 min, twice with TE buffer (5 min each). The immunocomplex was
then eluted in 200 pl elution buffer (1% SDS in TE with 250 mM NaCl) by incubating at
65°C for 20 min. The saved input samples were thawed and treated with the ChIP samples
as follows. One (1) pl of 20 mg/ml proteinase K was added to each sample and the samples
were incubated at 55°C for 2 hours then 65°C overnight (12-20 hours) to reverse cross-link.
The immonuprecipitated DNA was purified with Ampure XP beads (A63881) according to

manufacturer’s instructions.

2.3.8 ChIP-Seq data analysis

Unique reads were mapped to the C. elegans genome (cel0) with bowtie2 (Langmead and
Salzberg 2012). Peak calling was then performed with MACS2 (minimum g-value cutoff
for peak detection: 0.005) (Zhang et al. 2008). For visualization purposes, the sequencing
depth was normalized to 1x genome coverage using bamCoverage provided by deepTools
(Ramirez et al. 2016) and peak signals were shown in Integrated Genome Viewer (Siponen
et al.). Heatmap of peak coverage in regard to CFI-1 enrichment center was generated with
NGSplot (Shen et al. 2014). The average profile of peaks binding to TSS region was gener-
ated with ChIPseeker (Yu et al. 2015).
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2.3.9 Enrichment of CFI-1 targets in IL2 expressed genes

The top 1,000 highest expressed genes in IL2 (transcripts per million, tpm) were mined
from available single-cell RNA-sequencing data (CeNGEN). This dataset was computation-
ally compared to a dataset of CFI-1 ChIP-Seq targets using the ‘semi_join’ function in R
(package Dplyr 1.0.7). This generated a new data frame containing genes in the scRNA-seq
dataset that are also putatively bound by CFI-1. Similarly, the ‘set_diff’ function (Dplyr
1.0.7) was used to generate a new data frame containing genes that are expressed in IL2
based on scRNA-seq but which are not found in the CFI-1 ChIP-seq dataset. Gene list
analysis (PANTHER 17.0) was performed on both data frames to functionally classify all

genes based on protein class ontology.

2.3.10 Temporally controlled protein degradation

Temporally controlled protein degradation was achieved with the auxin-inducible degrada-
tion system (Zhang et al., 2015). TIR1 expression was driven by the pan-neuronal promoter
in the transgene otTi28unc-11prom8+-ehs-1promT+rgef-1prom2:: TIR1::m Turquoise2::unc-
54 3’UTR)]. To induce degradation of CFI-1 proteins, we used the allele kas16/cfi-1::mNG::AID).
Worms at the L4 stage were grown at 20°C on NGM plates coated with 4 nM auxin (indole-3-
acetic acid [TAA] dissolved in ethanol) or ethanol (negative control) for 2 days before testing

(see figure legends for exact time in specific experiments). All plates were shielded from light.
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2.83.11 Single molecule RNA fluorescent in situ hybridization (smRNA

FISH)

Synchronized L1 worms were collected from the plates and washed with M9 buffer 3 times.
Worms were incubated in the fixation buffer (3.7% formaldehyde in 1x PBS) for 45 minutes
at room temperature. Worms were then washed twice with 1x PBS, resuspended in 70%
ethanol and left at 4°C for two nights. After removing the ethanol, worms were incubated
in the wash buffer (10% formamide in 2x SSC buffer) for 5 minutes and the wash buffer was
removed afterwards. A glr-4 probe was designed using the Stellaris Probe Designer website
(Biosearch Technologies). The probe was mixed in hybridization buffer (0.1 g/ml dextran
sulfate [Sigma D8906-50G], 1 mg/ml Escherichia coli tRNA [ROCHE 10109541001}, 2 mM
vanadyl ribonucleotide complex [New England Biolabs S1402s], 0.2 mg/ml RNase-free BSA
[Ambion AM2618], 10% formamide) and added to the worms. The hybridization buffer was
removed and worms were washed twice in wash buffer (DAPI was added during the sec-
ond wash and incubated for 30 minutes in the dark for nuclear counterstaining). Worms
were washed once in 2x SSC, incubated in GLOX buffer (0.4% glucose, 0.1 M Tris-HCI, 2x
SSC) for 2 minutes for equilibration, and the resuspended in GLOX buffer with glucose oxi-

dase and catalase added. The samples were then examined under the fluorescent microscope.

2.3.12  Real-time PCR assay for glr-4 expression level analysis

Synchronized 14 stage wildtype and cfi-1(-) worms were collected, and mRNA was extracted.
c¢DNA library was prepared using the Superscript first strand cDNA synthesis kit (Invitrogen
#11904-018). RT-PCR TagMan assays for the genes glr-4 (assay ID: Ce02435302_gl) and
pmp-3 (Ce02485188_m1) were performed, and the expression level of gir-/ was determined

in each genotype after normalizing to the expression of the housekeeping gene pmp-35.
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2.3.13 Harsh touch behavioral assay

Harsh touch was delivered with a platinum wire pick as previously described (Li et al 2001,
Marques et al 2019). The stimulus was applied from above the animals by pressing down
with the edge of the pick on the tail of non-moving adult animals. Each animal was tested
only once, and we scored as normal response worms that moved forward. Results are pre-

sented as fractions of animals that were responding normally.

2.8.14 Statistical analysis

For data quantification, graphs show values expressed as mean + standard error mean
(SEM) of animals. The statistical analyses were performed using the unpaired t-test (two-
tailed). Calculations were performed using the GraphPad QuickCalcs online software (http:

//www . graphpad. com/quickcalcs/). Differences with p < 0.05 were considered significant.

Data Availability
The accession number for the CFI-1 ChIP-Seq data is GEO: GSE205628.
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2.4 Results

2.4.1 A map of CFI-1/ARIDS3 binding on the C. elegans genome

To identify CFI-1 binding events, we first generated an endogenous reporter strain through
in-frame insertion of the flag epitope sequence (3xflag) immediately after the cfi-1 start
codon (Figure. 2.1B). Immunostaining against FLAG on adult 3x flag::cfi-1 animals showed
nuclear expression in head muscle cells, as well as in neurons of the head, ventral nerve cord,
and tail regions (Figure. 2.1C-E), indicating this reporter allele faithfully recapitulates the
known expression pattern of cfi-1 (Kerk et al., 2017, Shaham and Bargmann, 2002). Unlike
cfi-1 null animals (Shaham and Bargmann, 2002), homozygous 3x flag::cfi-1 animals do not
display any defects in posterior touch response (Figure. 2.2). This suggests that insertion of
the 3xflag sequence does not alter cfi-1 gene function. We therefore conducted ChIP-Seq
using a FLAG antibody on homozygous 3x flag::cfi-1 animals at the third larval stage (L3),

as all cfi-1-expressing cells are generated by this stage.

Our ChIP-Seq experiment revealed strong enrichment of CFI-1 binding in the C. elegans
genome, identifying 14,806 unique binding peaks (g-value cutoff: 0.05) (Figure. 2.1F-G).
The CFI-1 peaks are predominantly located between 0 and 3kb upstream of transcription
start sites (Figure. 2.1H), suggesting CFI-1 acts at promoter and enhancer regions to reg-
ulate gene expression. Altogether, ChIP-Seq for CFI-1 generated the first in vivo binding
map of an endogenously tagged ARID3 protein, offering an opportunity to comprehensively

identify the biological processes controlled by CFI-1.
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2.4.2  The majority of CFI-1/ARIDS3 target genes encode neuronal

terminal differentiation markers

Subsequent bioinformatic analysis of the 14,806 CFI-1 binding peaks revealed 6,396 protein-
coding genes as putative CFI-1 targets (see Materials and Methods). Because the major-
ity of cfi-1-expressing cells are neurons (Figure. 2.1C-E) (Kerk et al., 2017, Shaham and
Bargmann, 2002), we reasoned that a significant portion of the 6,396 protein-coding genes
may be expressed in the nervous system. To test this, we used available single-cell expression
profiles (CeNGEN project: www.cengen.org) for all known cfi-1-expressing neurons (IL2,
URA, AVD, PVC, LUA, DA, DB, VA, VB, DD, VD), and indeed found that 77.1% of the
global CFI-1 targets (4,931 out of 6,396) are expressed in these neurons (Figure. 2.1J). To
gain insights into the biological functions of CFI-1, we conducted gene ontology (GO) analy-
sis with PANTHER (Mi et al., 2013). Strikingly, the majority of CFI-1 target genes (~70%)
encodes proteins essential for neuronal terminal differentiation (e.g., NT receptors, trans-
porters, ion channels, transmembrane receptors, cell adhesion molecules) (Figure. 2.11-K).
The second largest category (23% of CFI-1 targets) contains transcription factors, chromatin
factors, as well as proteins involved in DNA/RNA metabolism (Figure. 2.11-K), suggesting
CFI-1 can affect gene expression indirectly through these factors. Altogether, the down-
stream targets identified via our unbiased approach suggest that CFI-1 plays a prominent

role in neuronal terminal differentiation.

2.4.8 CFI-1/ARID3 acts directly to activate terminal differentiation genes

in IL2 sensory neurons

Although cfi-1 is expressed in several neuron types, a handful of CFI-1 target genes have

only been identified in head sensory neurons of the IL2 class (Figure. 2.3A-B) (Shaham
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Figure 2.1: Mapping genome-wide CFI-1 binding with ChIP-seq.

A, Schematics of the coding sequences of CFI-1 and its Drosophila homolog Dead ringer
(Dri) and Mouse homologs Arid3a-c. The ARID (yellow) and REKLES (blue) domains are
highlighted.
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Figure 2.1, continued.

B, Diagram of the 3xflag::cfi-1 allele. The endogenous CFI-1 proteins are tagged with
3xFLAG which are inserted immediately after the ATG. (Bottom) Schematic of C. elegans
with dashed line boxes highlighting regions where immunostaining images are shown in
C-E.

C-E, The expression of 3xFLAG::CFI-1 fusion protein is confirmed by immunostaining
(DAPI, blue; anti-FLAG, red) in the ventral cord motor neurons (C), muscles (indicated by
arrowheads) and neurons in the head (D), and neurons in the tail (E)

F, Fingerprint plot indicating localized, strong enrichment of CFI-1 binding events in the
genome. Specifically, when counting the reads contained in 86% of all genomic bins, only
50% of the maximum number of reads are reached, which indicates 14% of the genome
contain half of total reads.

G, Heatmap of CFI-1 ChIP-seq signal around 1.0 kb of the center of the binding peak.

H, Summary plot of CFI-1 ChIP-seq signal with a 95% confidence interval (grey area)
around 3.0 kb of the transcription start site (Kadkhodaei et al.). The average signal peak
is detected at ~140 bp upstream of the TSS.

I, Graph summarizing protein class ontology analysis of global CFI-1 target genes identified
by ChIP-seq. A total number of 7,995 genes are analyzed, 4,984 of which hit known protein
class terms.

J, Pie chart summarizing three main categories of genes bound by CFI-1.

K, Venn diagram showing that 77.1% of the protein-coding genes (4,931 out of 6,396) that
are bound by CFI-1 are expressed in the nervous system based on RNA-Seq data from the
CenGEN project.

and Bargmann, 2002, Zhang et al., 2014). In these neurons, genetic experiments suggested
CFI-1 influences gene expression both positively and negatively (Shaham and Bargmann,
2002, Zhang et al., 2014). CFI-1 activates various terminal differentiation genes (e.g., cho-
1/ChT, unc-17/VACRT, gcy-19 [receptor-type guanylate cyclase|, klp-6 [kinesin-like protein],
unc-5 [netrin receptor]), and represses expression of two ion channel-encoding genes (pkd-
2/Polycystin-2 like 1 [PKD2L1] and lov-1/Polycystin-1 like 3 [PKD1L3]) associated with
polycystic kidney disease (Zheng et al., 2018b). It remained unknown, however, whether
CFI-1 acts directly or indirectly to control these genes. Leveraging our ChIP-Seq dataset,
we found that CFI-1 binds directly to all known terminal differentiation genes (e.g., cho-
1/ChT, unc-17/VACKT) that require cfi-1 gene activity for their activation in IL2 neurons

(Figure. 2.3C). However, we did not detect any binding in the cis-regulatory regions of
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Figure 2.2: Harsh touch assay on C. elegans animals carrying the 3xflag::cfi-1
allele used for ChIP-Seq.

Summary of the percentage of animals that show normal response to harsh touch stimulation
for each genotype. Normal response is determined by forward locomotion upon harsh touch
of the tail. See Materials and Methods for details. The null 0t786 allele of c¢fi-1 is used as
a positive control. N = 60.

genes repressed by cfi-1 (pkd-2, lov-1) (Fig. 2D). Altogether, biochemical evidence (ChIP-
Seq) combined with genetic studies (Shaham and Bargmann, 2002, Zhang et al., 2014)
strongly suggest that in IL2 sensory neurons, CFI-1 exerts a dual role: it directly activates
a set of terminal differentiation genes, but indirectly (via intermediary factors) represses the

expression of ion channel-encoding genes (pkd-2/Polycystin-2 and lov-1/Polycystin-1 like)
(Figure. 2.3B).
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We next undertook an unbiased approach to investigate whether genes expressed in ma-
ture IL2 neurons are also bound by CFI-1. To this end, we used available single-cell expres-
sion profiles (CeNGEN project: www.cengen.org) and selected the most highly expressed
genes (top 1,000) in IL2 neurons. Strikingly, most of these genes (~70%) are bound by
CFI-1 (Figure. 2.3E). Among them, GO analysis revealed an overrepresentation of terminal
differentiation genes (Figure. 2.3E). This analysis provides biochemical evidence to support

the idea that CFI-1 directly activates scores of terminal differentiation genes in IL2 neurons.

2.4.4 CFI-1/ARIDS3 acts directly to repress endogenous glr-4/GRIK1

expression tn cholinergic motor neurons

Our findings in IL2 sensory neurons suggest CFI-1 is a direct activator and indirect repres-
sor of gene expression (Figure. 2.3B-D). Next, we interrogated the function of CFI-1 in
cholinergic nerve cord motor neurons that control locomotion (Figure. 2.4A). Using an en-
dogenous reporter allele (Li et al., 2020), we found that cfi-1 is selectively expressed in 29
cholinergic motor neurons (of the DA, DB, VA, VB classes) located in the mid-body region
(Figure. 2.4A, Figure. 2.5). Next, we asked whether in these neurons CFI-1 functions as an
activator of gene expression. To this end, we examined for cfi-1 dependency five available
motor neuron-specific terminal differentiation markers (twk-40, twk-43 [TWiK potassium
channels]; ncs-2 [neuronal calcium sensor]; npr-29 [neuropeptide]; dbl-1 [Bmp-like]) (Li and
Kratsios, 2021). These showed no difference in expression in motor neurons of cfi-1(-) mu-
tants (Figure. 2.6). Consistently, a previous study also found that three other terminal
differentiation markers (acr-5 [acetylcholine receptor|, del-1 [SCNN1 sodium channel], inz-
12 [gap junction protein|) are not affected in motor neurons of c¢fi-1(-) mutants (Kerk et

al., 2017). Interestingly, our ChIP-seq data indicate that these eight genes are all bound
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Figure 2.3: CFI-1 directly activates terminal differentiation genes in the IL2
sensory neurons.

A, Diagram showing the location of the IL2 sensory neurons.

B, Model summarizing known targets of CFI-1 in the IL2 sensory neurons.

C, CFI-1 binding signals at the loci of genes activated by CFI-1 in the IL2 neurons.

D, CFI-1 binding signals at the loci of genes repressed by CFI-1 in the IL2 neurons.

E, Protein class ontology analysis of genes expressed in IL2 sensory neurons binned by
CFI-1 binding based on ChlIP-seq data. Bar colors correspond to colors in Figure. 2.11I:
Blue, genes involved in terminal differentiation; yellow, genes involved in regulating gene
expression; green, miscellaneous genes.
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by CFI-1 (Figure. 2.6), raising the possibility of CFI-1 operating redundantly with other

transcription factors to activate expression of terminal differentiation genes in motor neurons.

The terminal differentiation gene gir-4 (ortholog of human GRIK1 [glutamate inotropic
receptor kainite type subunit 1]) is the only known CFI-1 target in motor neurons, where
it is negatively regulated by CFI-1 (Kerk et al., 2017), providing an opportunity to obtain
mechanistic insights into how ARID3 proteins mediate gene repression in the nervous sys-

tem. We therefore carried out an in-depth investigation focused on g¢lr-4, as detailed below.

Because previous studies employed transgenic reporters (Brockie et al., 2001, Kerk et al.,
2017), the endogenous expression pattern of glr-4 in C. elegans neurons remained unclear.
We therefore generated an endogenous glr-4 reporter allele by inserting the 2eNLS::mScarlet::SL2
cassette immediately after the start codon (see Materials and Methods) and established the
glr-4 expression pattern in motor neurons with single-cell resolution (Figure. 2.4B). Consis-
tent with previous studies (Brockie et al., 2001, Kerk et al., 2017), we observed high levels of
glr-4 (mScarlet) expression in head neurons, as well as in SAB motor neurons that innervate
head muscle (Figure. 2.4A, C). This endogenous reporter also revealed new sites of expres-
sion. In the nerve cord of WT animals, we detected low levels of glr-4 (mScarlet) expression
in 14 of the 29 c¢fi-1-expressing motor neurons, as well as in AS motor neurons, which do
not express cfi-1 (Figure. 2.4A-B,D, Figure. 2.5). Further, the observed levels of gir-/
expression in head (SAB) and ventral cord motor neurons were independently confirmed by

available scRNA-Seq data (CeNGEN project: www.cengen.org) (Figure. 2.4E).

Next, we tested whether endogenous glr-4 expression in motor neurons depends on cfi-1
gene activity. Indeed, expression of the glr-/ (mScarlet) reporter allele is increased in motor

neurons of cfi-1 loss-of-function mutants, as we observed a higher number of cells expressing
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glr-4, and at higher levels, compared to WT motor neurons (Figure. 2.4D). No effects on glr-
4 were observed in SAB neurons, as they do not express cfi-1 (arrowheads in Figure. 2.4C).
Moreover, we performed single-molecule mRNA fluorescent in situ hybridization (smRNA
FISH) in WT and c¢fi-1 mutant animals. Loss of ¢fi-1 led to increased levels of glr-4 mRNA
in nerve cord motor neurons (Fig. 3F). Lastly, these results were corroborated by RT-PCR
in WT and cfi-1 mutant animals (Figure. 2.4G). Altogether, we conclude CFI-1 limits the
endogenous expression of glr-//GRIK1 in nerve cord motor neurons. In WT animals, we
can either detect low or no glr-4/ expression in motor neurons, whereas loss of cfi-1 results in
robust glr-4 expression in these cells (Figure. 2.4H). Because ChIP-Seq revealed extensive
CFI-1 binding immediately upstream of the glr-4 locus (Figure. 2.4B), we propose CFI-1

acts as a direct repressor of glr-4/GRIK]1.

