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Abstract

Hox transcription factors play fundamental roles during early patterning, but they are also
expressed continuously, from embryonic stages through adulthood, in the nervous system.
However, the functional significance of their sustained expression remains unclear. In C. elegans
motor neurons, we identified a non-canonical role of Hox genes in the regulation and
maintenance of ventral nerve cord motor neuron terminal identity. First, we are among the first
groups to establish the MN expression profile of Hox genes with single cell resolution. Second,
we demonstrated the functions of Hox proteins in regulating neurotransmitter pathway genes and
a broad range of motor neuron terminal identity genes. LIN-39 (Scr/Dfd/Hox4-5) is continuously
required during post-embryonic life to maintain neurotransmitter identity, a core element of
neuronal function. LIN-39 acts directly to co-regulate genes that define cholinergic identity (e.g.,
unc-17/VAChT, cho-1/ChT). We further show that LIN-39, MAB-5 (Antp/Hox6-8) and the
transcription factor UNC-3 (Collier/Ebf) operate in a positive feedforward loop to ensure
continuous and robust expression of cholinergic identity genes. Third, we identified a two-
component design principle for homeostatic control of Hox gene expression in adult MNs (Hox
transcriptional autoregulation is counterbalanced by negative UNC-3 feedback). Last, we
described a Hox transcriptional switch prevented by UNC-3 to safeguard cholinergic motor
neuron identity throughout life. These findings not only highlighted the noncanonical role but
also established a terminal selector role for Hox proteins during post-embryonic life, critically
broadening their functional repertoire from early patterning to the control of motor neuron

terminal identity.
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Chapter 1 Introduction and Background

1.1 Historical perspective on Hox genes

“The essential phenomenon is not that there has merely been a change, but that something has
been changed into the likeliness of something else”, William Bateson in 1894, coined the term
"homeosis™ in his book, Materials for the Study of Variation. This was the first identification of
homeotic transformation, after which Hox genes are named. But at that time, homeotic
transformation (or “homeosis”) was basically descriptive and was not explained from a genetic
point of view. In the next century, after the rediscovery of Mendel's work, evidence for a genetic
basis of homeotic transformations was obtained by isolating homeotic mutants exemplified by
the work of Calvin Bridges and Thomas Morgan. Following that, Hox genes complexes in
Drosophila were identified and characterized by Thomas Kaufman and Edward Lewis, who
together with Christiane Nisslein-Volhard and Eric Wieschaus, were awarded the Nobel Prize in
Physiology or Medicine in 1995 for their discoveries concerning the genetic control of early
embryonic development. At the molecular level, the homeobox (see below) was discovered in
1983 by Ernst Hafen, Michael Levine, and William McGinnis in Walter Gehring's lab at the
University of Basel, and Matthew P. Scott and Amy Weiner in Thomas Kaufman's lab at Indiana
University in Bloomington. The knowledge and understandings on Hox genes grew dramatically
following these seminal studies, making Hox one of the earliest characterized and famous gene

families.

Mutations of Hox genes often lead to dramatic homeotic transformation phenotypes along the
anterior-posterior axis (A-P axis), Hox genes constitute a subfamily of homeobox genes, which

are characterized by the presence of a 180bp-long DNA sequence (homeobox) that encodes a


https://en.wikipedia.org/wiki/Homeobox

conserved 60-amino-acid-long DNA binding domain (homeodomain). Homeodomain exists in
most eukaryotes and homeodomain proteins usually exert crucial developmental functions and
are classified into multiple types such as LIM, POU, and TALE proteins. Hox proteins, a
subfamily of homeodomain proteins, appeared firstly in the common ancestor of cnidarian and
bilaterian and they function as transcription factors specifying the positional information in body

plan formation (Carrol 1995; Ryan et al.,2007).

1.2 Functions of Hox genes during early stages of Development

The function of Hox proteins are well studied during early developmental stages
(embryogenesis) and are highly conserved in bilateria (Rosa et al., 1999). They provide
positional information essential for body plan formation by acting as decision makers rather than
actually constructing body parts themselves. The target genes of Hox proteins promote cell
division, cell adhesion, apoptosis, and cell migration and they are the executors fulfilling body
plan formation and embryonic patterning (Krumlauf 1994; Pearson et al., 2005; Vachon et al.,
1992; Capovilla and Botas 1998; Lohmann et al., 2002; Bromleigh and Freedman 2000). At the
molecular level, Hox proteins recognize DNA sequences containing TAAT, similar to the rest of
homeodomain proteins, but the flanking base pairs distinguish the binding behaviors of different
homeodomain proteins (Hanes and Brent 1989, 1991). Hox proteins can bind as monomers or
homodimers, however, to increase binding affinity and specificity, Hox proteins usually act in
partnership as protein complexes with TALE family of cofactors such as Pbx and Meis proteins

(Mann et al., 2009; Merabet and Galliot 2015).



In bilateria, Hox genes are often arranged in chromosomal clusters. The order of Hox genes
within clusters corresponds with the temporal as well as the spatial order of their expression
along the A-P axis during development (Pearson et al., 2005; Gaunt 2018). For example, the Hox
gene at the 3’ end of the cluster will usually express the earliest in the most anterior domain;
while the more 5’ Hox genes will express later and in more posterior domains. (Figure 1.1) This
feature is termed temporal and spatial collinearity. In addition, 5’ Hox genes usually possess a
dominant phenotype compared with those more 3’, which is termed posterior prevalence (or
posterior dominance). Posterior prevalence and temporal/spatial collinearity are inter-connected
reflecting the comprehensive regulatory mechanisms of Hox gene expression (Durston 2012;

Limura and Pourquie 2007; Singh and Mishra 2008).

Drosophila melanogaster

lab pb Dfd  Scr Antp Ubx abd-A Abd-B

chr. 3 ——iHE——- .

R ¥R S— W —
Chr 11 — - 54— b5 — b6 — b7 — 58—
115 e e = 5 = (6 8 —E— ARG
Chr 2 ——— S i ————————— ds — -

lin-39 ceh-13 mab-5 egl-5 php-3 nob-1

chr.3 ¢ - - -

Figure 1.1 Genomic organization and colinear expression patterns of Hox genes in flies, mice
and worms. Hox genes of the three organisms are color coded for their anteroposterior
expression patterns, their genomic structures. and their possible phylogenic relationships. Partial
overlap between Hox gene expression is not represented; Fly Hox gene abbreviations are: lab,
labial; pb, proboscipedia; Dfd, Deformed; Scr, Sex combs reduced; Antp, Antennapedia; Ubx,
Ultrabithorax; abd-A, abdominal-A; Abd-B, Abdominal-B. For mice, Hoxal is shortened as al
indicated in boxes.



1.3 Regulation of Hox genes

Appropriate and tightly controlled regulation of Hox gene expression is crucial for body
patterning. Fine-tuned regulatory mechanisms have been identified at multiple levels
(transcriptional, post-transcriptional and even post-translational) in different organisms. In
general, morphogenic fields regulate the proper initiation of Hox gene expression. For example,
Drosophila maternal mMRNA induces the expression of gap genes and pair-rule genes, whose
products form a gradient and establish a morphogenic field. This morphogenic field initiates
proper Hox gene expression during embryogenesis (Small et al., 1992). In vertebrates, Retinoic
Acid (RA) and Fibroblastic Growth Factor (FGF) gradients form a morphogenic field and
regulate differential Hox genes expression along A-P axis following 3’-5’/A-P temporal and

spatial collinearity (Deuster 2008).

After the initiation of Hox gene expression, function domains of Hox proteins need to be fine-
tuned and maintained during development. Multiple levels of regulation are involved: Positive
and negative autoregulation has been reported for multiple Hox genes and potential Hox binding
sites necessary for autoregulation have been identified (Delker et al., 2019; Packer et al., 1998;
Crews and Pearson 2009). The transcription of Hox genes can also be upregulated by trithorax
group (TrxG) proteins or downregulated by the polycomb group (PcG) proteins, such as
polycomb repressor complex 2 (PRC2) via histone methylation. Non-coding RNAs such as hox
transcript antisense intergenic RNA (HOTAIR) might recruit PRC2 to Hox loci (Rinn et al.,
2007). MicroRNAs located within Hox clusters have also been shown to inhibit more anterior

Hox genes post-transcriptionally to fine-tune Hox protein levels (Lempradl and Ringrose 2008).



1.4 Functions of Hox genes in the nervous system

The roles of Hox genes during early development have been intensively investigated for decades,
while much less is known about their role in later developmental stages. Accumulating evidence
suggests that Hox genes are continuously expressed after embryogenesis and sustained to be
expressed into adulthood (Allen et al., 2020; Coughlan et al., 2019; Hutlet et al., 2016; Kratsios
etal., 2017; Lizen et al., 2017; Takahashi et al., 2004; Zheng et al., 2022). Especially in the
nervous system, Hox genes have enriched and extended expression, and affect multiple aspects
of neuronal development, from the specification and survival of neural progenitors, to neuronal
migration and axon guidance, as well as to the terminal differentiation of post-mitotic neurons
(Di Bonito et al., 2013; Philippidou and Dasen, 2013; Parker and Krumlauf, 2020). It is
intriguing to study if this conserved family of transcription factors also exerts important roles in
later developmental and adult stages. To this end, my graduate thesis work focused on motor

neurons (MNSs) in Caenorhabditis elegans (C. elegans) ventral nerve cord (VNC).

1.5 Studying the function of Hox genes in C. elegans motor neurons

There are strong reasons for choosing C. elegans VNC MNs as our research model: First, C.
elegans is a semi-transparent nematode about 1 mm in length with manageable culturing
conditions as well as a fast life cycle of 3 days. Since 1963, Sydney Brenner proposed and
performed research into the genetics of C. elegans, making it an extensively used model
organism today. C. elegans was the first multicellular organism to have its whole genome
sequenced, and was the first organism to have its connectome completed. In addition, the C.

elegans community has generated a wealth of transgenic reporter strains for live imaging that are



wildly shared around the world. C. elegans is easily amenable to transgenesis and other genetic
manipulations such as CRISPR/Cas9 gene editing, RNAI, and gene knock-in/out. Powerful
large-scale forward and reverse genetic screens also accelerated genetic discoveries in C.
elegans. Lastly, state-of-art techniques such as ChlP-seq, RNA-seq, ATAC-seq, and sm RNA
FISH are well-established in C. elegans, making it a wonderful model organism to dive deeper

into the investigation of developmental mechanisms.

C. elegans serves as a good model to study the role of Hox genes during later stages of MN
development. First, there are only six Hox genes in C. elegans: one anterior Hox gene ceh-13
(homolog of Lab/Hox1), two mid-body Hox genes lin-39 (homolog of Scr/Dfd/Hox4-5) and
mab-5 (homolog of Antp/Hox6-8), and three posterior Hox genes egl-5, nob-1 and php-3 (all
homologs of AbdB/Hox9-13). In comparison with the total number of 39 Hox genes in
mammalian systems which are grouped into 4 tight clusters with greatly redundant functions, C.
elegans Hox genes bear minimal redundancy. (Figure 1.1) In addition, only 4 out of 6 Hox
genes are expressed in MNs (ceh-13, 1in-39, mab-5, and egl-5) from the anterior to the posterior
end of the VNC (Figure 1.2-A). Except for ceh-13, MNs are normally generated upon Hox gene
mutations even in lin-39, mab-5, and egl-5 triple mutants (Kenyon et al., 1997; Josephson et al.,
2016), unlike the case in Drosophila or mammalian systems where loss of Hox genes usually
leads to cell death and early embryonic arrest (Alonso 2002; Bello et al., 2003; Arya et al., 2015;
Lohmann et al., 2002). This, together with the fact that VNC MNs are generated in two waves of
development, during and after embryogenesis, makes C. elegans VNC MNs a great model to

study the later role of Hox genes in post-mitotic neurons from development into adulthood.
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Figure 1.2 MN expression profile of C. elegans Hox genes, and schematic on the function of
terminal selector UNC-3. (A) MN expression profile of C. elegans Hox gene ceh-13, lin-39,
mab-5, egl-5 and terminal selector gene unc-3, unc-30 with single cell resolution. (From top row
to bottom row) Each column represents individual MNs in the VNC with identity annotated
above. MN subtypes are color coded and illustrated for their general morphology. Red (and pink
which represents VC MNs only found in hermaphrodites) indicates cholinergic MNs while blue
indicates GABAergic MNs. Empty box indicates no gene expression observed in this MN while
different color-filled box indicates corresponding gene expression in specific MN subtypes,
respectively. (B) Schematic demonstrating the terminal selector role of UNC-3 in cholinergic
MNs. Cholinergic MNs receive neuronal input from right and synapse onto muscle targets on the
left. Multiple groups of terminal identity genes color coded (in grey background) regulate MN
functions. For example, genes involved in Acetylcholine (ACh) pathway cha-1/ChAT (Choline
Acetyltransferase), unc-17/VAChT (Vesicular Acetylcholine Transporter), ace-2/AChE
(Acetylcholinesterase), and cho-1/ChT (Choline Transporter) are illustrated on bottom left.
UNC-3 binds to these genes directly through a conserved COE motif.



Based on morphology and connectivity, the VNC MNs in hermaphrodite C. elegans are
categorized into seven subtypes (DA, DB, DD, VA, VB, AS, VC) (Von Stetina et al., 2006).
Among those, D-type MNs (DA, DB and DD) are born embryonically while the rest of them are
generated at the first larval stage (L1) after embryogenesis. MNs can also be classified based on
their neurotransmitter (NT) identity with DA, DB, VA, VB, AS and VC subtypes being
cholinergic - they use Acetylcholine (ACh) as their NT. The DD and VD subtypes are
GABAergic and use GABA. VC MNs are only found in hermaphrodites (They control egg-
laying), but the rest of MNs subtypes are sex-shared (found in hermaphrodites and males) and
control locomotion. Within each subtype, individual MNs intermingle along the VNC in an
anteroposterior fashion between the retrovesicular ganglion (RVG) and the pre-anal ganglion
(PAG). (Figure 1.2-A) For example, there are 9 DA MNs in total with 6 of them (DA2 to DA7)
located within the VNC. DAZ2 is the most anterior one, and DAY is the most posterior one in the
VNC. Cell bodies of DA2-DA7 spread along the entire VNC intermingle with other MN
subtypes. The linear distribution of MNs overlaps with the anteroposterior linear expression
patterns of Hox genes in the VNC, which prompted us to study the role of Hox genes in VNC

MN development.

1.6 The concept of terminal selectors

During the course of MN development, neuronal progenitors will initially be specified and then
acquire distinct molecular, morphological and positional features. Then, MNs will gradually
mature to obtain and later maintain their function-defining features (Catela and Kratsios 2019).

These features (e.g. NT synthesis enzymes and packaging proteins, neuropeptides, ion channels,



receptors, synapse proteins) need to be properly established and maintained throughout life to
safeguard the unique terminal identity of individual MNs. In contrast to the well-studied early
steps of MN development, the regulatory mechanisms that control MN terminal identity is less
studied. Work in C. elegans and other systems suggest a common theme of co-regulatory logic
of terminal identity by terminal selectors (and their combinations). Terminal selectors are crucial
transcription factors (TFs) that co-regulate groups of effector genes defining identity features.
Terminal selectors can function in combinations to initiate as well as maintain the expression of

a large group of terminal identity genes (Hobert 2008, 2016; Hobert and Kratsios 2019).

Two terminal selectors UNC-3/EBF and UNC-30/PITX are well studied regulating the terminal
identity of VNC cholinergic and GABAergic MNSs, respectively (Kratisos et al., 2012, 2015,
2017; Jin et al., 1994; Eastman et al., 1999; Cinar et al., 2005; Westmoreland et al., 2001). In the
VNC cholinergic MNs, UNC-3, the sole ortholog of the Collier/OIf/Ebf (COE) family of TFs,
co-regulates nearly all terminal identity genes for all cholinergic MN subtypes (DA, DB, VA,
VB, AS). (Figure 1.2-B) It functions through directly binding to conserved COE motifs in the
cis-regulatory region of downstream terminal identity genes. These genes, such as cho-1/ChT,
unc-17/VAChT, ace-2/AChE in the ACh pathway, unc-129/TGEp, acr-2,5,16/AChR, and ion
channels like del-1/ENaC and slo-2/K-channel, comprehensively shape the cholinergic identity
of MNs. UNC-3 is necessary to establish and maintain in adulthood cholinergic MN terminal
identities. Upon unc-3 depletion, the expression of nearly all its downstream target genes is
compromised and MNs lose their cholinergic identity. For GABAergic MNs, UNC-30 is the

terminal selector to establish and maintain GABAergic terminal identities.

UNC-3 and UNC-30 are cell-type-specific TFs while Hox genes are region-specific TFs. They

all continuously express in MNs and collaborate to regulate MN terminal identity genes. In this



dissertation, I will firstly review the emerging roles for Hox proteins in the last steps of neuronal
development in worms, flies, and mice (Chapter 2) to provide some context for the new role of
Hox genes | discovered in later stages of neuronal development. Then, focusing on C. elegans
cholinergic MNs, I will demonstrate the maintenance of neurotransmitter identity by Hox
proteins interacting with terminal selector UNC-3 through a homeostatic mechanism (Chapter
3). Lastly, I will discuss a case of MN terminal identity shift via a Hox transcriptional switch that
is prevented by the terminal selector UNC-3 as means to safeguard cholinergic MN terminal
identity (Chapter 4). Combining this evidence with unpublished data, I will discuss the role and
the mechanisms of Hox genes in regulating MN terminal identities. My doctoral research
provides the first evidence that Hox genes function as terminal selectors, offering new insights
into how we view the function of these highly conserved TFs during later stages of neuronal

development (Chapter 5).
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Chapter 2 Emerging roles for Hox proteins in the last steps of neuronal development in

wormes, flies, and mice

Author contribution: Figure 2.1 is generated by Paschalis Kratsios and Weidong Feng based on
literature collected, summarized and organized by Weidong Feng. Figure 2.2 and 2.3 are
generated by Paschalis Kratsios and Yinan Li based on literature collected, summarized and

organized by the same people.

2.1 Abstract

A remarkable diversity of cell types characterizes every animal nervous system. Previous studies
have provided important insights into how neurons commit to a particular fate and establish
circuits, but the mechanisms controlling later steps of neuronal development remain poorly
understood. Hox proteins represent a conserved family of homeodomain transcription factors
with well-established roles in anterior-posterior (A-P) body patterning and the early steps of
nervous system development, including progenitor cell specification, neuronal migration, cell
survival and circuit assembly. This review highlights recent studies in C. elegans, Drosophila
melanogaster and mice that suggest non-canonical roles for Hox proteins in post-mitotic neurons
during late stages of embryonic development and post-embryonic life. One key role is the
transcriptional control of terminal identity features, such as expression of ion channels,
neurotransmitter receptors and neuropeptides, which collectively ensure neuronal functionality.

Altogether, these studies support the hypothesis that certain Hox proteins are continuously
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required, from early development throughout post-embryonic life, to build and maintain a

functional nervous system, thereby expanding their functions control early A-P patterning.

2.2 Introduction

Nervous system development is a multi-step process that generates a multitude of cell types.
Dividing progenitor cells or neural stem cells will ultimately give rise to distinct types of neurons
and glia. Newly born, post-mitotic neurons face a number of early challenges before
participating into a functional neural circuit. They need to be molecularly specified, migrate to
the right place, acquire distinct axo-dendritic morphology, and establish precise connections by
identifying the right cellular partners. Studies in all major model organisms suggest that these
early steps of nervous system development are often controlled by Hox proteins, a conserved
family of homeodomain transcription factors critical for anterior-posterior (A-P) patterning and
formation of the animal body plan. The early roles of Hox proteins during nervous system
development have been summarized in excellent reviews (Parker and Krumlauf, 2020,
Philippidou and Dasen, 2013). Here, we highlight recent studies in C. elegans, Drosophila
melanogaster, and mice that uncovered new roles for Hox in the final steps of neuronal
development. Emerging evidence suggests Hox genes control the expression of neuronal
terminal identity features, such as the expression of neurotransmitter (NT) receptors,
neuropeptides, ion channels, and NT receptors. Perhaps more strikingly, a number of Hox
proteins are continuously expressed in invertebrate and vertebrate nervous systems and required
to maintain terminal identity features and synapses of individual neuron types at late
developmental stages and post-embryonic life. This review will discuss recent findings that point

to an unexpected, continuous requirement for Hox in nervous system development and function.
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2.3 Hox gene functions in the C. elegans nervous system

The C. elegans genome contains six Hox genes. The anterior Hox ceh-13/Lab/Hox1 together
with the mid-body Hox (lin-39/Scr/Dfd/Hox3-5 and mab-5/Antp/Hox6-8) and posterior Hox (egl-
5/AbdB/Hox9-13) genes were identified thirty years ago (Clark et al., 1993, Costa et al., 1988,
Van Auken et al., 2000), whereas two additional posterior Hox genes (nob-1, php-3) were
discovered in 2000 (Van Auken et al., 2000). In total, C. elegans Hox genes are organized in 3
different sub-clusters located on Chromosome I11 (Figure 2.1a). Previous work revealed that C.
elegans Hox genes control A-P patterning and the development of lateral epidermis and ventral
ectoderm (Brunschwig et al., 1999, Chisholm, 1991, Clark et al., 1993, Costa et al., 1988,
Cowing and Kenyon, 1992, Kenyon, 1986, Wang et al., 1993, Wittmann et al., 1997). During C.
elegans nervous system development, Hox genes are utilized repeatedly at different stages,
ranging from generation and specification of neural progenitors to the last steps of neuronal
differentiation and maintenance of terminal identity features (Table 2.1, 2.2). Below, we review
the role of Hox genes in C. elegans neurodevelopment, with an emphasis on recent studies

uncovering Hox gene functions during later stages of development and postembryonic life.

2.3.1 Early roles for Hox genes in C. elegans nervous system development

2.3.1.1 Specification of neural progenitors

In C. elegans, distinct sets of ventral nerve cord motor neurons are generated in embryonic and
postembryonic stages (VVon Stetina et al., 2006). Twelve ventral ectodermal progenitor cells
(termed P1-P12) generate twelve distinct P lineages, descendants of which eventually give rise to

post-embryonic motor neurons. Hox genes act to set up A-P boundaries that differentiate P
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lineage descendants in distinct zones (Clark et al., 1993, Kenyon, 1986, Salser et al., 1993, Wang
et al., 1993).That is, the mid-body Hox genes lin-39 and mab-5 respectively regulate zones P3 to
P8 and P7 to P11, whereas the posterior Hox gene egl-5 regulates the P12 zone. Loss or aberrant
expression of Hox genes will lead to homeotic transformation phenotypes. For example, loss of
mab-5 expression or ectopic egl-5 expression in P11 will cause a P11 to P12 transformation
(Jiang and Sternberg, 1998, Li et al., 2009). Besides the specification of neuronal progenitors (P
cells), egl-5 can also regulate the transdifferentiation of a rectal epithelial cell (Y) into the PDA
motor neuron (Chisholm, 1991).

2.3.1.2 Control of cell survival

During early neuronal development, C. elegans Hox genes are also required for cell survival.
The midbody Hox 1in-39 is crucial for the survival of precursor cells that will give rise to a class
of postembryonic motor neurons. In the absence of lin-39, these precursors will undergo
programmed cell death (Clark et al., 1993, Fixsen et al., 1985, Kalis et al., 2014). Similarly, the
mid-body Hox gene mab-5 promotes apoptosis within the P lineage of neuronal progenitors
(P11.aaap, P12.aaap), thus preventing the generation of extra motor neurons (Liu et al., 2006). In
other lineages, mab-5 has been shown to inhibit as well as promote the generation of distinct
neuroblasts (Salser and Kenyon, 1996).

2.3.1.3 Control of cell migration

The two Q neuroblasts (QL, QR) in C. elegans represent a powerful model to study cell
migration. Their descendants migrate to well-defined positions along the A-P body axis, where
they differentiate into sensory neurons and interneurons. The Hox gene lin-39 is necessary for
the anterior migration of the QR descendants, while mab-5 dictates the posterior migration of QL

descendants (Harris et al., 1996, Salser and Kenyon, 1992, Tamayo et al., 2013).
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Mechanistically, mig-13, a single-pass transmembrane protein required for cell migration, has
been identified as the Hox-dependent effector gene for Q neuroblast migration. LIN-39
establishes the anterior polarity of QR descendants by binding to the mig-13 promoter and
promoting mig-13 expression, whereas MAB-5 inhibits the anterior polarity of QL descendants
by associating with the lin-39 promoter and down-regulating lin-39 and mig-13 expression
(Harris et al., 1996, Salser and Kenyon, 1992, Sym et al., 1999, Wang et al., 2013). A similar
role was reported for the anterior Hox gene ceh-13. Migration of the mechanosensory neurons
AVM (descendant of QR) and PVM (descendant of QL) is significantly affected in animals
lacking ceh-13 activity (Tihanyi et al., 2010). Lastly, the posterior Hox gene egl-5 controls
migration of the hermaphrodite specific neurons (HSNs) that control egg laying. In egl-5
mutants, HSNs do not migrate the full distance from their birthplace in the tail to the vulva

(Chisholm, 1991).

2.3.2 Late roles for Hox genes in C. elegans nervous system development

Once post-mitotic neurons complete their migration, they extend axons and dendrites to make
connections and establish circuits. The function of every neuronal circuit critically relies on the
ability of its constituent neurons to communicate with each other via neurotransmitters and/or
neuropeptides, as well as to display neuron type-specific electrophysiological signatures. These
function-defining features are determined by the expression of neurotransmitter (NT)
biosynthesis proteins, ion channels, neuropeptides, NT receptors, and cell adhesion molecules.
Genes coding for such proteins have been termed “terminal identity” genes (Hobert, 2008,
Hobert and Kratsios, 2019); they are expressed continuously — from late developmental stages

through adulthood — to determine the final (mature) identity and function of each neuron type.
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Recent studies on two different neuron types in C. elegans, namely the touch receptor neurons
(TRNS) and nerve cord motor neurons (MNs), revealed a new role for Hox genes — the control of
neuronal terminal identity (Table 2.2). We highlight these studies below.

2.3.2.1 Hox genes control terminal identity features of C. elegans TRNs

In C. elegans, there are six TRNs mediating sensory responses to light touch. TRNs are classified
into four subtypes: (a) bilaterally symmetrical pairs of ALM and PLM neurons are located at the
midbody and tail region, respectively and (b) single AVM and PVM neurons are located in the
midbody (Figure 2.1b). ALM and PLM are born embryonically while AVM and PVM are
generated post-embryonically. TRNs synapse onto and provide input to command interneurons
(PVC, AVB, AVD, AVA), which stimulate downstream motor neurons, thus generating touch
reflex responses. Early specification and differentiation of TRNs have been well investigated
(Bounoutas and Chalfie, 2007), but how each TRN subtype acquires its unique terminal identity
remains poorly understood.

At the behavioral level, animals lacking egl-5 (posterior Hox) gene activity are touch-insensitive
at the tail, suggesting defects in the development of the posteriorly located PLM neuron
(Chisholm, 1991). Later studies demonstrated that egl-5 is necessary for PLM terminal identity
(Toker et al., 2003, Zheng et al., 2015a) (Figure 2.1c). In addition to egl-5, two other AbdB
homologs in C. elegans (nob-1, php-3) control PLM development; nob-1 is necessary for the
generation of PLM precursors, whereas php-3 together with egl-5 diversifies PLM from its more
anteriorly located counterpart, the ALM neuron. Lastly, egl-5 controls PLM morphological
characteristics, such as neurite length, by repressing anterior Hox genes (lin-39, mab-5) and

TALE cofactors (Zheng et al., 2015a). The case of egl-5 highlights a recurring theme of Hox
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gene action across model systems — requirement for various facets of development of a specific
neuron type.

In the more anteriorly located ALM neurons, the anterior Hox gene ceh-13 regulates ALM
terminal identity, as evidenced by reduced expression of a handful of terminal identity genes
(mec-4, mec-7, mec-17, mec-18) in ceh-13 mutant animals. Mechanistically, these studies
proposed that CEH-13 and EGL-5 function as transcriptional guarantors by controlling the levels
of expression of the terminal selector gene mec-3, which in turn is required for terminal identity
of both ALM and PLM neurons (Zheng et al., 2015a, Zheng et al., 2015b). CEH-13 and EGL-5
increase the probability of mec-3 transcriptional activation by the POU-homeodomain
transcription factor UNC-86 via the same Hox/Pbx binding site in ALM and PLM neurons
respectively. This molecular mechanism ensures robustness of TRN terminal differentiation.

It is interesting to note the multifaceted role of Hox genes in regulating different steps of
neuronal development within the touch-reflex circuits in C. elegans: (a) Hox genes are involved
in both early (e.g., neuronal migration, axon guidance) and late steps of TRN development (e.g.,
terminal differentiation). (b) All six C. elegans Hox genes affect TRN development in various
ways: ceh-13 regulates ALM terminal differentiation; lin-39 and mab-5 regulates the migration
of AVM/PVM precursor (from the Q neuroblasts); egl-5 and php-3 regulate PLM terminal
differentiation; nob-1 is necessary for the generation of PLM precursors. (c) Although it remains
unclear how they control terminal identity genes (e.g., neurotransmitter biosynthesis proteins, ion
channels, neuropeptides) in TRNs, two Hox proteins (CEH-13, EGL-5) appear to act directly as
transcriptional guarantors of the mec-3, the terminal selector for all C. elegans TRNs. (d)
Intriguingly, Hox genes control the development of neurons at different layers (sensory,

interneuron, motor) of the touch-reflex circuit. Sensory TRN terminal differentiation requires
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normal function of Hox genes, whereas the identity and function of command interneuron PVC
(which receives sensory input from PLM) requires egl-5 (Chisholm, 1991, Zheng et al., 2015a).
2.3.2.2 Hox genes control terminal identity features of ventral nerve cord motor neurons
Similar to the TRN studies described above, the availability of terminal identity markers for
ventral nerve cord motor neurons (MNs) in C. elegans has critically advanced our mechanistic
understanding of Hox gene function in the nervous system. Nine distinct classes of MNs are
found in the nerve cord of C. elegans hermaphrodite animals. Based on neurotransmitter usage,
they can be classified into two categories: cholinergic (SAB, DA, DB, VA, VB, AS, VC) and
GABAergic (DD, VD) MNs (Figure 2.1b). The SAB, DA, DB, and DD classes are generated
embryonically, whereas the VA, VB, VC, VD, and AS neurons are generated post-embryonically
(Von Stetina et al., 2006). The terminal identity of most cholinergic MN classes in the nerve cord
(SAB, DA, DB, VA, VB, AS) critically depends on the terminal selector UNC-3, member of the
conserved family of OIf/Collier/Ebf(COE) family of TFs (Kratsios et al., 2015, Prasad et al.,
2008, Prasad et al., 1998). Mechanistically, UNC-3 binds directly to the cis-regulatory region of
terminal identity genes (e.g., Ach biosynthesis proteins, ion channels, neuropeptides) and
activates their transcription. The homeodomain TF UNC-30 (PITX) acts in analogous manner in
GABAergic (DD, VD) MNs (Eastman et al., 1999, Jin et al., 1994).

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 2.1d). 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
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mab-5 collaborate with unc-30 to control terminal identity gene expression, as well. Apart from
this UNC-3 co-factor role, 1in-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, 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 depletion
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
models 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: DAL 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 connectivity 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
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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
2.1d). Similarly, UNC-3 and the posterior Hox gene egl-5 determine posterior MN (DA9)
terminal identity (Figure 2.1d). In addition, egl-5 also controls the appropriate synaptic wiring of
DAO9 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, bnc-1/Bncl/2) responsible for MN subtype
identity (Kerk et al., 2017, Li et al., 2020).

2.3.2.3 Posterior Hox gene egl-5 controls the identity of serotonergic and dopaminergic
neurons

In addition to its role on posterior MNs, the posterior Hox gene egl-5 controls the identity of two
other neuron types. The hermaphrodite specific neurons (HSNs) partially lose their ability to
produce serotonin in egl-5 mutants (Chisholm, 1991). Moreover, egl-5 acts in tail sensory
neurons of the C. elegans male. Upon egl-5 genetic removal, these neurons do not adopt
dopaminergic fate and cannot be induced to express dopamine (Lints and Emmons, 1999).

The role of the anterior Hox gene ceh-13 during C. elegans neuronal terminal differentiation is
largely elusive, partly due to the early larval lethality of ceh-13 mutants (Brunschwig et al.,
1999). A recent study suggested ceh-13 controls terminal identity features of GABAergic motor
neurons (DD1, DD2) located in the anterior ganglion, but the underlying mechanisms remain

unknown (Aquino-Nunez et al., 2020).
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Figure 2.1 Hox gene functions in mechanosensory and motor neurons in C. elegans. (a)
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Schematic of the C. elegans Hox gene cluster. (b) Schematic showing the cell body location of
mechanosensory neurons (AVM, ALM, PVM, PLM) and cholinergic MNs in the ventral nerve
cord (SAB, DA, DB, VA, VB, VC, AS). The GABAergic MNs are not shown. (c) The terminal
selector MEC-3 controls ALM and PLM terminal identity. The activity of the posterior Hox gene
egl-5 diversifies PLM from ALM. Examples of terminal identity genes are shown in italics.

(d) An intersectional strategy for the control of terminal identity of midbody (UNC-3, LIN-39,
MAB-5) and posterior (UNC-3, EGL-5) MNs along the A-P axis of the C. elegans ventral nerve
cord. See text for details.

2.4 Late Hox gene functions in the Drosophila nervous system

Hox genes were first discovered in the fruit fly Drosophila melanogaster, where genetic
experiments during the 20" century identified mutants with dramatic phenotypes caused by
homeotic transformations (e.g., legs instead of antennae, duplication of thoracic
segments)(Nusslein-Volhard and Wieschaus, 1980). Subsequent studies showed that the
principles of Hox gene function and their role in establishing the body plan along the A-P axis
are conserved across species. All eight Hox genes in Drosophila — labial (lab), proboscipedia
(Thomas et al.), Deformed (Dfd), Sex combs reduced (Scr), Antennapedia (Seth R Taylor),
Ultrabithorax (Ubx), abdominal-A (abd-A) and Abdominal-B (Abd-B) — are located on
chromosome 3 (Figure 2.2a). Based on their chromosomal location, Drosophila Hox genes are
organized in two gene complexes. The Antennapedia complex or Antp-C (consisting of lab, pb,
Dfd, Scr, and Antp) specifies the anterior body plan from the head to the anterior thorax, while
the Bithorax complex or Bx-C (consisting of Ubx, abd-A, and Abd-B) specifies the segments in
the posterior thorax and the abdomen (Figure 2.2b). An important characteristic of Hox genes is
“spatial collinearity”, which describes the correspondence between the Hox gene order on the
chromosome and their expression patterns along the A-P axis. This appears to be a highly

conserved property of Hox genes and has been found in many other species (Gaunt, 2015).
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During development, neurons in Drosophila arise from neuroblasts (NBs) located along the
ventral nerve cord (VNC) (Figure 2.2c). These NBs possess the potency to generate any neuron
type, but they give rise to unique types of neuronal progenies depending on their location along
the A-P axis of the body. Such spatial pattern of distinct neuronal types correlates with the
combinatorial expression pattern of Hox genes along the A-P axis of the Drosophila body.
During neurogenesis, Hox gene activity guides NBs to exit the cell cycle and promotes (or
blocks) apoptosis, eventually leading to a spatial map of unique neuron types (Estacio-Gomez
and Diaz-Benjumea, 2014, Gummalla et al., 2014) (Table 2.1). In addition, Hox gene mutants
also show axonal projection defects. Apart from their role in instructing the early events of
neuronal development, such as neurogenesis and axon guidance (Estacio-Gomez and Diaz-
Benjumea, 2014, Reichert and Bello, 2010), recent studies suggest Hox genes are also required
to maintain the identity of terminal differentiated neurons.

Much of our current understanding of Hox gene function in the Drosophila nervous system
derives from studies on the abdominal leucokinergic neurons (ABLKS), which express the
neuropeptide Leucokinin (Lk) and are often used as a model system to study both embryonic and
post-embryonic neurogenesis (Estacio-Gomez and Diaz-Benjumea, 2014). During embryonic
neurogenesis, the NB5-5 progenitor gives rise to 7 pairs of embryonic ABLKs (eABLKS), one in
each of the 7 abdominal segments (A1-7) of the VNC. Lk is not initially expressed in the
eABLKs when they are born but becomes detectable at later developmental stages (first instar
larva). Later, additional post-embryonic ABLKs (pABLKS) are generated (third instar larva), and
express Lk in pupal stages. The cell type-specific expression of the terminal identity gene

encoding Lk is critically dependent on Bx-C Hox gene activity (Estacio-Gomez et al., 2013).
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Although Lk is a single Hox-dependent terminal identity gene, this study does suggest a later role
for Hox in Drosophila neurons.

Hox genes are expressed in the neuroectoderm at early development, but then become silenced
when NBs delaminate and are reactivated at later stages in specific neurons. The posterior
abdominal Hox genes, Ubx and abd-a, are expressed in post-mitotic eABLKSs in the first instar
larvae, where they are redundantly required for the expression of Lk. Moreover, when both Ubx
and abd-a are knocked down specifically from early second instar larvae, it results in loss of Lk
expression in late third instar larvae (Estacio-Gomez et al., 2013), suggesting maintenance of Lk
in eABLKS relies on continuous expression of Ubx and abd-a. On the other hand, the other
posterior Hox gene Abd-b represses Lk expression in non-ABLK cells during both embryonic
and larval neurogenesis. Similarly, Abd-b is continuously required to maintain the repression of
Lk, as removing Abd-b from first instar larvae results in de-repression of Lk and increased
number of ABLKSs in third star larvae and adults. Although the underlying mechanisms remain
unknown, these initial findings suggest that Hox genes can establish and maintain terminal
identity features of post-mitotic neurons in Drosophila.

A second example of late Hox gene functions in Drosophila comes from head motor neurons
(MNs) that innervate the mouth hook elevator (MHE) and depressor (MHD) muscles, which
coordinate the elevation and depression of the mouth hook (MH). The anterior Hox gene Dfd is
expressed in a subset of MNs that specifically innervate the MHE (Friedrich et al., 2016). These
Dfd-expressing MNs play a critical role in controlling the MH-dependent motor behaviors,
including hatching at the end of embryogenesis and feeding in larval stages. In Dfd mutants,
while the number of these MNs remains unchanged, they fail to extend axonal projections to

their muscle targets, resulting in failure to hatch. Intriguingly, removing Dfd after the
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establishment of synaptic connections also results in impaired MH movements in larvae,
suggesting Dfd is continuously required for the normal functions of these MNs (Friedrich et al.,
2016). Genetically, Dfd acts upstream of a microtubule-organizing complex which is important
for synapse stability even after their establishment. Dfd is continuously required to maintain the
expression of Ankyrin2 extra large (Ank2-XL), which is known to be involved in determining
the physical properties of synapses. Altogether, the above studies in Drosophila VNC and head
motor neurons support the hypothesis that certain Hox genes are continuously required to

establish and maintain neuronal identity and connectivity.
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Figure 2.2 Hox gene expression in the Drosophila nerve cord. (a) Schematic of the Drosophila
Hox gene cluster. (b) Six Hox genes are expressed in the Drosophila ventral nerve cord. Their
expression pattern along the A-P axis is color-coded. SE: subsesophagus; Th: thorax; Ab:
abdomen. Adapted from (Estacio-Gomez and Diaz-Benjumea, 2014). (c) Schematic of the
nervous system in Drosophila larvae showing the brain and the peripheral nervous system in the
ventral cord. Adapted from (Sokabe et al., 2016)
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2.5 Late roles for Hox genes in the development of the mouse nervous system

During early vertebrate evolution, the single Hox gene cluster of vertebrate ancestors was
duplicated twice, eventually giving rise to four clusters — HoxA, HoxB, HoxC, and HoxD in
mammals (Soshnikova et al., 2013). In mice, these 4 clusters contain 39 Hox genes, which are
further categorized into 13 paralog groups (PG) based on their relative position within the
clusters and gene sequence (Figure 2.3a). The majority of these Hox genes are expressed in the
mouse central nervous system (CNS) during development (Briscoe and Wilkinson, 2004,
Krumlauf et al., 1993, Philippidou and Dasen, 2013).

A large body of work in the mouse hindbrain and spinal cord has uncovered critical roles for
Hox genes in defining segment identity and establishing spatial gene expression patterns
necessary for neuronal differentiation during early embryogenesis (Parker and Krumlauf, 2020,
Philippidou and Dasen, 2013). Of note, these early Hox roles are conserved in zebrafish (Table
2.1). The expression of Hox genes in the hindbrain between embryonic day 7.5 (E7.5) to E9.5
appears strictly restricted within territories defined by rhombomere (transiently divided segments
of the developing neural tube) boundaries (Figure 2.3b). Rhombomere boundaries create a series
of anterior limits for Hox gene expression along the A-P axis. In the hindbrain, PG1-2 genes
have more anterior boundaries compared to PG3-4 genes. On the other hand, PG5-13 genes are
only expressed in the spinal cord, which is posterior to the hindbrain. The overall map of Hox
gene expression along the A-P axis therefore displays collinearity with their corresponding
location in the clusters (Figure 2.3a-b). The spatial pattern of Hox genes provides key
information in cell fate determination and guiding neuronal differentiation.

Most studies in the mouse hindbrain and spinal cord focused on the early steps of neuronal

development, thereby illuminating how Hox genes specify neural progenitor cells, or mediate
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neuronal fate specification, and axonal path finding (Philippidou and Dasen, 2013) (Table 2.1).
Meanwhile, it remains elusive whether mouse Hox genes control later steps in the developmental
trajectory of mature, post-mitotic neurons.

Functional studies on Hox gene requirements in post-natal or adult animals are often challenging.
They require conditional knockout models that would bypass the early developmental roles of
Hox genes by removing gene activity in specific neuronal types at later time points. To generate
such mouse models, it is crucial to establish a spatio-temporal expression map of Hox genes in
the mouse nervous system. To this end, Hutlet et al. performed a systematic expression analysis
of Hox genes in the adult mouse brain (Hutlet et al., 2016). This study found that the 24 Hox
genes that are normally active during early development of the hindbrain continue to be
expressed during adulthood. Neuroanatomical localization analysis revealed that these Hox
genes are still expressed in adult post-mitotic neurons derived from rhombomeres, with visible
anterior boundaries restricting individual Hox genes along the A-P axis. This indicates that the
spatial collinearity rule is also maintained in adult hindbrain. Intriguingly, transcripts of Hox
genes were identified in more anterior regions (forebrain) where they are not expressed during
embryogenesis, suggesting Hox gene neo-expression in the adult CNS. More specifically,
Hoxb1, Hoxb3, Hoxb4, Hoxd3, and Hoxa5 transcripts were detected in both neocortex and the
thalamus. Temporal analysis showed that their signal starts as early as the second postnatal week
but becomes more robust only in the third postnatal week. In a separate study, Coughlan et al.
have reported that the expression Hox PG9-11 genes is maintained and remains robust in
spinocerebellar neurons until P7 (Coughlan et al., 2019), that is weeks after neuronal progenitor

specification occurs. To summarize, the maintained Hox gene expression in the hindbrain and
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spinal cord together with their neo-expression in the forebrain imply that Hox genes may play
important roles in the post-natal CNS.

What are the biological functions of mouse Hox genes in post-mitotic neurons during late
developmental and postnatal stages? While mouse studies that specifically eliminate Hox gene
activity at postnatal stages are currently lacking, recent work suggests that mouse Hox genes,
similar to their C. elegans counterparts, maintain the cell identity of terminally differentiated
neurons. By inactivating Hox genes at successive developmental stages with conditional models,
a recent study showed that Hoxc8 is required for the maintenance of several terminal identity
genes (Nrgl, Mcam, Pappa) in brachial MNs in the spinal cord (Catarina Catela, 2021).
Interestingly, while these terminal differentiation genes require Hoxc8 for both initiation and
maintenance of their expression, not all Hoxc8 target genes behave in the same way. In fact, the
suite of Hoxc8 targets in brachial MNs is dynamic across different life stages. For example, the
glycine receptor subunit alpha-2 (Glra2) appears significantly downregulated upon conditional
knockout of Hoxc8 at postnatal day 8 (p8), but is unaffected upon Hoxc8 knockout at embryonic
day 12 (e12). One possible explanation for this phenomenon is that Glra2 is redundantly
regulated by additional transcription factors at early stages, whose expression fades away later on
and the regulation from Hoxc8 becomes necessary for maintenance. Although the underlying
mechanisms remain elusive, these findings suggest that Hox genes are continuously required in
the mouse nervous system to control various aspects of neuronal development ranging from
progenitor cell specification, cell survival, and neuronal terminal identity.

In mice, Hox genes are also important for neural circuit wiring. After their generation, neurons
need to send out their axons and find the right partners to connect with. This process is called

axon pathfinding and is regulated by the recognition of guidance cues through receptors
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localized on the distal tips of axons (growth cones). Many studies have shown that correct
expression of guidance cue receptors is often co-regulated by Hox genes (Di Bonito et al., 2013a,
Geisen et al., 2008, Oury et al., 2006). For example, in the precerebellin anterior extramural
migrating stream, Hox PG5 genes repress the repulsive Netrin receptor Unc5b, while Hox PG2
genes positively regulate it (Di Meglio et al., 2013). Moreover, Hoxa2 is required for the
expression of Slit receptor Robo3 in commissural neurons in the hindbrain and Robo2 in
precerebellar poutine neurons (Di Bonito et al., 2013a). In the spinal cord, Hox5 genes are
required for proper connectivity of phrenic motor neurons to premotor interneurons and the
diaphragm muscle (Philippidou et al., 2012, Vagnozzi et al., 2020). The phrenic motor neurons
express a unique combination Hox5-dependent cell adhesion molecules of the Cadherin (Cdh)
family (Vagnozzi et al., 2020), which is known to control neuronal connectivity across model
systems. Importantly, early or late genetic removal of Hox5 in mice affects diaphragm
innervation, suggesting a continuous Hox requirement for establishment and maintenance of
neuronal wiring (Philippidou et al., 2012). Lastly, two recent studies on Hoxc8 provide strong
evidence for Hox-mediated intrinsic of neuronal specificity. That is, Hoxc8 removal specially in
sensory neurons affects sensory-motor connectivity (Shin et al., 2020), whereas motor neuron-
specific depletion of Hoxc8 affects forelimb muscle innervation (Catela et al., 2016).
Mechanistically, Hoxc8 controls expression of axon molecules Ret and Gfra to establish proper
muscle innervation. Besides their role in axon guidance, many of the aforementioned axon
guidance molecules are also required for synapse formation and plasticity. This leads to the
possibility that Hox genes may also maintain synaptic plasticity at post-natal stages, an intriguing

hypothesis that remains to be tested (Hutlet et al., 2016).
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Figure 2.3 Hox gene expression in the mouse spinal cord. (a) The 39 Hox genes in mice are
distributed in four clusters (a, b, ¢, d). (b) Region-specific Hox gene expression is shown along
the rostrocaudal axis of the nervous system. Adapted from (Philippidou and Dasen, 2013).

2.6 Conclusions

In the nervous system, a large body of work has uncovered critical roles for Hox genes in the
early steps of nervous system development, such as progenitor cell specification, neuronal
migration, cell survival and circuit assembly. This review highlights recent studies that identified
new functions for Hox genes in post-mitotic neurons during late developmental stages and
postembryonic life, supporting the hypothesis that Hox genes control distinct aspects of neuronal
development and function across different life stages. Hence, temporal inactivation of Hox gene
activity is necessary to uncover the breadth of Hox gene functions in the nervous system.
CRISPR/Cas9 genome editing coupled with powerful transcriptomic, biochemical, and

behavioral approaches will help the realization of such an ambitious goal.
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Table 2.1: A non-comprehensive list of Hox studies focused on early nervous system

development.

QL descendants

Species Gene Description Reference

C. elegans lin-39 lin-39 is required for mid-body region- (Clark et al.,
specific development (neuronal progenitor | 1993)
specification, vulva development) and Q
neuroblast migration

C. elegans lin-39, mab-5 | lin-39 and mab-5 specify cell fates in (Salser et al.,
posterior ventral nerve cord 1993)

C. elegans egl-5 egl-5 specifies the P12 neuroectoblast fate | (Jiang and
via interactions with EGF, Wnt and other Sternberg, 1998)
Hox genes

C. elegans lin-39 lin-39 promotes the survival of VC motor | (Fixsen et al.,
neuron precursor cells 1985)

C. elegans mab-5 mab-5 promotes apoptosis, preventing the | (Liu et al., 2006)
generation of extra motor neurons

C. elegans mab-5 mab-5 closely controls the generation of (Salser and
neuroblasts within multiple lineages and Kenyon, 1996)
fine-tunes the specification of lineages.

C. elegans mab-5 mab-5 dictates the posterior migration of (Salser and

Kenyon, 1992)
(Harris et al.,

1996)
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C. elegans ceh-13 ceh-13 regulates the migration of Q (Tihanyi et al.,
neuroblast 2010)

C. elegans egl-5 egl-5 regulates the specification of PDA (Chisholm,
motor neuron and the migration of HSN 1991)

Drosophila lab lab is required for neuronal fate acquisition | (Hirth et al.,
by postmitotic progenies of neuronal 1998)
progenitors in the tritocerebrum.