2.4.5 CFI-1/ARIDS3 is required to maintain glr-4 repression in nerve cord

motor neurons

The cfi-1-expressing motor neurons (DA, DB, VA, VB) are generated in two waves (DA/DB
are born during embryogenesis; VA and VB at larval stage 1 [L1]) (Figure. 2.7A-B). Al-
though all cfi-1-expressing motor neurons have been generated by L2, we found no glr-/
(mScarlet) expression in WT animals at this stage. However, we observed a progressive
increase in the number of WT motor neurons expressing low levels of glr-4 (mScarlet) at
subsequent stages (L3, L4, Day 2 [D2]| adult), indicating a correlation between gir-/ expres-

sion and motor neuron maturation (Figure. 2.7A).

To test when cfi-1 gene activity is required for repression, we monitored endogenous glr-4
(mScarlet) expression in motor neurons of WT and c¢fi-1 mutant animals at larval (L2, L3,

L4) and adult (day 2) stages. Compared to controls, we identified a statistically significant
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A, Summary of the endogenous expression patterns of cfi-1 and glr-4 in the five cholinergic
nerve cord motor neuron subtypes and the SAB neurons in the retrovesicular ganglion
(RVG). The expression patterns are determined by colocalization with neuron subtype-
specific reporters. Filled boxes represent positive expression, while empty boxes indicate no
detectable expression.
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Figure 2.4, continued.

B, CFI-1 binding signal at the glr-4 locus. (Bottom) Design of an endogenously tagged,
nuclear localized fluorescent reporter allele of glr-4 (2x NLS::mScarlet::SL2::glr-4). The re-
porter cassette is inserted immediately downstream of the ATG of gir-4 with CRISPR/Cas9.
C, Representative fluorescent micrographs showing that the expression of
2xNLS::mScarlet::SL2::GLR-4 is unaffected in SAB neurons (arrowheads) in cfi-1(-)
mutants. Bright white signal to the left of the SAB neurons indicates glr-4 expression in
head neurons.

D, 2x NLS::mScarlet::SL2::glr-4 expression in the ventral cord motor neurons (indicated by
arrowheads in the representative images) in WT and cfi-1(-) animals at L4 stage. Ectopic
expression of glr-4 was detected in cfi-1(-) mutants. (Bottom) Each dot in the quantification
graph of total number of motor neurons (left) represents an individual animal. Each dot in
the fluorescence intensity quantification graph (right) represents an individual motor neuron
that shows ¢lr-4 expression. For simplicity, only motor neurons in the anterior VNC are
included in the fluorescence intensity quantification. p-values are indicated in the graphs.
N > 15.

E, RNA-seq data from the CeNGEN project showing expression of glr-4 transcripts in
SAB, DB, VB, AS, VA, and DA motor neurons.

F, Single molecule fluorescent in situ hybridization (smFISH) shows mild ectopic expression
of glr-4 transcripts in the motor neurons of L1 cfi-1(-) animals. Left: represented images
showing ectopic ¢lr-4/ mRNA molecules (Cy5, red) in the nucleus (DAPI, blue) of a motor
neuron in ¢fi-1(-) mutants. Right: quantification of the number of glr-4 transcripts detected
in the anterior ventral nerve cord in WT and cfi-1(-) animals. p-value is indicated in the
graph. N > 18.

G, RT-PCR from whole worm lysates showing upregulation of glr-4 transcripts in cfi-1(-)
mutants.

H, Models summarizing the repressive regulation of glr-4 expression by CFI-1 in the SAB
neurons versus ventral nerve cord motor neurons.

increase in the number of glr-4 (mScarlet)-expressing motor neurons at L3, L4 and adult (day
2) stages (Figure. 2.7A). Next, we used a conditional cfi-1 allele (mNG::3x FLAG::AID::cfi-
1) that enables temporally controlled CFI-1 protein depletion upon administration of the
plant hormone auxin (Li et al., 2020, Zhang et al., 2015). Depletion of CFI-1 during the first
2 days of adulthood led to a significant increase in the number of motor neurons expressing
glr-4 (mScarlet) (Figure. 2.7sB-C), suggesting cfi-1 is continuously required to maintain

glr-4/GRIK1 repression in the adult (see Discussion).
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Figure 2.5: Expression of glr-4 in nerve cord motor neurons.
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Figure 2.5, continued.

A, Worm schematic with motor neuron subtypes. Representative images showing colocal-
ization analysis of v expression and motor neuron subtype-specific reporters unc-30::mNG
(marker for GABAergic motor neurons), glr-5::gfp (marker for VC neurons), and cho-1::yfp
(marker for cholinergic motor neurons).

B, Summary glr-4 expression in VNC MNs. Filled boxes indicate expression, while empty
boxes indicate no detectable expression. Each row represents an individual worm scored at
larval stage 4 (L4) for colocalization of glr-4 and motor neuron subtype-specific reporters.
C, Representative images showing the colocalization analysis for cfi-1 expression in RVG
and ventral cord motor neurons. The cho-1::mCherry reporter is expressed in cholinergic
motor neurons.

2.4.6 CFI-1/ARIDS is sufficient to repress glr-4 expression

To test whether cfi-1 is sufficient to repress glr-4, we ectopically expressed cfi-1 in the SAB
neurons. Using an SAB-specific-promoter (unc-4) to drive cfi-1, we observed a significant
decrease in the number of SAB neurons expressing a glr-4 reporter gene (Figure. 2.7D-E),
indicating cfi-1 is not only necessary (Figure. 2.4), but also sufficient to repress glr-4 ex-

pression.

2.4.7 CFI-1 binding sites proximal to glr-4 are necessary for repression in

motor neurons

CFI-1 binds to both proximal and distal cis-regulatory elements upstream of glr-4 (Figure.
2.8A). To precisely identify the elements through which CFI-1 mediates repression, we con-
ducted cis-regulatory analysis in the context of transgenic reporter animals. When tagRFP
was driven by distal regulatory elements (2.23kb or 938bp), we did not observe differences
in the number of tagRFP expressing motor neurons between WT and cfi-1 mutants (Figure.
2.8B). However, we found an increase in the number of tagRFP-expressing motor neurons in
cfi-1 mutants when tagRFP was driven by a 3.7kb element (Figure. 2.8B), suggesting this

element contains sequences necessary for CFI-1 repression. A translational reporter (GLR-
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Figure 2.6: The expression of motor neuron terminal differentiation genes is not
affected in cfi-1 mutant animals.

A-F, Quantification of the number of MNs expressing fluorescent reporters for terminal
identity genes in WT and cfi-1 (ot786) mutant animals. Stage: L4. P-value is indicated in
the graph. N = 10.

G, All genes are bound by CFI-1 based on ChIP-seq data.
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Figure 2.7: CFI-1 is sufficient to repress glr-4 and continuously required to
maintain this repression in ventral cord motor neurons.

A, Quantification of the number of MNs expressing glr-4 in WT and cfi-1(-) animals at
four developmental stages — L2, L3, L4, and day 2 adults. p-values are indicated in the
graph. N > 12.
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Figure 2.7, continued.

B, Diagram showing the timeline for the administration of auxin to induce degradation
of CFI-1 protein in kasli6/mNG::AID::cfi-1];  otTi28[unc-11prom8+ehs-1prom7+rgef-
Iprom2::TIR1::mTurquoise2::unc-54 3’UTR] animals. otTi28 drives expression of TIR1
specifically in neurons.

C, Quantification graph comparing expression of the endogenous glr-4 reporter between
the ethanol group (control) and auxin group on kasl6/mNG::AID::cfi-1]; otTi28[unc-
11prom8+ehs-1prom7+rgef-1prom2:: TIR1::m Turquoise2::unc-54 3’UTR] animals. Ectopic
expression of 2x NLS::mScarlet::SL2::glr-4 in motor neurons was detected upon CFI-1
protein knock-down. p-values are indicated in the graph. N = 15.

D, CFI-1 is sufficient to repress glr-4 expression. Left: representative images showing loss
of glr-4::tagRFP expression in the SAB neurons (arrowheads) upon overexpression (OE)
of cfi-1. Right: quantification of the number of SAB neurons expressing glr-4::tagRFP in
wildtype and cfi-1 overexpression animals. p-value is indicated in the graph. N > 14.

E, Model summarizing the sufficiency of CFI-1 to repress glr-4 in SAB neurons.

4::GFP) driven by a 4.9kb element yielded similar results (Figure. 2.8B). Interestingly, a
shorter tagRFP reporter (3.14kb) that specifically lacks the most proximal CFI-1 binding
peak did not show an increase in the number of tagRFP expressing motor neurons in cfi-1
mutants (Figure. 2.8B), suggesting proximal CFI-1 binding to the glr-/ locus is needed for

repression.

We next sought to determine whether proximal CFI-1 binding sites are required for glr-4
repression. The CFI-1 site (NNATHDNN) has been previously determined in vitro through
protein binding microarrays (Figure. 2.8A) (Weirauch et al., 2014). Within the most proxi-
mal region of glr-4, we identified eleven predicted CFI-1 binding sites (Figure. 2.8A). To test
their functionality, we introduced nucleotide substitutions to all eleven sites in the context
of the endogenous glr-4 (mScarlet) reporter through CRISPR/Cas9 genome editing (Figure.
2.8C). This manipulation nearly phenocopied the cfi-1 null mutant phenotype, as it led to
a dramatic increase in the number of mScarlet-expressing motor neurons (Figure. 2.8C-D).
We conclude that CFI-1 binding sites located in the proximal region of glr-4 are necessary

for its repression in motor neurons.
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2.4.8 The transcription factor UNC-3 (Collier/Ebf) and two Hox proteins
(LIN-39, MAB-5) activate basal levels of glr-4/GRIK1 expression in

motor neurons

Because gir-4 is expressed at basal levels in cholinergic motor neurons of WT animals (Fig-
ure. 2.4), we reasoned this occurs due to CFI-1 antagonizing the function of glr-4 activators
in these neurons. The transcription factor UNC-3 (Collier/Ebf) and the Hox proteins LIN-39
(Scr/Dfd/Hox4-5) and MAB-5 (Antp/Hox6-8) are known to act as transcriptional activa-
tors in cholinergic motor neurons (Feng et al., 2020, Kerk et al., 2017) (Figure. 2.9A),
leading us to hypothesize that they can also activate glr-4 expression. Indeed, we found
that expression of the endogenous glr-/ (mScarlet) reporter is reduced in unc-3 loss-of-
function mutant animals (Figure. 2.9B). Importantly, the decrease of glr-4 expression was
significantly exacerbated in unc-3; lin-39; mab-5 triple mutants compared to unc-3 single
mutants, indicating that these three factors cooperate to activate glr-4 in cholinergic motor
neurons (Figure. 2.9B). Interestingly, the Hox requirement is only revealed in the absence

of unc-3 gene activity, as glr-4 expression appears normal in lin-39; mab-5 double mutants.

2.4.9 The most proximal UNC-8 biding site is necessary for glr-4

expression 1n motor neurons
Interrogation of available ChIP-Seq data for UNC-3, LIN-39 and MAB-5 showed overlap-
ping binding upstream of gir-/ (Figure. 2.9C), suggesting a direct mode of activation by

these factors. To functionally test this notion, we focused on UNC-3 because its binding site

(termed COE motif) is well-defined in the C. elegans genome (Kratsios et al., 2012, Li et al.,
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Figure 2.8: CFI-1 directly represses glr-4 by binding to

conserved binding motif.

A, CFI-1 ChIP-seq tracks at the glr-4 locus.
transgenic reporter lines which contain different parts of the cis-regulatory regions upstream
of the gene. CFI-1 recognizes a highly conserved binding motif shared by the ARID family

(right).

its promoter via a

(Bottom) Schematics of a series of glr-4

Using bioinformatic analysis, 13 of these binding motifs were identified in the

cis-regulatory region upstream of glr-4, which overlap with the CFI-1 binding peaks.
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Figure 2.8, continued.

B, Quantification of the number of motor neurons expressing the reporters of glr-4 shown
in panel A in WT and c¢fi-1(-) animals in day 2 adults. Only the reporters that contain
the proximal glr-4 promoter regions show ectopic expression in cfi-1(-) mutants. p-values
are indicated in the graph. All reporters were analyzed in the adult (D2), except the 4.9kb
reporter which was analyzed at the L4 stage. N > 13.

C, Schematic depicting the design of the 2x NLS::mScarlet::SL2::qglr-411 CFI-1 sites MUT
allele. Point mutations were introduced to the 11 CFI-1 binding motifs that fall in the
proximal CFI-1 binding peaks at the glr-4 promoter.

D, Quantification of the number of motor neurons expressing WT
2x NLS::mScarlet::SL2::glr-4 reporter and the 2x NLS::mScarlet::SL2::glr-
411 CFL1 sites MUT g)jgle  at day 2 adult stage. Ectopic expression of the reporter
was observed with the point mutation allele, which shows a total number of glr-4-expressing
motor neurons comparable to what was observed in cfi-1(-) null mutants.

2020). Through a bioinformatic search (Materials and Methods), we found two COE motifs,
one proximal and one distal to the glr-4 locus (Figure. 2.9C). Using CRISPR/Cas9 genome
editing, we introduced nucleotide substitutions to the proximal COE motif (COEL) in the
context of the endogenous glr-4 (mScarlet) reporter (Figure. 2.9C). Animals carrying this
glr-4 (mScarlet) COE1 MUT reporter allele showed a significant reduction in the number of
mScarlet-expressing motor neurons, reminiscent of the effect seen in unc-3 (-) null mutants
(Fig. 6D). These data indicate that, in WT animals, the most proximal COE motif is nec-

essary for basal glr-/ expression in motor neurons.

2.4.10 CFI-1 antagonizes the ability of UNC-3 to activate glr-4 expression

m motor neurons

Because UNC-3 activates basal glr-4 expression in motor neurons of WT animals, we won-
dered whether it also controls the increased levels of glr-/ expression observed in cfi-1
mutants. We found this to be the case through double mutant analysis. The number of

mScarlet-expressing cells in cfi-1; unc-3 mutants is dramatically decreased compared to cfi-
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1 single mutants (Figure. 2.9E). These data indicate that CFI-1 antagonizes the ability of

UNC-3 to activate glr-/ (mScarlet) expression in motor neurons.

Because the proximal UNC-3 binding site (COE motif) is required to activate glr-4 ex-
pression in WT motor neurons (Figure. 2.9D), this site may also be necessary for the
increased expression of glr-4 in motor neurons of cfi-1 mutants. Indeed, we observed a sig-
nificant reduction in the number of mScarlet-expressing cells in cfi-1 mutants carrying the
glr-4 (mScarlet) COE1 MUT reporters compared to the intact version of the gir-4 (mScar-
let) reporter (Figure. 2.9E). Lastly, we hypothesized that the extensive binding of CFI-1
(four binding peaks identified by ChIP-seq) immediately upstream of the gir-4 locus may
limit the ability of UNC-3 to access the locus, resulting in basal levels of glr-4 expression
in WT motor neurons. To test this, we performed ChIP-Seq for UNC-3 in WT and cfi-1
null mutant animals (at the L3 stage). We found that UNC-3 binding on the gir-4 locus
remains largely unaltered upon cfi-1 loss (Fig. 6C), suggesting UNC-3 can access the locus

independently of the presence of CFI-1.

2.4.11 The core ARID domain of CFI-1 s partially required for glr-4

repression

To gain molecular insights into ARID3-mediated gene repression, we deleted portions of the
CFI-1 DNA-binding domain and then conducted rescue assays to assess glr-4 expression.
ARID3 proteins are defined by the eARID domain, a ~40 residue-long highly conserved
domain immediately following the core ARID domain (Figure. 2.10A). Because structural
studies on Dead ringer showed that eARID contacts DNA (Iwahara and Clubb, 1999, Iwa-
hara et al., 2002, Patsialou et al., 2005), we tested whether the CFI-1 eARID domain is

required for glr-4 repression. Transgenic expression of either WT CFI-1 or CFI-1 lacking
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Figure 2.9: CFI-1 represses glr-4 by counteracting activation from the cholinergic
terminal selector UNC-3 and Hox proteins LIN-39 and M AB-5.
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Figure 2.9, continued.

A, Summary of the endogenous expression patterns of cfi-1/Arid3, glr-4 /GRIK1, unc-
3 /COE, lin-39 /HOX, and mab-5/HOX in the five cholinergic motor neuron subtypes and
in the SAB neurons of the retrovesicular ganglion (RVG). Filled boxes represent positive
expression, while empty boxes indicate no detectable expression.

B, Graph summarizing quantification results of the expression of the
2x NLS::mScarlet::SL2::glr-4 reporter in WT animals, cfi-1(-) mutants, lin-39(-); mab-5(-)
double mutants, and unc-3(-); lin-39(-); mab-5(-) triple mutants at the L4 stage. p-values
are indicated in the graph. N = 15.

C, ChIP-seq binding peaks for UNC-3 (in WT animals and cfi-1(-) mutants), CFI-1,
LIN-39, and MAB-5 at the glr-4 locus. (Bottom) Schematic showing the details in the
design of 2x NLS::mScarlet::SL2::glr-4 COEL MUT - point mutations were introduced to the
proximal COE motif (UNC-3 binding site) to the glr-4 gene.

D, Graph summarizing expression of the 2x NLS::mScarlet::SL2::glr-4 reporter in WT
animals and wunc-3(-) mutants, and the expression of the 2x NLS::mScarlet::SL2::qglr-
4COE1 MUT allele. Quantification was conducted at the day 2 adult stage. P-values are
indicated in the graph. N > 13.