Drosophila abd-A abd-A specifies the time when apoptosis (Bello et al.,
occurs and control the number of neurons | 2003)
produced from postembryonic neuroblast
proliferation

Drosophila Ubx Ubx is required for the expression of the (Suska et al.,
transcription factor Dimm in VVa neurons 2011)

Drosophila Abd-B Abd-B prevents cell-autonomously the (Miguel-Aliaga
apoptosis of dMP2 and MP1 pioneer and Thor, 2004)
neurons

Mouse Hoxdl Hoxd1 is required for the specification of (Guoetal.,
nociceptor axonal connectivity in the spinal | 2011)
cord

Mouse Hoxa2 Hoxa2 controls the formation of the sound | (Di Bonito et al.,

localization circuit involving contralateral

projections from the anterior VCN to the

2013b)
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medial nucleus of the trapezoid body by

regulating the Rigl axon guidance receptor

Mouse Hoxa5/Hoxc5 | Hoxab5 and Hoxc5 control the clustering (Philippidou et
and intramuscular branching of PMC al., 2012)
motor neurons

Mouse Hoxc6 Hoxc6 promotes motor neuron pool (Lacombe et al.,
diversity within the LMC 2013)

Danio rerio | hoxbla hoxbla regulates migration of the VIith (McClintock et
cranial nerve branchiomotor neurons al., 2002)

Danio rerio | hoxblb hoxb1b specifies hindbrain development (Vlachakis et al.,
via collaboration with cofactors Meis3 and | 2001)

Pbx4
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Table 2.2: Hox gene studies focused on late steps of nervous system development.

terminal identities

Species Gene Description Reference
C.elegans | egl-5 egl-5 regulates terminal differentiation of (Toker et al.,
PLM 2003)
C.elegans | egl-5 EGL-5 is required for subtype-specific circuit | (Zheng et al.,
formation by acting in both the sensory 2015a)
neuron and downstream interneuron to
promote functional connectivity in touch
receptor neurons.
C.elegans | ceh-13 CEH-13 functions cell non-autonomously to | (Zheng et al.,
guide ALM migration and axonal outgrowth | 2015a)
C.elegans | php-3 PHP-3 makes PLM neurons morphologically | (Zheng et al.,
distinct from ALM neurons independently 2015a)
with egl-5
C.elegans | nob-1 nob-1 is needed to generate the cells that (Zheng et al.,
become the PLM neurons 2015b)
C.elegans | ceh-13, CEH-13 and EGL-5 act as transcriptional (Zheng et al.,
egl-5 guarantors to ensure reliable and robust mec-3 | 2015b)
expression during terminal neuronal
differentiation of touch receptor neurons
C.elegans | lin-39, mab- | Hox genes function as unc-3 co-factors to (Kratsios et al.,
5, egl-5 specify cholinergic motor neuron sub-class 2017)
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C.elegans | lin-39, mab- | lin-39 and mab-5 regulates and maintains (Fengetal.,
5 subtype specific terminal identities of both 2020)
cholinergic and GABAergic motor neurons
C.elegans | lin-39 mab- | Hox genes regulates cfi-1 to regulate ventral | (Li et al., 2020)
5 cord motor neuron terminal identity
C.elegans | egl-5 egl-5 is crucial for HSN to adopt the (Chisholm,
serotonergic identity 1991)
C.elegans | egl-5 egl-5 regulates HSN terminal identity through | (Baum et al.,
regulating UNC-86 1999)
C.elegans | egl-5 egl-5 is required for the adoption of (Lints and
dopaminergic identity for ray cells through Emmons, 1999)
regulation of dbl-1
C.elegans | ceh-13 ceh-13 specifies the terminal identity of two (Aquino-Nunez
GABAergic motor neurons DD1 and DD2 et al., 2020)
Drosophila | Ubx/abd-a | Ubx and abd-a are required to maintain the (Estacio-Gomez
expression of the neuropeptide Lk in larval etal., 2013)
stages
Drosophila | Dfd Dfd is continuously required to maintain the (Friedrich et al.,

expression of Ankyrin2 extra large (Ank2-
XL) and thus synaptic stability in head motor
neurons (MNSs) that innervate the mouth hood
elevator (MHE) and depressor (MHD)

muscles

2016)

42




Mouse Hoxc8 Hoxc8 is required for the maintenance of (Catarina Catela,
terminal identity genes Nrgl, Mcam, and 2021)
Pappa in the spinal cord.

Mouse Hox5 Late removal of Hox5 genes depletes PMC (Philippidou et

motor neuron number and branches,
suggesting it is continuously required for the

survival of these neurons.

al., 2012)
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Chapter 3 Maintenance of neurotransmitter identity by Hox proteins through a

homeostatic mechanism

Author contribution: All data are generated by Weidong Feng except that in Figure 3.5F-H.
Special acknowledgements to Minhkhoi Nguyen for his contribution to Figure 3. 6G. All figures

are jointly generated by Weidong Feng and Paschalis Kratsios.

3.1 Summary

Hox transcription factors play fundamental roles during early patterning, but they are also
expressed continuously, from embryonic stages through adulthood, in the nervous system.
However, the functional significance of their sustained expression remains unclear. In C. elegans
motor neurons (MNs), we find that LIN-39 (Scr/Dfd/Hox4-5) is continuously required during
post-embryonic life to maintain neurotransmitter identity, a core element of neuronal function.
LIN-39 acts directly to co-regulate genes that define cholinergic identity (e.g., unc-17/VAChT,
cho-1/ChT). We further show that LIN-39, MAB-5 (Antp/Hox6-8) and the transcription factor
UNC-3 (Collier/Ebf) operate in a positive feedforward loop to ensure continuous and robust
expression of cholinergic identity genes. Finally, we identify a two-component design principle
for homeostatic control of Hox gene expression in adult MNs: Hox transcriptional autoregulation
is counterbalanced by negative UNC-3 feedback. These findings uncover a noncanonical role for
Hox proteins during post-embryonic life, critically broadening their functional repertoire from

early patterning to the control of neurotransmitter identity.
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3.2 Introduction

Information flow in the nervous system critically relies on the ability of distinct neuron types to
synthesize and package into synaptic vesicles specific chemical substances, known as
neurotransmitters (NTs). Hence, a core functional feature of each neuron type is its NT identity,
defined by the co-expression of genes encoding proteins necessary for the synthesis, packaging,
and breakdown of a particular NT. Although rare instances of NT identity switching have been
described in the nervous system [1, 2], it is generally accepted that individual neuron types
acquire a specific NT identity during development and maintain it throughout life.

In the case of cholinergic neurons, the enzyme choline acetyltransferase (ChAT) synthesizes
acetylcholine (ACh) from its precursor choline, the vesicular ACh transporter (VAChT)
packages ACh into synaptic vesicles, and the enzyme acetylcholinesterase (AChE) breaks down
ACh upon its release into choline. The choline transporter (ChT) reuptakes choline back into the
cholinergic neuron (Fig. 3.1A) [3]. Co-expression of all these proteins throughout the life of a
cholinergic neuron ensures the continuation of ACh biosynthesis, and thereby the
communication of cholinergic neurons with their post-synaptic targets. Importantly, reduced
expression of ACh pathway proteins has been associated with multiple neurological disorders [4-
6]. Despite the widespread use of ACh in every nervous system [7, 8], how co-expression of
ACh pathway proteins is controlled over time, from development through adulthood, is poorly
understood. A handful of studies in C. elegans and mice identified LIM and POU homeodomain
transcription factors as necessary during development for ACh pathway gene expression in
various types of cholinergic neurons [9-12]. However, the mechanisms that maintain expression

of ACh pathway genes during post-embryonic life are largely unknown.
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Motor neurons (MNSs) in the spinal cord of vertebrates and ventral nerve cord of many
invertebrates use ACh to communicate with their muscle targets. The nematode C. elegans
contains six different classes (types) of MNs within its ventral nerve cord that are cholinergic
[13]. Five classes (DA, DB, VA, VB, AS) control locomotion and are sex-shared (found in C.
elegans males and hermaphrodites), whereas one class (VC) controls egg-laying and is found
only in hermaphrodites. Each MN class contains several members (DA = 9 neurons, DB =7, VA
=12,VB =11, AS = 11, VC = 6) that intermingle along the nerve cord. The cholinergic identity
of these MNs is defined by the expression of unc-17 (VACHT), cha-1 (ChAT), ace-2 (AChE),
and cho-1 (ChT) (Fig. 3.1A) [15, 16]. The rapid life cycle of C. elegans (~3 days from embryo to
adult), the established methods to inactivate transcription factor activity in the adult, and the
availability of reporter animals for all ACh pathway genes offer a unique opportunity to probe in
vivo, and with single-cell resolution, the molecular mechanisms that maintain cholinergic
identity during post-embryonic life.

Members of the HOX family of homeodomain transcription factors play fundamental roles
during early development in anterior-posterior patterning and body plan formation [17, 18].
Seminal studies in worms, flies, zebrafish and mice have also established critical roles for Hox
genes during the early development of the nervous system [19-23]. For example, Hox gene
inactivation can affect the specification and/or survival of neuronal progenitors, as well as the
differentiation, survival, migration, and/or connectivity of young post-mitotic neurons [19-23].
The focus on early development, however, combined with a lack of temporally controlled gene
inactivation approaches that bypass early Hox pleiotropies (e.g., lethality, effects on neural
progenitors) has resulted in an incomplete understanding of Hox gene functions in the nervous

system. Emerging evidence in C. elegans, Drosophila, mice and humans shows that Hox genes
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are expressed continuously, from development throughout adulthood, in certain neuron types
[24-30]. However, the functional significance of sustained Hox gene expression in adult post-
mitotic neurons remains unknown.

Individual neuron types acquire their NT identity during development and maintain it throughout
life. Whether and how Hox proteins control NT identity is not known. Here, we show that the C.
elegans Hox protein LIN-39 (Scr/Dfd/Hox4-5) is continuously required to maintain the
expression of ACh pathway genes in cholinergic MNSs, thereby securing their NT identity and
function. In MNs that control locomotion, LIN-39 cooperates with another Hox protein MAB-5
(Antp/Hox6-8) and the transcription factor UNC-3 (Collier/Ebf) to directly activate the
expression of ACh pathway genes. Moreover, LIN-39 and MAB-5 also regulate the expression
levels of unc-3, thereby generating a positive feedforward loop that ensures robustness of ACh
pathway gene expression throughout life. Importantly, we find that Hox gene expression is under
homeostatic control and propose a two-component design principle that maintains optimal levels
of Hox gene expression in MNs over time: Hox transcriptional autoregulation (component 1) is
counterbalanced by negative UNC-3 feedback (component 2). Because Hox genes are expressed
in the adult nervous system of invertebrate and vertebrate animals, their functional role on

maintenance of NT identity may be deeply conserved.
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3.3 Results

3.3.1 The Hox gene lin-39 (Scr/Dfd/Hox4-5) is required to maintain the cholinergic identity

of motor neurons necessary for egg laying

We initially focused on the hermaphrodite-specific VC MNs, for which regulators of their
cholinergic identity remain unknown. The Hox gene lin-39 (Scr/Dfd/Hox4-5) is continuously
expressed in VC neurons, from the time they are born (larval stage 1, L1) until adulthood (Fig.
3.1B) (Fig. 3.8)[31]. However, animals carrying strong loss-of-function alleles for lin-39 lack
VC neurons (lin-39 controls VVC survival) [32, 33], preventing us from testing its role in the
regulation of VC cholinergic identity determinants unc-17/VAChT and cho-1/ChT (Fig. 3.8) [16].
To bypass this, we generated double mutant animals for 1in-39 and ced-3 (\VC cell death depends
on ced-3 caspase activity)[32, 33], and indeed observed that VC neurons are normally generated
in these animals (Fig. 3.1C). Compared to controls, the number of VC neurons expressing unc-
17 and cho-1 reporters was significantly reduced in lin-39(n1760); ced-3(n1286) double mutants
in the adult (day 1) stage (Fig. 3.1C-D). Subsequent fluorescence intensity analysis with higher
resolution revealed that expression of the cholinergic marker unc-17::gfp is significantly
reduced, but not completely eliminated (Fig. 3.1E). For the unc-17 and cho-1 expression
analysis, we used fosmid (~30kb-long genomic clones)-based reporters, which tend to faithfully
recapitulate endogenous gene expression patterns [16]. Altogether, these findings suggest that,
during larval development, lin-39 controls the expression of VVC cholinergic identity
determinants (Fig. 3.1F).

The sustained expression of lin-39 in VC MNs during adulthood raises the question of whether it
is continuously required to maintain cholinergic identity. Because the lin-39(n1760) allele

removes gene activity starting in early development, we used a previously validated lin-
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39::mNG::3xFLAG::AID allele that codes for a LIN-39 protein fused to mMNG::3xFLAG (serves
as endogenous reporter) and auxin-inducible degron (AID) (enables LIN-39 depletion in a
temporally-controlled manner) [34, 35] (Fig. 3.1G). We initiated auxin treatment at the last
larval stage (L4) and maintained animals on auxin until the first day of adulthood (Fig. 3.1H).
This led to efficient LIN-39 depletion in VC neurons and other nerve cord MNs that normally
express lin-39 (Fig. 3.1H). In day 1 adults, we witnessed a statistically significant decrease in the
number of VC neurons expressing the unc-17 reporter (Fig. 3.11), indicating lin-39 is required to
maintain the expression of unc-17/VAChT at later life stages. Lastly, we examined two additional
markers of VC terminal differentiation, ida-1 (ortholog of human protein tyrosine phosphatase
receptor type N [PTPRN])[36] and glr-5 (ortholog of human glutamate ionotropic receptor
GRIK1)[37]. Again, we found that lin-39 is continuously required to maintain their expression
during late larval and adult stages (Fig. 3.8D-E). In conclusion, lin-39, in addition to promoting
VC survival during the L1 stage, is continuously required at later stages of life to control
cholinergic identity (e.g., unc-17) and other features (ida-1, glr-5) of VC terminal differentiation

(Fig. 3.1F).
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of VC motor neurons. A. Schematic of the presynaptic bouton of a cholinergic motor neuron.
Acetylcholine (Ach) pathway genes: cha-1/ChAT: Choline Acetyltransferase, unc-17/VAChT:
Vesicular Acetylcholine Transporter, cho-1/ChT: Choline Transporter, ace-2/AChE:
Acetylcholinesterase. B. Schematic of an adult C. elegans hermaphrodite highlighting the cell
body position of the six VC motor neurons. Bottom left: Table summarizing co-expression of
cho-1, unc-17 and lin-39 in all VC motor neurons. Bottom right: Representative image of a
fosmid-based lin-39 reporter wgls18 (LIN-39::GFP) in green channel and a VVC specific marker
(lin-11::mCherry) in red channel. Co-localization occurs in all six VC neurons, but only VC1-3
neurons are shown. C. Representative images of UNC-17::GFP co-expressed with lin-
11::mCherry in ced-3 (n1286) single mutant and ced-3 (n1286); lin-39 (n1760) double mutant
animals (day 1 adults). Inset shows expression in VC3. Dashed circles indicate cell body
positions. Dashed white lines indicate the boundary of the intestine, which is auto-fluorescent in
the green channel. D. Quantification of unc-17 and cho-1 reporter gene expression in ced-3
(n1286) single mutant and ced-3 (n1286); 1in-39 (n1760) double mutant animals (day 1 adults).
The fosmid-based reporter otls544 was used for cho-1 (as cho-1::SL2::mChOpti::H2B). E.
Quantification of fluorescence intensity of UNC-17::GFP in VC1-3 in ced-3 (n1286) single and
ced-3 (n1286); 1in-39 (n1760) double mutant animals. See Material and Methods for details (a.u,
arbitrary units). F. Model of LIN-39 regulating cholinergic identity genes in VC MNs. G.
Schematic of the auxin-inducible protein degradation system. Skpl, Cull, Rbx1, and E2 are
phylogenetically conserved components of the E3 ligase complex. Worms are expressing
ubiquitously TIR1, a plant-specific substrate-recognizing subunit of the E3 ligase complex. In
the presence of auxin, TIR1 binds to the AID fused to LIN-39, leading to ubiquitination and
proteasomal degradation of LIN-39::mNG::3xFLAG::AID. H. Efficient depletion of LIN-
39::mNG::3xFLAG::AID upon auxin treatment. Worms are grown on normal OP50 plates until
L4 stages and then transferred to plates containing Auxin or EtOH (as control) and then scored
24 hours later at young adult stages. See Material and Methods for details. Representative images
showing LIN-39::mNG::3xFLAG::AID expression in nerve cord motor neurons upon auxin or
EtOH treatment with quantifications shown on the right. 1. Quantification of the number of VC
motor neurons expressing UNC-17::GFP upon auxin or EtOH treatment (Treatment initiated at
L4 stage and images were scored at young adult stage). For quantification in D, E, H and I, box
and whisker plots were used with presentation of all data points. Unpaired t-test with Welch’s
correction was performed and p-values were annotated. N>20.
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3.3.2 The Hox gene lin-39 (Scr/Dfd/Hox4-5) controls the cholinergic identity of motor

neurons necessary for locomotion

Prompted by our findings in MNs that control egg-laying, we next asked whether the control of
NT identity by lin-39 extends to MNs that control locomotion. Using the endogenous lin-
39::mNG::3xFLAG::AID reporter allele, we found lin-39 to be continuously expressed, from
development to adulthood, in 28 of the 39 cholinergic MNs necessary for locomotion (Fig. 3.2A)
(Fig. 3.8B) [31]. These neurons survive in animals carrying the strong loss-of-function lin-39
allele (n1760) used in Figure 1, enabling assessment of putative lin-39 effects on their
cholinergic identity. Indeed, we found a significant decrease in the expression of cho-1/ChT in
these MNs at larval stages (Fig. 3.2B-C). We obtained similar results for two additional
cholinergic identity markers using an endogenous reporter for unc-17 (unc-17::mKate) and a
fosmid-based reporter for ace-2/AChE (Fig. 3.2D-E), suggesting lin-39 co-regulates the
expression of several ACh pathway genes in MNs necessary for locomotion.

Due to its maintenance role in egg-laying MNs (Fig. 3.1G-1), we next asked whether 1in-39 is
also required to maintain in the adult the cholinergic identity of MNs critical for locomotion.
Again, we found that depletion of LIN-39 specifically during late larval and adult stages resulted
in decreased expression of unc-17/ChAT (Fig. 3.2F), strongly suggesting a continuous LIN-39

requirement in these MNs.
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Figure 3.2 The Hox gene 1in-39 (Scr/Dfd/Hox4-5) controls the cholinergic identity of motor
neurons necessary for locomotion. A. Schematic of a C. elegans hermaphrodite showing the cell
bodies of MNs that control locomotion (red) and egg-laying (green). Expression profile of cho-1,
unc-17 and lin-39 is summarized in the color-filled table. B. Representative images of a cho-1
fosmid-based reporter in WT and lin-39(n1760) mutant animals (L4 stage). Motor neurons that
control locomotion (e.g., DA, DB, VA, VB) express cho-1 at L4. VC motor neurons mature later
(day 1 adult) and do not express cho-1 at L4. The identity of individual motor neurons is
annotated. White arrowheads indicate MN nuclei because the cho-1 reporter is localized to the
nucleus. mChOpti signal is shown in white for better contrast. Left image: anterior to the vulva,
Right image: posterior to the vulva. C. Quantification of the number of motor neurons expressing
cho-1 in panel B. D-E. Quantification of the number of sex-shared motor neurons expressing
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Schematic summarizing our findings in MNs that control locomotion
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3.3.3 The Hox gene lin-39 cooperates with mab-5 (Antp, Hox6-8) and unc-3 (Collier/EDbf) to

control the cholinergic identity of motor neurons

Compared to the strong effects observed in VC MNs (Fig. 3.1D), we observed modest effects on
ACh pathway gene expression upon lin-39 loss in MNs that control locomotion (Fig. 3.2C-F),
suggesting additional factors partially compensate for 1in-39 in these neurons (Fig. 3.2G). To
identify them, we followed a candidate approach. First, we reasoned that mab-5 (Antp, Hox6-8),
another Hox gene with continuous expression in a subset of lin-39-expressing MNs (Fig. 3.3A)
(Fig. 3.9)[27], may work together with 1in-39 to control NT identity features. Indeed, we
observed a decrease in the expression of the cholinergic marker unc-17/VAChT in double lin-
39(n1760); mab-5(e1239) mutants compared to single lin-39(n1760) mutant animals (Fig. 3.3D).
However, the residual expression of unc-17/VAChT in MNs of lin-39; mab-5 double mutants
suggests that, besides MAB-5, additional regulatory factors must cooperate with LIN-39. The
transcription factor UNC-3, member of the Collier/OIf/Ebf (COE) family, is selectively
expressed in MNs that control locomotion (Fig. 3.3A), and is the only factor previously known
to control their cholinergic identity [15]. Hence, if unc-3 compensates for the combined loss of
lin-39 and mab-5, we would predict stronger effects on ACh pathway gene expression in triple
mutant unc-3(n3435); lin-39(n1760); mab-5(e1239) animals than in single unc-3 or double lin-
39; mab-5 mutants. Indeed, this was the case for cho-1/ChT and ace-2/AChE expression (Fig.
3.3B-C, E). Because animals carrying the strong loss-of-function unc-3 allele (n3435) [38]
display a dramatic effect on unc-17/VAChT expression (UNC-3 is absolutely required for unc-
17/VAChT) (Fig. 3.3D), we used a hypomorphic (weaker loss-of-function) unc-3 allele
(ot837)[34] to test the notion of cooperation. Indeed, we observed stronger effects on unc-

17/VACHT expression in unc-3 (0t837); 1in-39(n1760); mab-5(e1239) compared to unc-3 (0t837)
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and double 1in-39; mab-5 mutants (Fig. 3.3D). We extended the analysis of the hypomorphic
unc-3 allele (0t837) to cho-1/ChT, and again observed stronger effects in triple mutant animals
(Fig. 3.3B-C, E). Although the magnitude of the observed effects differs in Hox and unc-3
mutants, this genetic analysis suggests that lin-39, mab-5, and unc-3 synergize to control the
expression of several ACh pathway genes in MNs necessary for C. elegans locomotion (Fig.

3.3F).
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Figure 3.3 lin-39 cooperates with mab-5 (Antp, Hox6-8) and unc-3 (Collier/Ebf) to control the
cholinergic motor neuron identity. A. Schematic of a C. elegans hermaphrodite showing the cell
bodies of MNs that control locomotion (red) and egg-laying (green). Expression profile of cho-1,
unc-17, unc-3, lin-39 and mab-5 is illustrated in the color-filled table below. B. Representative
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images of a cho-1 fosmid-based reporter at L4 in the genetic background of WT, lin-39(-), mab-
5(-), lin-39(-) mab-5(-), unc-3(-), unc-3(-); 1in-39(-), unc-3(-); lin-39(-) mab-5(-), unc-3(hypo),
and unc-3(hypo); lin-39(-) mab-5(-). Strong-loss-of-function (null) alleles of 1in-39(n1760),
mab-5(e1239) and unc-3(n3435) are annotated as (-) and the hypomorphic unc-3 allele ot837
[unc-3::mNG::AID] as (hypo). The identity of individual motor neurons is annotated. White
arrowheads indicate MN nuclei because the cho-1 reporter is localized to the nucleus. mChOpti
signal is shown in white for better contrast. Left image: anterior to the vulva, Right image:
posterior to the vulva. C. Quantification of the number of motor neurons expressing cho-1 in
panel B. D-E. Quantification of the number of motor neurons (that control locomotion)
expressing unc-17 (endogenous reporter ot907 [UNC-17::mKate]) and ace-2 ( fosmid-based
reporter otEx4432 [ace-2::GFP]) in multiple genetic backgrounds at L4 stage. For
quantifications in C-E, box and whisker plots were used with presentation of all data points.
Unpaired t-test with Welch’s correction was performed and p-values were annotated. N>15. F.
Schematic summarizing our findings in cholinergic motor neurons that control locomotion.

3.3.4 LIN-39 and UNC-3 act through distinct binding sites to activate ACh pathway gene

expression in motor neurons

Interrogation of available ChIP-Seq datasets provided biochemical evidence of UNC-3 binding
to the cis-regulatory regions of ACh pathway genes (unc-17/VAChT, cho-1/ChT, ace-2/AChE)
(Fig. 3.4A, D) (Fig. 3.10) [39]. These bound regions contain cognate sites for UNC-3, and their
previous mutational analysis strongly suggested UNC-3 acts directly to activate ACh pathway
gene expression in cholinergic MNs[15]. Next, we examined available ChIP-Seq datasets for
LIN-39 and MAB-5 [40], and witnessed coincident binding of LIN-39, MAB-5 and UNC-3 at
cis-regulatory regions of unc-17/VAChT, cho-1/ChT, and ace-2/AChE (Fig. 3.4A, D, Fig. 3.10).
We hypothesized that these co-bound regions (putative enhancers) are sufficient to drive reporter
(yfp) gene expression in MNs. Indeed, a 280bp-long fragment of the cho-1 cis-regulatory region,
as well as two fragments (1,000bp and 125bp) of the unc-17 region, are sufficient to drive yfp
expression in MNs (Fig. 3.4A-B, D-F). The yfp expression driven by these putative enhancer
regions (cho-1_280bp, unc-17_1,000bp, unc-17_125bp) is unc-3- and Hox-dependent (Fig.
3.4B-C, E-F). Similar to our observations with an endogenous reporter for unc-17 and a fosmid-
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based reporter for cho-1 (Fig. 3.3C-D), we corroborated the notion of synergy between UNC-3
and Hox by using the hypomorphic unc-3 allele (0t837). Stronger effects were observed in unc-3
(0t837); 1in-39; mab-5 triple mutants compared to unc-3(0t837) single or lin-39; mab-5 double
mutant animals (Fig. 3.4C, E-F). Altogether, our enhancer analysis in unc-3 and Hox mutants
identified specific cis-regulatory regions that require both UNC-3 and Hox (LIN-39, MAB-5)
input to drive unc-17/VAChT and cho-1/ChT expression in cholinergic MNs.