E, Graph summarizing expression of the 2xNLS::mScarlet::SL2::glr-4 reporter in W'T
animals, cfi-1(-) mutants, unc-3(-) mutants, and cfi-1(-); unc-3(-) double mutants and the
expression of the 2x NLS::mScarlet::SL2::glr-4COE1 MUT 4llele in WT animals and cfi-1(-)
mutants in day 2 adults. p-values are indicated in the graph. N > 13.

the eARID domain (AeARID) in motor neurons of ¢fi-1 null mutant animals led to complete
rescue. That is, glr-/ expression was no longer observed in motor neurons when either WT or
AeARID CFI-1 were provided (p = 0.37) (Figure. 2.10B), indicating eARID is dispensable
for CFI-1-mediated gene repression. Next, we mutated the helix-turn-helix (HTH) domain
within the core ARID region, as the HTH domain of Dead ringer contacts the major groove
of DNA (Iwahara and Clubb, 1999, Iwahara et al., 2002, Patsialou et al., 2005). Again,
transgenic expression of CFI-1 lacking the HTH domain (AHTH) in motor neurons of cfi-1
mutants led to significant repression of glr-4 expression -the effect is comparable to WT
CFI-1 (p = 0.05) (Fig. 7B). However, transgenic expression of CFI-1 lacking the entire core
ARID (AARID) domain (including the HTH domain) in motor neurons of cfi-1 mutants led
to partial rescue, i.e., AARID CFI-1 did not completely repress glr-/ expression compared to
WT CFI-1 (p = 0.0011) (Figure. 2.10B). Altogether, our analysis suggests that the eARID
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and HTH domains of CFI-1 are dispensable, but the core ARID domain is partially required

for glr-4 repression in motor neurons.
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Figure 2.10: Protein motif analysis of CFI-1.

A, Schematics of the four CFI-1 ¢DNA constructs tested for rescue effects including the
WT ¢DNA, cDNA with deletion of the ARID domain (AARID), cDNA with deletion of
the eARID domain (AeARID), and ¢cDNA with deletion of the helix-turn-helix structure
(AHTH).

B, Quantification results of the number of motor neurons showing expression of glr-4::tagrfp
in cfi-1(0t786) mutant animals expressing the rescue constructs.

C, Schematic model summarizing our findings in SAB and nerve cord motor neurons.
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2.5 Discussion

ARID3 proteins are the founding members of the ARID family, but their functions in the
nervous system are poorly understood. Here, we performed ChIP-Seq for CFI-1, the sole
ARID3 ortholog in C. elegans, and established its genome-wide binding map in vivo. We
found that most CFI-1 target genes (77%) are expressed in post-mitotic neurons and encode
proteins critical for terminal differentiation and neuronal function (e.g., neurotransmitter
receptors, ion channels, neuropeptides). Further, our study offers mechanistic insights into
how a single ARID3 protein controls the terminal differentiation program of distinct neuron

types, uncovering cell context-depending CFI-1 functions.

2.5.1 ARIDS proteins bind to both proximal and distal cis-requlatory
regions

in vitro assays like PBM (protein binding microarrays) and SELEX (systematic evolution
of ligands by exponential enrichment) have defined the binding site of CFI-1, Dead ringer
and Arid3a (Mathelier et al., 2014, Nitta et al., 2015, Weirauch et al., 2014). To assess their
mechanism of action, however, unbiased assays to monitor genome-wide binding of ARID3
proteins remain necessary. ChIP-Seq in C. elegans for endogenously tagged CFI-1 revealed
binding events predominantly located between 0 and 3kb upstream of transcription start
sites (Figure. 2.1H). Because the size of intergenic regions for most C. elegans genes is less
than 3kb (Dupuy et al., 2004, Nelson et al., 2004), our in vivo binding map strongly suggests
that CFI-1 can act both at proximal (e.g., promoters) and distal (e.g., enhancers) regions to
regulate gene expression. Consistently, a previous in vitro study found that overexpressed
Arid3a in mouse embryonic stem cells also binds to both proximal and distal cis-regulatory

elements (Rhee et al., 2014).
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2.5.2  The genome-wide binding map suggests a prominent role for CFI-1

in neuronal terminal differentiation

Our current knowledge of ARID3 functions in the nervous system remains rudimentary.
In vertebrate nervous systems, the role of ARID3 proteins is completely unknown. In
Drosophila, dead ringer has been implicated in the control of axonal pathfinding (Ditch
et al., 2005, Shandala et al., 2003, Sibbons, 2004). In C. elegans, a handful of effector genes
have been identified as CFI-1 targets in distinct neuron types (Glenwinkel et al., 2021, Kerk
et al., 2017, Shaham and Bargmann, 2002, Zhang et al., 2014). Hence, a comprehensive

understanding of ARID3-mediated biological processes in the nervous system is lacking.

To address this knowledge gap, we globally identified 6,396 protein-coding genes as pu-
tative direct targets of CFI-1, most of which (77%) are expressed in post-mitotic C. elegans
neurons. GO analysis suggested a prominent role for CFI-1 in neuronal terminal differenti-
ation, as ~70% of its target genes encode NT receptors, transporters, ion channels, trans-
membrane receptors, cell adhesion molecules, etc. Moreover, 23% of CFI-1 targets encode
transcription factors, chromatin factors, and proteins involved in DNA/RNA metabolism,
suggesting CFI-1 can affect gene expression indirectly through these factors. Altogether, our
ChIP-Seq dataset illuminates the biological processes under the control of an ARID3 protein

in C. elegans.

2.5.3 CFI-1 acts as a terminal selector in IL2 sensory neurons

Transcription factors that bind directly to the cis-regulatory region of terminal differenti-

ation genes (e.g., NT biosynthesis components, NT receptors, ion channels, neuropeptides,
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membrane proteins) and activate their expression have been termed “terminal selectors”
(Hobert, 2008, Hobert, 2016b, Hobert and Kratsios, 2019). Terminal selectors are contin-
uously required in individual neuron types to initiate and maintain expression of terminal
differentiation genes, thereby safeguarding neuronal functionality throughout life. To date,
terminal selectors have been described in C. elegans, Drosophila, simple chordates and mice
(Hobert and Kratsios, 2019), suggesting an evolutionarily conserved role for these critical
regulators of neuronal differentiation. For most terminal selectors, however, biochemical
evidence for direct binding to their target genes is currently lacking. For example, CFI-1
is a candidate terminal selector in IL2 sensory neurons because five terminal differentiation
genes (cho-1/ChT, unc-17/VACKT, gcy-19 [receptor-type guanylate cyclase], kip-6 [kinesin-
like protein], unc-5 [netrin receptor]) fail to be properly expressed in cfi-1 mutants (Zhang
et al., 2014). Here, we provide biochemical evidence that CFI-1 binds directly to all these
genes, indicating CFI-1 acts as a direct activator. Further, our analysis of the top 1,000
highly expressed genes in IL2 neurons revealed that the majority of CFI-1 binding (~70%)
occurs at terminal differentiation genes, consistent with an in silico prediction study for
CFI-1 binding (Glenwinkel et al., 2021). Altogether, a synthesis of our findings with the
aforementioned studies indicate that CFI-1 functions as a bona fide terminal selector and
directly activates IL2 terminal differentiation genes. This mode of action is reminiscent of
mouse Arid3a, which is known to also act as a direct activator of gene expression in cells

outside the nervous system (Herrscher et al., 1995, Ratliff et al., 2014, Rhee et al., 2014).

Accumulating evidence suggests that terminal selectors act in combination with other
transcription factors to determine the differentiation of individual neuron types (Glenwinkel
et al., 2021, Lloret-Fernandez et al., 2018). Supporting this notion, genetic and in silico
prediction studies found that CFI-1 collaborates with the POU homeodomain transcription

factor UNC-86 to activate IL2-specific terminal differentiation genes (Glenwinkel et al., 2021,
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Zhang et al., 2014). Similarly, it was proposed that CFI-1 collaborates with two different
homeodomain proteins, UNC-42/Prop-1 like and CEH-14/LIM, to respectively control the
terminal differentiation of AVD and PVC interneurons (Berghoff et al., 2021, Glenwinkel et

al., 2021), albeit the underlying mechanisms remain unclear.

2.5.4 Insights into ARID3-mediated gene repression

In IL2 sensory neurons, CFI-1 exerts a dual role (Figure. 2.3). It functions as a direct
activator of IL2-specific terminal differentiation genes and indirect repressor of ion channel-
encoding genes (pkd-2, lov-1), which are normally expressed in CEM neurons (cells respon-
sible for pheromone detection) (Chasnov et al., 2007). Hence, it promotes IL2 terminal
differentiation and inhibits an alternative neuronal identity (CEM). However, in nerve cord
motor neurons, CFI-1 functions as a direct repressor of the glutamate receptor-encoding gene
glr-4/GRIK1. Altogether, these observations indicate that a single ARID3 protein can con-
trol the terminal differentiation program of distinct neuron types through mechanisms that
depend on cell context, possibly due to CFI-1 participating in distinct neuron type-specific

regulatory complexes that function either as dedicated activators or repressors.

Through an in-depth regulatory analysis of ¢ir-//GRIK1, our findings advance our un-
derstanding of how ARID3 proteins mediate gene repression in several aspects. First, cis-
regulatory analysis combined with mutagenesis of endogenous CFI-1 binding sites strongly
suggests that proximal CFI-1 binding to the glr-/ locus is required for repression (Figure.
2.8). Second, CFI-1 antagonizes three conserved transcription factors (UNC-3/Ebf, LIN-
39/Hox4-5, MAB-5/Hox6-8) that directly activate basal levels of glr-//GRIK1 expression
in nerve cord motor neurons (Figure. 2.9). Third, ChIP-Seq for UNC-3 in WT and cfi-1(-)

mutants did not reveal any changes in the UNC-3 binding pattern to glr-4, arguing against a
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model in which glr-4 is repressed because the repressor (CFI-1) competes with the activator
(UNC-3) for binding to the same cis-regulatory elements. Lastly, we found that deletion of
highly conserved protein domains (eARID, HTH) predicted to bind DNA (based on Dead
ringer structural studies) did not affect the ability of CFI-1 to repress glr-4 expression (Fig-
ure. 2.10). This suggests that either eARID and HTH act redundantly, or other CFI-1
domains are responsible for glr-4 repression. Supporting the latter, deletion of the entire
core ARID domain (including the HTH domain) of CFI-1 led to a partial failure to repress

glr-4 in motor neurons.

One unresolved question is how exactly CFI-1 represses gene expression in C. elegans
motor neurons. Because proximal binding is required for ¢lr-4 repression, it is possible
that CFI-1 interferes with the function of the basal transcription complex (Baumann et al.,
2010). Another possibility stems from patterning studies in the Drosophila embryo, where
Dead ringer binds to Groucho, a well-characterized transcriptional corepressor (Hader et al.,
2000, Valentine et al., 1998). In mouse stem cells, Arid3a directly represses pluripotency
genes by recruiting histone deacetylases (HDACs) (Rhee et al., 2014). Future studies are
needed to determine whether CFI-1 acts through any of these repressive mechanisms in
motor neurons.

S

2.5.5 CFI-1 continuously antagonizes the activator function of terminal

selectors

The glr-4 gene receives positive regulatory input from three conserved transcription factors
(UNC-3/Ebf, LIN-39/Hox4-5, MAB-5/Hox6-8) and negative input from CFI-1. UNC-3 and
the Hox proteins LIN-39 and MAB-5 are known terminal selectors in C. elegans nerve cord

motor neurons (Feng et al., 2020, Kratsios et al., 2017, Kratsios et al., 2012). As such, they
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are continuously required from embryonic to adult stages to activate expression of multiple
terminal differentiation genes (Feng et al., 2020, Li et al., 2020). On the other hand, our con-
stitutive (null alleles) and conditional (temporally controlled protein depletion) approaches
also revealed a continuous requirement for CFI-1 in motor neurons (Figure. 2.7). This ar-
gues against a transient role where, for example, CFI-1 establishes a repressive chromatin
environment during early development and its activity becomes unnecessary at later stages
of life. Instead, we favor a model where CFI-1 is required continuously to prevent high levels
of glr-4 expression driven by terminal selectors (UNC-3, Hox) (Figure. 2.10C). Such model is
also supported by the continuous requirement of two other repressor proteins (BNC-1/Bncl,
MAB-9/Tbx20) in C. elegans motor neurons (Kerk et al., 2017). Antagonism between re-
pressor proteins and terminal selectors has also been reported in C. elegans touch receptor
neurons with EGL-44/Tead3 and EGL-46/Insm2 repressing terminal selector target genes
(Zheng et al., 2018a). Further, studies in mice indicated that the activity of two terminal
selectors, Nurrl and Crz, which respectively control dopamine neuron and photoreceptor
identities, is counteracted by repressor proteins (Otx2, Nr2e3)(Di Salvio et al., 2010, Peng
et al., 2005). Additional work is needed, however, to determine whether all these repressor

proteins (e.g., EGL-44, Otx2) act directly and are continuously required.

2.5.6  Evolutionary implications

The terminal selector UNC-3 is required to maintain cfi-1 expression in nerve cord motor
neurons (Li et al., 2020). Hence, the repressor protein (CFI-1) and gir-4 are both targets
of UNC-3, thereby generating an incoherent feedforward loop (FFL) (Figure. 2.10C). In
SAB motor neurons, however, CFI-1 is not expressed, and UNC-3 is able to drive high levels
of glr-4 expression (Figure. 2.10C)(Kratsios et al., 2015). From an evolutionary perspec-

tive, incoherent FFLs have been proposed to diversify a ground state into various substates
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(Hobert, 2016a). One can envision an ancestral state where an UNC-3 ortholog is present
in a relatively homogeneous population of motor neurons, but the recruitment of a repressor
(CFI-1) enabled their diversification. Hence, the UNC-3 — CFI-1 —I gir-/ incoherent FFL
may help distinguish, at the molecular level, nerve cord motor neurons that control locomo-
tion from SAB motor neurons that control head movement. In agreement with this idea,
incoherent FFLs are known to diversify gustatory neurons in C. elegans and photoreceptor

cells in Drosophila (Etchberger et al., 2009, Johnston, 2013).
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CHAPTER 3
ESTABLISHMENT AND MAINTENANCE OF MOTOR
NEURON IDENTITY VIA TEMPORAL MODULARITY IN
TERMINAL SELECTOR FUNCTION

This Chapter is a full reprint of Li et al., Flife, in which I am the primary author. The work
is included with permission from all authors.

Relevant Publication

Li, Y., Osuma, A., Correa, E., Okebalama, M.A., Dao, P., Gaylord, O., Aburas, J., Islam,
P., Brown, A.E. and Kratsios, P., 2020. ”Establishment and maintenance of motor
neuron identity via temporal modularity in terminal selector function.” Elife, 9,
p.€59464.

For tables and supplementary files, please refer to https://doi.org/10.7554/eLife.59464

3.1 Abstract

Terminal selectors are transcription factors (TFs) that establish during development and
maintain throughout life post-mitotic neuronal identity. We previously showed that UNC-
3/EDbf, the terminal selector of C. elegans cholinergic motor neurons (MNs), acts indirectly
to prevent alternative neuronal identities (Feng et al., 2020). Here, we globally identify the
direct targets of UNC-3. Unexpectedly, we find that the suite of UNC-3 targets in MNs
is modified across different life stages, revealing “temporal modularity” in terminal selec-
tor function. In all larval and adult stages examined, UNC-3 is required for continuous
expression of various protein classes (e.g., receptors, transporters) critical for MN function.
However, only in late larvae and adults, UNC-3 is required to maintain expression of MN-
specific TFs. Minimal disruption of UNC-3’s temporal modularity via genome engineering

affects locomotion. Another C. elegans terminal selector (UNC-30/Pitx) also exhibits tem-
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poral modularity, supporting the potential generality of this mechanism for the control of

neuronal identity.

3.2 Introduction

Nervous system development is a multi-step process that culminates in the generation of dis-
tinct neuron types necessary for animal behavior. Seminal studies in many model systems
have begun to elucidate the molecular mechanisms that control the early steps of neuronal
development, such as specification of neural progenitors and generation of post-mitotic neu-
rons (Catela and Kratsios, 2019, Doe, 2017, Greig et al., 2013, Jessell, 2000, Lodato and
Arlotta, 2015, Perry et al., 2017). However, our understanding of the final steps of neuronal
development is very rudimentary. Once neurons become post-mitotic, how do they acquire
their unique functional features, such as neurotransmitter synthesis, electrical activity and
signaling properties? And, perhaps more importantly, how do neurons maintain such fea-

tures throughout post-embryonic life?

Terminal selectors represent one class of transcription factors (TFs) with continuous ex-
pression — from development through adulthood — in specific neuron types (Hobert, 2008,
Hobert, 2011, Hobert, 2016b, Garcia-Bellido, 1975). A defining feature of terminal selectors
is the ability to activate the expression of effector genes, whose protein products determine
the terminally differentiated state, and thereby function, of a given neuron type. Such ef-
fector genes, herein referred to as “terminal identity genes”, are expressed continuously in
specific neuron types and endow them with distinct functional and phenotypic properties.
Examples include neurotransmitter (NT) biosynthesis components, NT receptors, ion chan-
nels, neuropeptides, and adhesion molecules (Hobert, 2008, Hobert, 2011, Hobert, 2016b).

Numerous studies support the idea that terminal selectors establish during development and
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maintain throughout life neuronal identity (and function) by activating expression of ter-
minal identity genes (Deneris and Hobert, 2014, Hobert, 2008, Hobert, 2016b, Hobert and
Kratsios, 2019). Multiple cases of terminal selectors have been described thus far in worms,
flies, chordates and mice (Deneris and Hobert, 2014, Hobert and Kratsios, 2019, Konstan-
tinides et al., 2018), suggesting high conservation of this type of regulators. Importantly,
human mutations in terminal selectors and their effector target genes have been linked to
either developmental or degenerative conditions of the nervous system (Deneris and Hobert,

2014).

However, the molecular mechanisms through which terminal selectors establish and main-
tain neuronal identity are poorly understood, in part due to two major challenges. First,
the majority of studies follow a candidate approach focused on a select subset of terminal
identity genes (Flames and Hobert, 2009, Hobert, 2016a, Lopes et al., 2012). Hence, the
extent of terminal identity features and breadth of biological processes controlled by terminal
selectors remain largely unknown. Addressing this knowledge gap requires unbiased methods
for the identification of terminal selector target genes, but such approaches have only been
applied to a limited number of terminal selectors to date (Corbo et al., 2010, Housset et
al., 2013, Kadkhodaei et al., 2013, Wyler et al., 2016, Yu et al., 2017). Second, the con-
tinuous expression of terminal selectors represents an additional challenge because it is not
known whether their function - in a particular neuron type - remains the same, or changes
at different life stages. This is partly due to the difficulty of tracking individual neurons in
the complex vertebrate nervous system throughout embryonic and post-natal life. Hence,
longitudinal studies in simple model organisms are needed to determine whether terminal
selectors control an identical suite of target genes across different stages (e.g., embryo, adult),
or whether the suite of targets can change over time. Addressing these two challenges may

extend our knowledge of how terminal selectors control neuronal identity, as well as advance
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our understanding of how cellular identity is established and maintained.