Within the cho-1_280bp and unc-17_125bp enhancer regions, a single UNC-3 binding site (COE
motif) is necessary for reporter gene expression in MNs (Fig. 3.4A, D) [15]. We
bioinformatically searched for the presence of consensus LIN-39 binding sites (GATTGATG),
which unlike MAB-5 sites, are well defined in C. elegans [40]. We found a single LIN-39
binding site 60bp upstream of the UNC-3 site in the cho-1_280bp region (Fig. 3.4A) and four
LIN-39 sites flanking the UNC-3 binding site in the unc-17_125bp region (Fig. 3.4D). We tested
the functional importance of the 4 LIN-39 sites by simultaneously deleting them in the context of
transgenic reporter (unc-17_125bp::yfp) animals, and found a dramatic decrease in yfp
expression in MNs (Fig. 3.4D). Altogether, this analysis combined with the ChIP-Seq results
provide strong evidence that LIN-39 and UNC-3 bind directly to the cis-regulatory region of

ACh pathway genes, and recognize distinct binding sites (Fig. 3.4G).
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Figure 3.4 LIN-39 and UNC-3 act directly to activate expression of Ach pathway genes. A.
Gene locus of cho-1 with ChIP-seq tracks for UNC-3, LIN-39 and MAB-5. Molecular nature of
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cho-1 reporter gene cho-1::mChOpti and cho-1_280bp::YFP is shown. Total number of MNs
expressing each reporter is indicated in the format of Mean + Standard Derivation (SD). Within a
280bp cis-regulatory region (grey dashed line), an UNC-3 site and a predicted LIN-39 site are
highlighted in red and blue, respectively. B. Representative images of cho-1_280bp::YFP
expression at L4 in WT, unc-3(n3435), lin-39(n1760) mab-5(e1239), unc-3(hypo), and unc-
3(hypo); 1in-39(n1760); mab-5(e1239) animals. Arrowheads indicate MN nuclei because cho-
1 280bp::YFP has a nuclear localization signal (NLS). YFP signal is shown in white for better
contrast. Dashed white lines indicate the boundary of the intestine, which is auto-fluorescent in
the green channel. C. Quantification of the number of motor neurons expressing cho-1 reporter
in panel B. D. Gene locus of cho-1 with ChIP-seq tracks for UNC-3, LIN-39 and MAB-5.
Expression in motor neurons is quantified for unc-17 reporter gene unc-17_1kb::YFP and unc-
17_125bp::YFP as well as its mutated version with LIN-39 site deletions. Within a 125bp cis-
regulatory region framed by grey dashed line, an UNC-3 site and 4 predicted LIN-39 sites are
highlighted in red and blue, respectively. E-F. Quantification of the number of motor neurons at
L4 expressing the unc-17_1kb::YFP (E) and unc-17_125bp::YFP (F) reporters in WT, unc-
3(n3435), lin-39(n1760); mab-5(e1239), unc-3(n3435), lin-39(n1760); mab-5(e1239), unc-
3(hypo), and unc-3(hypo); 1in-39(n1760); mab-5(e1239) animals. For all quantifications, box
and whisker plots were used with presentation of all data points. Unpaired t-test with Welch’s
correction was performed and p-values were annotated. N>15. G. Schematic of unc-17
regulation by UNC-3, LIN-39 and MAB-5. Red and blue rectangles indicate the binding sites of
UNC-3 and LIN-39, respectively.
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3.3.5 LIN-39 and MAB-5 control unc-3 expression levels, thereby generating a positive

feed-forward loop (FFL) for the control of cholinergic identity

Our findings suggest that Hox proteins LIN-39 and MAB-5, like UNC-3, directly control the
expression of ACh pathway genes in MNs. However, LIN-39 and MAB-5 also bind extensively
on the cis-regulatory region of unc-3 (Fig. 3.5A), suggesting they directly regulate its expression
as well. Indeed, expression of an endogenous gfp reporter for unc-3 (UNC-3::GFP protein
fusion) is significantly reduced in MNs of 1in-39 single mutants, and this effect is exacerbated in
lin-39; mab-5 double mutants (Fig. 3.5B-C). The number of MNs that express UNC-3::GFP is
lower in lin-39 and lin-39; mab-5 animals (left graph in Fig. 3.5C). Compared to WT, we also
observed a striking reduction in UNC-3::GFP fluorescence intensity in MNs of Hox mutant
animals (34% reduction in 1in-39 and 43% in lin-39; mab-5) (middle graph in Fig. 3.5C),
suggesting lin-39 and mab-5 are required for normal levels of UNC-3 expression.

The binding of LIN-39 and MAB-5 on the unc-3 locus strongly suggests these Hox proteins
control unc-3 expression by acting at the level of transcription. Four lines of evidence support
this possibility. First, CRISPR/Cas9-mediated mutation of a predicted LIN-39 binding site in the
context of the endogenous unc-3::gfp reporter (UNC-3::GFP LIN-39site MUT) regylted in decreased
expression in MNs (right graph in Fig. 3.5C). Second, we quantified endogenous unc-3 mRNA
levels with single cell resolution using RNA fluorescent in situ hybridization (RNA FISH)[41].
Compared to wild-type animals, we observed a consistent decrease of unc-3 mRNA levels in
cholinergic MNs of 1in-39; mab-5 mutants (Fig. 3.5D). Third, a small 223bp-long cis-regulatory
element upstream of the first unc-3 exon is sufficient to drive reporter gene (mCherry)
expression in wild-type MNs (Fig. 3.5A, E). When we quantified numbers of MNs expressing

this reporter, as well as its fluorescence intensity, we observed statistically significant differences
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in Hox mutant animals (Fig. 3.5F-G). Like our observations with the UNC-3::GFP fusion (Fig.
3.5B-C), we observed a 28% reduction in fluorescence intensity of the unc-3_223bp::mCherry
reporter in lin-39 single mutants, which was exacerbated (34% reduction) in lin-39; mab-5
double mutants (Fig. 3.5G). Lastly, we generated two fosmid-based reporters, in which we
replaced two different parts of the unc-3 locus (exon 3-11 [[JExon3-11], exon7-11 [[JExon7-11])
with mCherry while leaving the upstream and downstream cis-regulatory elements intact (Fig.
3.5A\). In both cases, we found a significant reduction of mCherry expression in MNs of lin-39;
mab-5 double mutant animals (Fig. 3.5H-1).

Altogether, Hox proteins (LIN-39, MAB-5) act directly to activate the expression of ACh
pathway genes in MNs (Hox - ACh genes, Fig. 3.3-3.4). Further, Hox proteins act at the level
of transcription to control unc-3, which also controls ACh genes (Hox = unc-3 > ACh genes),

thereby generating a positive feed-forward loop (FFL) (Fig. 3.5J).
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ChlP-seq tracks for LIN-39 and MAB-5. LIN-39 and MAB-5. Molecular nature of endogenous
unc-3 reporters (UNC-3::GFP and UNC-3::GFP LIN-39site MUT) and transgenic unc-3 reporters
(unc-3_223bp::mChe, unc-3_AExon3-11_mChe, unc-3_4Exon7-11_mChe) is shown. B.
Representative images of L4 animals carrying the endogenous unc-3::gfp reporter in WT, lin-
39(n1760), and lin-39(n1760); mab-5(e1239) backgrounds. N>20. C. Quantification of the
number of MNs (left graph) or fluorescence intensity (middle graph) of UNC-3::GFP in WT, lin-
39(n1760), and 1in-39(n1760); mab-5(e1239) backgrounds. N>20. Right graph: Quantification
of the number of MNs (at L4) expressing GFP in animals carrying the UNC-3::GFP and UNC-
3::GFP LIN-39site MUT andogenous reporters. N=20. D. Quantification of the number of unc-3
MRNA fluorescence aggregates in individual cholinergic MNs. Single-molecule mRNA FISH
for unc-3 (using a Quasar 670 fluorescent probe) was performed in WT and 1in-39(n1760); mab-
5(e1239) animals at L1. For all quantifications, box and whisker plots were used with
presentation of all data points. Unpaired t-test with Welch’s correction was performed and p-
values were annotated. N>20. Representative images of DB5, DA5, DB7, and DAY are shown.
WT data is colored red versus mutant in blue for quantification. Images are shown in merged
channels. Magenta: signal from Quasar 670 probe for unc-3 mRNA, Green: GFP reporter for
cholinergic motor neurons (unc-17::gfp). E. Representative images of unc-3_223bp::mChe
expression in L4 hermaphrodites in the genetic background of WT, 1in-39(n1760), and lin-
39(n1760); mab-5(e1239) F-G. Quantification of the number of MNs (F) or fluorescence
intensity (G) of unc-3_223bp::mChe in panel E. For fluorescence intensity quantifications,
single neurons expressing the mCherry reporters in WT and mutant backgrounds are evaluated
for fluorescence intensity and plotted as individual data point in graph. N>600. In panel G,
N>200. H-1. Quantification of the number of MNs expressing the unc-3_A4Exon3-11_mChe (H),
and unc-3_4Exon7-11_mChe (I) in WT and lin-39(n1760); mab-5(e1239) mutant animals. N=10.
For all quantifications, box and whisker plots were used with presentation of all data points.
Unpaired t-test with Welch’s correction was performed and p-values were annotated. J.
Schematic model of a coherent feed-forward loop (FFL) for the control of cholinergic identity by
Hox and UNC-3.
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3.3.6 Hox genes lin-39 and mab-5 maintain their expression in motor neurons through

transcriptional autoregulation

How is Hox gene expression maintained in adult MNs? Available ChIP-Seq data show LIN-39
binding at its own locus (Fig. 3.6A), raising the possibility of lin-39 maintaining its own
expression in MNs through transcriptional autoregulation. To test this, we first determined which
cis-regulatory elements of the 1in-39 locus are sufficient to drive reporter (TagRFP) expression
in MNs. A 6.2kb element upstream of the locus fused to TagRFP only shows low levels of
expression in a small number of nerve cord MNs (~6) during larval stages (Fig. 3.6A). This
prompted us to study intronic elements. When intron 1 of lin-39 was fused to TagRFP, we
detected robust TagRFP expression in ~23 nerve cord MNSs. These lin-39 non1::TagRFP
animals display continuous expression in both larval and adult MNs (Fig. 3.6A-B), similar to
animals carrying the endogenous lin-39 reporter allele (lin-39::mNG::3xFLAG::AID), enabling
us to test the idea of transcriptional autoregulation. Indeed, the number of TagRFP expressing
MNss is significantly reduced in lin-39 homozygous mutants carrying a null allele (n1760) (Fig.
3.6B), suggesting lin-39 gene activity is necessary for its expression in MNs.

Because the lin-39 (n1760) allele removes gene activity starting in early embryo, the above
findings do not address whether LIN-39 is continuously required to maintain its expression at
later stages. To test this, we again used the AID system and efficiently depleted LIN-39 protein
levels during late larval stages (Fig. 3.6C). Upon auxin administration, we found a significant
reduction in the number of MNs expressing the lin-39 o1 1::TagRFP reporter (Fig. 3.6D),
suggesting lin-39 is continuously required to maintain its own expression.

These findings pinpoint the entirety of intron 1 as a putative cis-regulatory region used by LIN-

39 to directly control its own expression. Next, we generated transgenic reporter animals that
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split intron 1 in two fragments (832bp and 776bp). Animals carrying the 776bp fragment (lin-39
776bp:: TagRFP) revealed reporter gene expression in nerve cord MNs, but that was not the case
for the 832 bp fragment (Fig. 3.6A). Within the 776bp fragment, we found eleven predicted LIN-
39 binding sites (motifs) (Fig. 3.6A), and employed CRISPR/Cas9 gene editing to
simultaneously mutate all of them in the context of the endogenous 1in-39::mNG::3xFLAG::AID
reporter allele. This led not only to a decrease in the number of MNs expressing the endogenous
lin-39::mNG::3xFLAG::AID sites 1L MUT ranorter (Fig. 3.6E), but also in a reduction of its
expression levels (Fig. 3.6F). These findings support a transcriptional autoregulation model
where LIN-39 recognizes its cognate binding sites within intron 1 to regulate its expression in
nerve cord MNs (Fig. 3.6H).

To investigate which of the 11 LIN-39 sites are functionally important, we mutated two sites
with the highest bioinformatic prediction scores (sites #1 and #9 in Fig. 3.6A, see Materials and
Methods). Mutation of either site in the context of lin-39 776°P:: TagRFP animals significantly
decreased the number of TagRFP expressing MNs (Fig. 3.6G), indicating that these sites are
necessary for autoregulation.

Lastly, we asked whether the Hox gene mab-5, like lin-39, controls its own expression in MNs.
Supporting this possibility, ChIP-Seq data show extensive MAB-5 binding at its own locus, and
expression of a mab-5::gfp reporter is significantly reduced in MNs of mab-5 mutant animals
(Fig 3.11). Altogether, these findings uncover a positive feedback mechanism (transcriptional

autoregulation) required to maintain Hox gene expression in MNs (Fig. 3.61).
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with ChlIP-seq tracks for LIN-39. Molecular nature of endogenous lin-39 reporters (lin-
39::mNG::3xFLAG::AID and lin-39::mNG::3xFLAG:: AIDss1-11MUT) and transgenic lin-39
reporters (lin-39_6.2kb::tagRFP, lin-39""o: :tagRFP, lin-39_832bp::tagRFP, lin-

39 _776bp::tagRFP, 776bp_[Csite#1::tagRFP, 776bp_[site#9::tagRFP). The mean number of
MNs that express each reporter is indicated on the right side. The precise location of the 11
predicted LIN-39 binding sites is shown, as well as their mutated version. B. Representative
images and corresponding quantification of the number of MNs expressing lin-391"ont::tagRFP
in WT and 1in-39(n1760) mutants at L4. C. Depletion of LIN-39::mNG::3xFLAG::AID upon
auxin treatment. Worms expressing the 1in-39::mNG::3xFLAG::AID together with TIR protein
in all neurons (driven by pan-neuronal promoter otti28) were grown on normal OP50 plates until
L2 stage, and then transferred to plates containing either auxin or EtOH (as control). Animals
wre imaged 36 hours later at L4. See Material and Methods for more details. Quantification of
LIN-39::mNG::3XFLAG::AID expression in motor neurons upon Auxin or EtOH treatment. D.
Representative images and corresponding quantification of the number of MNs expressing lin-
3gintronl: - tagRFP treated with EtOH or auxin as described in panel C. E-F. Quantification (L4
stage) of the number of MNs expressing mNG (E) or the fluorescence intensity (F) of mNG in
animals carrying the lin-39::mNG::3xFLAG::AID and lin-39::mNG::3xFLAG::AlDstesl-1IMUT
alleles. In panel F, single neurons expressing mNG are evaluated for fluorescence intensity and
plotted as individual data points. N>400. a.u., arbitrary units. G. Quantification of the number of
MNs expressing the lin-39_776bp::tagRFP reporter (intact version and mutated version with
LIN-39 site#1 or #9 mutated). Two independent transgenic lines for each version of the lin-

39 _776bp::tagRFP reporter were used for this analysis. For all quantifications, box and whisker
plots were used with presentation of all data points. Unpaired t-test with Welch’s correction was
performed and p-values were annotated. N>15. H. Schematic model of lin-39 transcriptional
autoregulation. 1. Schematic model showing the autoregulation of lin-39 embedded at the top of
a coherent feed-forward loop.
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3.3.7 UNC-3 (Collier/Ebf) prevents high levels of Hox gene (lin-39, mab-5) expression

Low levels of LIN-39 lead to a failure to maintain ACh pathway gene expression (Fig. 3.1-3.2),
whereas high levels of LIN-39 in cholinergic MNs result in locomotion defects [34]. Hence, we
hypothesized that the levels of 1in-39 in cholinergic MNs must be tightly controlled to avoid
detrimental effects on MN function (see Discussion). The findings described below suggest that
tight control of Hox gene expression in MNs is achieved through a two-component mechanism,
that is, Hox transcriptional autoregulation is counterbalanced by negative UNC-3 feedback.
Because UNC-3 ChIP binding peaks are observed in 1in-39 and mab-5 loci (Fig. 3.7A, Fig.
3.12A), we reasoned UNC-3 acts directly to prevent high levels of Hox gene expression in
cholinergic MNs. Multiple lines of evidence support this idea. First, the expression levels of the
endogenous lin-39::mNG::3xFLAG::AID reporter is increased in MNs of unc-3 mutant animals
(Fig. 3.7B-C). Second, the lin-39 Inron 1:-TagRFP reporter showed increased TagRFP expression
in MNs of unc-3 mutants (Fig. 3.7D-E). Lastly, RNA FISH revealed increased levels of lin-39
MRNA molecules in individual MNs of unc-3 mutants (Fig. 3.7F). Importantly, we extended this
analysis to mab-5, and obtained similar results; unc-3 gene activity is necessary to prevent high
levels of mab-5 expression in MNs (Fig. 3.12B-C).

Taken together, our findings uncover an intricate gene regulatory network for maintenance of
cholinergic identity in C. elegans MNs. This network contains a positive FFL, where Hox
proteins (LIN-39 and MAB-5) not only activate the expression of ACh pathway genes, but also
control the expression of unc-3, a critical regulator of cholinergic identity in MNs (Fig. 3.7G).
Moreover, the top level of this FFL, i.e., Hox, is under homeostatic control, ensuring that optimal
levels of Hox gene expression are maintained in MNs. This is achieved through Hox

transcriptional autoregulation counterbalanced by negative UNC-3 feedback (Fig. 3.7G).
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39 with ChiIP-seq tracks for UNC-3. Molecular nature of lin-39 reporter gene lin-
39::mNG::3xFLAG::AID and lin-39"ont: :tagRFP is shown. B-C. Representative images (B)
and quantifications (C) of the number of MNs expressing 1in-39::mNG::3xFLAG::AID and the
fluorescence intensity in WT and unc-3(n3435) animals at L4. D-E. Representative images (D)
and quantifications (E) of the number and the fluorescence intensity of MNs expressing lin-
3gintronl: -tagRFP in WT versus unc-3(n3435) animals at L4. In panels C and E, single neurons
expressing the indicated reporter gene are evaluated for fluorescence intensity and plotted as
individual data point in graph. N>600. a.u., arbitrary unit. F. Quantification of the number of lin-
39 mRNA fluorescence aggregates in individual cholinergic MNs. Single-molecule mRNA FISH
for 1in-39 (using a Quasar 670 fluorescent probe) was performed in WT and unc-3(n3435)
animals at L1. For all quantifications, box and whisker plots were used with presentation of all
data points. Unpaired t-test with Welch’s correction was performed and p-values were annotated.
N>20. Representative images of DA3, DB4, DB7, and DAY are shown. WT data is colored red
versus mutant in blue for quantification. Images are shown in merged channels. Magenta: signal
from Quasar 670 probe for 1in-39 mRNA, Blue: DAPI for nuclei staining. G. Schematic model
of the gene regulatory network for maintenance of cholinergic identity in C. elegans motor
neurons
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3.4 Discussion

Hox genes play fundamental roles in early patterning and body plan formation, but their
functions in later stages of development and post-embryonic life remain largely unknown. In the
context of the nervous system, Hox genes are known to control early events, such as
specification, survival, and/or migration of progenitor cells and young post-mitotic neurons [19-
23]. Here, we identify a new role for Hox proteins during later stages of nervous system
development and post-embryonic life, critically extending their functional repertoire beyond
early patterning. Using C. elegans nerve cord MNs as a model, we found that Hox gene activity
is continuously required from development through adulthood for the control of NT identity, a
core element of neuronal function. Moreover, Hox genes operate in a positive feedforward loop
to safeguard the cholinergic identity of MNSs: they not only control directly ACh pathway genes
(e.g., unc-17/VAChT, cho-1/ChT), but also the expression of unc-3 (Collier/Ebf), a master
regulator of MN identity [15]. Lastly, we propose a homeostatic mechanism that maintains Hox
gene expression in MNs at optimal levels, thereby ensuring robust expression of cholinergic

identity determinants throughout life.

3.4.1 Hox genes lin-39 (Scr/Dfd, Hox4-5) and mab-5 (Antp, Hox6-8) act as terminal selectors

of cholinergic MN identity

Transcription factors that are continuously expressed in individual neuron types and act directly
to co-regulate the expression of NT pathway genes have been termed “terminal selectors" [42-
44]. Terminal selectors have been described to date for various neuron types in C. elegans, flies,

simple chordates and mice, indicating the evolutionary conservation of terminal selector-based
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mechanisms for the control of NT identity [45, 46]. The sustained expression of terminal
selectors in specific neuron types suggests they are continuously required to maintain NT
identity. However, a continuous requirement has been experimentally demonstrated only for a
handful of terminal selectors to date [47].

Recent work in C. elegans, flies and mice indicates that certain Hox genes are continuously
expressed, from development through adulthood, in distinct neuron types [24-30]. Functional
studies in peptidergic neurons in Drosophila, as well as hindbrain and spinal neurons in mice,
showed that Hox proteins control early facets of neuronal development (e.g., specification,
survival, migration, connectivity) [19-23, 48], but whether they function as terminal selectors
remains unknown - in part due to a lack of temporally controlled studies for Hox gene
inactivation later in life. Through constitutive (genetic null alleles) and post-embryonic
(inducible protein depletion) approaches, we found that the Hox gene 1in-39 is continuously
required to maintain the cholinergic identity of C. elegans MNs. Biochemical (ChlP-Seq) and
genetic evidence strongly suggests that LIN-39 and another Hox protein (MAB-5) act directly to
co-regulate the expression of genes that encode integral components of the ACh biosynthetic
pathway (unc-17/VAChT, cho-1/ChT, ace-2/AChE). Collectively, these findings reveal that Hox
proteins can act as terminal selectors, uncovering a new role for these highly conserved
transcription factors.

Because Hox genes are expressed in various neuron types in C. elegans [30], we surmise they
may function as terminal selectors in other neurons as well. Supporting this notion, expression of
a single marker of serotonergic identity (tph-1, tryptophan hydroxylase 1 [TPH1]) is affected in
CP neurons of lin-39 mutant animals [49, 50]. Similarly, expression of a dopaminergic identity

marker (cat-2/tyrosine hydroxylase [TH]) is affected in tail sensory neurons of animals lacking
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activity of the posterior Hox gene egl-5 (AbdB) [51]. Future work is needed, however, to

establish whether in those neurons LIN-39 and EGL-5 act as bona fide terminal selectors.

3.4.2 Hox and other subfamilies of homeodomain proteins act as terminal selectors

Homeodomain proteins are defined by a 60 amino acid motif (homeodomain) that directly
contacts DNA [52]. Based on sequence similarities and/or the presence of other domains, several
subfamilies of homeodomain proteins (e.g., HOX, LIM, POU, PRD) have been identified in
every animal genome. In C. elegans, accumulating evidence suggests that members of LIM,
POU, and PRD subfamilies can function as terminal selectors in specific neuron types [53] [31].
Here, we show that members of the HOX subfamily can act as terminal selectors in cholinergic
MNs. A synthesis of our findings and previous studies on LIM, POU, and PRD proteins reveals
an overarching theme: a single transcription factor family, the homeodomain proteins, is broadly
used in the C. elegans nervous system to control neuronal identity by acting as terminal
selectors. Supporting the evolutionary conservation of this theme, a number of LIM and POU
homeodomain transcription factors can function as terminal selectors in the mouse nervous

system [9, 10, 54-56].

3.4.3 Hox proteins cooperate with the terminal selector UNC-3 (Collier/Ebf) to control

motor neuron cholinergic identity

Besides NT identity, terminal selectors are known to control additional neuron type-specific
features of terminal differentiation, such as expression of ion channels, neuropeptides, NT

receptors, and cell adhesion molecules [42, 44]. We find this to be the case for LIN-39. In sex-
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specific MNs that control egg laying, LIN-39 is required for continuous expression of ACh
pathway genes and additional terminal differentiation markers (e.g., glr-5/GIuR, ida-1/PTPRN).
Similarly, in MNs necessary for locomotion, LIN-39 controls ACh pathway genes (this study)
and a handful of terminal differentiation markers (e.g., del-1/sodium channel SCNNL, slo-
2/potassium-sodium activated channel KCNT) [27, 34]. But how can the same Hox protein
(LIN-39) operate as a terminal selector in two different types of MNs?

Our findings support the idea of LIN-39 cooperating with distinct transcription factors in
different MN types. In MNs that control locomotion, LIN-39 synergizes with MAB-5 and UNC-
3, the latter is known to function as a terminal selector in these neurons [15]. Mechanistically,
LIN-39 and UNC-3 control the same ACh pathway genes by recognizing distinct binding sites.
However, whether LIN-39 and UNC-3 are being recruited to these sites in an additive or
cooperative manner remains unresolved. In MNs that control egg-laying [14], UNC-3 is not
present [15]. HLH-3 (bHLH protein of Achaete-Scute family) and LIN-11 (LIM homeodomain
protein) are expressed in VC neurons [57, 58], constituting putative LIN-39 collaborators for the

control of cholinergic identity in VC.

3.4.4 Hox and UNC-3 in a positive feed-forward loop (FFL): a form of redundancy

engineering to ensure robust expression of cholinergic identity genes

Complex gene regulatory networks are composed of simple gene circuits called “network
motifs”’[59]. One of the most widely used motifs is the feed-forward loop (FFL), where
transcription factor X activates a second transcription factor Y, and both activate their shared
target gene Z (Fig. 3.5J). Our findings uncovered a FFL in cholinergic MNs, where a Hox
protein (LIN-39) activates UNC-3, and both activate their shared targets (ACh pathway genes)
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(Fig. 3.5J). FFLs have been described in transcriptional networks across species [59-61]. Based
on systems biology classifications, there are 8 different types of FFLs — each characterized by the
signs (““+” for activation, “— for repression) of the transcriptional interactions within the motif.
The FFL in MNs is coherent type 1 because all interactions are activating (Fig. 3.5J).