This study focuses on UNC-3, the sole C. elegans ortholog of the Collier/Olf/Ebf (COE)
family of TFs (Dubois and Vincent, 2001). UNC-3 acts as a terminal selector in cholin-
ergic motor neurons (MNs) of the C. elegans ventral nerve cord (Kratsios et al., 2012).
Importantly, mutations in EBF3, a human ortholog of UNC-3, cause a neurodevelopmen-
tal syndrome characterized by motor developmental delay (Blackburn et al., 2017, Chao et
al., 2017, Harms et al., 2017, Sleven et al., 2017). A previous study proposed that UNC-3
controls cholinergic MN identity in C. elegans by activating directly the expression of var-
ious terminal identity genes (e.g., acetylcholine biosynthesis components, ion channels, NT
receptors, neuropeptides), which were identified via a candidate approach (Kratsios et al.,
2012). More recently, it was demonstrated that UNC-3 can also act indirectly to prevent
the adoption of alternative neuronal identities (Feng et al., 2020). Lastly, animals lacking
unc-3 gene activity display severe locomotion defects (Brenner, 1974, Feng et al., 2020),
suggesting UNC-3 may broadly control gene expression in cholinergic MNs. However, an
unbiased identification of UNC-3 targets, as well as a longitudinal analysis of unc-3 mutants

are currently lacking.

Here, we employ chromatin immunoprecipitation followed by DNA sequencing (ChIP-
Seq) and report the identification of ~3,500 protein-coding genes as putative direct targets
of UNC-3. Protein class ontology analysis suggests that UNC-3, besides terminal iden-
tity genes, also controls additional biological processes, such as neuronal metabolism and
downstream gene regulatory networks comprised of numerous TFs and nucleic acid-binding
proteins. These findings help obtain a comprehensive understanding of terminal selector

function.
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Through a longitudinal analysis of unc-3 mutants at embryonic, larval and adult stages,
we identified two groups of target genes with distinct temporal requirements for UNC-3 in
cholinergic MNs. One group encodes multiple classes of proteins (e.g., receptors, secreted
molecules, TFs) that require UNC-3 for both embryonic initiation and post-embryonic main-
tenance of their expression. Contrasting this stable mode of regulation over time, a second
group of targets consists exclusively of TFs (cfi-1/Arid3a, bne-1/BNC1-2, mab-9/Tbx20,
ceh-44/CUX1-2, nhr-40/nuclear hormone receptor) that do not require UNC-3 for initia-
tion, but depend on UNC-3 activity for maintenance. Hence, the suite of UNC-3 targets in
cholinergic MNs is modified across different life stages, a phenomenon we term “temporal
modularity” in terminal selector function. To provide mechanistic insights, we focused on the
second group of targets and identified a molecular mechanism for their unc-3-independent
initiation that relies on Hox proteins. Importantly, preventing UNC-3’s ability to selec-
tively maintain expression of a single TF (cfi-1/Arid3a) from the second target group led
to locomotion defects, indicating minimal disruption of temporal modularity affects animal
behavior. Lastly, we provide evidence for temporal modularity in the function of UNC-
30/PITX, the terminal selector of GABAergic MN identity in C. elegans (Eastman et al.,
1999, Jin et al., 1994). Because terminal selectors have been identified in both invertebrate
and vertebrate nervous systems (Deneris and Hobert, 2014, Hobert and Kratsios, 2019), we
hypothesize that temporal modularity in their function may be a general mechanism for the

establishment and maintenance of neuronal identity.
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3.3 Materials and Methods

3.3.1 C. elegans strain culture

Worms were grown at 20°C or 25°C on nematode growth media (NGM) plates supplied
with E. coli OP50 as food source (Brenner, 1974). A list of all C. elegans strains used
is provided in Key Resources Table, which is available as supplementary data at https:

//doi.org/10.7554/eLife.59464.

3.3.2  Generation of transgenic animals carrying transcriptional fusion

reporters

Reporter gene fusions for cis-regulatory analyses and validation of newly identified UNC-3
target genes were made with PCR fusion (Hobert, 2002). Genomic regions were amplified
and fused to the coding sequence of tagrfp followed by the unc-54 3> UTR. To mutate the
LIN-39 binding motif, the reporter fusion was first introduced into the pCR-XL-TOPO vector
using the TOPO XL PCR cloning kit (Invitrogen). Then, mutagenesis PCR was performed,
and single clones containing plasmids that carry the desired mutation were isolated. PCR
fusion DNA fragments were injected into young adult pha-1(e2123) hermaphrodites at 50

ng/ul together with pha-1 (pBX plasmid) as co-injection marker (50 ng/pl).

3.3.8  Chromatin Immunoprecipitation (ChIP)

ChIP assay was performed as previously described (Yu et al. 2017; Zhong et al. 2010)
with the following modifications. Synchronized L1 unc-3 (0t839[unc-3::gfp]) worms and N2
worms were cultured on 10 cm plates seeded with OP50 at 20°C overnight. Late L2 worms

were cross-linked and resuspended in FA buffer supplemented with protease inhibitors (150
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mM NaCl, 10 pl 0.1 M PMSF, 100 ul 10% SDS, 500 pl 20% N-Lauroyl sarsosine sodium, 2
tablets of cOmplete ULTRA Protease Inhibitor Cocktail [Roche Cat.# 05892970001] in 10ml
FA buffer). For each IP experiment, 200 pnl worm pellet was collected. The sample was then
sonicated using a Covaris S220 at the following settings: 200 W Peak Incident Power, 20%
Duty Factor, 200 Cycles per Burst for 1 min. Samples were transferred to centrifuge tubes
and spun at the highest speed for 15 min. The supernatant was transferred to a new tube,
and 5% of the material was saved as input and stored at -20°C. The remainder was incubated
with 2 pl GFP antibody (Abcam Cat.# ab290) at 4°C overnight. Wild-type (N2) worms do
not carry the GFP tag and serve as negative control. The unc-3 (0t839[unc-3::9fp]) CRIPSR
generated allele was used in order to immunoprecipitate the endogenous UNC-3 protein. On
the next day, 20 nl Dynabeads Protein G (1004D) was added to the immunocomplex, which
was then incubated for 2 hr at 4°C. The beads then were washed at 4°C twice with 150 mM
NaCl FA buffer (5 min each), and once with 1M NaCl FA buffer (5 min). The beads were
transferred to a new centrifuge tube and washed twice with 500 mM NaCl FA buffer (10
min each), once with TEL buffer (0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1mM
EDTA, 10 mM Tris-HCI, pH 8.0) for 10 min, and twice with TE buffer (5 min each). The
immunocomplex was then eluted in 200 pl elution buffer (1% SDS in TE with 250 mM NaCl)
by incubating at 65°C for 20 min. The saved input samples were thawed and treated with
the ChIP samples as follows. One (1) pl of 20 mg/ml proteinase K was added to each sam-
ple and the samples were incubated at 55°C for 2 hours then 65°C overnight (12-20 hours)
to reverse cross-link. The immonuprecipitated DNA was purified with Ampure XP beads

(A63881) according to manufacturer’s instructions.
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3.3.4  ChIP-sequencing data analysis

Unique reads were mapped to the C. elegans genome (cel0) with bowtie2 (Langmead and
Salzberg, 2012). Peak calling was then performed with MACS2 (minimum ¢-value cutoff for
peak detection: 0.005). For visualization purposes, the sequencing depth was normalized to
1x genome coverage using bamCoverage provided by deepTools (Ramirez et al., 2016), and
peak signals were shown in IGV. Heatmap of peak coverage in regard to UNC-3 enrichment
center was generated with NGSplot (Shen et al., 2014). The average profile of peaks binding
to T'SS region was generated with ChIPseeker (Yu et al., 2015). To study the distribution of
peaks genome-wide, the peaks were annotated using annotatePeaks.pl provided by Homer
(Heinz et al., 2010), and each peak was assigned to a gene with the nearest TSS. For de novo
motif discovery, sequences containing 100bp around the centers of each peak (from -50bp to

+50bp) were extracted and supplied to findMotifsGenome.pl provided by Homer.

3.3.5 Protein Class Ontology analysis using PANTHER

Protein Class Ontology analysis was performed on 1,478 UNC-3-bound genes out of the 3,502
protein-coding genes. The number of genes is significantly lower than the number of peaks

because Panther analysis only considers genes with known protein class terms.

3.3.6  Targeted genome editing

The cfi-1 endogenous reporter strain kas16 [mNG::AID::cfi-1] was generated by employing
CRISPR/Cas9 genome editing, inserting the mNG::3tFLAG::AID cassette immediately af-
ter the ATG of ¢fi-1. The cfi-1 enhancer knock-out allele mNG::AID::cfi-1 & enhancer (769 bp)
was generated by using two guide RNAs flanking the cfi-1 enhancer to guide excision of the

genomic region, which was then followed by homology dependent repair (HDR) to create
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a 769 bp deletion (-11,329 bp to -12,097 bp). The UNC-3 binding motif mutation allele
mNG::AID::cfi-18 COE motifs mut woq senerated by creating nucleotide substitutions in the
repair template, which carries homology arms complementary to the cfi-1 enhancer region

and is then introduced into the genome through HDR.

3.3.7 Microscopy

Imaging slides were prepared by anesthetizing worms with sodium azide (NaNj3, 100 mM)
and mounting them on a 4% agarose pad on glass slides. Images were taken with an auto-
mated fluorescence microscope (Zeiss, Axio Imager 7Z2). Images containing several z stacks
(0.50 pm intervals between stacks) were taken with Zeiss Axiocam 503 mono using the ZEN
software (Version 2.3.69.1000, Blue edition). Representative images are shown following
max-projection of 2-5 pm Z-stacks using the maximum intensity projection type. Image

reconstruction was performed with Image J (Schindelin et al., 2012).

3.3.8 Motor neuron subtype identification

The identification of specific MN subtypes expressing a given UNC-3 target gene was assessed
based on the following: (a) co-localization with fluorescent reporters that label specific MN
subtypes; (b) Invariant position of neuronal cell bodies along the ventral nerve cord; (c) Birth
order of specific motor neuron subtypes (e.g. during embryogenesis or post-embryogenesis);

(d) Total cell numbers in each motor neuron subtype.
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3.3.9 Bioinformatic prediction of binding motifs

Information of the LIN-39 binding motif is curated in the Catalog of Inferred Sequence
Binding Preferences database (http://cisbp.ccbr.utoronto.ca). To predict and iden-
tify LIN-39 binding motifs and UNC-3 binding motifs (identified in this paper) in the cfi-1
enhancer (-11,391 bp to -12,146 bp), we utilized tools provided by MEME (Multiple Expec-
tation maximization for Motif Elicitation) bioinformatics suite (http://meme-suite.org/),

and performed FIMO (Find Individual Motif Occurrences) motif scanning analysis.

3.3.10 Temporally controlled protein degradation

Temporally controlled protein degradation was achieved with the auxin-inducible degrada-
tion system (Zhang et al., 2015). TIR1 expression was driven by the ubiquitously active eft-3
promoter in the transgene 1eSi57 [eft-3prom.::tiri], or a transgene that drives TIR1 selectively
in neurons (0t7Ti28). To induce degradation of proteins (LIN-39, CFI-1, UNC-3), the fol-
lowing alleles were used: lin-39 (kas9 [lin-39::mNG::AID]), cfi-1 (kas16 [mNG::AID::cfi-1]),
and unc-3 (0t837 [unc-3::mNG::AID]). Worms at specific developmental stages (see figure
legends for details) were grown at 20°C on NGM plates coated with 4 nM auxin (indole-
3-acetic acid [IAA] dissolved in ethanol) or ethanol (negative control) for 1 day or 4 days

before tested (see figure legends for more details). All plates were shielded from light.

3.3.11 Worm tracking

Worms were maintained as mixed stage populations by chunking on NGM plates with E. coli
OP50 as the food source. Worms were bleached and the eggs were allowed to hatch in M9
buffer to arrest as L1 larvae. L1 larvae were refed on OP50 and allowed to grow to day 2 or

adulthood. On the day of tracking, five worms were picked from the incubated plates to each
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of the imaging plates (see below) and allowed to habituate for 30 minutes before recording
for 15 minutes. Imaging plates are 35 mm plates with 3.5 mL of low-peptone (0.013% Difco
Bacto) NGM agar (2% Bio/Agar, BioGene) to limit bacteria growth. Plates are stored at
4°C for at least two days before use. Imaging plates are seeded with 50 pl of a 1:10 dilution
of OP50 in M9 the day before tracking and left to dry overnight with the lid on at room

temperature.

3.3.12 Behavioral feature extraction and analysis

All videos were analyzed using Tierpsy Tracker to extract each worm’s position and pos-
ture over time (Javer et al., 2018a). These postural data were then converted into a set of
behavioral features selected from a large set of features as previously described (Javer et
al., 2018b). For each strain comparison, we performed unpaired two-sample t-tests indepen-
dently for each feature. The false discovery rate was controlled at 5% across all strain and

feature comparisons using the Benjamini Yekutieli procedure (Benjamini, 2001).

3.3.13 Statistical analysis

For data quantification, graphs show values expressed as mean + standard error mean
(SEM) of animals. The statistical analyses were performed using the unpaired t-test (two-
tailed). Calculations were performed using the GraphPad QuickCalcs online software (http:

//www .graphpad.com/quickcalcs/). Differences with p < 0.05 were considered significant.

Data accessibility

The accession number for the UNC-3 ChIP-seq data is GEO: GSE143165.
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3.4 Results

3.4.1 Identifying the global targets of UNC-3 via ChIP-Seq

To identify in an unbiased manner putative UNC-3 target genes, we employed chromatin im-
munoprecipitation followed by DNA sequencing (ChIP-Seq). We used a reporter strain with
in-frame GFP sequences inserted immediately upstream of the stop codon of the endogenous
unc-3 gene (Figure 3.1A). Expression of UNC-3::GFP fusion protein was observed in the nu-
cleus of 53 cholinergic MNs (SAB subtype = 3 neurons, DA =9, DB =7, VA =12, VB =
11, AS = 11) and 19 other neurons known to express unc-3 (Figure 3.1A), indicating that
this reporter faithfully recapitulates the endogenous unc-3 expression pattern (Pereira et al.,
2015, Prasad et al., 1998). Insertion of GFP does not detectably alter the function of UNC-3
since expression of known UNC-3 targets (cho-1/ChT, unc-17/VAChT, ace-2/AChE) is un-
affected in unc-3::gfp animals (Figure 3.1B). Unlike unc-3 null mutants, unc-3::gfp animals
do not display locomotion defects. We therefore performed ChIP-seq on unc-3::gfp animals

at larval stage 2 (L2) because all unc-3 expressing neurons have been generated by this stage.

Our ChIP-seq dataset revealed strong enrichment of UNC-3 binding in the genome by
identifying a total of 6,892 unique binding peaks (q-value cutoff: 0.05) (Figures 3.1C and
3.2). The majority of UNC-3 binding peaks (91.95%) are predominantly located between 0
and 3 kb upstream of a transcription start site, whereas only a small fraction is found in in-
trons (2.05%) or downstream of a gene (0.99%), suggesting UNC-3 chiefly acts at promoters
and enhancers to regulate gene expression (Figures 3.1D and 3.1F). Through de novo motif
discovery analysis (see Materials and Methods), we identified a 12 bp pseudo-palindromic
sequence overrepresented in the UNC-3 binding peaks (Figure 3.1E), which highly resembles
the binding site of UNC-3 vertebrate orthologs (Treiber et al., 2010a, Treiber et al., 2010b,

Wang and Reed, 1993, Wang et al., 1997). To test the quality of our ChIP-Seq results, we
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sought to determine whether UNC-3 binding peaks are present in the cis-regulatory region
of all previously described UNC-3 targets in cholinergic MNs, because these neurons consti-
tute the majority of unc-3-expressing cells (53 out of 72 cells). Previous studies identified
10 terminal identity genes as putative direct UNC-3 targets and 43 terminal identity genes
whose expression is affected by genetic removal of unc-3 (Kratsios et al., 2015, Kratsios et
al., 2012). In the current study, we found UNC-3 binding peaks in 9 out of 10 (90%) direct
UNC-3 targets and 38 of the 43 (88.37%) downstream targets of UNC-3, indicating high
quality in the ChIP-Seq results (Figures 3.3A and 3.2, Supplementary File 1). Moreover,
ChIP-Seq for UNC-3 appears highly sensitive, as it identified peaks in unc-3-dependent genes
expressed in a limited number of neurons (e.g., glr-4/GluR is expressed in 4 out of 72 unc-3+
neurons) (Figure 3.3A). In conclusion, our ChIP-Seq experiment generated a comprehensive
map of UNC-3 binding in the C. elegans genome and provided biochemical evidence to the
hypothesis that UNC-3 binds to the cis-regulatory region of multiple terminal identity genes,

consolidating UNC-3’s function as a terminal selector of cholinergic MN identity.

Our bioinformatic analysis of the UNC-3 binding peaks revealed 3,502 protein-coding
genes as putative UNC-3 targets (see Materials and Methods). To classify these new targets,
we performed gene ontology (GO) analysis focused on protein classes using PANTHER (Mi
et al., 2013). This analysis revealed three broad categories (Figure 3.3B, Supplementary File
2). First, there is a preponderance (42.18% of the total number of UNC-3 targets classi-
fied by PANTHER) of terminal identity genes (e.g., 114 transporter proteins, 111 receptors
and trans-membrane proteins, 37 signaling molecules, 11 cell adhesion molecules), suggest-
ing that UNC-3 broadly affects multiple features of neuronal terminal identity. The second
overrepresented category (24.07% of UNC-3 targets) contains a large number of proteins in-
volved in the control of gene expression, such as 239 nucleic acid binding proteins (16.77%)

and 104 TFs (7.3%), highlighting the possibility of an extensive network of gene regulatory
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factors downstream of UNC-3. The third category (24.14%) consists of genes coding for
various types of enzymes (e.g., hydrolases, ligases, oxidoreductases), suggesting a new role
for UNC-3 in neuronal metabolic pathways. Together, this analysis unravels the breadth of
biological processes potentially under the direct control of UNC-3. The ChIP-Seq experi-
ment was performed on endogenously tagged UNC-3, which is expressed in 53 cholinergic
MNs of the nerve cord and 19 other neurons located in the C. elegans head and tail (Pereira
et al., 2015). Since MNs are the majority (53 cells) of unc-3-expressing cells (72 in total),
a significant portion of the UNC-3-bound genes may be expressed in MNs. To test this, we
used available single-cell RNA-Seq data (CeNGEN project: www.cengen.org) that identified
576 transcripts specifically enriched in cholinergic MNs (Seth R Taylor, 2019). We found
that 52.95% of these MN-expressed genes are bound by UNC-3 and fall in the aforemen-
tioned gene categories (Supplementary File 3), thereby constituting putative UNC-3 targets

in cholinergic MNs.