Why is there a need for this type of FFL in C. elegans MNs? Computational models and studies
in bacteria indicate that a coherent type 1 FFL can ensure robust gene expression against
perturbations through a process called “sign-sensitive delay” [61-63]. That is, a perturbation can
decrease the levels of transcription factor X (LIN-39), but Z (ACh pathway genes) responds only
at a delay once X levels decrease. The delay is due to the presence of Y (UNC-3). After X is
decreased, it takes time for Y levels to decrease (depending on the degradation rate of Y) to a
level insufficient to activate Z. Hence, the coherent type 1 FFL can be viewed as a form of
redundancy engineering (or filter) to protect the shared target genes (Z) from fluctuations in the
input (transcription factor X). Based on computational modeling and functional studies in
bacteria [61-63], we propose that, in our system, LIN-39 (X) and UNC-3 (Y) operate in a
coherent type 1 FFL to maintain robust expression levels of ACh pathway genes in MNs
throughout life (Fig. 3.5J). Lastly, we note that coherent and incoherent FFLs can serve various
functions in the developing nervous system. For example, they can act as developmental timers
(by allowing a given transcription factor to control different genes at successive developmental
stages) [64, 65], or as means to generate neuronal subtype diversity [66, 67].

The FFL we identified in C. elegans MNs forms the backbone of a transcriptional network, but it
does not function in isolation. Rather, it is embedded within at least two additional loops: (a) a

positive feedback loop that activates LIN-39 expression through transcriptional autoregulation,
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and (b) negative feedback provided by UNC-3 to reduce LIN-39 expression (Fig. 3.7G). The
significance of both is discussed below.

Consistent with our observations on Hox (LIN-39, MAB-5) and unc-3, two other C. elegans Hox
proteins (CEH-13, EGL-5) control the transcription of another terminal selector (mec-3) in
peripheral touch receptor neurons [68]. Although a FFL was not identified in that cellular
context, the findings on mec-3 and unc-3 (this study) strongly suggest that Hox-mediated
transcriptional control of terminal selectors may be a broadly applicable strategy to ensure

robustness of gene expression in post-mitotic neurons.

3.4.5 A two-component design principle for homeostatic control of Hox gene expression in

motor neurons

Mechanisms for the initiation of Hox gene expression are well-studied. It is known, for example,
that during embryonic patterning, Polycomb Group (PcG) and trithorax Group (trxG) genes
determine the levels and spatial expression of Hox genes [69-73]. It is also known that, during
early nervous system development, morphogenetic gradients initially establish Hox gene
expression, and this is further refined via Hox cross-regulatory interactions [23, 74]. However,
the mechanisms that maintain Hox gene expression in post-mitotic neurons during later
developmental and post-embryonic stages remain unknown.

Our constitutive (genetic null alleles) and temporally controlled (AID system) approaches
combined with mutagenesis of Hox binding sites within the endogenous lin-39 locus strongly
suggest that LIN-39 maintains its own expression in MNs through transcriptional autoregulation
(Fig. 3.6H). Subsequently, LIN-39 is required to maintain the expression of ACh pathway genes
by operating at the top of a coherent FFL (Fig. 3.61). However, the lin-39 expression levels are
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critical: low levels lead to a failure to maintain ACh pathway gene expression (Fig. 3.1-3.2),
whereas high levels of LIN-39 in cholinergic MNs cause locomotion defects and “mixed
neuronal identity”, i.e., genes normally expressed in GABA neurons became ectopically
expressed in cholinergic MNs [34]. We found that lin-39 expression in MNSs is under
homeostatic control. The terminal selector UNC-3 prevents high levels of lin-39 expression,
thereby counterbalancing the positive effect of the transcriptional autoregulation of lin-39. From
the perspective of Hox binding site affinity [75, 76], this mechanism may enable LIN-39 (when
present at optimal levels) to bind at high-affinity sites in the cis-regulatory region of ACh
pathway genes. The negative UNC-3 feedback prevents high levels of LIN-39, potentially
avoiding LIN-39 binding to low-affinity sites in the cis-regulatory region of alternative (e.g.,
GABA) identity genes.

Altogether, we identified a two-component design principle (positive feedback of LIN-39 to
itself, negative feedback from the terminal selector UNC-3) for the homeostatic control of Hox
gene expression in motor neurons. These two components are embedded in a coherent FFL,
which we propose to be necessary for maintenance of NT identity (Fig. 3.7G). Because Hox
genes are continuously expressed in the adult fly, mouse, and human nervous systems, the gene
regulatory architecture described here for the control of NT identity may constitute a broadly

applicable principle.
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Figure 3.8 LIN-39 is necessary to maintain VVC terminal identity features. A. Markers for cho-1
and unc-17 are expressed in all six VC MNs. Representative images showing unc-17 (left) and

cho-1 (right) expression that colocalizes and known VC reporters in split and merged channels.
Because cho-1 expression is dim in VC4-5, a grayscale channel is shown B-C. LIN-39 is
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continuously expressed in MNs that control locomotion and egg-laying. Representative images
of endogenous lin-39 reporter (lin-39::mNG). Markers of GABAergic (unc-47::RFP) and
cholinergic (cho-1::mChOpti) motor neurons were use dot identify the lin-39 expressing neurons
with single-cell resolution. For panel C refer to Figure 1B for representative image. D.
Quantification of ida-1 and glr-5 reporter gene expression in day 1 adult animals of ced-3 (-) and
ced-3(-); lin-39(-) genotypes. E. LIN-39 is required to maintain ida-1 and glr-5 expression in
adult VC neurons. Timeline for auxin application indicated on top with quantifications below.
Box and whisker plots were used with presentation of all data points. Unpaired t-test with
Welch’s correction was performed and p-values were annotated. N>15.
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Figure 3.9 MAB-5 expression profile in cholinergic MNs. Representative co-localization images
of MAB-5::GFP (fosmid reporter) with a cholinergic reporter that localizes to the nucleus (cho-
1::SL2::mChOpti::H2B). Motor neuron nuclei are circled.
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Figure 3.10 ChIP-seq binding peaks for UNC-3, LIN-39 and MAB-5 on ace-2 locus. Schematic
extracted from the IGV software showing the ace-2 and ChlP-seq tracks for UNC-3, LIN-39 and
MAB-5.
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Figure 3.11 Transcriptional autoregulation of mab-5 in motor neurons. A. Gene locus of mab-5
with ChlP-seq tracks for MAB-5. B. Representative images of a mab-5 transcriptional gfp
reporter in posterior motor neurons of WT and mab-5(e1239) mutant animals at L4. C.
Quantification of mab-5::gfp expression in panel B. Box and whisker plots were used with
presentation of all data points. Unpaired t-test with Welch’s correction was performed and p-

values were annotated. N>15
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Figure 3.12 UNC-3 represses mab-5 expression. A. Gene locus of mab-5 with ChIP-seq tracks
for UNC-3. B. Representative images of a mab-5 transcriptional gfp reporter in posterior motor
neurons of WT and unc-3(n3435) mutant animals at L4. C. Quantification of mab-5::gfp
expression in panel B. Box and whisker plots were used with presentation of all data points.

Unpaired t-test

with Welch’s correction was performed and p-values were annotated. N>15.
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3.5 Material and Methods

C. elegans strains

Worms were grown at 15°C, 20°C or 25°C on nematode growth media (NGM) plates seeded with
bacteria (E.coli OP50) as food source [77]. Mutant alleles used in this study: unc-3 (n3435) X,
lin-39 (n1760) 111, mab-5 (e1239) 111, ced-3 (n1286) IV. CRISPR-generated alleles: unc-3 (0t837
[unc-3::mNG::3xFLAG::AID]) X, lin-39 (kas9 [lin-39::mNG::3xFLAG::AID]) III.

All reporter strains used in this study are shown in Table 3.1.

Generation of transgenic reporter animals

Reporter gene fusions for cis-regulatory analysis were made using either PCR fusion [78] or
Gibson Assembly Cloning Kit (NEB #5510S). Targeted DNA fragments were fused (ligated) to
tagrfp coding sequence, which was followed by unc-54 3’ UTR. Mutations or deletions LIN-39
binding sites were introduced via PCR mutagenesis. The product DNA fragments were either
injected into young adult pha-1(e2123) hermaphrodites at 50ng/pl using pha-1 (pBX plasmid) as
co-injection marker (50 ng/ul) and further selected for survival, or injected into young adult N2
hermaphrodites at 50ng/ul (plus 50ng/pl pBX plasmid) using myo-2::gfp as co-injection marker
(3 ng/ul) and further selected for GFP signal.

Targeted genome engineering

CRISPR/Cas9 genome editing was employed to generate: (a) PHX2477 strain carrying the lin-
39(syb2477 [lin-39_sitel-11 MUT::mNG::3xFLAG::AID]) Il allele, and (b) PHX5816 strain
carrying the unc-3(syb5816 [unc-3_LIN-39 site. MUT_GFP]) X allele. Gene editing was
performed by SunyBiotech.

Temporally controlled protein degradation
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AID-tagged proteins are conditionally degraded when exposed to auxin in the presence of TIR1
[35]. Animals carrying auxin-inducible alleles of lin-39 (kas9 [lin-39::mNG::AID]) were crossed
with ieSi57 animals that express TIR1 ubiquitously or with otTi28 animals that express TIR-1
pan-neuronally. Auxin (indole-3-acetic acid [IAA]) was dissolved in ethanol (EtOH) to prepare
400 mM stock solutions which were stored at 4°C for up to one month. NGM agar plates were
poured with auxin or ethanol added to a final concentration of 4 mM and allowed to dry
overnight at room temperature. Plates were seeded with OP50 bacteria. To induce protein
degradation, worms of the experimental strains were transferred onto auxin-coated plates and
kept at 25°C. As a control, worms were transferred onto EtOH-coated plates instead. Auxin
solutions, auxin-coated plates, and experimental plates were shielded from light.

Single Molecule RNA in situ Hybridization (sm RNA-FISH)

Egg preparation was performed before harvesting the synchronized L1 worms. Next, worms
were fixed with 4% paraformaldehyde (PFA), washed twice with PBS, and permeabilized with
70% ethanol at 4°C overnight. Then, samples were hybridized with diluted mRNA probes
(Stellaris; unc-3: unc-3 best Quasar 670 (SMF-1065-5); lin-39: lin-39 best Quasar 670 (SMF-
1065-5)) in hybridization buffer (Stellaris#174; RNA FISH Hybridization Buffer (SMF-HB1-
10)) following manufacturing protocols. Finally, samples were stained with DAPI, washed, and
equilibrated with GLOX buffer. Worms were imaged at a fluorescence microscope (Zeiss, Axio
Imager.Z2).

Microscopy

Worms were anesthetized using 100mM of sodium azide (NaN3) and mounted on a 4% agarose
pad on glass slides. Images were taken using an automated fluorescence microscope (Zeiss, Axio

Imager.Z2). Acquisition of several z-stack images (each ~1 um thick) was taken with Zeiss

93



Axiocam 503 mono using the ZEN software (Version 2.3.69.1000, Blue edition). Representative
images are shown following max-projection of 1-8 um Z-stacks using the maximum intensity
projection type. Image reconstruction was performed using Image J software [79].

Motor neuron identification

Motor neurons were identified based on a combination of the following factors: (i) co-
localization with fluorescent markers with known expression pattern, [ii] invariant cell body
position along the ventral nerve cord, or relative to other MN subtypes, [iii] MN birth order, and
(iv) number of MNs that belong to each subtype.

Bioinformatic analysis.

To predict the UNC-3 binding site (COE motif) in the cis-regulatory region of target genes, we
used the MatInspector program from Genomatix [82]. The Position Weight Matrix (PWM) for
the LIN-39 binding site is catalogued in the CIS-BP (Catalog of Inferred Sequence Binding
Preferences database) [83]. To identify putative LIN-39 sites, we used FIMO (Find Individual
Motif Occurrences)[84], which is one of the motif-based sequence analysis tools of MEME
(Multiple Expectation maximization for Motif Elicitation) bioinformatics suite (http://meme-
suite.org/). The p-value threshold for the analysis of LIN-39 target genes was set at p<0.001 for
unc-17 and cho-1, and at p<0.01 for lin-39.

Fluorescence Intensity (FI) Quantification

To quantify FI of individual MNs in the VNC, images of worms from different genetic
backgrounds were taken with identical parameters through full-thickness z-stacks that cover the
entire cell body. Image stacks were then processed and quantified for FI via FIJI. The focal plane
in Z-stacks that has the brightest FI was selected for quantification to minimize background

signals. Cell outline was manually selected, and FI1JI was used to quantify the FI and area to get
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the mean value for Fl. After quantifying the FI of all MNs of interest, representative average
image background FI was quantified and subtracted from the individual MN FI quantifications to
get the mean FI in arbitrary units (a.u.).

Statistical analysis

For quantification, box and whisker plots were adopted to represent the quartiles in graph. The
box includes data points from the first to the third quartile value with the horizontal line in box
representing the mean value. Upper and lower limits indicate the max and min, respectively.
Unpaired t-test with Welch’s correction was performed and p-values were annotated.
Visualization of data and p-value calculation were performed via GraphPad Prism Version 9.2.0

(283).
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Table 3.1 List of C. elegans strains used in this study

Reporters and Transgenes

OH11954 lin-11::mCherry V + myo-2::GFP

OP18 unc-119(ed3) I11; wgls18 [1in-39::TY1::EGFP::3xFLAG + unc-119(+)]

OH13083 him-5(e1490) V; otls576 [unc-17(fosmid)::GFP + lin-44::YFP]
him-5(e1490) otls544 [cho-1(fosmid)::SL2::mCherry::H2B + pha-1(+)] V

CA1200 ieSi57 [eft-3p::TIR1::mRuby::unc-54 3'UTR + Cbr-unc-119(+)] II; unc-
119(ed3) I11.

OH14930 0tTi28 [unc-11prom8+ehs-1prom7+rgef-1prom2::TIR1::mTurquoise2::unc-54
3'UTR] X

OH15568 unc-17(ot907[unc-17::mKate2::3XFLAG]) IV

OH9970 0tEx4432 [ace-2 fosmid_SL2:gfp, line 2.7D] + elt-2::DsRed

OH11650 | pha-1(-); otEx5291 [cho-1_280bp_NLS_YFP-+pha-1(+)]

OH11684 | pha-1(-); otEx5308 [unc-17_125bp_NLS_YFP+pha-1(+)]

OH11063 0tEx4992 [unc-3_fosmid_Exon2_mCherry+myo-2::GFP]

OH11068 0tEx4995 [unc-3 fosmid_exon6_mCherry (myo-2::gfp)]

OH11454 otls426 [Punc-17_1kb::YFP + myo-2::GFP]
otls447 [unc-3p::mCherry + pha-1(+)] IV.

L X929 vsls48 [unc-17::GFP] X

KRA257 kasls2 [lin-39_intron 1::tagRFP + pha-1 rescuing construct line 6.6] |
stls10224 [lin-39p::HIS-24::mCherry + unc-119(+)]

BL5717 inls179 [pida-1::GFP] II; him-8(e1489) IV
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OH13105 him-5(1490) otls564 {otls565 [unc-47(fosmid)::SL2::H2B::mChopti + pha-
1NV
icls270 [glr-5::GFP + lin-15(+)] X
OH3241 juls76 [unc-25p::GFP + lin-15(+)] Il ; oyls14 [sra-6::GFP + lin-15(+)] V
OoP27 unc-119(ed3) I11; wgls27 [mab-5::TY1::EGFP::3xFLAG + unc-119(+)]
CF453 muls16 [mab-5::GFP + dpy-20(+)] II; dpy-20(e1282) IV

Mutants and

CRISPR alleles

PHX2477 | lin-39(syb2477 [lin-39_site1-11_MUT::mNG::AID]) Il
PHX5816 unc-3(syb5816 [unc-3_LIN-39 site. MUT_GFP]) X
MT3002 ced-3(n1286) IV

CB3531 mab-5(e1239) 111; him-5(e1490) V

LE4023 lin-39(n1760) mab-5(e1239)/hT2 111

KRA45 lin-39(n1760)/hT2 111, |

MT10785 unc-3(n3435) X

KRA467 lin-39(kas9[lin-39::mNG::AID]) 11

unc-3(ot837[unc-3::mNeonGreen::AID]) X

0tEx5414 [Pace-2_180bp::unc-3 Pttx-3_CHE#4.1]
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Chapter 4 A terminal selector prevents a Hox transcriptional switch to safeguard motor

neuron identity throughout life
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4.1 Abstract

To become and remain functional, individual neuron types must select during development and
maintain throughout life their distinct terminal identity features, such as expression of specific
neurotransmitter receptors, ion channels and neuropeptides. Here, we report a molecular
mechanism that enables cholinergic motor neurons (MNs) in the C. elegans ventral nerve cord to
select and maintain their unique terminal identity. This mechanism relies on the dual function of
the conserved terminal selector UNC-3 (Collier/Ebf). UNC-3 synergizes with LIN-39
(Scr/Dfd/Hox4-5) to directly co-activate multiple terminal identity traits specific to cholinergic
MNs, but also antagonizes LIN-39’s ability to activate terminal features of alternative neuronal
identities. Loss of unc-3 causes a switch in the transcriptional targets of LIN-39, thereby
alternative, not cholinergic MN-specific, terminal features become activated and locomotion
defects occur. The strategy of a terminal selector preventing a transcriptional switch may

constitute a general principle for safeguarding neuronal identity throughout life.
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4.2 Introduction

Every nervous system is equipped with distinct neuron types essential for different behaviors.
Fundamental to nervous system function is the precise establishment and maintenance of neuron
type-specific gene expression programs. Integral components of such programs are effector
genes that encode proteins critical for neuronal function (e.g., neurotransmitter [NT] biosynthesis
components, ion channels, NT receptors, neuropeptides) (Deneris and Hobert, 2014, Hobert,
2008, Hobert, 2011, Hobert, 2016). These effector genes, referred to as terminal identity genes
herein, are expressed continuously, from development throughout life, in post-mitotic neurons in
a combinatorial fashion (Hobert, 2008). Hence, it is the unique overlap of many effector gene
products in a specific neuron type that determines its distinct terminal identity, and thereby
function. However, the molecular mechanisms that select, in individual neuron types, which
terminal identity genes should be expressed and which ones should be repressed are poorly
defined. Understanding how neuron type-specific batteries of terminal identity genes are
established during development and, perhaps most importantly, maintained throughout life
represents one key step towards understanding how individual neuron types become and remain
functional. Providing molecular insights into this fundamental problem may also have important
biomedical implications, as defects in terminal identity gene expression are associated with a
variety of neurodevelopmental and neurodegenerative disorders (Deneris and Hobert, 2014,
Shibuya et al., 2011, Imbrici et al., 2013, Sgado et al., 2011).

Seminal genetic studies in multiple model systems revealed a widely employed molecular
principle: neuron type-specific transcription factors (TFs) often coordinate the expression of
“desired” terminal identity genes with the exclusion of “unwanted” terminal identity genes

(Morey et al., 2008, Sagasti et al., 1999, Britanova et al., 2008, Cheng et al., 2004, Kala et al.,
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2009, Lopes et al., 2012, Mears et al., 2001, Nakatani et al., 2007). These TFs exert a dual role:
they are not only required to induce a specific set of terminal identity features critical for the
function of a given neuron type, but also to simultaneously prevent expression of molecular
features normally reserved for other neuron types. Consequently, neurons lacking these TFs fail
to acquire their unique terminal identity, and concomitantly gain features indicative of alternative
identities. For example, mouse striatal cholinergic interneurons lacking Lhx7 lose their terminal
identity and acquire molecular features indicative of GABAergic interneuron identity (Lopes et
al., 2012). In midbrain neurons, removal of Gata2 results in loss of GABAergic identity and
simultaneous gain of terminal identity features specific to glutamatergic neurons (Kala et al.,
2009). However, the molecular mechanisms underlying the dual function of most neuron type-
specific TFs remain poorly defined. How can the same TF, within the same cell, promote a
specific identity and simultaneously prevent molecular features of alternative neuronal identities?
In principle, the same TF can simultaneously operate as direct activator of neuron type-specific
terminal identity genes and direct repressor of alternative identity genes (Lodato et al., 2014,
Wyler et al., 2016). Another possibility is indirect regulation. For example, a neuron type-
specific TF can prevent adoption of alternative identity features by repressing expression of an
intermediary TF that normally promotes such features (Cheng et al., 2004). Other mechanisms
involving TF competition for cell type-specific enhancers or cell type-specific TF-TF
interactions have also been described (see Discussion) (Andzelm et al., 2015, Gordon and
Hobert, 2015, Rhee et al., 2016, Thaler et al., 2002). It remains unclear, however, whether these
mechanisms of action of neuron type-specific TFs are broadly applicable in the nervous system.
Although the aforementioned studies begin to explain how neurons select their terminal identity

features during development (Morey et al., 2008, Sagasti et al., 1999, Britanova et al., 2008,

109



Cheng et al., 2004, Kala et al., 2009, Lopes et al., 2012, Mears et al., 2001, Nakatani et al.,
2007), the function of neuron type-specific TFs is rarely assessed during post-embryonic stages.
Hence, the molecular mechanisms that maintain neuronal terminal identity features, and thereby
neuronal function, are largely unknown. Is the same neuron type-specific TF continuously
required, from development through adulthood, to induce a specific set of terminal identity genes
and simultaneously prevent “unwanted” features? Alternatively, a given neuron type could
employ different mechanisms for selection (during development) and maintenance (through
adulthood) of its function-defining terminal features. Addressing this fundamental problem has
been challenging in the vertebrate nervous system, in part due to its inherent complexity and
difficulty to track individual neuron types with single-cell resolution from embryo to adult.

To study how neurons select and maintain their terminal identity features, we use as a model the
well-defined motor neuron (MN) subtypes of the Caenorhabditis elegans ventral nerve cord
(equivalent to vertebrate spinal cord). Five cholinergic (DA, DB, VA, VB, AS) and two
GABAergic (DD, VD) MN subtypes are located along the nerve cord and control locomotion
(Fig. 4.1A) (Von Stetina et al., 2006, White et al., 1986). Because they are present in both C.
elegans sexes (males and hermaphrodites), we will refer to them as “sex-shared” MNs. In
addition, there are two subtypes of “sex-specific” cholinergic MNs: the hermaphrodite-specific
VC neurons control egg laying (Portman, 2017, Schafer, 2005), and the male-specific CA
neurons are required for mating (Schindelman et al., 2006) (Fig. 4.1A). In addition to distinct
morphology and connectivity, each subtype can be molecularly defined by the combinatorial
expression of known terminal identity genes, such as ion channels, NT receptors, and
neuropeptides (Fig. 4.1B). An extensive collection of transgenic reporter C. elegans animals for

MN subtype-specific terminal identity genes is available, thereby providing a unique opportunity
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to investigate, at single-cell resolution, the effects of TF gene removal on developing and adult
MNs.

UNC-3, the sole C. elegans ortholog of the Collier/OIf/Ebf (COE) family of TFs, is selectively
expressed in all sex-shared cholinergic MNs of the nerve cord (Fig. 4.1B) (Kratsios et al., 2017,
Kratsios et al., 2012, Pereira et al., 2015, Prasad et al., 2008, Prasad et al., 1998). Animals
lacking unc-3 display striking locomotion defects (Brenner, 1974). UNC-3 is known to directly
activate a large battery of terminal identity genes expressed either in all sex-shared cholinergic
MNs (e.g., the NT identity genes unc-17/ VAChT and cha-1/ ChAT), or in certain subtypes (e.g.,
ion channels, NT receptors, signaling molecules) (Kratsios et al., 2012) (Fig. 4.1B-C). Based on
its ability to broadly co-regulate many distinct terminal identity features, unc-3 has been
classified as a terminal selector gene (Hobert, 2008). Besides its well-established function as
activator of terminal identity genes in cholinergic MNs, whether and how UNC-3 can prevent
expression of terminal features of alternative neuronal identities remains unclear.

Here, we describe a dual role for UNC-3 that enables sex-shared cholinergic MNs to select
during development and maintain throughout life their terminal identity features. We find that
UNC-3 is continuously required - from development through adulthood - not only to activate
cholinergic MN identity genes, but also to prevent expression of terminal features normally
reserved for other MN subtypes of the nerve cord, namely the sex-shared GABAergic VD
neurons and sex-specific cholinergic MNs (CA, VC). These findings lend support to the notion
that neuron type-specific TFs can promote a specific identity and simultaneously suppress
features reserved for alternative, but functionally related, neuronal identities.

To uncover the molecular mechanism underlying the dual role of UNC-3, we conducted an

unbiased genetic screen, which led to the identification of the Hox protein LIN-39
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(Scr/Dfd/Hox4-5) as the intermediary factor necessary for expression of alternative neuronal
identity features (e.g., VD, VC) in unc-3-depleted MNs. Unlike previously described cases of
TFs that act indirectly to prevent alternative neuronal identities by repressing intermediary
factors (discussed earlier), UNC-3 does not repress lin-39 and both factors are co-expressed in
cholinergic MNs. However, UNC-3 antagonizes the ability of LIN-39 to induce terminal features
of alternative identities. Intriguingly, UNC-3 also synergizes with LIN-39 to co-activate multiple
terminal identity features specific to cholinergic MNs. Consequently, loss of unc-3 causes a
switch in the transcriptional targets of LIN-39, thereby alternative, not cholinergic MN-specific,
terminal identity features become activated and locomotion defects occur. Given that terminal
selectors and Hox proteins are expressed in a multitude of neuron types across species (Deneris
and Hobert, 2014, Hobert and Kratsios, 2019, Philippidou and Dasen, 2013, Estacio-Gomez and
Diaz-Benjumea, 2014), the strategy of a terminal selector preventing a Hox transcriptional

switch may constitute a general principle for safeguarding neuronal identity throughout life.

4.3 Results
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Figure 4.1 An extensive collection of terminal identity markers for distinct motor neuron
subtypes of the C. elegans ventral nerve cord. A: Schematic showing distinct morphology for
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each motor neuron subtype in the C. elegans hermaphrodite. Below, colored dots represent the
invariant cell body position of all MNs of the ventral nerve cord (VNC). Red: 39 sex-shared
cholinergic MNs (DA2-7 = 6 neurons, DB3-7 =5, VA2-11 = 10, VB3-11 =9, AS2-10 = 9);
Green: 6 hermaphrodite-specific VC MNs; Yellow: 4 sex-shared GABAergic DD neurons (DD2-
5 = 4); Blue: 9 sex-shared GABAergic VD neurons (VD3-11 = 9). With the exception of VC, all
other subtypes have 1-3 extra neurons located at the flanking ganglia (retrovesicular and pre-
anal) of the VNC (not shown). Individual neurons of each subtype intermingle along the VNC.
B: Table summarizing expression of terminal identity markers for VNC MNSs. The sex-shared
GABAergic MNs (DD, VD) and the sex-specific MNs (VC, CA) do not express UNC-3.
Conversely, the sex-shared cholinergic MNs (DA, DB, VA, VB, AS) and the sex-specific MNs
(VC, CA) do not express UNC-30/Pitx. For the genes indicated with an asterisk (*), a detailed
expression pattern is provided in Figure 4.11. Of note, the male-specific MNs of the CP subtype
are also not shown. C: Schematic that summarizes the known function of UNC-3 (activator of
cholinergic MN identity genes) and the question under investigation: does UNC-3 prevent
expression of terminal identity features reserved for other MN subtypes?
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4.3.1 UNC-3 has a dual role in distinct populations of ventral nerve cord (VNC) motor

neurons

Neuron type-specific TFs often promote a specific identity and simultaneously suppress features
reserved for other, functionally related neuronal types (Arlotta and Hobert, 2015). To test this
notion for UNC-3, it was essential to identify a set of terminal identity markers for all unc-3-
negative MN subtypes of the VNC, namely the GABAergic (VD, DD) and sex-specific (VC,
CA) MNs (Fig. 4.1B). We undertook a candidate gene approach and examined the precise
expression pattern of terminal identity genes (e.g., NT receptors, signaling proteins, ion channels,
neuropeptides) reported to be expressed in unc-3-negative MNs (www.wormbase.org). In total,
we carefully characterized at single-cell resolution the expression of 15 genes in wild-type
animals of both C. elegans sexes at the fourth larval stage (L4) (see Methods and Figure 4.11).
This analysis provided 9 terminal identity markers highly specific to unc-3-negative MNs that
fall into four categories (Fig. 4.1B): (a) two VD-specific markers (ser-2 / serotonin receptor
[ortholog of HTR1D]; oig-1/ one Ig domain protein), (b) one DD-specific marker (flp-13 /
FMRF-like neuropeptide), (c) three markers for sex-specific (VC in hermaphrodites, CA in
males) MNs (glr-5 / glutamate receptor [ortholog of GRID/GRIK]; srb-16 / serpentine GPCR
receptor; ida-1 / ortholog of protein tyrosine phosphatase PTPRN), and (d) three markers
expressed in both GABAergic subtypes (DD, VD) and sex-specific MNs (flp-11 / FRMR-like
neuropeptide, twk-46 / potassium channel [ortholog of KCNK1], ilys-4 / invertebrate-type
lysozyme).

These 9 markers enabled us to test whether unc-3-depleted MNs gain expression of terminal
features normally reserved for other MN subtypes. By using animals carrying a strong loss-of-

function (null) allele for unc-3 (n3435) (Prasad et al., 2008), we first assessed any putative
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effects on terminal markers for the sex-shared GABAergic MNs (DD, VD). Although the DD-
specific marker flp-13 is unaffected (Figure 4.12A), ectopic expression of the VD-specific
markers (ser-2, oig-1) was observed in unc-3-depleted MNs (Fig. 4.2A-B). Interestingly, this
ectopic expression was region-specific, observed in cholinergic MNs of the mid-body region of
the VNC with 100% penetrance (Fig. 4.2A-B). Importantly, 12.1 £ 2.6 (mean £ STDV) out of
the 39 unc-3-depleted MNs in the VNC were ectopically expressing these VD markers,
suggesting that not all unc-3-depleted MNs acquire VD terminal identity features. Given that
GABAergic and cholinergic MNs are generated in normal numbers in unc-3 animals (Kratsios et
al., 2012), the increase in the number of neurons expressing the VD markers cannot be attributed
to early developmental defects affecting MN numbers. We next asked whether these ~12 MNs
adopt additional VD terminal identity features, such as expression of genes involved in GABA
biosynthesis (unc-25/GAD and unc-47/VGAT), or selectively expressed in GABAergic MNs (ttr-
39, klp-4). However, this does not appear to be the case, arguing against a complete cell fate
switch (Figure 4.12A). We conclude that, in the absence of unc-3, cholinergic MNs not only
lose their original terminal identity, but a third of them (~12 out of 39) in the mid-body VNC
region also gain some terminal identity features normally reserved for the sex-shared VD
neurons (Fig. 4.1). We will refer to these unc-3-depleted MNs as “VD-like” (Fig. 4.2G). We also
uncovered the identity of these cells across multiple unc-3 mutant animals and conclude that it is
the same 12 neurons that become VD-like across animals (Figure 4.12B).

To test whether UNC-3 also prevents expression of terminal identity features of sex-specific
cholinergic MNs, we examined three VVC-specific terminal markers (glr-5, srb-16, ida-1 in Fig.
4.1B) in hermaphrodite nematodes lacking unc-3. Again, we observed region-specific effects

with 100% penetrance in the same cells across multiple animals (Fig. 4.2C-D, Figure 4.12B).
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All three markers were ectopically expressed in 10.5 + 3.7 (mean + STDV) of the 39 unc-3-
depleted MNs located in the mid-body region of the VNC (Fig. 4.2C-D). These results are in
agreement with a previous study reporting ectopic ida-1 expression in unc-3-depleted MNs
(Prasad et al., 2008). If these ~11 MNs fully adopt the VVC terminal identity, then they should
also express genes necessary for acetylcholine biosynthesis since VC neurons are cholinergic.
However, this is not the case as expression of unc-17/VVAChT and cho-1/ChT is dramatically
affected in unc-3-depleted MNs (Kratsios et al., 2012). These data suggest that ~11 of the 39
unc-3-depleted MNs in the mid-body VNC region adopt some, but not all, VC terminal identity
features. We will therefore refer to these unc-3-depleted MNs as “VC-like” (Fig. 4.2G).

Are the VD-like and VC-like neurons in unc-3 hermaphrodites distinct populations? To test this,
we generated unc-3 hermaphrodites that carry a green fluorescent reporter for VC terminal
identity (ida-1::gfp) and a red reporter for VD identity (ser-2::rfp). We found no overlap of the
two reporters, indicating that the VD-like and VVC-like neurons represent two distinct populations
(Fig. 4.2 E-F). We further corroborated this result by taking advantage of the invariant lineage
and cell body position of all MNs along the C. elegans nerve cord (Figure 4.12B). Of note, the
VC-like population appears to be lineally related to VC neurons, whereas the VD-like population
is not lineally related to VD neurons (Figure 4.12B-C). Lastly, terminal identity markers
normally expressed in both VD and VC neurons (flp-11, ilys-4, twk-46) display an additive effect
in unc-3 mutants, as they are ectopically expressed in both VD-like and VVC-like populations,
further suggesting the presence of distinct unc-3 MN populations (Figure 4.12D-E).

To summarize, there are 39 unc-3-expressing MNs along the wild-type nerve cord in
hermaphrodites. While loss of unc-3 uniformly leads to loss of cholinergic identity in all these

MNs (Kratsios et al., 2012), one population (~12 MNSs) acquires VD-like molecular features,
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while a second population (~11 MNs) acquires VC-like molecular features, uncovering a dual
role of UNC-3 in these populations (Fig. 4.2G). Of note, the remaining MNs (~16) in the VNC

of unc-3 mutants [39 - (12 VD-like + 11 VC-like) = 16] do not gain either VD or VVC terminal

identity features.

118



A | WT || unc-3 | B .=
€0 UUTINTTUTTL 0 i mesenssas. 25
VD (9) iVD (9) + “VD-like” (~12) 20

# of MNs expressing reporter gene
I

e —
WT unc-3 WT unc-3

unc-3 ' D
*kk
T ve _seemesmses swes, s ¢ 25 - :
B < B
VC () + “VC-like” (~11)! % . .
@ 20 3
T
o
- Q
T o o — ’ o g .
AL TAA T o 15 ! .
;i 10 e .
5 o L5
2 |
=
5
*® 9

WT unc-3 WT unc-3 WT unc-3

WT \ :unc-3

# of MNs expressing reporter gene 11
o S
ﬂI
. . . r

i QR )
& & & LR &
RN IR R

,c:*q vo‘g
¥ ©
G WT unc-3
Cholinergic MNs “VD-like” neurons “VC-like” neurons

NT Subtype VD \'[ NT Subtype NT Subtype
identity specific- specific- | OR | specific- identity specific- identity specific-
genes genes . genes genes genes genes genes genes

L J ] L J
Cholinergic MN VvD vC
identity features features features
ON ON ON

Figure 4.2: UNC-3 has a dual role in cholinergic ventral cord motor neurons. A: Terminal
identity markers of VD neurons (ser-2, 0ig-1) are ectopically expressed in unc-3-depleted MNs.
Representative images of larval stage 4 (L4) hermaphrodites are shown. Similar results were
obtained in adult animals. Arrowheads point to MN cell bodies with gfp marker expression.
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Green fluorescence signal is shown in white for better contrast. Dotted black box indicates
imaged area. B: Quantification of VD markers (ser-2, oig-1) in WT and unc-3 (n3435) at L4. N >
15. *** p < 0.001. For details on box plots, see Materials and Methods. C: Terminal identity
markers of VC neurons (ida-1, srb-16, glr-5) are ectopically expressed in unc-3-depleted MNs.
Representative images of larval stage 4 (L4) hermaphrodites are shown. Similar results were
obtained in adult animals. Arrowheads point to MN cell bodies with gfp marker expression.
Green fluorescence signal is shown in white for better contrast. Dotted black box indicates
imaged area. D: Quantification of VC markers (ida-1, srb-16, glr-5) in WT and unc-3 (n3435) at
L4. Individual data points are dot-plotted. N > 15. *** p < 0.001. E: Distinct MNs acquire VC-
like or VD-like terminal identity features in unc-3 (n3435) mutants. The VC marker in green
(ida-1::gfp) and the VD marker in red (ser-2::rfp) do not co-localize in WT or unc-3 (n3435)
mutants. Representative images are shown. Individual VC/VC-like and VD/VD-like neurons are
circled (VC: dotted circles; VD: arrowheads) to highlight that an individual MN never expresses
both markers. F: Quantification of data shown in E. N > 16. G: Schematic that summarizes the
dual role of unc-3. Apart from activating cholinergic MN terminal identity genes, UNC-3
prevents expression of VD and VC terminal features in distinct cells (“VD-like” versus “VC-
like”).
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4.3.2 The dual role of UNC-3 in cholinergic MNs extends to both C. elegans sexes

To test whether the dual function of UNC-3 applies to both sexes, we extended our analysis to C.
elegans males. First, we showed that loss of unc-3 in males resulted in loss of several cholinergic
MN terminal identity features (Figure 4.13). Second, we observed ectopic expression of VD-
specific terminal identity markers (oig-1, ser-2) in 11.9 £ 3.9 (mean £ STDV) out of the 39 unc-
3-depleted MNs, indicating the presence of “VD-like” neurons in the male nerve cord (Figure
4.13). Lastly, we asked whether unc-3 loss leads to ectopic expression of terminal identity
markers (ida-1, srb-16, glr-5) for male-specific CA neurons. Indeed, we found this to be the case
(Figure 4.13), suggesting the adoption of “CA-like” features by a population of unc-3-depleted
MNs. Similar to hermaphrodites, these VD-like and CA-like cells were observed in the mid-body
region of the male nerve cord with 100% penetrance (Figure 4.13).

Taken together, our findings uncover a dual role for UNC-3 in sex-shared cholinergic MNs.
UNC-3 is not only required to activate cholinergic MN identity genes (Kratsios et al., 2012), but
also to prevent expression of molecular features normally reserved for three other, functionally
related neuronal subtypes of the nerve cord (VD, VC, CA). In both sexes, UNC-3 prevents
expression of select terminal features of VD neurons in a specific population of cholinergic
MNs. In a second population, UNC-3 prevents expression of terminal features normally reserved
for sex-specific MNs, i.e., VC features in hermaphrodites and CA features in males. In the
ensuing sections, we focus our analysis on C. elegans hermaphrodites to dissect the molecular

mechanism underlying the dual role of UNC-3.
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4.3.3 UNC-3 is continuously required to prevent expression of VD and VC terminal identity

features

Neuron type-specific TFs that promote a specific identity and simultaneously prevent alternative
features have been previously described (see Introduction). However, whether this dual role is
required transiently (during development), or continuously (throughout life) remains unclear.
The UNC-3 case provides an opportunity to distinguish between these two possibilities because
ectopic expression of VC and VD features is observed at both larval and adult stages in unc-3
null animals (Fig. 4.13). To this end, we employed the auxin-inducible degron (AID) system that
enables depletion of UNC-3 in a temporally controlled manner (Zhang et al., 2015). This system
requires tagging the UNC-3 protein with the AID degron fused to a fluorescent reporter gene
(mNeonGreen, mNG). When UNC-3::mNG::AID and the plant-specific F-box protein TIR1 are
co-expressed in MNs (by crossing animals carrying the unc-3::mNG::AID allele with eft-3::TIR1
transgenic animals), application of the plant hormone auxin on these double transgenic animals
induces degradation of UNC-3::mNG::AID (Fig. 4.3A-C). Auxin administration at the L4 stage
(last larval stage before adulthood) on unc-3::mNG::AID; eft-3::TIR1 animals resulted in a
dramatic depletion of UNC-3 at day 1 adult animals (24 hours after auxin). UNC-3 depletion was
accompanied by ectopic expression of VD and VVC terminal identity features in nerve cord MNs,
demonstrating a post-embryonic requirement for UNC-3 (Fig. 4.3D-E). Similar results were
obtained when auxin was applied at different time points (Fig. 4.3D, legend). These findings
suggest that UNC-3 is continuously required to prevent expression of VD and VC terminal

identity features.
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Figure 4.3 UNC-3 is continuously required to prevent expression of VD and VC terminal
identity features. A: Schematic showing time window of auxin administration. B: Animals of the
unc-3::mNG::AID; eft-3::TIR1 genotype were either administered ethanol (EtOH) or auxin at the
L4 stage. Twenty four hours later, expression of endogenous unc-3 reporter (unc-3::mNG::AID)
is severely reduced in the nuclei of VNC MNSs (arrowheads) at the young adult stage (day 1). The
same exact region was imaged in EtOH- and auxin-treated worms. mNG green fluorescent signal
is shown in white for better contrast. White dotted line indicates the boundary of intestinal tissue
(gut), which tends to be autofluorescent in the green channel. C: Quantification of number of
MNs expressing the unc-3::mNG::AID reporter after EtOH (control) and auxin treatment. N >
12. *** p < 0.001. D: Auxin or ethanol (control) were administered at larval stage 3 (L3) on unc-
3::mNG::AID; eft-3::TIR1 animals carrying the VD marker ser-2::gfp. Images were taken at the
young adult stage (day 1.5). A significant increase in the number of MNs expressing the VD
marker was evident in the auxin-treated animals compared to EtOH-treated controls. For
comparison, quantification is provided for ser-2::gfp expressing MNs of wild-type animals and
unc-3(n3435) mutants. Similar results were obtained when auxin was applied at L4 or day 1
adult animals. N >20. *** p < 0.001. E: Auxin or ethanol (control) were administered at larval
stage 4 (L4) on unc-3::mNG::AID; eft-3::TIR1 animals carrying the VC marker glr-5::gfp.
Images were taken at the young adult stage (day 2). A significant increase in the number of MNs
expressing the VC marker was evident in the auxin-treated animals compared to EtOH-treated
controls. N > 11. * p < 0.05; *** p < 0.001.

123



4.3.4 UNC-3 acts indirectly to prevent expression of VD and VC terminal identity genes

How does UNC-3 activate cholinergic MN identity genes and simultaneously prevent terminal
features of alternative MN identities (e.g., VD, VC) (Fig. 4.2G)? Based on previous reports, the
same TF, within the same neuron, can act as a direct activator for a set of genes and a direct
repressor for another set of genes (Lodato et al., 2014, Wyler et al., 2016, Borromeo et al., 2014).
While it is known that UNC-3 acts directly — through its cognate binding site (COE motif) — to
activate expression of a large battery of cholinergic MN identity genes, we did not find any COE
motifs in the cis-regulatory region of VD or VC terminal identity genes (Table 4.2). This
contrasts the previously described function of UNC-3 as direct repressor (through the COE
motif) of terminal identity genes in the chemosensory ASI neurons of C. elegans (Kim et al.,
2005).

To test the possibility of indirect repression via an intermediary factor, we focused on VD
neurons because, unlike VC neurons, a known activator of VD terminal features has been
reported (Cinar et al., 2005, Eastman et al., 1999, Jin et al., 1994). In wild-type animals, the TF
UNC-30, ortholog of human PITX1-3, is required to induce VD terminal identity genes. Since
UNC-30 is not expressed in cholinergic MNs (Jin et al., 1994), we hypothesized that UNC-3
prevents expression of UNC-30/PITX, leading to inactivation of VD terminal identity genes.
However, this is not the case because: (1) ectopic unc-30 expression is not observed in unc-3-
depleted MNs, and (2) the ectopic expression of the VD marker (ser-2) in unc-3 mutants was not
abolished in unc-3; unc-30 double mutants (Figure 4.14). These observations suggest that UNC-
3 may act indirectly to prevent expression of VD and VVC terminal identity genes through as yet

unknown intermediary factors.
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4.3.5 The mid-body Hox protein LIN-39 (Scr/Dfd/Hox4-5) is the intermediary factor

necessary for ectopic expression of VD and VC features in unc-3 mutants

If the hypothesis of indirect repression is correct, mutation of the intermediary factor(s) in the
unc-3 mutant background would selectively eliminate ectopic expression of VD and/or VC
terminal identity genes in unc-3-depleted MNs. To identify such factor(s), we embarked on an
unbiased genetic screen. For the screen, we chose a transgenic gfp reporter strain for flp-11, an
FMRF-like neuropeptide-encoding gene expressed in both VD and VVC neurons (Fig. 4.1B,
Figure 4.11), which is markedly affected by UNC-3 (Fig. 4.4A-B, Figure 4.12D-E). We
mutagenized unc-3 (n3435); flp-11::gfp animals with ethyl methanesulfonate (EMS) and visually
screened ~4,200 haploid genomes for mutants in which ectopic flp-11::gfp expression in unc-3-
depleted MNs is suppressed. We isolated one mutant allele (kasl) (Fig. 4.4A-B). The phenotype
was 100% penetrant as all unc-3 (n3435); flp-11::gfp animals carrying kasl in homozygosity
consistently displayed a dramatic reduction in ectopic flp-11 expression.

Gross morphological examination of unc-3 (n3435); kasl; flp-11::gfp hermaphrodites revealed
that, unlike unc-3 (n3435); flp-11::gfp animals, the introduction of kasl is accompanied by a
lack of the vulva organ (vulvaless phenotype). Upon a literature survey for TF mutants that are
vulvaless, we stumbled across the mid-body Hox gene lin-39 (ortholog of Dfd/Scr in flies and
Hox4-5 in vertebrates) (Aboobaker and Blaxter, 2003, Clark et al., 1993), and hypothesized that
the molecular lesion of kasl may lie in the 1in-39 locus. Indeed, Sanger sequencing uncovered a
point mutation on the splice acceptor site (WT: AG > kasl: AA) in the second intron of lin-39
(Fig. 4.4C). Similar to unc-3 (n3435); kasl animals, unc-3 (n3435) mutants carrying a
previously published strong loss-of-function (premature STOP) allele of 1in-39 (n1760) (Clark et

al., 1993) displayed the same loss of ectopic flp-11 expression (Fig. 4.4A-C), suggesting that
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kasl is a loss-of-function mutation of lin-39. The ectopic expression of flp-11 in unc-3(n3435);
kasl animals can be, at least partially, rescued by (1) selective expression of 1in-39 cDNA in
cholinergic MNs, and (2) introduction of the lin-39 wild-type locus in the context of a ~30kb
genomic clone (fosmid) (Figure 4.14), corroborating that the kas1 lesion in the lin-39 locus is
the phenotype-causing mutation.

Because flp-11 is expressed in both VD and VC neurons, we next tested whether lin-39 is
required for ectopic expression of VD-specific (ser-2, oig-1) and VC-specific (ida-1) terminal
identity genes in unc-3-depleted MNs. We found this to be the case by either generating unc-3
(n3435); 1in-39 (n1760) double mutants (for VD markers) or by performing cholinergic MN-
specific RNAI for 1in-39 in unc-3 (n3435) animals (for VC marker) (Fig. 4.4D). RNAI was
necessary because VC neurons do not survive in lin-39 (n1760) animals (Potts et al., 2009), and
the use of the n1760 allele could confound our VC marker quantifications. Of note, all other
nerve cord MN subtypes are normally generated in lin-39 (n1760) single and unc-3 (n3435); lin-
39 (n1760) double mutants (Stefanakis et al., 2015), indicating that suppression of the unc-3
phenotype, i.e., loss of ectopic VD gene expression in the double mutants is not due to MN
elimination. Taken together, our genetic screen identified the mid-body Hox gene lin-39 to be
necessary for ectopic expression of both VD and VC terminal features in unc-3-depleted MNs
(Fig. 4.4F).

Interestingly, this finding contradicts our initial hypothesis of UNC-3 repressing an intermediary
TF in order to prevent expression of VD and VC features because lin-39 is co-expressed with
(not repressed by) unc-3 in wild-type cholinergic MNs at the mid-body region of the VNC (Fig.
4.4E), as evident by our single-cell analysis of unc-3 and lin-39 reporters (Figure 4.15). Of note,

28 cholinergic MNs co-express unc-3 and lin-39, which is in close agreement with the total
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number of VD-like (12.1 + 2.6) and VC-like (10.5 £ 3.7) cells observed in unc-3 mutants (Fig.
4.4E-F). Moreover, we found that lin-39 acts cell-autonomously as cholinergic MN-specific
RNAI against lin-39 in unc-3 (n3435) animals resulted in a significant reduction of ectopic
terminal identity marker (flp-11, ida-1) expression (Fig. 4.4B-D). In the following Results
sections, we describe the molecular mechanism through which UNC-3 and LIN-39/Hox select

and maintain throughout life key terminal features of cholinergic MNs (Fig. 4.4F).

127



45
T 4w
o
o35
b
£ 20
o
£ 25
numaaa M g 20
g
o 15
2
kas1 s 10
5 s
. #*
unc-3 (n3435); IR I 0
1in-39 (n1760) & B Ha s r&p‘% g&"’
R \‘{5 & ra\(\"J\\'\ & “p“'
& & & 1
- O une-3 (n3435);
D Punc-3 > lin-39 RNAI
C »
o 25
o]
Chromosome Il E
— a o
T T T T T T T T I T T T T T T 9
oM aM &M oM 12M
o
- £
endogenous reporter [ 15
AID 3xFLAG P
. 0.5 Kb e
— s 10
5 43 2 1 »
! z
= 5
n1760 kas? k)
A —» TAA AGspTc’eAA 3t o
K, acceplon Do 3 A ol® g
210 ptor site o 3 b T e
\é‘\)(\ \}5\(4 ',bg q{\ \5(\0 ‘\(, ‘bg \‘6\)(\ Lol Ll
W e D —
W ®

unc-3;
. N , Punc-3 > lin-39 RNAT
ser-2:GFP  oig-1::GFP ida-1.:GFP

@ @ : cholinergic ®:\VC ®:VD DD >_
’..-..... LT RIT R R T N TR R RITT TR B A R RN R L] I NI TN N)

. Q, QLA Q.
RS A S S S RN T A RN RSN AN
unc-3
lin-39:
28 cholinergic MNs: unc-3+ and /in-39+
WT | unc-3
Cholinergic MNs “VD-like” cells “VC-like” cells
NT Subtype VDorVC vD vc
identity specific- specific- specific- specific-
genes genes genes genes genes
J L | L J ] L | L
Cholinergic MN VD ve
identity features identity features identity features
ON ON ON

Figure 4.4 A genetic screen identifies the mid-body Hox protein LIN-39 (Scr/Dfd/Hox4-5) as
necessary for ectopic expression of VD and VC terminal features. A: Representative images of
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L4-stage WT, unc-3(n3435), unc-3(n3435); kasl, and unc-3(n3435); lin-39(n1760) animals
carrying flp-11::gfp (VD/VC marker). Arrowheads point to MN cell bodies with gfp marker
expression. B: Quantification graph summarizing results from panel A. The two right-most bars
show quantification of two independent transgenic lines driving lin-39 RNAI specifically in
cholinergic MNs (Punc-3 > 1in-39 RNAI) of unc-3 (n3435) mutants. N >15 . *** p < 0.001. N.S:
not significant. C: Genetic locus of lin-39. Molecular lesions for kas1 and n1760 alleles are
shown, as well as the AID::3xFLAG::mNG cassette inserted at the C-terminus (endogenous
reporter). D: Quantification of two VD (ser-2::gfp, oig-1::gfp) and one VC (ida-1::gfp) markers
in WT, unc-3 (n3435), unc-3(n3435); lin-39(n1760) animals at L4. The three right-most bars
show quantification of three independent transgenic lines driving lin-39 RNAI specifically in
cholinergic MNs (Punc-3 > 1in-39 RNAI) of unc-3 (n3435) mutants. N > 15. *** p < 0.001. E:
Summary of unc-3 and lin-39 expression in cholinergic MNs. See Figure 4.15 for raw data. F:
Schematic that summarizes our findings. In the wild type (Faumont et al.) panel on the left, lin-
39 is normally expressed in cholinergic MNs but unable to induce expression of VD or VC
genes. In the unc-3 mutant, lin-39 is now able to induce expression of alternative identity
features (VD or VC) in distinct MN populations
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4.3.6 UNC-3 prevents a switch in the transcriptional targets of LIN-39 in cholinergic motor

neurons

What is the function of LIN-39 in wild-type cholinergic MNs of the VNC? Our previous findings
suggested that LIN-39 and UNC-3, together with another mid-body Hox protein, MAB-5
(Antp/Hox6-8) (Salser et al., 1993), act synergistically to control expression of two cholinergic
MN terminal identity genes (unc-129, ortholog of human BMP; del-1 / Degenerin-like sodium
channel [ortholog of human SCNN1G]) (Kratsios et al., 2017). To test the extent of this synergy,
we examined in 1in-39 and mab-5 null animals the expression of 4 additional cholinergic MN
terminal identity genes known to be controlled by UNC-3 (acr-2 / nicotinic acetylcholine
receptor; dbl-1 / DPP/BMP-like; unc-77 / sodium channel [ortholog of human NALCN], slo-2 /
potassium sodium-activated channel [ortholog of human KCNT1]) (Kratsios et al., 2012). In all 4
cases, we found a statistically significant decrease in lin-39 mutants, and this effect was
exacerbated in 1in-39; mab-5 double mutants (Fig. 4.5A-B), indicating that the synergy of LIN-
39 with MAB-5 (and UNC-3) extends to multiple terminal identity genes in cholinergic MNs
(WT panel in Fig. 4.5D). The observed effects were 100% penetrant and consistent with the
previously described region-specific expression pattern of lin-39 and mab-5 in VNC MNs (Fig.
4.5A)(Kratsios et al., 2017). Of note, while MAB-5 collaborates with LIN-39 to activate
cholinergic MN identity genes (Fig. 4.5B), it does not affect the ectopic expression of VD or VC
genes observed in unc-3 mutants (Figure 4.16).