3.4.2 cis-requlatory analysis reveals novel TFs as direct UNC-3 targets in

motor neurons

Our ChIP-Seq results provide an opportunity to reveal new roles for UNC-3, beyond the
direct control of terminal identity genes. To this end, we focused on the 104 TFs identi-
fied by ChIP-Seq as putative UNC-3 targets (Figure 3.3B-C). To functionally test whether
the UNC-3 bound DNA elements upstream of these TF-encoding genes carry information
critical for gene expression, we carried out a cis-regulatory analysis. We isolated and fused
to RFP elements located upstream of 16 randomly selected TF's of different families (e.g.,
homeobox, nuclear hormone receptors, Zn finger) (Figure 3.3C, Table 1). We generated

transgenic reporter animals and found that 10 of these TF reporters were sufficient to drive

RFP expression in ventral cord MNs (Table 1). Next, we identified 9 TFs (nhr-1, nhr-40,
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Figure 3.1: Mapping UNC-3 binding genome-wide with ChIP-Seq.

A, Diagram illustrating the endogenous reporter allele of UNC-3. GFP is inserted immedi-
ately upstream of unc-3’s stop codon. Below, a representative image at L2 stage showing
expression of UNC-3::GFP fusion protein in cholinergic MN nuclei. Region highlighted in
dashed box is enlarged. Scale bar, 20 pm.

B, Quantification of terminal identity gene markers that report expression of known UNC-3
targets (cho-1/ChT, unc-17/VAChT, ace-2/AChE) in WT and 0t839 [unc-3::gfp] animals
at the L4 stage (N = 15). N. S.: not significant.
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Figure 3.1, continued.

C, Heatmap of UNC-3 ChIP-Seq signal around 1.0 kb of the center of the binding peak.
D, Summary plot of UNC-3 ChIP-Seq signal with a 95% confidence interval (grey area)
around 3.0 kb of the TSS. The average signal peak is detected at ~200 bp upstream of the
TSS.

E, de novo motif discovery analysis of 6,892 UNC-3 binding peaks identifies a 12 bp-long
UNC-3 binding motif.

F, Pie chart summarizes genomic distribution of UNC-3 ChIP-Seq signal

mab-9, ztf-26, ceh-44, zfh-2, cfi-1, bne-1, nhr-19) with expression in cholinergic MNs. Some
of those are also expressed in the unc-3-negative GABAergic MNs of the nerve cord (Table
1). Interestingly, one reporter (nhr-49) is exclusively expressed in GABAergic MNs. Ex-
pression of five TFs (nhr-1, nhr-19, nhr-49, zfh-2, 2tf-26) in ventral cord MNs has not been
previously described. The remaining 5 TFs (cfi-1/Arid3a, bnc-1/Bncl/2, mab-9/Tbz20,
nhr-40, ceh-44/Cuxl) are known to be expressed in subsets of unc-3-positive MNs (Kerk et
al., 2017, Pocock et al., 2008, Brozova et al., 2006), but our analysis revealed cis-regulatory
elements sufficient for their MN expression. Next, we tested for unc-3 dependency at the
L4 stage, and found that 8 of the 9 TF reporters (nhr-1, nhr-40, zfh-2, ztf-26, ceh-44, cfi-1,
bne-1, mab-9) with expression in cholinergic MNs are positively regulated by unc-3; their
expression significantly decreased in unc-3 mutants (Table 1, Figure 3.5). On the other hand,
nhr-49, which is normally expressed in GABAergic MNs, is negatively regulated by unc-3;
ectopic expression was observed in cholinergic MNs of unc-3 mutants (Table 1, Figure 3.5).
Together, this cis-regulatory analysis revealed novel TFs as direct UNC-3 targets in cholin-
ergic MNs. Besides its known role as an activator of terminal identity genes (Kratsios et
al., 2015, Kratsios et al., 2012), these findings suggest UNC-3 can also act directly to either
activate or repress expression of multiple TF-encoding genes. Alternatively, UNC-3 binding
could facilitate recruitment of other factors that function either as activators or repressors.

Altogether, these data uncover an extensive gene regulatory network downstream of UNC-3.
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Figure 3.2: UNC-3 ChIP-Seq results yield genome-wide enrichment of UNC-3.
A, Fingerprint plot indicating localized, strong enrichment of UNC-3 in the genome.
Specifically, when counting the reads contained in 93% of all genomic bins (data point 0.93,
0.5 on UNC-3 ChIP curve), only 50% of the maximum number of reads are reached, which
indicates 7% of the genome contains half of total sequencing reads from the ChIP sample.
B, Snapshots of UNC-3 ChIP-Seq and input (negative control) signals at the cis-regulatory
regions of known UNC-3 targets (del-1, acc-4, twk-13, dbl-1, unc-77, twk-40).
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Figure 3.3: Global analyses of UNC-3 ChIP-Seq data.

A, Snapshots of UNC-3 ChIP-Seq and input (negative control) signals at the cis-regulatory
regions of known UNC-3 targets (cho-1/ChT, unc-17/VAChT, acr-2/AChR, glr-4/GluR).

B, Graph summarizing protein class ontology analysis of putative target genes of UNC-3
identified by ChIP-Seq. Out of the 3,502 protein-coding UNC-3 targets, 1,425 encode for
proteins with known protein class terms and these were the ones considered by PANTHER.
This analysis classifies UNC-3 targets into 3 broad categories: terminal identity genes, gene

expression regulators, and enzymes.

C, Pie chart breaking down TF families that show UNC-3 binding.
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3.4.8  Temporal modularity of UNC-3 function in cholinergic motor

neurons

Terminal selectors are continuously expressed, from development through adulthood, in spe-
cific neuron types. However, it remains unclear whether — in the same neuron type — a
terminal selector controls an identical suite of targets across different life stages, or the suite
of targets can change over time. The case of UNC-3 offers an opportunity to address this is-
sue because its direct targets (terminal identity genes and newly identified TFs [Table 1]) are
continuously expressed in cholinergic MNs. However, unc-3 dependency of terminal identity
genes was mostly tested at a single developmental stage, the last larval stage (L.4) (Kratsios
et al., 2012). We therefore performed a longitudinal analysis to determine whether target

gene dependency on unc-3 remains stable or changes at different life stages.

First, we tested 4 terminal identity genes (acr-2/AChR, unc-129/TGFbeta, glr-4/GluR,
unc-17/VAChT) at larval (L2, L4) and adult (day 1) stages and found that their MN ex-
pression, at every stage, critically depends on UNC-3 (Figure 3.4A). Because this analysis
relied on animals lacking unc-3 gene activity since early development (a null allele was used),
whether UNC-3 is continuously required to maintain expression of these genes remained un-
clear. We therefore employed the auxin-inducible degradation (AID) system to deplete the
endogenous UNC-3 protein in cholinergic MNs at late larval and young adult stages (Zhang
et al., 2015). Compared to controls, we found a significant decrease in the number of adult
MNs expressing acr-2/AChR, glr-4/GluR, and unc-17/VAChT in animals treated with auxin
(Figure 3.6). These findings indicate UNC-3 is required to initiate and maintain the expres-
sion of terminal identity genes, consolidating its role as a terminal selector of cholinergic MN

fate.

However, a different picture emerged after testing the 8 TF reporters that are positively
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regulated by UNC-3 (Table 1). Similar to terminal identity genes, the expression of 3 TFs
(2fh-2/Zfhx3, ztf-26, nhr-1) critically depends on UNC-3 at every stage (L2, L4, adult)
(Figure 3.5), suggesting UNC-3 controls initiation and maintenance of their expression. In
striking contrast, the early expression (L2 stage) of five TFs (cfi-1, bne-1, mab-9, nhr-40, ceh-
44 ) does not require UNC-3 (Figure 3.4B). However, maintenance of their expression during
late larval and/or adult stages does depend on UNC-3 (Figure 3.4B). Hence, this longitudi-
nal analysis revealed two groups of targets with distinct requirements for UNC-3 at different
life stages. One group consists of terminal identity genes (acr-2/AChR, unc-129/TGFbeta,
glr-4/GluR, unc-17/VAChT) and TFs (zfh-2/Zfhx3, ztf-26, nhr-1) that require UNC-3 for
both initiation and maintenance of expression ( “initiation and maintenance” module, Figures
3.4A and 3.4C). The second group consists exclusively of TFs (cfi-1/Arid3a, bnc-1/Bncl,
mab-9/Tbx20, ceh-44/Cuzl, nhr-40) that depend on UNC-3 for maintenance, but not initi-

ation (“maintenance-only” module, Figures 3.4B-C).

Collectively, these findings suggest that, in cholinergic MNs, the suite of UNC-3 target
genes can partially change at different life stages. In all larval and adult stages examined,
UNC-3 is required for the continuous expression of one set of genes (“initiation and mainte-
nance” module). However, only in late larvae and adults, UNC-3 is required to maintain ex-
pression of another set of genes (“maintenance-only” module). To describe this phenomenon,
we use the term “temporal modularity in UNC-3 function” given that the function of a TF
in a specific cell type and at a particular life stage is determined by the suite of targets
it controls in that cell type and at that stage (Figure 3.4C). In the following sections, we
hone in on a single target (cfi-1/Arid3a) from the “maintenance-only” module, aiming to
dissect the molecular mechanisms underlying the temporal modularity of UNC-3 function in

cholinergic MNs.
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Figure 3.4: Terminal identity genes and transcription factors display distinct
temporal requirements for UNC-3.
A, Top: snapshots of UNC-3 ChIP-Seq and input (negative control) signals at the cis-
regulatory regions of 4 cholinergic terminal identity genes (acr-2/AChR, unc-129/TFGb,
glr-4/GluR, and unc-17/VAChT). The length of DNA elements included in each reporter is
shown. Bottom: quantification of terminal identity gene reporters in WT and unc-3 (n3435)
animals at 3 different developmental stages — L2, 1.4, and day 1 adults (N > 12). UNC-3
is required for both initiation and maintenance of all 4 terminal identity genes. *** p < 0.001.
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Figure 3.4, continued.

B, Top: snapshots of UNC-3 ChIP-Seq and input (negative control) signals at the cis-
regulatory regions of 5 transcription factors (cfi-1/Arid3a, bnc-1/Bncl, nhr-40, mab-
9/Tbz20, and ceh-44/Cuxl). The length of DNA elements included in each reporter is
shown. Middle: representative images of WT L4 animals showing expression of the trans-
genic reporters in MNs. Scale bar, 20 pm. Bottom: quantification of transcription factor
reporters in WT and wunc-8 (n8435) animals at 3 different developmental stages — L2, 14,
and young adults (day 1 or day 3) (N > 12). UNC-3 is required for maintenance, but not
initiation of the 5 TFs. N.S.: not significant, * p < 0.05, *** p < 0.001.

C, Schematic summarizing the phenomenon of temporal modularity in UNC-3 function. The
first module consists of terminal identity genes and TFs, which require UNC-3 for both ini-
tiation and maintenance of gene expression. The second module consists exclusively of TFs
that require UNC-3 only for maintenance.

3.4.4 A distal enhancer is necessary for initiation and maintenance of

cfi-1/Arid3a expression in MNs

Our cis-regulatory analysis suggests that maintenance, but not initiation, of c¢fi-1 expression
depends on UNC-3 (Figure 3.4B). We therefore hypothesized that the sole UNC-3 binding
peak on the cfi-1 locus (located ~12 kb upstream) demarcates an enhancer element selec-
tively required for maintenance (Figures 3.4B and 3.7A). If this were to be the case, then
it would be logical to assume that a separate cis-regulatory element would control cfi-1
initiation in MNs. To test this assumption, we conducted an unbiased cis-regulatory anal-
ysis in vivo by generating a series of 12 transgenic reporter (GFP or RFP) animals, with
each reporter carrying small and contiguous DNA fragments spanning a ~15 kb region (Fig-
ure 3.7A). Surprisingly, this analysis did not reveal a separate initiation element. Instead,
it showed that the same 2.5 kb distal element (reporter #7) that drives RFP expression in
subsets of unc-3-expressing cholinergic MNs (DA, DB, VA, VB subtypes) at larval and adult
stages (Figure 3.4B), is also sufficient for embryonic (3-fold stage) MN expression (Figures
3.7A - C). In addition, this 2.5 kb element also showed expression at all these stages in
unc-3-negative neurons of the nerve cord, namely the GABAergic (DD, VD subtypes) MNs
(Figures 3.7A and 3.7C), which will be discussed later in Results. We conclude that this
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Figure 3.5: UNC-3 directly controls the expression of several TF reporters in MNs.
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Figure 3.5, continued.

A-C, Top: snapshots of UNC-3 ChIP-Seq and input (negative control) signal at the cis-
regulatory regions of 5 TF-encoding gens (nhr-1, ztf-26, zfh-2, nhr-49, nhr-19). Transgenic
RFP reporters contain the cis-regulatory regions bound by UNC-3, as well as flanking
sequences. Middle: representative images of WT L4 animals showing expression of the
transgenic reporters in nerve cord MNs. Scale bar, 20 pm. Bottom: quantification of TF
reporters in WT and wunc-8 (n8435) animals at 3 different developmental stages — L2, 14,
and day 3 adult. nhr-1, 2tf-26, and zfh-2 are activated by UNC-3 (A), while nhr-49 is
repressed by UNC-3 (B) and nhr-19 does not appear to be controlled by UNC-3 (C). N >
15. N.S.: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.

D, Three TF reporters (ccch-3, ztf-17, nhr-1) are not expressed in nerve cord MNs, but
show expression in head neurons. Top: snapshots of UNC-3 ChIP-seq and input (negative
control) signals at the cis-regulatory regions of ccch-3, ztf-17, and nhr-1. Transgenic
RFP reporters contain the cis-regulatory regions bound by UNC-3. Bottom: represen-
tative images of WT L4 animals showing expression of the transgenic reporters in some
unidentified neurons of the head. It is known that UNC-3 is expressed in some head neurons.

enhancer element is sufficient for initiation and maintenance of cfi-1 reporter expression in

nerve cord MNs.

To test the necessity of this element, we first generated via CRISPR/Cas9 an endogenous
mNeonGreen (mNG) reporter allele for cfi-1, which also carries an auxin-inducible degron
(AID) tag (mNG::AID::cfi-1), enabling inducible depletion of CFI-1 (depletion experiments
are described later in Results). Animals carrying the mNG::AID::cfi-1 AID allele do not show
any developmental phenotypes, suggesting that the mNG::AID tag does not detectably alter
cfi-1 activity. This reporter showed expression in subsets of unc-3-expressing MNs (DA, DB,
VA, VB subtypes), GABAergic nerve cord MNs (DD, VD subtypes), tail and head neurons,
as well as head muscle (Figures 3.7A-C), a pattern consistent with previous studies describing
cfi-1 expression (Shaham and Bargmann, 2002, Kerk et al., 2017). We determined the onset
of the endogenous cfi-1 reporter (mNG::AID::cfi-1) in MNs to be at the 3-fold embryonic
stage, coinciding with the onset of transgenic reporters (#7 and #8) containing the distal
enhancer (Figure 3.7B). Next, we employed CRISPR/Cas9 genome editing and deleted 769

bp that constitute the core of the UNC-3 binding peak (located ~12 kb upstream) in the
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Figure 3.6: UNC-3 is required to maintain the expression of glr-4/GluR, unc-
17/VAChT, and acr-2/AChR in cholinergic motor neurons.

A, Diagram illustrating the design of UNC-3 knock-down experiments. Auxin (or EtOH,
as control) was applied to L3 worms carrying unc-3::mNG::AID and a pan-neuronal tir-1
allele (with reporters of target genes to be tested). Examination of reporter expression was
performed following 3 days of continuous auxin/EtOH administration.



Figure 3.6, continued.

B, Diagram illustrating the worm body with highlights of the locations of the SAB neurons
(in the anterior) and the MNs along the VNC. Two boxed regions focus on the SAB neurons
and the MNs in the posterior half of the worm body, which are shown in the representative
images in the next panels.

C-D, Demonstration of UNC-3 knock-down efficiency. Left: representative images showing
expression of unc-3:mNG::AID after 3 days of auxin or EtOH administration in the SAB
neurons (C) or MNs in the posterior VNC (D); Right: Quantification of the number of SAB
neurons (C) or MNs in the posterior VNC (D) showing expression of unc-3::mNG::AID
following auxin/EtOH treatment. To get a preliminary idea of the efficiency, 9 worms from
the auxin group and 10 worms from the EtOH group were checked one day after starting
the treatment. To demonstrate the knock-down is persistent, 5 worms from each group were
checked 3 days after starting the treatment. *** p < 0.001.

E, glr-4/GluR, unc-17/VAChT, and acr-2/AChR require UNC-3 for both initiation and
maintenance of their expression. Left: representative images showing the expression of
glr-4::RFP (E), unc-17::GFP (F), and acr-2::GFP (G) following 3 days or auxin/EtOH
treatment. Downregulation of these reporters is apparent in terms of both the number of
cells showing positive expression and the fluorescent intensity of the positive cells; Right:
quantification of the number of SAB neurons expressing glr-4::RFP (E), and the number of
MNs in the posterior VNC expressing unc-17::GFP (F) and acr-2::GFP from worms shown
on the left (N = 15). *** p < 0.001.

context of the endogenous cfi-1 reporter (mNG::AID::cfi-1 A enhancer (769 bp) ). We found
that mNG::AID::cfi-1 expression is selectively eliminated in cholinergic (DA, DB, VA, VB)
and GABAergic (DD, VD) nerve cord MNs at all life stages examined (3-fold embryo, L4,

Day 1 adult) (Figures 3.7A-B, quantification of cholinergic MNs shown in Figure 3.7D).

We conclude that a distal 2.5kb enhancer (located ~12 kb upstream of cfi-1) is suf-
ficient for cfi-1 expression in nerve cord MNs. Genome editing suggests that a 769 bp
sequence within this 2.5kb enhancer is required for both initiation and maintenance of cfi-1
in nerve cord MNs (Figure 3.7D). In the ensuing sections, we test the hypothesis that this
enhancer integrates UNC-3 input for ¢fi-1 maintenance in cholinergic MNs, as well as UNC-

3-independent input for c¢fi-1 initiation in these neurons.
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Figure 3.7: UNC-3 acts through a distal enhancer to maintain cfi-1 expression in
cholinergic motor neurons.
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Figure 3.7, continued.

A, Top: Snapshots of UNC-3 ChIP-Seq and input (negative control) signals at the
cis-regulatory region of cfi-1. The grey bar highlights an UNC-3 binding peak located ~12
kb upstream of the TSS of ¢fi-1 (-11,391 bp to -12,146 bp). Bottom: schematic showing the
strategy of constructing cfi-1 reporters. Twelve transcriptional fusion reporters ( #1 [-1 bp
to -8,170 bp], #2 [993 bp to 3,764 bp], #3 [547 bp to -1,173 bp|, #4 [-1,164 bp to -2,875 bp],
#5 [-2,865 bp to -6,141 bp], #6 [-8,162 bp to -11,346 bp]|, #7 [-11,329 bp to -13,824 bp]|, #8
[-11,329 bp to -11,881 bp]|, #9 [-11,851 bp to -12,234 bp|, #10 [-12,223 bp to -12,722 bp],
#11 [-12,705 bp to -13,284 bp|, and #12 [-13,263 bp to -13,824 bp|) carry cis-regulatory
regions fused to fluorescent reporters (GFP or RFP). The endogenous reporter alleles
(mNG::AID::cfi-1 and mNG::AID::cfi-1 & erhancer (769 bp)y haye an in-frame fluorescent
protein mNeonGreen (mNG) insertion immediately after the ATG of ¢fi-1. The enhancer
KO allele mNG::AID::cfi-1 & enhancer (769 bp) carries a 769 bp deletion (-11,329 bp to
-12,097 bp). Table on the right summarizes the expression pattern of each reporter allele at
L4 stage. N > 12. +: reporter expressed, —: reporter not expressed, +/—: reporter partially
expressed in the respective neurons. Number of independent transgenic lines tested for each
reporter is shown on the right.

B, Representative images showing the expression of reporter #7, reporter #8,
mNG::AID::cfi-1, and mNG::AID::cfi-1 A enhancer (769 bp) ) at specific life stages. Ar-
eas highlighted in dashed boxes are enlarged and presented on the right side of each picture.
The onset of cfi-1 expression occurs at the 3-fold embryonic stage. mNG+ MNs are
annotated with arrowheads. Scale bars, 5 pm (3-fold embryos); 20 pm (larvae and adults).
C, Schematic summarizing the expression pattern of cfi-1 and unc-3 in nerve cord MNs.
D, Quantification of the number of cholinergic MNs expressing endogenous cfi-1

(mNG::AID::cfi-1) in WT and animals carrying the enhancer deletion (mNG::AID::cfi-1

A enhancer (769 bp) ). Deletion of the enhancer element located ~12 kb upstream of the TSS

of ¢fi-1 completely abolishes cfi-1 expression in MNs at all tested stages. A red fluorescent
marker (ttr-39::mCherry) for GABAergic MNs was used to exclude these neurons from the
quantification. Cholinergic MNs expressing cfi-1 were positive for mNG and negative for
mCherry.

E, Bioinformatic analysis predicted 8 UNC-3 binding sites (COE motifs, shown as pink
boxes) in the c¢fi-1 enhancer region, which displays UNC-3 binding (-11,391 bp to -12,146
bp). Using CRISPR/Cas9, these 8 motifs were mutated by substituting duplets or triplets
of nucleotides as shown below, thereby generating the strain cfi-1 (syb1856 [mNG::AID::cfi-
18 COE motifs mut/)'

F, Quantification of the number of cholinergic MNs expressing the endogenous cfi-1 reporter
(mNG::AID::cfi-1) in WT and wunc-8 (n3435) animals, as well as in animals with mutated
COE motifs (mNG::AID::cfi-15 COE motifs muty ot 19 1,4, and day 1 adult stages (N > 12).
N.S.: not significant, *** p < 0.001.
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3.4.5 UNC-3 maintains cfi-1 expression in cholinergic MNs via direct

actiwvation of the distal enhancer

The binding of UNC-3 to the distal enhancer strongly suggests UNC-3 acts directly to main-
tain cfi-1 expression in cholinergic MNs (Figure 3.7A). However, the UNC-3 peak is spread
across several hundred base pairs due to the inherently low ChIP-Seq resolution. Hence, the
precise DNA sequences recognized by UNC-3 remained unknown. Through bioinformatic
analysis (see Materials and Methods), we identified 8 putative UNC-3 binding sites (COE
motifs) within the 769 bp distal enhancer (Figure 3.7E). Using CRISPR/Cas9 technology,
we simultaneously mutated all 8 motifs in the context of the endogenous cfi-1 reporter allele
(mNG::AID::cfi-18 COE motifs mut) by substituting nucleotides known to be critical for DNA
binding of UNC-3 orthologs (Treiber et al., 2010a, Wang et al., 1993) (Figure 3.7E). During
the L2 stage, expression of mNG in MNs is not affected in mNG::AID::cfi-18 COE motifs mut
animals, indicating early cfi-1 expression occurs normally (Figure 3.7F). Intriguingly, mNG
expression is significantly down-regulated in cholinergic MNs at later larval (L4) and adult
(day 1) stages, resembling the phenotype of unc-3 null mutants (Figure 3.7F). We conclude
that UNC-3 binds to the distal enhancer and directly acts through one or more of these 8

COE motifs to maintain cfi-1 expression in cholinergic MNs.

Previous studies in the nervous system have shown that a TF can maintain its own expres-
sion via transcriptional activation either by itself (positive auto-regulation), or in partnership
with other TFs (Leyva-Diaz and Hobert, 2019, Scott et al., 2005, Xue et al., 1992). We found
though that cfi-1 does not auto-regulate and UNC-3 binding at the distal enhancer occurs
normally in ¢fi-7 null mutants (Figure 3.8), excluding a potential involvement of CFI-1 in

1ts own maintenance.
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Figure 3.8: CFI-1 does not auto-regulate.

A, Snapshots of UNC-3 ChIP-seq signal at the cfi-1 locus in WT and cfi-1 (0t786) animals.
UNC-3 binds to the ¢fi-1 enhancer normally in cfi-1 (0t786) mutants.

B, Quantification of the number of MNs expressing the transcriptional fusion reporter
#7(cfi- 17" ::RFP) in WT worms and cfi-1 (0t786) mutants (N = 14). No significant
difference was detected between WT and cfi-1 (0t786), suggesting that the expression of re-
porter #7 (cfi-1 2.5kb.. R P) is not altered upon genetic removal of ¢fi-1. N.S.: not significant.
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3.4.6 LIN-39 (Scr/Dfd/Hox4-5) and MAB-5 (Antp/Hox6-8) control cfi-1
expression in cholinergic MNs through the same distal enhancer

If UNC-3 exerts a maintenance role, what are the factors that initiate cfi-1 expression in
MNs? Previous work showed that two Hox proteins, LIN-39 (Scr/Dfd/Hox4-5) and MAB-5
(Antp/Hox6-8), control c¢fi-1 expression in MNs (Kratsios et al., 2017). However, analysis
was performed at the last larval stage (L.4) and transgenic cfi-1 reporter animals were used.

Hence, it is unclear whether LIN-39 and MAB-5 are required for initiation of endogenous

cfi-1.

Because lin-39; mab-5 double null mutants are viable (Liu and Fire, 2000), we performed
a longitudinal analysis and found that expression of the endogenous mNG::AID::cfi-1 re-
porter in cholinergic MNs is severely affected at embryonic (3-fold), larval (L2, L4) and
adult (D1) stages (Figure 3.9A-C). Since onset of cfi-1 expression occurs at the 3-fold em-
bryonic stage (Figure 3.7B), these results suggest LIN-39 and MAB-5 are required for cfi-1
initiation. Conversely, initiation of cfi-1 expression is not affected in a null mutant of unc-3
(Figure 3.9B-C). Moreover, available ChIP-Seq data from modENCODE (Boyle et al., 2014)
indicate that LIN-39 and MAB-5 bind to the cfi-1 distal enhancer (Figure 3.9A). Expres-
sion of a 2.5 kb transgenic cfi-1 reporter (reporter #7) that carries the distal enhancer is
significantly affected in lin-39; mab-5 double mutants at early larval (L2) stages (Figure
3.9A, D). These results strongly suggest that LIN-39 and MAB-5 activate cfi-1 expression
directly. Although the DNA sequence of the MAB-5 binding site is not known, mutation of
a single, bioinformatically predicted LIN-39 binding site (wild-type: aaTTGAtg > mutated:
aaGGGGtg) within the enhancer led to a decrease in reporter gene expression at L2 (Fig-
ure 3.9A, E). This decrease was weaker compared to lin-39; mab-5 double mutants (Figure
3.9C), likely due to compensation by MAB-5. Indeed, LIN-39 and MAB-5 appear to act
synergistically because endogenous cfi-1 expression (mNG::AID::cfi-1) is mildly affected in
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lin-39 single mutants, but severely affected in lin-39; mab-5 double mutants (Figure 3.9F).
We conclude that the Hox proteins LIN-39 and MAB-5 are necessary for cfi-1 initiation in
cholinergic MNs (left panel, Figure 3.9G), and act through the same distal enhancer utilized
by UNC-3 to maintain c¢fi-1 (right panel, Figure 3.9G).

Because LIN-39 and MAB-5 are continuously expressed — from embryo through adulthood
— in cholinergic MNs (Feng et al., 2020), it is likely that these Hox proteins, like UNC-3,
are also required for maintenance. To test this, we used the auxin-inducible degradation
(AID) system and depleted the endogenous LIN-39 protein at the last larval stage (L4) by
using a previously described lin-39::mNG::AID allele (Feng et al., 2020, Zhang et al., 2015).
However, expression of cfi-1 was unaffected in the adult (Figure 3.10). This negative result
could be attributed to low and undetectable levels of LIN-39 and/or functional compensa-
tion by MAB-5. We therefore used lin-39; mab-5 double (null) mutants and crossed them
to unc-3 null animals. Of note, Hox genes (lin-39, mab-5) and unc-3 do not cross-regulate
their expression (Kratsios et al., 2017). If Hox proteins, similar to UNC-3, are required for
cfi-1 maintenance in cholinergic MNs, stronger effects should be present in unc-3; lin-39;
mab-5 triple mutants compared to unc-3 single mutants. Indeed, we found this to be the
case in day 1 adult animals (graph on the right, Figure 3.9C). Supporting a maintenance
role for Hox, mutation of the LIN-39 binding site within the cfi-1 enhancer (reporter #8)

led to a sustained decrease in reporter gene expression from L2 to adult stages (Figure 3.9E).

Together, our findings suggest the Hox proteins LIN-39 and MAB-5 control initiation and
maintenance of cfi-1 in cholinergic MNs via the same distal cis-regulatory region (enhancer)
utilized by UNC-3 to maintain cfi-1 (Figure 3.9G). However, this region bears distinct UNC-
3 and LIN-39 binding sites.
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Figure 3.9: UNC-3 and Hox control cfi-1 expression in cholinergic MNs.
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Figure 3.9, continued.

A, A snapshot of UNC-3 (L2 stage), LIN-39 (L3 stage), and MAB-5 (L2 stage) ChIP-Seq
signals at the cfi-1 locus. UNC-3, LIN-39, and MAB-5 bind to the same cfi-1 enhancer
(highlighted in gray). Below: Schematics illustrating the reporters used in the rest of the
figure.

B, Representative images showing the expression of the mNG::AID::cfi-1 in WT, unc-3
(n3435), and lin-39 (n1760); mab-5 (e1239) animals during 3-fold embryonic, L2, L4, and
day 1 adult stages. cfi-1 is expressed in 4 cholinergic MN subtypes (DA, DB, VA, and VB).
DA and DB are born embryonically, while VA and VB are born post-embryonically. Areas
highlighted in dashed boxes are enlarged and presented on the right side of each picture.
mNG+ MNs are annotated with arrowheads. Scale bars, 5 nm (3-fold embryos); 20 pm
(larvae and adults).

C, Quantification of the number of cholinergic MNs expressing the endogenous cfi-1 reporter
(mNG::AID::cfi-1) in WT animals, unc-3 (n3435) mutants, lin-39 (n1760); mab-5 (e1239)
double mutants, and unc-3 (n3435); lin-39 (n1760); mab-5 (e1239) triple mutants during
3-fold embryonic, 1.2, 14, and day 1 adult stages (N > 12). N.S.: not significant, *** p <
0.001. A red fluorescent marker (ttr-39:mCherry) for GABAergic MNs was used to exclude
these neurons from the quantification. Cholinergic MNs expressing cfi-1 were positive for
mNG and negative for mCherry.

D, Quantification of the expression of transgenic cfi-1 reporter #7 in WT and [in-39
(n1760); mab-5 (e1239) animals at L2 stage (N = 13). Reporter expression is strongly
affected in lin-39 (-); mab-5 (-) double mutants. *** p j 0.001.

E, Quantification of the WT transgenic reporter #8 and the same reporter with the LIN-39
binding site mutated (point mutations) at larval (L2) and adult (D3) stages (N > 13). * p
< 0.05.

F, Quantification of the expression of the mNG::AID::cfi-1 allele in W'T animals, lin-39
(n1760) single mutants, and lin-39 (n1760); mab-5 (e1239) double mutants at the L2 stage
(N > 12). While the number of cholinergic MNs with cfi-1 expression is mildly decreased in
lin-39 single mutants, more severe effects are observed in double mutants. *** p < 0.001.
G, Schematic summarizing the mechanisms underlying initiation and maintenance of cfi-1
expression in cholinergic MNs.

3.4.7 cfi-1/Arid3a is required post-embryonically to maintain MN subtype
tdentity

Expression of ¢fi-1 in cholinergic MNs (DA, DB, VA, VB) is maintained throughout life
by Hox and UNC-3 (Figure 3.9G). But why is it important to ensure continuous cfi-1 ex-
pression? Although its function in VA and VB remains unknown, CFI-1 is required during

early development to establish the identity of DA and DB subtypes by acting as a tran-
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Figure 3.10: Auxin-inducible depletion of LIN-39 at larval stage 4 (L4) does not
affect cfi-1 expression in nerve cord MNs.

A, Representative images showing expression of LIN-39::mNG::AID after treatment with
ethanol and auxin (negative control). LIN-39:mNG::AID is degraded and mNG fluorescent
signal becomes undetectable in MNs, when worms are imaged after 4 days of auxin
treatment. Arrowheads indicate MN nuclei in the nerve cord.

B, Quantification of the number of MNs expressing glr-4::RFP in mNG::AID::cfi-1 worms,
worms carrying the cfi-1 enhancer deletion (mNG::AID::cfi-1 A enhancer (769 bp)), WOorms
with mutated COE motifs (mNG’::A[D::cﬁ—18 COE motifs muty - as well as in cfi-1 null
mutants at L2, L4, and day 2 adult stages (N = 15). N.S.: not significant, *** p < 0.001.
The remaining expression of ¢fi-1 in ~ 15 MNs of mNG::AID::cfi-18 COE motifs mut opimals
(Figure 3.7F) is likely the reason for not observing gir-4/GluR ectopic expression in MNs of
these animals.

scriptional repressor (Kerk et al., 2017). In ¢fi-1 null animals, glutamate receptor subunit 4
(glr-4/GluR), a terminal identity gene normally activated by UNC-3 in another MN subtype
(SAB), becomes ectopically expressed in DA and DB neurons (Figure 3.11). In animals lack-
ing cfi-1 expression specifically in MNs at all stages (mNG::AID::cfi-1 A enhancer (769 bp) ,
Figure 3.7A-B), we also observed ectopic glr-4 expression in these neurons (Figure 3.11).
Hence, early global removal of cfi-1, or MN-specific loss of ¢fi-1 both lead to DA and DB
neurons adopting a mixed identity. However, whether CFI-1 is required post-embryonically

to continuously prevent DA and DB from obtaining a mixed identity is not known.
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To enable CFI-1 protein depletion selectively at post-embryonic stages, we used the
mNG::AID::cfi-1 reporter allele (Figure 3.7A), which also serves as a conditional allele as it
carries the auxin-inducible degron (AID) (Zhang et al., 2015). Auxin administration at the
first larval (L1) stage resulted in efficient depletion of mNG::AID::cfi-1 expression, which
was undetectable 2 days later (Figure 3.11). At the L3 stage (2 days upon continuous auxin
treatment), we observed ectopic expression of glr-/ in DA and DB neurons. These results
suggest that CFI-1 is required post-embryonically to prevent DA and DB neurons from
adopting mixed identity, underscoring the critical role of UNC-3 and Hox in maintaining

cfi-1 expression (Figure 3.9G).

3.4.8  Minimal disruption of temporal modularity in UNC-3 function leads

to locomotion defects

Animals carrying unc-3 null alleles display severe locomotion defects (Feng et al., 2020),
likely due to combined defects in the expression of UNC-3 targets from both “initiation and
maintenance” and “maintenance-only” modules (Figure 3.4C). Genes from the “initiation
and maintenance” module include (among others) terminal identity genes coding for ACh
biosynthesis components (Figure 3.4A). Hence, it is conceivable that loss of unc-3 can lead
to defects in ACh biosynthesis, likely contributing to locomotion defects. However, it is
unclear whether, in cholinergic MNs, the maintained expression of any of the UNC-3 targets
from the “maintenance-only” module is critical for locomotion. To test this, we focused
on cfi-1/Arid3a and used the CRISPR-engineered allele (mNG::AID::cfi-1 8§ COE motifs muty
that selectively affects maintenance, but not initiation, of c¢fi-1 expression in cholinergic
MNs (Figure 3.7E-F). This allele minimally disrupts temporal modularity in UNC-3 func-
tion because UNC-3 can still control all its targets from both modules (Figure 3.4C), except

one (cfi-1). As controls, we used animals carrying: (a) the endogenous cfi-1 reporter allele
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Figure 3.11, continued.

A, CFI-1 regulates DA and DB MN identity by repressing the glutamate receptor subunit
glr-4/GluR and possibly other genes. In cfi-1 (-) mutants, glr-4/GluR becomes ectopically
activated by UNC-3 in DA and DB MNs, and these neurons adopt a mixed molecular
identity.