Since UNC-3 controls directly, via its cognate binding site, cholinergic MN terminal identity
genes (Kratsios et al., 2012), we then asked whether this is the case for LIN-39. We analyzed
available ChIP-Seq data for LIN-39 from the modENCODE project (Boyle et al., 2014) and

found evidence for direct LIN-39 binding in the cis-regulatory of all 6 cholinergic MN terminal
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identity genes (unc-129, del-1, acr-2, dbl-1, unc-77, slo-2) (Fig. 4.5C, Figure 4.16). Moreover,
we identified multiple consensus LIN-39 binding sites (previously defined as GATTGATG)
(Boyle et al., 2014) located within the LIN-39 ChIP-Seq peaks in the cis-regulatory region of the
aforementioned genes (Table 4.3).

This analysis strongly suggests that LIN-39, similar to UNC-3, regulates directly the expression
of multiple terminal identity genes in cholinergic MNs (Fig. 4.5D). However, in the absence of
UNC-3, the function of LIN-39 in cholinergic MNs is modified. Instead of activating cholinergic
MN identity genes, LIN-39 activates VD or VC terminal identity genes in unc-3-depleted MNs
(Fig. 4.4). Taken together, our data suggest that UNC-3 antagonizes the ability of LIN-39 to
activate alternative identity genes, thereby preventing a switch in the transcriptional targets of
LIN-39 (model schematized in Fig. 4.5D). If this hypothesis is correct, one would expect
decreased LIN-39 binding in the cis-regulatory region of cholinergic MN terminal identity genes
in unc-3 mutants. By performing ChIP-Seq for LIN-39 in unc-3 mutant animals, we indeed
observed decreased LIN-39 binding in the cis-regulatory region of the aforementioned genes
(Fig. 4.5C, Figure 4.16). As a positive control, LIN-39 binding in unc-3 mutant animals was
observed in other loci, including the lin-39 locus itself (Figure 4.16), consistent with the known
role of LIN-39 in regulating its own expression (Niu et al., 2011). Similar results were obtained
by ChIP-gPCR for LIN-39 targets in unc-3 mutants animals (Figure 4.16). We conclude that, in
the absence of UNC-3, LIN-39 is released from cholinergic MN terminal identity gene
promoters, presumably leading to increased availability of LIN-39 and thereby activation of

alternative identity genes.
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cholinergic MNs. Below, representative images are shown of unc-77::gfp in WT, lin-39 (n1760),
mab-5 (1239) and lin-39 (n1760); mab-5 (1239) animals at L4 stage. Arrowheads point to MN
cell bodies with gfp marker expression. Green fluorescence signal is shown in white for better
contrast. Dotted black box indicates imaged area. B: Quantification of cholinergic MN terminal
identity markers (unc-77, dbl-1, acr-2, slo-2) in WT, lin-39 (n1760), mab-5 (1239) and lin-39
(n1760); mab-5 (1239) animals at L4. N > 15. ** p < 0.01; *** p < 0.001. C: ChIP-Seq tracks
are shown for LIN-39 on four cholinergic MN terminal identity genes (acr-2, unc-129, dbl-1,
del-1). The WT data come from the modENCODE project (Boyle et al., 2014), whereas the unc-
3 (-) data were obtained by performing ChlP-Seq for LIN-39 on unc-3 (n3435); lin-39 (kas9 [lin-
39::mNG::3xFLAG::AID] animals. D: Schematic showing the transcriptional switch in LIN-39
targets. In WT animals, UNC-3, MAB-5 and LIN-39 co-activate subtype-specific genes in
cholinergic MNs (e.g., unc-77, dbl-1, unc-129, acr-2). In unc-3 mutants, LIN-39 is no longer
able to activate these genes, and instead switches to VD- or VC-specific terminal identity genes.
Black font: gene expressed. Grey font: gene not expressed. Grey arrows indicate inactive genetic
interactions. COE motif taken from (Kratsios et al., 2012) and LIN-39 site taken from (Weirauch
et al., 2014) are represented with black rectangles and dots, respectively.
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4.3.7 LIN-39 is continuously required to control expression of terminal identity genes in

cholinergic MNs

The neuronal function of Hox proteins at post-developmental stages is largely unknown (Hutlet
et al., 2016). The continuous expression of mid-body Hox lin-39 in both developing and adult
cholinergic MNs led us to investigate whether 1in-39 is required to maintain expression of
terminal identity genes in these neurons. To test this idea, we employed clustered regularly
interspaced short palindromic repeats (CRISPR)/Cas9-based genome engineering and generated
an auxin-inducible 1in-39 allele (1in-39::mNG::3xFLAG::AID) that also serves as an endogenous
lin-39 reporter (MNG). Animals carrying 1in-39::mNG::3xFLAG::AID display no developmental
phenotypes and show nuclear mNG expression in MNs located at the mid-body region of the
VNC during development and adult stages (Fig. 4.6A), corroborating previous observations with
a LIN-39 antibody (Maloof and Kenyon, 1998). Upon crossing the lin-39::mNG::3xFLAG::AID
animals with the eft-3::TIR1 line, we observed hypomorphic effects in the expression of two
cholinergic MN identity genes (acr-2, unc-77) (Figure 4.15C). Although LIN-39 protein is
present in the nuclei of cholinergic MNs of lin-39::mNG::3xFLAG::AID; eft-3::TIR1 animals
(Figure 4.6A), these effects are likely due to a mild reduction in LIN-39 levels triggered by
TIR1. However, post-embryonic auxin administration on these animals resulted in efficient LIN-
39 protein depletion and significantly enhanced these effects (Fig. 4.6A-C, Figure 4.15C). We
therefore conclude that LIN-39 is continuously required to maintain terminal identity features in
cholinergic MNs.

Next, we sought to determine whether LIN-39 is continuously required for the ectopic activation
of VD and VC terminal features observed in unc-3 null animals. Indeed, auxin administration at

L4 stage on unc-3(n3435); 1in-39::mNG::3xFLAG::AID animals carrying either a VD (ser-2),
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VC (glr-5), or VD/VC (flp-11) marker resulted in a statistically significant suppression of the
unc-3 phenotype when compared to control (treated with ethanol) (Fig. 4.6D-F).

To sum up, our findings with the auxin-inducible (Figure 4.15C) and null lin-39 alleles (Fig.
4.4F, 4 5A-B) indicate that, in the presence of UNC-3, LIN-39 is required to induce and maintain
expression of cholinergic MN terminal identity genes (Fig. 4.5D). In the absence of UNC-3 (Fig.
6), LIN-39 is also continuously required - from development and possibly throughout life - for

ectopic activation of VD and VC terminal identity genes (Fig. 4.5D).
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Figure 4.6 LIN-39 is continuously required to control expression of terminal identity genes. A:
Animals of the 1in-39::mNG::3xFLAG::AID; eft-3::TIR1 genotype were either administered
ethanol (EtOH) or auxin at the L3 stage. Twenty four hours later, expression of endogenous lin-
39 reporter (lin-39::mNG::3XxFLAG::AID) is severely reduced in the nuclei of VNC MNs
(arrowheads) at the young adult stage (day 1). mNG green fluorescent signal is shown in white
for better contrast. White dotted line indicates the boundary of intestinal tissue (gut), which tends
to be autofluorescent in the green channel. B: Quantification of number of MNs expressing the
lin-39::mMNG::3xFLAG::AID reporter after EtOH (control) and auxin treatment. N > 14, *** p <
0.001. C: Schematic showing time window of auxin administration. D-F: Auxin or ethanol
(control) were administered at larval stage 4 (L4) on unc-3 (n3435); lin-
39::mNG::3XxFLAG::AID; eft-3::TIR1 animals carrying either the VD marker ser-2::gfp, the VC
marker glr-5::gfp, or the VD/VVC marker flp-11::gfp. Images were taken at the young adult stage
(day 1.6 for ser-2, day 1.8 for glr-5 and day 2 for flp-11). A significant decrease in the number of
MNs expressing the VD marker was evident in the auxin-treated animals compared to EtOH-
treated controls. For comparison, quantification of marker expression is also provided in unc-3
(n3435) mutants. We note that hypomorphic effects in the ethanol treated group have been
previously reported for other AlD-tagged TFs in C. elegans (Kerk et al., 2017). Such effects
appear to be target gene-specific, as they were observed for gir-5 and flp-11, but not ser-2 (Fig.
4.6E-F). N > 15. ** p <0.01, *** p < 0.001, N. S: not significant.
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4.3.8 LIN-39 is an activator of VD and VC terminal identity genes

The observation that lin-39 is required for ectopic activation of both VD and VC terminal
identity genes in unc-3-depleted MNs prompted us to examine the role of lin-39 in VD and VC
neurons of wild-type animals. Does LIN-39 control the same VD- and VC-specific terminal
identity genes that become ectopically expressed in unc-3 mutants?

To this end, we leveraged our endogenous lin-39 reporter (1in-39::mNG::3xFLAG::AID) to
assess expression in wild-type VD neurons at the mid-body region of the VNC, and found this to
be the case (Fig. 4.7A, Figure 4.15). Next, we found that LIN-39 is required to induce
expression of VD terminal identity genes (ser-2, oig-1) (Fig. 4.7B). To gain further mechanistic
insights, we then asked whether lin-39 acts together with UNC-30, the known activator of
GABAergic MN identity genes (Eastman et al., 1999, Jin et al., 1994). Apart from confirming
previous observations of UNC-30 controlling the VD-specific oig-1 gene (Cinar et al., 2005,
Howell et al., 2015), we also found that ser-2 (Fig. 4.7B) and flp-11 (Figure 4.15E) constitute
novel UNC-30 targets in VD neurons. To test for synergistic effects, we focused on ser-2 and
flp-11, two VD-expressed terminal identity genes mildly affected in 1in-39 or unc-30 single
mutants. We generated lin-39; unc-30 double mutants and observed stronger effects than either
single mutant (Fig. 4.7B, Figure 4.15E). Such additive effects indicate that lin-39 and unc-30 act
in parallel to activate VD terminal identity genes. Importantly, expression of other UNC-30
targets in GABAergic MNs, such as flp-13 (DD-specific terminal identity marker) (Cinar et al.,
2005, Shan et al., 2005, Yu et al., 2017) and genes expressed in both DD and VD neurons (unc-
25/GAD, unc-47/VGAT), is unaffected in lin-39 mutants (Fig. 4.7B, Figure 4.15F). Unlike
UNC-30 that broadly controls multiple terminal features (NT identity and VVD-specific terminal

features) in VD neurons, we conclude that lin-39 is selectively required for activation of VD-
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specific terminal identity genes (Fig. 4.7F). To test for a maintenance role in VD neurons, we
administered auxin at various post-developmental stages (L3, L4, day 1 adult) on animals
carrying the 1in-39::mNG::3xFLAG::AID allele. We found that LIN-39 is continuously required
to maintain expression of the VD terminal identity gene ser-2 (Fig. 4.7C).

The above genetic analysis indicates that LIN-39 and UNC-30/PITX activate expression of VD-
specific genes (left panel in Fig. 4.7F). Similarly, LIN-39 and UNC-3 directly co-activate
terminal identity genes in cholinergic MNs (left panel in Fig. 4.5D). Since the absence of UNC-3
leads to ectopic activation of VD-specific genes (Fig. 4.5D), we next considered the converse
possibility: Does the absence of UNC-30/PITX lead to ectopic activation of cholinergic MN
terminal identity genes in GABAergic VD neurons? However, this appears not to be the case as
expression of 4 cholinergic MN markers (acr-2, slo-1, unc-129, del-1), normally co-activated by
UNC-3 and LIN-39 (Fig. 4.5A-B), is unaffected in unc-30 mutants (Fig. 4.7D-F).

Similar to its role in sex-shared VD neurons, does lin-39 control expression of terminal identity
genes in sex-specific VC neurons? We used the auxin-inducible lin-39::mNG::3xFLAG::AID
allele to address this question because, unlike all other nerve cord MNs, the VVC neurons do not
survive in lin-39 (n1760) null animals (Potts et al., 2009). We applied auxin at a late larval stage
(L3-L4) to knock-down LIN-39 and observed that VVC neurons do not die, providing an
opportunity to test for putative effects on VC terminal identity gene expression. Indeed, we
found a statistically significant reduction in the number of VC neurons expressing srb-16
(compare auxin and ethanol in Figure 4.15D).

Taken together, lin-39 is required for expression of VD- and VC-specific terminal identity genes.
In VD neurons, LIN-39 acts together with UNC-30/PITX to activate expression of VD-specific

genes (left panel in Fig. 4.7F). Collectively, these findings on VD and VC neurons together with
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observations on cholinergic MNs (Fig. 4.5D) show that, in different MN subtypes, the mid-body
Hox gene lin-39 controls expression of distinct terminal identity genes, likely due to
collaboration with distinct TFs (i.e., UNC-3 and MAB-5 in cholinergic MNs versus UNC-30 in

VD neurons [compare Fig. 4.5D and Fig. 4.7F]).
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Figure 4.7 LIN-39 is an activator of VD terminal identity genes. A: Schematic summarizing
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unc-30 and 1in-39 expression in VD and DD neurons populating the VNC. In addition, 4 VD and
2 DD neurons are located in ganglia flanking the VNC (not shown because they were excluded
from our analysis). Raw data on lin-39 expression described in Figure 4.15 B: Quantification of
two VD (ser-2::gfp, oig-1::gfp) and one DD (flp-13::gfp) markers in WT and lin-39 (n1760)
animals at L4. Both VD markers were also tested in unc-30 (e191) mutants. Double lin-39
(n1760); unc-30 (e191) mutants showed a more severe reduction in expression of the VD marker
ser-2::gfp compared to each single mutant. N > 15. *** p < 0.001. N. S: not significant. C:
Auxin or ethanol (control) were administered at larval stage 3 (L3) on lin-
39::mNG::3XxFLAG::AID; eft-3::TIR1 animals carrying the VD marker ser-2::gfp. Images were
taken at the young adult stage (day 1.5). A significant decrease in the number of MNs expressing
the VD marker was evident in the auxin-treated animals compared to EtOH-treated controls.
Similar results were obtained when auxin administration occurred at L4 or day 1 adult animals.
For comparison, quantification of marker expression is also provided in WT and lin-39 (n1760)
animals. N > 15. ** p < 0.01, *** p < 0.001. N. S: not significant. D: Several terminal identity
markers of cholinergic neurons (acr-2, slo-2, unc-129, del-1) are not ectopically expressed in
unc-30-depleted GABAergic MNSs. A strong loss-of-function allele €191 for unc-30 was used
(Brenner, 1974, Eastman et al., 1999). Arrowheads point to MN cell bodies with gfp marker
expression. Green fluorescence signal is shown in white for better contrast. E: Quantification of
data presented in panel D. N. S: not significant. F: Schematic summarizing the function of LIN-
39 and UNC-30 in GABAergic VD neurons. LIN-39 site is taken from (Weirauch et al., 2014).
UNC-30 site is taken from (Yu et al., 2017).
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4.3.9 LIN-39 acts through distinct cis-regulatory elements to control oig-1 expression in VD

and VD-like motor neurons

Does LIN-39 act directly or indirectly to activate VD and VVC terminal identity genes? Analysis
of available ChlIP-Seq data (modENCODE project) indicates direct regulation of these genes by
LIN-39 (Fig. 4.8A, Figure 4.17). However, the low resolution of ChIP-Seq data does not allow
the identification of the exact DNA sequence recognized by LIN-39. Therefore, we interrogated
the cis-regulatory region of two VD terminal identity genes oig-1 and ser-2 for the presence of
the consensus LIN-39 binding site GATTGATG (Boyle et al., 2014) and found several copies
located within the boundaries of the LIN-39 ChlIP-Seq peaks in 0ig-1 and ser-2 (Table 4.3). To
test the functionality of these putative LIN-39 binding sites, we honed in on oig-1 and performed
a systematic cis-regulatory analysis in the context of transgenic reporter animals. A previous
study identified a minimal 125bp cis-regulatory element (contained within the LIN-39 peak
boundaries) upstream of oig-1 as sufficient to drive reporter gene expression in VD neurons
(Howell et al., 2015) (Fig. 4.8A). We independently confirmed this observation, and further
found that the 125bp element contains a single LIN-39 site. Mutation of this site in the context of
transgenic 0ig-1 reporter animals (0ig-1 1250bp LIN-39site MUT: -t3gRFP) leads to a significant
reduction of tagRFP expression in VD neurons (Fig. 4.8A-B), phenocoping the effect observed
in lin-39 (n1760) null mutants (Fig. 4.7B). We conclude that, in wild-type animals, LIN-39 acts
directly, by recognizing its cognate site, to activate expression of the VD-specific gene oig-1.
Interestingly, a functional binding site for UNC-30/PITX also exists in this 125bp element
(Howell et al., 2015, Yu et al., 2017), and is spaced 11 base pairs apart from the LIN-39 site
(Fig. 4.7D), indicating that LIN-39 and UNC-30 control 0ig-1 by recognizing distinct and in

close proximity cis-regulatory motifs. Moreover, available UNC-30 ChlIP-Seq data further
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support this possibility as UNC-30 and LIN-39 ChIP-Seq peaks largely overlap at this 125bp
element (Fig. 4.8A). Lastly, deletion of the region where LIN-39 and UNC-30 peaks overlap in
the context of a 2.6kb 0ig-1 reporter (0ig-1 >80 LIN-39 peak #3 DELY gpolish reporter expression in
VD neurons (Fig. 4.8A-B).

We next asked whether LIN-39 acts through the same or distinct cis-regulatory elements to drive
0ig-1 expression in VD versus VD-like neurons of unc-3 mutants. While oig-1 reporters in the
context of a large (32.5 kb) genomic clone (fosmid) or a 2.6 kb intergenic region do show
expression in both VD and VD-like neurons of unc-3 mutants, reporter animals carrying 1 kb of
cis-regulatory sequence (that contains the 125bp element) immediately upstream of ATG showed
expression only in VD neurons (Fig. 4.8A). Conversely, a distal 1.6 kb element displayed
expression in VD-like cells, but no expression in VD neurons of either WT or unc-3 animals,
suggesting the VD and VD-like elements are physically separated on the genome. Within the
1.6kb element, there is a LIN-39 binding peak (peak #4) based on available ChIP-Seq data on
WT animals. Deletion of this peak in the context of a 2.6kb 0ig-1 reporter (0ig-1 6kb LIN-39 peak #4
DEL) resulted in loss of expression in VD-like cells of unc-3 mutants, whereas reporter expression
was maintained in VD neurons (Fig. 4.8A-B). This analysis strongly suggests that LIN-39 acts

through distinct cis-regulatory elements to activate oig-1 expression in VD versus VD-like cells.
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VD and VD-like neurons. A: ChlP-Seq tracks are shown for UNC-30 (the top two) and LIN-39
(the bottom two) on VD gene oig-1 locus. The UNC-30 data were obtained from (Yu et al.,
2017). The LIN-39 data come from the modENCODE project (Boyle et al., 2014). Four LIN-39
peaks are annotated with peak#3 largely overlapping with UNC-30 peak. The results of cis-
regulatory analysis in both WT and unc-3 mutants are shown in the lower panel (aligned to the
ChlP-seq tracks). Expression patterns of at least two transgenic lines were analyzed for each
construct. “+” indicates consistent and bright expression in ventral nerve cord (VNC) MNs
(either VD or cholinergic). “+/—" indicates consistent and bright expression in noticeable less
number of VNC MNss. “— indicates no or extremely dim expression in VNC MNs. “N.D.”: Not
determined. In the schematic of the transgenes, a known UNC-30 site is shown as a blue box and
a bioinformatically predicted LIN-39 site is represented as a black circle (filled circle indicates
the presence of the site while unfilled one indicates deletion of the site). MUT indicates deletion
of the LIN-39 site and DEL indicates deletion of the respective LIN-39 peak region. B: Images
(top part) and quantifications (bottom part) of selected constructs in the cis-regulatory analysis
shown in A. Animals carrying the 0ig-1125®°::tagRFP (left panel) with the LIN-39 site deleted
show reduced tagRFP reporter expression in VD neurons; animals carrying the 0ig-126kb LIN-39 peak
#3DEL (middle panel) ectopically express the reporter in cholinergic MNs of unc-3 mutants, but
not in WT animals; animals carrying the oig-126kb LIN-39 peak #4 DEL (right panel) do not show
ectopic reporter expression in unc-3-depleted MNs, but do show VD expression in both wild-
type and unc-3 mutants. N > 12. *** p < 0.001. N. S: not significant.
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4.3.10 The LIN-39-mediated transcriptional switch depends on UNC-3 and LIN-39 levels

How does the absence of UNC-3 lead to ectopic and lin-39-dependent activation of VD terminal
identity genes in cholinergic MNs (Fig. 4.9D)? In principle, UNC-3 and LIN-39 could physically
interact in order to co-activate expression of cholinergic MN terminal identity genes. In the
absence of unc-3, this interaction would be disrupted and LIN-39 becomes available, in
cholinergic MNs, to assume its VD function, i.e., to activate VD-specific terminal identity genes
(Fig. 4.9D). Although our co-immunoprecipitation (co-1P) experiments on UNC-3 and LIN-39 in
a heterologous system (HEK cells) did not provide evidence for physical interaction (Figure
4.18), the heterologous context of this experiment still leaves open the possibility that, in
cholinergic MNs in vivo, UNC-3 directly (or indirectly) recruits LIN-39 on terminal identity
gene promoters. This scenario is supported by the observed decrease of LIN-39 binding on
cholinergic MN gene loci in unc-3 mutants (Fig. 4.5C). Lastly, the gene dosage experiments
presented below firmly suggest there is a close stoichiometric relationship between UNC-3 and
LIN-39, reminiscent of LIM homeodomain TF stoichiometries described in vertebrate MNs
(Song et al., 2009).