B, Representative images showing expression of mNG::AID::CFI-1 after treatment with
ethanol and auxin. Upon two days of continuous auxin treatment (onset of treatment at
L1), mNG::AID::CFI-1 is degraded and mNG expression in MNs (arrowheads) becomes
undetectable.

C, Quantification of MNs expressing glr-4::RFP was performed on L4 worms (2 days
after the onset of auxin treatment). Some mild hypomorphic effects in the expression of
glr-4::RFP was observed in the EtOH group (negative control), potentially due to mild
reduction in CFI-1 levels triggered by TIR1 even in the absence of auxin. A significant
increase in the number of MNs expressing glr-4::RFP was evident in auxin-treated worms
in comparison to control animals. WT and c¢fi-1 (-) data are also provided for comparison.
N > 20. N.S.: not significant, ** p < 0.01.

(mNG::AID::cfi-1), (b) a putative null cfi-1 allele (0t786) (Kerk et al., 2017), in which cfi-1
activity is affected in MNs and other neuron types of the motor circuit (Pereira et al., 2015,
Shaham and Bargmann, 2002), and (c) a deletion of the distal enhancer (mNG::AID::cfi-1
A enhancer (769 bp) ), in which both initiation and maintenance of cfi-1 are abrogated in nerve
cord MNs (Figure 3.12A). We performed a high-resolution behavioral analysis of freely mov-
ing adult (day 2) animals of the above genotypes using automated multi-worm tracking
technology (Javer et al., 2018b, Yemini et al., 2013). We found several features related
to C. elegans locomotion (e.g., body curvature, velocity) severely affected in cfi-1 (0t786)
putative null animals (Figure 3.12B-G). Compared to cfi-1 null mutants, animals carry-
ing the mNG::AID::cfi-15 COE motifs mut gliele (selective disruption of ¢fi-1 maintenance)
display milder, but statistically significant locomotion defects in the adult (Figure 3.12B-
G). As expected, these defects were also present in animals carrying the mNG::AID::cfi-1
A enhancer (769 bp) 41ele, in which both initiation and maintenance of cfi-1 expression is
affected. In summary, we specifically disrupted in cholinergic MNs the maintained expres-

sion of a single UNC-3 target (cfi-1 from the “maintenance-only” module) by using the

mNG::AID::cfi-18 COE motifs mut 4)6le and observed locomotion defects. This analysis sug-
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gests that minimal disruption of temporal modularity in UNC-3 function can affect animal

behavior.

3.4.9 Hox proteins and UNC-3 control bnc-1/BNC' expression in

cholinergic motor neurons

Our cis-regulatory analysis suggested that five TFs (cfi-1/Arid3a, bnc-1/BNC1-2, mab-
9/Tbz20, ceh-44/CUX1-2, nhr-40/nuclear hormone receptor) require UNC-3 selectively for
maintenance (Figure 3.4B). An in-depth analysis of ¢fi-1/Arid3a revealed that Hox proteins
(LIN-39, MAB-5) and UNC-3 ensure the continuous expression of c¢fi-1 in subsets of unc-
3-positive MNs (Figures 3.4, 3.7, and 3.9). We next asked whether a similar mechanism
applies to the regulation of bnc-1/BNC, which is also expressed in a subset of unc-3-positive
MNs (VA, VB) and prevents them from adopting a mixed identity (Figure 3.13) (Kerk et
al., 2017). Using an endogenous reporter allele (bnc-1::mNG::AID), we found that LIN-39
and MAB-5 are required for bne-1 expression at all stages examined (L2, L4, day 1 adult;
Figure 3.13), suggesting a role for Hox in bnc-1 initiation and maintenance. Next, we found
that UNC-3 is absolutely required for bnc-1 maintenance in the adult (day 1), albeit weaker
effects were also observed at 1.2 and 14 (Figure 3.13). Similar to cfi-1, these findings strongly

suggest that endogenous bnc-1 expression depends on Hox and UNC-3.

3.4.10  Temporal modularity of UNC-30/PITX function in GABAergic

motor neurons

Is temporal modularity observed in the function of other terminal selectors? To address this,

we focused on UNC-30/PITX, the terminal selector of GABAergic MN (DD, VD) identity in
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Figure 3.12: Disruption of temporal modularity in UNC-3 function leads
locomotion defects.
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Figure 3.12, continued.

A, Schematics illustrating four cfi-1 alleles tested for behavioral analysis.

B-G, Examples of six locomotion features significantly disrupted in animals carrying a
putative null (0t786) allele for cfi-1. Locomotion analysis was performed on day 2 adult
worms. Animals lacking cfi-1 expression (initiation and maintenance) specifically in MNs
(mNG::AID::cfi-1 & enhancer (7695p)) and animals unable to maintain cfi-1 expression
in cholinergic MNs (mNG::AID::cfi-15 COE motifs muty " qisplay locomotion defects when
compared to control mNG::AID::cfi-1 animals. As expected, these defects are milder when
compared to animals carrying the c¢fi-1 (0t786) allele. Panels B-F show locomotion features
related to body curvature, whereas panel G shows radial velocity of the neck. A detailed
description of each locomotion feature is provided below:

B, curvature_std_midbody_w_backward_abs_10th: 10th percentile of the absolute value of
the standard deviation of the curvature of the midbody, while worm is moving backwards.
C, curvature_tail w_backward_abs_90th: 90th percentile of the absolute value of the
curvature of the tail, while worm is moving backwards.

D, curvature_std_midbody_w_backward_50th: 50th percentile of the standard deviation of
the curvature of the midbody, while worm is moving backwards.

E, curvature_std_hips_abs_10th: 10th percentile of the absolute value of the standard
deviation of the curvature of the hips.

F, curvature std_hips_abs 50th: 50th percentile of the absolute value of the standard
deviation of the curvature of the hips

G, d_rel_to_body_radial_vel_neck_w_forward_90th: 90th percentile of the derivative of radial
velocity of the neck relative to the centroid of the midbody points, while worm is moving
forwards.

the C. elegans nerve cord (Figure 3.14A) (Jin et al., 1994). UNC-30/PITX is known to di-
rectly activate the expression of several terminal identity genes (e.g., unc-25/GAD [glutamic
acid decarboxylase|, unc-47/VAGT [vesicular GABA transporter]) (Eastman et al., 1999),
but a longitudinal analysis of target gene expression in unc-30 null animals is lacking. Using
reporter strains and methodologies similar to those used for UNC-3, we found that terminal
identity gene (unc-25/GAD, unc-47/VAGT) expression is affected in GABAergic MNs of
unc-30 mutants at all stages examined (3-fold embryo, L2, L4, adult [day 1]) (Figures 3.14B
and 3.14D), suggesting a requirement for initiation and maintenance. As mentioned earlier
(Figure 3.7C), cfi-1 is also expressed in GABAergic MNs (Figure 3.14A). Since UNC-3 is
required for c¢fi-1 maintenance in cholinergic MNs, we asked whether UNC-30/PITX plays

a similar role to maintain cfi-1 expression in GABAergic MNs. We found no effect at the
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Figure 3.13: Hox proteins and UNC-3 control bnc-1 expression in VA and VB
neurons.

A, Schematic summarizing the expression of bnc-1/Bncl and unc-3/Ebf in MN subtypes
of the C. elegans ventral nerve cord.

B, A snapshot of UNC-3 ChIP-seq and input (negative control) signals at the cis-regulatory
region of bne-1.

C, Quantification of expression of the endogenous reporter bnc-1::mNG::AID in WT, unc-3
(n3435), and lin-39 (n1760); mab-5 (e1239) animals during L2, L4, and day 1 adult stages
(N > 12). *** p < 0.001.

D, Representative images of the endogenous reporter bnc-1::mNG::AID in WT, unc-3
(e151), and lin-39 (n1760); mab-5 (e1239) animals during L2, L4, and day 1 adult stages.
bne-1 is expressed in two cholinergic MN subtypes (VA and VB). Areas highlighted
in dashed boxes are enlarged and presented on the right side of each picture. Arrow-
heads point to nuclei of VA and VB neurons that express the reporter. Above the white
dashed line lies the intestine, which is autofluorescent in the green channel. Scale bar, 20 pm.
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embryonic stage (3-fold), but progressively stronger effects at larval (L2, L4) and adult (day
1) stages (Figure 3.14C), indicating that, in GABAergic MNs, UNC-30/PITX is selectively
required for the maintenance, but not initiation of cfi-1 expression. Taken together, our
findings indicate that, like UNC-3 in cholinergic MNs (Figure 3.4C), the function of UNC-30
in GABAergic MNs is organized into two modules (module #1: initiation and maintenance;
module #2: maintenance-only) (Figures 3.14D-E), suggesting temporal modularity may be

a shared feature among terminal selector type-TFs.

To gain mechanistic insights, we analyzed available UNC-30 ChIP-Seq data at the L2
stage (Yu et al., 2017). UNC-30 binds to the cis-regulatory region of terminal identity genes
(unc-25/GAD, unc-47/VAGT) (Figure 3.14B), confirming previous observations (Eastman
et al., 1999). UNC-30 also binds to the same distal enhancer of ¢fi-71 in GABAergic MNs,
as UNC-3 does in cholinergic MNs (Figure 3.14C). However, the UNC-30 binding sites are
distinct from the UNC-3 sites in this enhancer (Figure 3.14C). CRISPR-mediated deletion
of this enhancer abolished cfi-1 expression in both cholinergic and GABAergic MNs (Figures
3.7A-B). This finding suggests that maintenance of ¢fi-1 expression in two different neuron
types relies on the same enhancer receiving UNC-30/PITX input in GABAergic MNs and
UNC-3/EBF input in cholinergic MNs. Interestingly, these results provide an example of
“enhancer pleiotropy” (Sabaris et al., 2019), in which the same cis-regulatory element is used

to control gene expression in different neuron types.
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Figure 3.14: Temporal modularity in UNC-30/Pitx function in GABAergic MNs.
A, Schematic summarizing the expression of cfi-1/Arid3a, unc-3/Ebf, unc-30/Pitx, unc-
25/GAD, and unc-47/VGAT in MN subtypes of the C. elegans ventral nerve cord.

B, Schematic showing time of birth and cell body position of GABAergic nerve cord MNs.
DD neurons are born embryonically. VD neurons are born post-embryonically.

C, Bioinformatic analyses predict 4 UNC-30 binding sites (yellow boxes) in the cfi-1
enhancer. The location of UNC-3 and LIN-39 binding sites are also shown.
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Figure 3.14, continued.

D, Top: snapshots of UNC-30 ChIP-Seq and input (negative control) signals at the cis-
regulatory regions of 2 GABAergic terminal identity genes (unc-25/GAD, unc-47/VGAT).
Bottom: quantification of the expression of transgenic reporters in WT and unc-30 (e191)
animals at 4 different developmental stages — 3-fold embryo, L2, 14, and day 1 adults (N
= 15). UNC-30 is required for both initiation and maintenance of unc-25/GAD and unc-
47/VGAT. *** p < 0.001.

E, Top: a snapshot of UNC-3 ChIP-Seq and UNC-30 ChIP-Seq signals at the cfi-1 lo-
cus. Bottom: quantification of the number of MNs expressing the endogenous reporter
mNG::AID::cfi-1 in WT and unc-30 (e191) animals. All cfi-1-expressing MNs in the ven-
tral cord (cholinergic and GABAergic MNs) were counted in 3-fold embryos due to a lack of
a specific marker that labels GABAergic MNs in embryos. Expression of cfi-1 specifically in
GABA neurons was quantified at L2, L4, and day 1 adult stages (N > 12). At those stages,
cholinergic MNs were identified based on a fluorescent marker (cho-1::mChOpti), which are
ruled out during scoring. GABAergic MNs were scored positive for cfi-1 expression when
the mNG::AID::cfi-1 (green) expression co-localized with ttr-39::mCherry (red). N.S.: not
significant, *** p < 0.001.

3.5 Discussion

Terminal selectors are continuously expressed TF's that determine the identity and function
of individual neuron types (Hobert, 2008, Hobert, 2016b). However, the breadth of biologi-
cal processes controlled by terminal selectors remains unclear. Moreover, whether terminal
selectors control an identical suite of target genes across different life stages, or the suite of
targets can change over time is largely unexplored. Filling such knowledge gaps can help us
understand how cellular identity is established during development and maintained through-
out life, a fundamental goal in the field of developmental biology. In this study, we focus on
UNC-3/EDbf, the terminal selector of cholinergic MNs in the C. elegans nerve cord. Through
ChIP-Seq, we identify in an unbiased manner the direct targets of UNC-3, uncovering the
breadth of biological processes potentially controlled by this terminal selector. Unexpectedly,
we find two groups of target genes with distinct temporal requirements for UNC-3 in cholin-
ergic MNs. One group encodes different classes of proteins (e.g., receptors, transporters) that
require UNC-3 activation at all life stages examined. However, a second group exclusively

encodes MN-specific TFs that selectively require UNC-3 for maintenance of their expression
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at late larval and adult stages. Hence, the suite of UNC-3 targets in cholinergic MNs is
partially modified across different life stages, a phenomenon we term “temporal modularity”
in terminal selector function. Minimal disruption of this modularity by selectively removing
the ability of UNC-3 to maintain expression of a single target gene (the TF cfi-1/Arid3a
from the second group) led to locomotion defects, highlighting the necessity of temporal

modularity for animal behavior.

3.5.1 Temporal modularity in terminal selector function may represent a

general principle for neuronal subtype diversity

Why is there a need for temporal modularity in the function of continuously expressed TF's,
such as terminal selectors? The case of UNC-3 suggests that temporal modularity is necessary
for generating and maintaining neuronal subtype diversity. UNC-3 is continuously expressed
in six MN subtypes (SAB, DA, DB, VA, VB, AS) of the C. elegans ventral nerve cord (Figure
3.7C) (Pereira et al., 2015). However, most of UNC-3 targets from either module (modules
# 1 and #2, Figure 3.4C) are expressed in some, but not all, of these subtypes. By ensuring
the continuous expression of genes from module #1 (“initiation and maintenance” module,
Figure 3.4C), such as terminal identity genes [(Kratsios et al., 2012) and this study], UNC-3
consolidates the unique identity of each MN subtype. However, target genes from module
#2 (“maintenance-only” module, Figure 3.4C) escape initiation by UNC-3, but do require
UNC-3 for maintenance. Interestingly, all module #2 targets code for TFs (cfi-1/Arid3a,
bne-1/BNC1-2, mab-9/Tbx20, ceh-44/Cuxl, nhr-40), specifically expressed in subsets of the
six subtypes (SAB, DA, DB, VA, VB, AS) ((Kerk et al., 2017) and this study). Three of
these factors (cfi-1/Arid3a, bne-1/Bncl, mab-9/Thx20) are thought to act as transcriptional
repressors to prevent the adoption of mixed MN identity (Kerk et al., 2017). For example,

loss of ¢fi-1 during early development results in “mixed” identity of DA and DB subtypes,
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as these cells, in addition to their normal molecular signature, also acquire expression of
genes (e.g., glr-4/GluR) normally expressed in other MNs (Figure 3.11). Through protein
depletion experiments at post-embryonic stages, we show here that CFI-1 is continuously
required to prevent DA and DB neurons from acquiring a mixed identity. Hence, UNC-3
indirectly maintains the unique identity of individual MN subtypes (DA, DB) by selectively
maintaining expression of the TF ¢fi-1 (from module #2) during late larval and adult stages.
In addition, UNC-3 acts directly to control DA and DB identity by ensuring the continuous
expression of unc-129/TGFb, a DA- and DB-specific terminal identity gene (from module
#1) (Figures 3.4A and 3.11). Hence, temporal modularity in UNC-3 function can be en-

visioned as a “double safety” mechanism for the generation and maintenance of MN diversity.

The mechanism of temporal modularity may represent a general paradigm of how termi-
nal selectors establish and maintain subtype identity within a class of functionally related
neurons. Indeed, the same terminal selector is often continuously expressed in multiple
subtypes of a given neuronal class (Hobert and Kratsios, 2019). In mice, for example, the
terminal selectors Nurrl and Petl are expressed in several subtypes of dopaminergic and
serotonergic neurons, respectively (Kadkhodaei et al., 2009, Okaty et al., 2015). However,
future studies are needed to determine whether temporal modularity in the function of these

terminal selectors is necessary for establishing and maintaining neuronal subtype identity.

3.5.2  Temporal modularity offers key insights into how terminal selectors

control neuronal identity over time

The prevailing hypothesis of how terminal selectors establish and maintain neuronal identity
is that they bind constantly, from development through adulthood, on the cis-regulatory re-

gion of terminal identity genes, and thereby continuously activate their expression (Deneris
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and Hobert, 2014, Hobert, 2008, Hobert and Kratsios, 2019). For most terminal selectors,
however, biochemical evidence for binding and longitudinal analysis of terminal selector mu-
tant animals are currently lacking. Our analysis on module #1 genes (e.g., terminal identity
genes) supports the aforementioned hypothesis; ChIP-Seq for UNC-3 demonstrated binding
on these genes (Figures 3.4A and 3.4C). Moreover, our longitudinal genetic analysis com-
bined with the UNC-3 protein depletion experiments in adult MNs demonstrate that UNC-3

is continuously required to maintain terminal identity gene expression.

Interestingly, the analysis on module #2 genes provides new mechanistic insights into
how terminal selectors control neuronal identity over time. Instead of constantly activating
the same set of genes, as predicted by the above hypothesis, terminal selectors can also mod-
ify the suite of their target genes at different life stages (temporal modularity), suggesting
their function can be more dynamic than previously thought. This is based on the finding
that UNC-3 is selectively required for maintenance, not initiation, of five conserved TF-
encoding genes from module #2 (cfi-1/Arid3a, bne-1/BNC1-2, mab-9/Tbx20, ceh-44/Cuzl,
nhr-40) (Figures 3.4B-C). Hence, some targets (module #1) require constant UNC-3 input
from development through adulthood, whereas others (module #2) require UNC-3 only for

maintenance.

By honing in on one TF (c¢fi-1/Arid3a) downstream of UNC-3, we identify a mecha-
nism that potentially enables initiation and maintenance of module #2 genes (Figure 3.9G).
That is, the Hox proteins LIN-39 and MAB-5 control initiation of ¢fi-1/Arid3a in cholin-
ergic MNs independently of UNC-3, but c¢fi-1 maintenance in these same neurons depends
on both Hox and UNC-3 (Figure 3.9G). Mechanistically, we propose that Hox-dependent
initiation and Hox/UNC-3-dependent maintenance of ¢fi-1 are “funneled” through the same

distal enhancer, which bears both Hox and UNC-3 binding sites. This suggests embryonic
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initiation and post-embryonic maintenance of expression of a particular gene, in a specific
cell type, can be achieved by distinct TF combinations acting upon the same cis-regulatory
region (enhancer) (Figure 3.9G). This somewhat surprising mechanism differs from previous
fly and mouse studies reporting distinct and physically separated cis-regulatory regions nec-
essary for either initiation or maintenance of cell type-specific gene expression (Ellmeier et

al., 2002, Johnson et al., 2011, Manzanares et al., 2001, Pfeffer et al., 2002, Rhee et al., 2016).

In summary, our findings critically extend the mechanisms underlying UNC-3 function.
Previous work demonstrated that, in cholinergic MNs, UNC-3 not only activates expression
of terminal identity genes (Kratsios et al., 2012), but also prevents alternative neuronal iden-
tities (Feng et al., 2020). Here, we report that the suite of UNC-3 targets in these neurons
can be partially modified at different life stages, offering key insights into how terminal se-

lectors control neuronal identity over time.

3.5.8 Hox proteins collaborate with stage-specific TFs to establish and

maintain MN terminal identity

During early neuronal development, Hox proteins are essential for cell survival, neuronal
diversity, and circuit assembly (Baek et al., 2013, Catela et al., 2016, Estacio-Gomez and
Diaz-Benjumea, 2014, Karlsson et al., 2010, Miguel-Aliaga and Thor, 2004, Moris-Sanz et
al., 2015, Philippidou and Dasen, 2013). However, their post-embryonic neuronal functions
remain elusive. Moreover, Hox proteins are often continuously expressed in multiple cell
types of a given body region (Baek et al., 2013, Hutlet et al., 2016, Takahashi et al., 2004),
raising the question of how do they achieve cell type-specificity in their function. Our find-

ings on mid-body Hox proteins LIN-39 and MAB-5 begin to address this question.
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LIN-39 and MAB-5 are continuously expressed in multiple cell types located at the C.
elegans mid-body region (Clark et al., 1993, Cowing and Kenyon, 1992, Feng et al., 2020,
Maloof and Kenyon, 1998). We find that LIN-39 and MAB-5 exert a cell type-specific
function; they are required to initiate (in embryo) and maintain (post-embryonically) cfi-1
expression in specific subsets of cholinergic MNs (DA, DB, VA, VB; Figure 3.7C). Such speci-
ficity likely arises through collaboration with distinct TFs responsible for either initiation
or maintenance of ¢fi-1 (Figure 3.9G). Supporting this scenario, Hox (LIN-39, MAB-5) and
UNC-3 are co-expressed in DA, DB, VA, and VB neurons (Feng et al., 2020). Moreover,
UNC-3 is selectively required for cfi-1 maintenance (not initiation) in these neurons (Figure
3.9G). We surmise that other, yet-to-be-identified factors collaborate with Hox proteins at
early stages to initiate cfi-1 expression specifically in DA, DB, VA, and VB neurons. Such
initiation-specific factors likely act through the same distal enhancer because its deletion
completely abolished cfi-1 expression in these neurons at early (and late) stages (Figures
3.7D and 3.9G). In summary, we propose that Hox proteins collaborate with distinct TFs
over time, that is, initiation-specific factors and the terminal selector UNC-3, to ensure con-
tinuous expression of cfi-1/Arid3a in specific subtypes of cholinergic MNs. This mechanism
may extend to the regulation of terminal identity genes, as we previously showed that LIN-39
and UNC-3 are required to maintain expression of acr-2/ human CHRNA1 (acetylcholine
receptor subunit) and unc-77/ human NALCN (sodium channel) in cholinergic MNs (Feng
et al., 2020). Altogether, these findings offer mechanistic insights into the recently proposed
hypothesis that Hox proteins in C. elegans collaborate with terminal selectors to establish

and maintain neuronal terminal identity (Kratsios et al., 2017, Zheng et al., 2015).
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3.5.4  Limitations of this study

By conducting a longitudinal analysis for 14 UNC-3 target genes, we identified two groups
with distinct temporal requirements (modules #1 and #2 in Figure 3.4C). It is likely though
that UNC-3 temporally controls other targets through additional modules. For example, an-
imals lacking unc-8 display severe axon guidance defects in cholinergic MNs (Prasad et al.,
1998), but the underlying mechanisms remain unknown. Since axon guidance molecules are
often expressed in a transient fashion during early neuronal development, we speculate that
UNC-3 may transiently activate expression of such molecules, a possibility that would add
another temporal module in UNC-3 function. Another likely scenario is an “initiation-only”
module where UNC-3 is responsible only for onset, but not maintenance, of a yet-to-be-

identified set of targets.

In addition, the breadth of biological processes controlled by terminal selectors remains
largely unknown. Our ChIP-Seq analysis potentially implicates UNC-3 in a range of bio-
logical processes. First, this dataset significantly extends previous reports on the role of
UNC-3 in neuronal terminal identity (Kim et al., 2005, Kratsios et al., 2012) by identify-
ing hundreds of terminal identity genes (42.18% of total ChIP-Seq hits) as putative UNC-3
targets. Second, the ChIP-Seq dataset suggests new roles for UNC-3 in neuronal metabolic
pathways (24.14% of UNC-3 target genes code for enzymes) and gene regulatory networks
(24.07% of UNC-3 targets are TFs and nucleic acid-binding proteins). However, future RNA-
Sequencing studies in unc-3-depleted MNs are necessary to correlate gene expression changes
with UNC-3 ChIP-Seq data, and thereby identify bona fide targets and biological processes
under direct UNC-3 control. Such analysis may also uncover any indirect effects on gene
expression in unc-3-depleted MNs, perhaps arising due to a partial cell fate transformation

previously reported for these neurons (Feng et al., 2020).
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3.5.5  Temporal modularity may be a shared feature among continuously

expressed TF's

This study suggests that the suite of targets of two C. elegans terminal selectors (UNC-3/Ebf
and UNC-30/Pitx) can be modified over time, providing evidence for temporal modularity
in their function. Given that terminal selectors, as well as other neuron type-specific TFs
with continuous expression, have been described in both invertebrate and vertebrate species
(Deneris and Hobert, 2014, Hobert and Kratsios, 2019, Mayer et al., 2018, Mi et al., 2018),
it will be interesting to determine the potential generality of the temporal mechanism de-
scribed here. Supporting this possibility, the terminal selector of serotonergic neurons in
mice (Pet-1) activates expression of serotonin biosynthesis proteins during development, but
appears to switch transcriptional targets at later life stages (Wyler et al., 2016). Outside
the nervous system, cell type-specific TFs with continuous expression have been described
in worms, flies and mice (Pikkarainen et al., 2004, Soler et al., 2012, Wiesenfahrt et al.,
2016, Zhou et al., 2017). Future studies will determine whether the principle of temporal

modularity is widely employed for the control of cell type identity.
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CHAPTER 4
CONCLUSIONS AND PERSPECTIVES

4.1 Delineating the spatial and temporal regulatory mechanisms

underlying neuronal terminal identity

In this thesis, we report that in the C. elegans VNC, MN identity is defined by the spatial
and temporal expression pattern of both terminal identity genes and their transcriptional

regulators.

From the spatial perspective, each terminal identity gene is expressed in a unique subset
of MNs. The combination of different terminal identity genes, whether expressed or not in
any given MN| represents a signature that gives rise to the specific terminal properties of that
particular MN. Based on the work in this thesis, we find that the neuron type-specific expres-
sion of the terminal identity gene glr-4 directly results from transcription factors expressed
in a region-specific manner. That is, the two Hox genes lin-39 and mab-5 are specifically
expressed in MNs located along midbody region of the VNC, the terminal selector UNC-3 is
expressed in all cholinergic MNs necessary for locomotion, and the novel ARID transcription
factor CFI-1 that counteracts UNC-3 is expressed only in some (DA, DB, VA, and VB) but

not all cholinergic MNs.

From the temporal perspective, we highlight that continuously expressed terminal iden-
tity genes tightly related to the properties of a neuron must be maintained to make the
neuron remain functioning throughout life. Although it is possible that certain terminal
identity genes are only transiently expressed during early development and may not need to
be maintained during later stages, this thesis makes an effort in filling our knowledge gap

in late development of post-mitotic neurons. Therefore, we focus on the terminal identity
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gene glr-4, whose expression is maintained at low levels in cholinergic MNs. To this end, we
identified that the ARID TF CFI-1 is also continuously required in adulthood to maintain
repression of glr-4. Our results argue that aside from the spatial features of TF expression
patterns (i.e. the cell type-specificity in their expression), the temporal features (i.e. the
developmental stage-specificity in their expression) are as important, if not more so, to a
well understanding of neuronal identity regulation. Naturally, this leads to the study of the
regulatory mechanisms underlying the temporal expression features of TFs in neurons. In

this thesis, we follow up with this question by investigating the upstream regulation of cfi-1.

One particularly interesting observation from our findings is the existence of a gene
regulatory network featuring lin-39/Scr/Dfd/Hoxz3-5a, mab-5/Antp/Hox6-8, unc-3/Ebf, cfi-
1/Arid3a, and glr-4/GRIK1. In a MN where all 5 genes are expressed, there are several
events happening which are worth highlighting here. First, CFI-1 requires different mech-
anisms for the initiation (regulated by Hox proteins LIN-39 and MAB-5) and maintenance
(regulated by UNC-3) of its expression. This is interesting but not surprising considering
CFI-1 may be a critical player in neuronal identity maintenance and its continuous expres-
sion must be ensured by UNC-3 with an extra layer of safety apart from the Hox genes.
The importance of continuous requirement of CFI-1 is strongly suggested by the locomotion
defects observed when we disrupt maintenance of cfi-1 expression by mutating the binding
sites of UNC-3. This implies that CFI-1 is required to maintain a broader range of terminal
identity genes in addition to glr-4. The ChIP-Seq analysis of CFI-1 described in this work
provides an excellent entry point for identifying global CFI-1 targets in an unbiased way.
Second, LIN-39, MAB-5, and UNC-3 all function as activators of both cfi-1 and glr-4 ex-
pression. Because CFI-1 represses glr-4 expression, this can be summarized as the midbody
Hox proteins and UNC-3 activate directly and repress indirectly the expression of glr-4 at

the same time. This interesting gene regulatory pattern has been discovered in many species
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including bacteria (Eichenberger et al., 2004), yeast (Lee et al., 2002), and animal cells (e.g.
human embryonic stem cells (Boyer et al., 2005) and hematopoietic stem cells (Swiers et al.,
2006)), and it is termed the incoherent feedforward loop (I1-FFL). A previous study reports
that I1-FFL provides a mechanism for fold-change detection in gene regulation (Goentoro et
al., 2009). This suggests that the I1-FFL we identified in C. elegans MNs may be a practical
strategy for keeping the expression level of terminal identity genes in check. Supporting this
possibility, we observed in cfi-1 mutants higher expression levels of glr-/ in cells that already
express glr-4 in wildtype animals (Figure. 2.4D). Whether these high glr-4 levels will lead
to toxicity remains an open question and is worth exploring in the future. A straightforward

starting point would be testing the effect of glr-4 overexpression in MNs.

The fact that both positive and negative regulation (albeit indirect) of gir-4 can be
achieved by the Hox proteins and UNC-3 may imply a general mechanism for transcription
factor functions from the evolutionary perspective. That is, evolution has found a way to
economize the number of terminal selectors required to define neuronal identities. Since the
responsibilities of terminal selectors usually include the activation of a large pool of down-
stream target genes, having intermediate gene regulators rather than additional terminal
selectors to take care of the fine tuning of terminal identity gene expression level may be an
economical way to regulate and maintain a variety of neuron types in the nervous system.
Because the transcription factors studied here are expressed in the nervous system of inver-
tebrate and vertebrate animals (Green and Vetter, 2011; Joliot et al., 1991; Kratsios et al.,
2011; Lou et al., 1995; Shaham and Bargmann, 2002), we propose that our findings may
hint towards a general mechanism for the control of neuronal identity possibly adopted by

other species as well.
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4.2 Antagonistic functions of transcription factors directly

contribute to the maintenance of neuronal identity

4.2.1 Transcription factor activators and repressors occupy the same
cis-requlatory genomic regions and counteract each other to requlate

gene 655]77’6882.0?1

Our work reveals that the activator UNC-3 and repressor CFI-1 act via the same promoter
of glr-4 to regulate its expression. There are two hypothetical models to explain this phe-
nomenon. First, the two transcription factors may compete for binding to the promoter.
This is a common regulatory mechanism for gene regulation that has been described in
other work (Darieva et al., 2010; Karreth et al., 2014; Zhang et al., 2021). Alternatively,
the binding of one transcription factor may not necessarily prevent the other factor from

occupying the promoter region but rather inhibit the function of the other factor.

Regarding the first model, although the binding sites of UNC-3 and CFI-1 within the glr-
4 promoter are not immediately adjacent to each other, we cannot rule out this possibility of
binding competition. To further explore the antagonistic roles between UNC-3 and CFI-1,
we compared their genome-wide binding patterns from the ChIP-Seq analyses. Surprisingly,
we found all UNC-3 binding peaks overlap with CFI-1 binding peaks, indicating specific
co-occupation of the two TFs over the whole C. elegans genome. This interesting observa-
tion inspires a new for studying gene regulation by transcription factors. We note however
that while our ChIP-Seq analyses use whole worm lysates we are not able to distinguish
the binding signal with cell type resolution. When studying a novel transcription factor, it
is worth trying to obtain its genome-wide binding landscape and then either comparing it
with available binding signals of known TFs or performing motif analyses over the binding

landscape, which may yield abundance of binding sites of known TFs.
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4.2.2  Maintenance effect from transcription factor may require binding

events to take place during early development

Our investigation for the initiation and maintenance requirements for the expression of the
ARID transcription factor cfi-1 revealed temporal modularity in the function of the terminal
selector UNC-3. While UNC-3 is required to initiate a group of cholinergic MN terminal
identity genes during early development, it is dispensable for the initiation of c¢fi-1 but in-
dispensable for maintaining its expression in adulthood. Furthermore, we characterized that
UNC-3 directly maintains cfi-1 via binding to a distal enhancer. An interesting mechanistic
question immediately arising from this observation is when does the binding need to take
place for a terminal selector to maintain its targets if it is not required for their initial ex-
pression? Although it is reasonable to hypothesize that UNC-3 does not need to bind to
the cfi-1 enhancer in early stages, our ChIP-Seq results suggest otherwise. Our ChIP-Seq
analysis was performed with worm extracts from the L2 stage, and it shows UNC-3 binding
at this developmental stage. However, cfi-1 expression is unaffected in unc-3 mutants at L2.
The fact that UNC-3 binding takes place much earlier than when it is required to regulate
cfi-1 expression is intriguing. It suggests that even if transcription factors are required only
for the maintenance of downstream target gene expression, the maintenance effect may still
require preparation and it takes time for the transcription factor to “prepare the enhancer”
for later action. Such phenomenon has been described as “chromatin priming” in the epi-
genetic field of study (Bonifer and Cockerill, 2017). This preparation is probably necessary
for the transcription factor to have enough time to recruit co-factors and form a function-
ing complex. Indeed, transcriptional regulation is commonly achieved through collaboration
between transcription factors and co-factors (Reiter et al., 2017; Wang et al., 2021). It is

possible that the co-factors required for cfi-1 maintenance are expressed and recruited to
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the cfi-1 enhancer later and only in adults. If this is the case, it aligns well with our dis-
cussion in section 4.1 and suggests that a combination of TF functions from the temporal
perspective may play a critical role in regulating neural identity at different developmental
stages. Alternatively, the reason that UNC-3 is required to maintain cfi-1 expression could
be that the activity of Hox proteins in adults is no longer needed to regulate cfi-1. Our
inducible protein degradation experiment showed that LIN-39 has no maintenance effect on
cfi-1 expression. To rigorously test this hypothesis, however, binding events of Hox genes at
the cfi-1 enhancer need to be investigated in adult animals. Due to technical challenges, we

were not able to perform this analysis.

4.3 Useful ChIP-Seq resources provided from this study for

future work

In this thesis, two ChIP-Seq datasets for the TFs CFI-1/Arid3a and UNC-3/Ebf are de-
scribed. These datasets are available to the community via open source repository (see
Materials and Methods in Chapters 2 and 3 for details). We believe these datasets are a
valuable asset for researchers studying gene regulation, as both TFs are highly conserved
across species and little is known about their neuronal functions. It is important to em-
phasize that the ChIP-Seq analyses were performed by pulling down the endogenous UNC-3
and CFI-1 proteins which were tagged using the CRISPR/Cas9 system. Homozygous ani-
mals carrying alleles for these tagged fusion proteins were carefully examined and no obvious
phenotypes were found, suggesting the function of UNC-3 and CFI-1 was not affected by
tagging. When combined with other valuable resources, for example the RNA-seq data from
the CeNGEN project, the ChIP-Seq datasets presented here should be helpful for further

investigations in gene regulation and the control of neuronal identity.
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APPENDIX A
TRANSGENIC REPORTER ANALYSIS OF
CHIP-SEQ-DEFINED ENHANCERS IDENTIFIES NOVEL
TARGET GENES FOR THE TERMINAL SELECTOR
UNC-3/COLLIER/EBF
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Figure A.1: Survey for novel target genes of the terminal selector UNC-3.

UNC-3 ChIP-Seq signal is aligned to specific gene loci of interest. Reporter constructs
carrying the genomic region bound by UNC-3 followed by tagRFP are used to build
transgenic animals, and the expression images are shown (scale bar: 50 pm).
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Figure A.1, continued.

A-F, Six reporters are expressed in MNs and their unc-3 dependency is assessed. The
expression of fluorescent reporters is imaged and compared between wildtype and unc-3
(n3435) mutant animals. The number of ventral nerve cord MNs showing tagRFP expression
is quantified for each genotype (N=10) and shown in boxplots. Student t test is performed
and statistical significance is determined by p-value. Three reporter genes (nep-21, D2007.2,
dmsr-2) show decrease of expression in unc-3 (n3435) mutants (A-C), while the remaining
three genes (ncs-2, npr-29, drn-1) do not show changes in their expression (D-F).

G, Four reporter genes (pzd-1, cal-2, lgc-4, and ldb-1) are not expressed in MNs of the
ventral cord but are expressed in head neurons (all 4 genes), tail neurons (pzd-1 and cal-2),
and muscle or epidermal cells (pzd-1 and cal-2). Zoomed insets are shown on the right of
each image.
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