Because the decrease of LIN-39 binding is accompanied by ectopic activation of VD terminal
identity genes in unc-3-depleted MNs, we hypothesized that LIN-39 is the rate-limiting factor
present in limited amount in cholinergic MNs. That is, in the presence of UNC-3, LIN-39
activates cholinergic MN identity genes, but in its absence LIN-39 becomes available to activate
alternative identity (e.g., VD) genes. Quantification of the endogenous expression levels of both
proteins indeed showed lower levels of LIN-39 expression compared to UNC-3 (Fig. 4.9A).
Supporting the aforementioned hypothesis, we found a gene dosage relationship between unc-3

and lin-39. Loss of one unc-3 copy (unc-3 (n3435)/+) caused slight ectopic expression of VD
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genes (ser-2 in Fig. 4.9B and flp-11 in Figure 4.19A), but that ectopic expression is decreased
by loss of one lin-39 copy (unc-3 (n3435)/+; lin-39 (n1760)/+) (Fig. 4.9B, Figure 4.19A).
Accordingly, loss of one 1in-39 copy in unc-3 null animals (unc-3 (n3435); 1in-39 (n1760)/+)
also reduced, but did not eliminate, ectopic expression of VD genes (Fig. 4.9A, Figure 4.19A).
Moreover, knock-down of unc-3 with RNAI specifically in cholinergic MNs also led to ectopic
expression of VD genes (Fig. 4.9C, Figure 4.19B-C), whereas ectopic expression of UNC-3 in
VD neurons resulted in repression of VD gene expression, presumably by recruiting LIN-39
away from VD promoters (Fig. 4.9C, Figure 4.19B-C). Lastly, we asked whether LIN-39 is
sufficient to induce expression of VD terminal identity genes in cholinergic MNs. Indeed, we
found this to be the case (Fig. 4.9C, Figure 4.19D-E). In conclusion, we propose that the LIN-
39-mediated transcriptional switch observed in unc-3 mutants critically depends on UNC-3 and

LIN-39 levels, with the latter being the rate-limiting factor (Fig. 4.9D).
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39::mNG::3xFLAG::AID (top, anterior right, ventral up) and unc-3::mNG::3xFLAG::AID
(bottom, anterior left, ventral down) respectively are shown on the left. VNC regions indicated
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by dashed frame (a, b) are zoomed in at the middle panel with dashed circles around MN nuclei.
The identities of these MNs are shown (e.g., VA8, VB9). The same cholinergic MNs have
stronger expression levels of endogenous unc-3::mNG than lin-39::mNG. Quantification of the
fluorescence intensities is shown on the right panel. For details on the quantification, see
Materials and Methods. N = 12. *** p < 0.001. B: Quantification of the VD marker (ser-2::gfp)
in unc-3 (n3435), unc-3 (n3435); 1in-39 (n1760)/+, unc-3 (n3435)/+, unc-3 (n3435); lin-39
(n1760), unc-3 (n3435)/+; 1in-39 (n1760)/+, and WT animals at L4. N > 15. ** p <0.01, *** p
< 0.001. C: Representative images of the VD marker (ser-2::gfp) expression on the left in L4
stage transgenic animals that either down-regulate unc-3 in cholinergic MNs (Punc-3 > unc-3
RNAI), over-express lin-39 in cholinergic MNs (Punc-3 > 1in-39 OE), or over-express unc-3 in
VD neurons (VD prom [unc-47 prom] > unc-3 OE). Arrowheads point to MN cell bodies with
gfp marker expression. Green fluorescence signal is shown in white for better contrast.
Quantification is provided on the right. Two independent transgenic lines were used for Punc-

3 > unc-3 RNAI and Punc-3 > [in-39 OE. N > 13. *** p < 0.001. D: Schematic summarizing the
gene dosage experiments.
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4.3.11 Ectopic expression of VD terminal identity genes in cholinergic motor neurons is

associated with locomotion defects

The dual role of UNC-3 revealed by our molecular analysis (Fig. 4.2) led us to posit that the
severe locomotion defects observed in unc-3 animals may represent a composite phenotype
(Brenner, 1974, Yemini et al., 2013). In other words, these defects are not only due to loss of
expression of cholinergic MN terminal identity determinants (e.g., unc-17/VAChT, cha-1/ChAT,
del-1/Degenerin-like sodium channel, acr-2/acetylcholine receptor [ortholog of CHRNE]), but
also due to the ectopic expression of VD and VC terminal features (e. g., ser-2/serotonin receptor
[ortholog of HTR1D], flp-11/FRMR-like neuropeptide, glr-5/Glutamate receptor [ortholog of
GRID], srb-16/GPCR) in unc-3-depleted MNs. To genetically separate these distinct molecular
events, we generated unc-3 (n3435); lin-39 (n1760) double mutants, which do display loss of
cholinergic MN terminal identity genes, but the ectopic expression of VD and VC terminal
features is suppressed (Fig. 4.4F). We predicted that if ectopic expression of VD and VC genes
contributes to locomotion defects, then unc-3 (n3435) mutants would display more severe
locomotion defects than unc-3 (n3435); 1in-39 (n1760) double mutants. To test this, we
performed high-resolution behavioral analysis of freely moving adult (day 1) C. elegans animals
using automated multi-worm tracking technology (Javer et al., 2018b, Yemini et al., 2013). This
analysis can quantitate multiple features related to C. elegans locomotion (e.g., speed, crawling
amplitude, curvature, pause, forward and backward locomotion) and, most importantly, each
feature can be localized to a specific part of the nematode’s body (e. g., head, mid-body, tail).
Since unc-3 and lin-39 expression uniquely overlaps in mid-body nerve cord MNs that innervate
mid-body muscles, we hypothesized that loss of unc-3 and/or 1in-39 genes would have effects on

mid-body posture and motion, and thereby focused our analysis on mid-body curvature features.
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Of the 49 mid-body features examined, 29 were significantly different in unc-3 single mutants
when compared to wild-type (N2 strain) animals (see Table 4.4 for all 49 features). Intriguingly,
12 of these 29 features (41.37%) were significantly suppressed in unc-3; lin-39 double mutants
(Fig. 4.10A, Figure 4.20A, Table 4.4), suggesting that suppression of these behavioral defects
could be attributed to suppression of the ectopically expressed VD and VC terminal identity
genes in these double mutants. We found no evidence for suppression of the remaining 17
features in unc-3; 1in-39 double mutants, likely due to the fact that UNC-3 also controls other
terminal identity genes, such as NT pathway genes (Fig. 4.9D), independently of LIN-39.

Next, we asked whether ectopic expression of VD terminal identity genes in otherwise wild-type
animals can lead to locomotion defects. To test this, we took advantage of our transgenic animals
that selectively over-express LIN-39 in cholinergic MNs (Pcho-1 > LIN-39, Punc-3 > LIN-39)
(Fig. 4.9C, Figure 4.20D). First, we confirmed that in these animals, expression of cholinergic
MN terminal identity genes is unaffected (Fig. 4.20D). Second, we found that LIN-39
overexpression led to ectopic activation of VD, but not VC, terminal identity genes in
cholinergic MNs (Figure 4.20D), providing an opportunity to specifically assess the
consequences of ectopic VD gene expression on animal locomotion. We found that 9 of the 29
(31.03%) mid-body features affected in unc-3 (n3435) animals were also altered in animals over-
expressing lin-39 in cholinergic MNs (Fig. 4.10B, Figure 4.20B-C, Table 4.4).

In conclusion, our behavioral analysis is in agreement with our molecular findings. At the
molecular level, we found that lin-39/Hox is necessary for the ectopic expression of VD terminal
identity genes in unc-3 mutants. At the behavioral level, this lin-39-dependent, ectopic

expression of terminal identity genes is accompanied by locomotion defects.
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Figure 4.10 Ectopic expression of VD terminal identity genes in cholinergic motor neurons is
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associated with locomotion defects. A: Examples of three mid-body locomotion features that are
significantly affected in unc-3 (n3435) animals, but markedly improved in unc-3 (n3435); lin-39
(n1760) double mutant animals. Each black dot represents a single adult animal. The unit for the
first two graphs is 1/microns. The unit for the graph on the right is 1/(microns*seconds). N = 12.
Additional mid-body features affected in unc-3 (n3435) animals, but improved in unc-3 (n3435);
lin-39 (n1760) mutants are provided in Figure 4.20 and Table 4.4. * p <0.01, ** p < 0.001, ***
p <0.0001. B: Examples of three mid-body locomotion features affected in unc-3 (n3435)
mutants and animals over-expressing lin-39 in cholinergic MNs. Each black dot represents a
single adult animal. The unit for the Y axis is 1/(microns*seconds). N = 12. Additional mid-body
features affected in unc-3 (n3435) and lin-39 over-expressing animals are provided in Figure
4.20 and Table 4.4. * p < 0.01, ** p < 0.001, *** p < 0.0001. C: Conceptual model summarizing
the findings of this paper. Grey font: not expressed gene. Black font: expressed gene. Grey
arrow: inactive genetic interaction. Black arrow: active genetic interaction.
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4.4 Discussion

During development, individual neuron types must select their unique terminal identity features,
such as expression of NT receptors, ion channels and neuropeptides. Continuous expression of
these features - from development through adulthood - is essential for safeguarding neuronal
terminal identity, and thereby ensuring neuronal function (Deneris and Hobert, 2014, Hobert,
2011, Hobert, 2016). Here, we provide critical insights into the mechanisms underlying selection
and maintenance of neuron type-specific terminal identity features by using the well-defined MN
populations of the C. elegans nerve cord as a model. First, we report that, in cholinergic MNs,
the terminal selector-type TF UNC-3 has a dual role; UNC-3 is not only required to promote
cholinergic MN identity features (Kratsios et al., 2012), but also to prevent expression of
multiple terminal features normally reserved for three other ventral cord neuron types (VD, VC,
CA). Second, we provide evidence that cholinergic MNs can secure their terminal identity
throughout life by continuously relying on UNC-3’s dual function. Third, we propose an unusual
mechanism underlying this dual function, as we find UNC-3 necessary to prevent a switch in the
transcriptional targets of the mid-body Hox protein LIN-39 (Scr/Dfd/Hox4-5) (Fig. 4.9D).
Lastly, our findings shed light upon the poorly explored, post-embryonic role of Hox proteins in
the nervous system by uncovering that LIN-39 is continuously required to maintain expression of

multiple terminal identity genes in MNs.
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4.4.1 UNC-3 determines the function of the rate-limiting factor LIN-39/Hox in cholinergic

motor neurons

Numerous cases of neuron type-specific TFs with a dual role have been previously described in
both vertebrate and invertebrate models systems (Britanova et al., 2008, Cheng et al., 2004, Kala
et al., 2009, Lopes et al., 2012, Mears et al., 2001, Morey et al., 2008, Nakatani et al., 2007,
Sagasti et al., 1999). Although the underlying mechanisms often remain unclear, recent studies
proposed two modes of action. First, such TFs can act directly to activate “desired” terminal
identity features and repress (also directly) alternative identity features (Lodato et al., 2014,
Wyler et al., 2016). Second, neuron type-specific TFs can act indirectly by controlling
intermediary factors. For example, in the mouse spinal cord, a complex of three TFs (Isl1, Lhx3,
NLI) specifies MN identity by recognizing specific DNA elements in the cis-regulatory region of
MN-specific genes and the homeodomain TF Hb9, and activates their expression. Hb9 functions
as a transcriptional repressor of alternative (\V2a interneuron) identity genes, thereby
consolidating MN identity (Lee et al., 2008, Song et al., 2009, Thaler et al., 2002). An analogous
mechanism operates in VV2a interneurons and involves Chx10, a homeodomain protein that
represses alternative neuronal identity programs (Clovis et al., 2016, Lee et al., 2008). Hence,
mouse mutants for Hb9 or Chx10 result in ectopic expression of alternative identity genes (Arber
etal., 1999, Clovis et al., 2016, Thaler et al., 1999). Several TFs (unc-4/Uncx, mab-9/Tbhx20,
unc-55/COUP, bnc-1/BNC) with repressor activity are known to control aspects of cholinergic
MN development in C. elegans (Kerk et al., 2017, Pflugrad et al., 1997, Pocock et al., 2008, VVon
Stetina et al., 2007, Winnier et al., 1999). However, their genetic removal did not result in
ectopic expression of alternative (VD, VC) identity features in cholinergic MNs (data not

shown). Although we cannot exclude the involvement of yet-to-be identified transcriptional

155



repressors acting downstream of UNC-3, our genetic and biochemical analyses led us to propose
the following mechanism underlying UNC-3’s dual role.

In cholinergic MNs, unc-3 and lin-39 are co-expressed, albeit the latter in lower levels (Fig.
4.9A), suggesting that LIN-39/Hox is a rate-limiting factor whose function is determined by
UNC-3. In wild-type animals, UNC-3 and LIN-39 occupy cis-regulatory elements of cholinergic
MN terminal identity genes, resulting in their activation (Fig. 4.5C) (Kratsios et al., 2012). In the
absence of UNC-3, LIN-39 is released from these elements and becomes available to activate
alternative identity genes, such as VD-specific terminal identity genes. Several lines of evidence
support this conclusion. First, ChlP-seq data show that LIN-39 binding is decreased in
cholinergic MN gene loci (Fig. 4.5C). Second, our gene dosage experiments show that either
lowering unc-3 levels or increasing lin-39 levels in cholinergic MNs results in ectopic activation
of VD identity genes (Fig. 4.9B-C). Lastly, we performed an extensive cis-regulatory analysis of
one VD-specific gene (oig-1) and identified the element through which LIN-39 acts to induce
0ig-1 expression in VVD-like cells of unc-3 mutants (Fig. 4.8). Together, these data suggest that
the role of UNC-3 in cholinergic MNs is not simply to activate gene expression with LIN-39, but
also to “recruit” LIN-39 away from promoters of alternative identity genes, thereby antagonizing
its ability to activate those genes. Supporting this scenario, ectopic UNC-3 expression in VD
neurons results in decreased expression of VD-specific genes (Fig. 4.9C). Given that the mouse
ortholog of unc-3, Ebf2, is co-expressed with Hox genes in cholinergic MNs of the spinal cord
(Catela et al., 2019, Kratsios et al., 2017), the molecular mechanism described here may be
conserved across species. Interestingly, a seminal study recently described a conceptually similar
mechanism in the mouse retina, where CRX recruits MEF2D to retina-specific enhancers,

resulting in selective activation of photoreceptor genes (Andzelm et al., 2015).
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4.4.2 Insights into how neurons maintain their terminal identity features throughout life

Is there a need for mechanisms that continuously prevent expression of alternative identity
features in a post-mitotic neuron? Or, do such mechanisms become superfluous once neurons
have restricted their developmental potential by committing to a specific terminal identity? This
fundamental question is poorly explored, in part due to the fact that most neuron type-specific
TFs have been studied during embryonic stages. For example, it is not known whether CRX is
continuously required to activate retina-specific enhancers and simultaneously prevent
expression of alternative identity genes (Andzelm et al., 2015). Our temporally controlled protein
depletion experiments uncovered a continuous requirement for the dual role of UNC-3. Post-
embryonic depletion of UNC-3 not only results in failure to maintain cholinergic MN terminal
features (Kratsios et al., 2012), but is also accompanied by ectopic expression of alternative
identity features (e.g., VD, VC). These findings reveal a simple and economical mechanism that
can enable individual neuron types to select and maintain their distinct terminal identity features.
That is, the same TF is continuously required - from development throughout life - to not only
activate neuron type-specific identity genes, but also prevent expression of alternative identity

features.

4.4.3 Maintenance of terminal identity features: A new function of Hox proteins in the

nervous system

Across model systems, a large body of work on motor neurons and other neuron types has
established that, during early development, Hox proteins are required for neuronal diversity, cell

survival, axonal path finding and circuit assembly (Baek et al., 2013, Catela et al., 2016, Estacio-
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Gomez and Diaz-Benjumea, 2014, Estacio-Gomez et al., 2013, Karlsson et al., 2010,
Mendelsohn et al., 2017, Miguel-Aliaga and Thor, 2004, Moris-Sanz et al., 2015, Philippidou
and Dasen, 2013). However, the function and downstream targets of Hox proteins during post-
embryonic stages are largely unknown. Our contributions towards this knowledge gap are
twofold. First, we found that the mid-body Hox protein LIN-39 is continuously required, from
development through adulthood, to control expression of MN terminal identity genes, thereby
revealing a novel role for Hox proteins in maintaining neuronal identity. Second, we uncovered
multiple terminal identity genes as downstream targets of LIN-39 in different MN subtypes
(cholinergic MNs: acr-2, dbl-1, unc-77, slo-2; VD neurons: 0ig-1, ser-2, flp-11; VC neurons:
srb-16). Since continuous expression of these genes is essential for MN function, these findings
may provide a molecular explanation for the uncoordinated locomotion defects observed in lin-
39 mutants (Figure 4.20). Given the maintained expression of Hox genes in the adult nervous
system of flies, mice and humans (Baek et al., 2013, Takahashi et al., 2004, Hutlet et al., 2016),

our findings may be broadly transferable.

4.4.4 Impact on the concept of terminal selector genes

TFs able to broadly activate many distinct terminal identity features of a specific neuron type
(e.g., NT biosynthesis components, NT receptors, ion channels, neuropeptides) have been termed
“terminal selectors” (Hobert, 2008). Several dozens of terminal selectors have been described
thus far in multiple model systems including worms, flies and mice (Hobert, 2011, Hobert, 2016,
Hobert and Kratsios, 2019). However, it is unclear whether terminal selectors are also required to
prevent expression of alternative identity features. Our findings suggest this to be the case by

revealing a dual role for UNC-3, the terminal selector of cholinergic MN identity in C. elegans.
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In the future, it will be interesting to see whether other terminal selectors also exert a dual role in
order to safeguard neuronal terminal identity. Supporting this possibility, Pet-1, the terminal
selector of mouse serotonergic neurons has been recently shown to repress several terminal

identity genes (Wyler et al., 2016).

4.4.5 Limitations and lessons learned about the control of neuronal terminal identity

The examination of multiple MN terminal identity markers at single-cell resolution enabled us to
make an interesting observation. Although all unc-3-depleted nerve cord MNs uniformly lose
their cholinergic identity, one subpopulation acquires VD terminal features (‘“VD-like” neurons)
and another subpopulation acquires VC terminal features (“VC-like” neurons). This intriguing
observation may be analogous to findings described in the mammalian neocortex, where genetic
removal of the TF Satb2 leads to loss of pyramidal neuron identity (UL1 subtype), and
concomitant gain of molecular features specific to two other pyramidal neuron subtypes (DL,
UL2) (Britanova et al., 2008). Together, the cases of UNC-3 and Satb2 support the notion that
neuron type-specific TFs often suppress features of functionally related neuronal subtypes
(Arlotta and Hobert, 2015).

Although our study employs an extensive repertoire of terminal identity markers for distinct MN
subtypes, the extent of alternative identity features (e.g., VD, VC) being ectopically expressed in
unc-3-depleted MNs remains unknown. Future unbiased transcriptional profiling of unc-3-
depleted MNs could help address this issue. In addition, the strong axonal defects in MNs of unc-
3 mutants preclude any further attempts to assess whether the observed VD-like and VC-like
cells, as defined by molecular markers, also acquire morphological features of VD and VC

neurons, respectively (Prasad et al., 1998). However, the VD-like neurons of unc-3 mutants do
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not acquire GABAergic identity like wild-type VD neurons (Figure 4.12A), arguing against a

complete cell fate transformation.

4.4.6 Evolutionary implications of this study

Our findings highlight the employment of economical solutions to evolve novel cell types in the
nervous system. The same Hox protein (LIN-39) collaborates with distinct terminal selectors in
different MNs, and this collaboration determines the specificity of LIN-39/Hox function. In
GABAergic (VD) neurons, LIN-39 works together with UNC-30/PITX to control expression of
VD terminal identity genes, whereas in cholinergic MNs LIN-39 synergizes with UNC-3 to
control cholinergic MN identity genes (Fig. 4.71). We speculate that the unc-3 mutant “state”
may constitute the “ground state”. That is, the “VD-like” neurons, for example, in unc-3 mutants
that express LIN-39 may represent an ancient cell type that was altered to become a new cell
type through the recruitment of distinct terminal selectors (conceptual model in Fig. 4.10C).
Hence, the amount of genetic information required for evolution of new cell types is kept to
minimum. The recruitment of UNC-30/PITX enabled “VD-like” cells to fully adopt GABAergic
VD neuron terminal identity, as evident by the ability of UNC-30/PITX to control expression of
GABA synthesis proteins (Eastman et al., 1999, Jin et al., 1994) (Fig. 4.7F). Similarly,
recruitment of UNC-3 enabled “VD-like” cells to become cholinergic MNs. In this “new”
cholinergic cell type, UNC-3 exerts a dual role: it antagonizes the ability of LIN-39 to activate
VD-specific genes, and also synergizes with LIN-39 to co-activate cholinergic MN terminal
identity genes (Fig. 4.9D). We hope the strategy described here of a terminal selector preventing
a Hox transcriptional switch may provide a conceptual framework for future studies on terminal

identity and evolution of neuronal cell types.
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Figure 4.11 Detailed characterization of the expression pattern of VC and VD terminal identity
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markers. A: An expression map of VC and VD terminal identity genes with single-cell resolution
at larval stage 4 (L4). Each column represents an individual motor neuron (MN) in the ventral
nerve cord (VNC) of a hermaphrodite worm. MN subtypes are color-coded. This table represents
a summary of the co-localization analysis described in panel B. Apart from the 7 genes listed, we
also examined 5 additional terminal identity genes (bra-1, dhc-1, rgs-4, vhp-1, vps-25) but found
no evidence for expression in VD or VC neurons. B: Co-localization analysis of VD and VC
terminal identity genes. Each column represents an individual MN in the VNC of a
hermaphrodite worm. Each row represents a randomly-selected worm co-expressing the
respective VD or VC marker and one of the known identity markers: unc-47::mChOpti or unc-
25::gfp for GABAergic (VD and DD) MN identity, cho-1::rfp or unc-17::gfp for cholinergic
MN identity and lin-11::mCherry or ida-1::gfp for VC MN identity. A color-filled lattice
indicates co-expression of the known identity marker and the selected marker in the individual
MN.
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Figure 4.12 UNC-3 selectively prevents expression of VD and VC terminal identity features in
distinct cholinergic MNs. A: Quantification of six VD/DD (unc-25::gfp, unc-47::rfp, ttr-
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39::mCherry, klp-4::gfp, alr-1::gfp and irx-1::egfp) and one DD (flp-13::gfp) markers in WT
and unc-3 (n3435) animals at L4. No statistically significant effects were observed in unc-3
mutants. N > 13. N. S: not significant. B: A table showing that VD and VC identity genes are
ectopically expressed in distinct cholinergic MNs upon unc-3 depletion. Top two rows: A
summary map of VD and VC gene expression with single-cell resolution in unc-3 mutants,
which is based on the co-localization analysis shown below. Each column represents an
individual MN in the VNC of an unc-3-depleted hermaphrodite worm. Ten randomly selected
worms that co-express VD/DD marker ttr-39::mCherry and VD marker ser-2::gfp or VC marker
ida-1::gfp are analyzed. The expression of ttr-39::mCherry is not affected by unc-3 depletion,
which serves as a positional landmark for reference. This landmark together with the invariant
MN cell body position along the VNC enable the identification of distinct unc-3-depleted MNs
that lose cholinergic features and concomitantly gain either “VD-like” or “VC-like” features.
Below this table, examples of the co-localization analysis are provided. Representative
magnified images are shown. The identity of unc-3-depleted MNs that acquire VC or VD
terminal features is shown. Note that VC-like terminal features are mainly acquired by MNs of
the AS cholinergic subtype, whereas VD-like terminal features are acquired by select members
of four cholinergic MN subtypes (DA, DB, VA, VB). C: The DA and DB cholinergic MNs are
born embryonically and therefore present in the VNC at L1. Corroborating our results from panel
B, only the VD terminal identity marker (ser-2) shows ectopic expression in DA and DB neurons
of unc-3 mutants at L1. This is not the case for the VC terminal identity markers (gir-5, ida-1).
Representative images are shown on the left. Arrowheads point to MN cell bodies with ectopic
gfp marker expression. Green fluorescence signal is shown in white for better contrast.
Quantification is on the right. N > 22, *** p < 0.001. D: Terminal identity markers of VD/VC
MNs (flp-11, twk-46 and ilys-4) are ectopically expressed in unc-3-depleted cholinergic MNs.
Representative images of larval stage 4 (L4) hermaphrodites are shown. Similar results were
obtained in adult animals. Arrowheads point to MN cell bodies with marker expression.
Fluorescence signal is shown in white for better contrast. Dotted black box indicates imaged
area. E: Quantification of data shown in panel D.. N > 18. *** p < 0.001.
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expressing each marker. N > 11. *** p < 0.001. N. S: not significant. C: Quantification of the
male-specific CA markers (ida-1, srb-16 and glr-5) in young adult stage WT or unc-3 (n3435)
male animals. N > 14. *** p < 0.001. D: Schematic summarizing the dual role of UNC-3 in C.
elegans males.
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Figure 4.14 Ectopic expression of VD terminal identity markers in unc-3 mutants requires LIN-
39 but not UNC-30. A: Quantification of unc-30::gfp and VD marker ser-2::gfp in WT and unc-
3 (n3435) animals at L4, with ser-2::gfp further examined in unc-3 (n3435); unc-30 (e191)
double mutants. Expression of ser-2::gfp is equally affected in unc-3 (n3435) single and unc-3
(n3435); unc-30 (e191) double mutants. N > 15. *** p < 0.001. N. S: not significant. B:
Quantification of the VD/VC marker flp-11::gfp expression in L4 stage WT, unc-3 (n3435)
mutant, unc-3 (n3435); kas1, and transgenic animals that rescue unc-3 (n3435); kasl background
with expression of 1in-39 in cholinergic MNs (Punc-3 > 1in-39) or expression of GFP-tagged lin-
39 fosmid. Two independent transgenic lines were used for Punc-3 > lin-39 OE and lin-39
fosmid. Of note, the partial rescue observed with the Punc-3 > lin-39 OE lines likely arises
because the fragment of unc-3 promoter used to drive lin-39 is not expressed in all 39 cholinergic
MNs. N > 16. *** p < 0.001.
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Figure 4.15 LIN-39 is continuously required to activate distinct terminal identity genes in sex-
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shared and sex-specific cholinergic MNs. A: Co-localization analysis to determine the lin-39
expression pattern with single-cell resolution. Each column represents an individual MN in the
VNC of a hermaphrodite worm. Top seven rows represent seven randomly-selected worms
carrying a GABA marker (unc-47::RFP) and the 1in-39::mNG::3xFLAG::AID endogenous
reporter allele. Bottom seven rows represent seven randomly-selected worms carrying a
cholinergic marker (cho-1::RFP and the lin-39 fosmid-based reporter wgls18 [lin-39%smd::GFP].
A color-filled lattice indicates co-expression of the known identity marker and 1in-39 in the
individual MN. B: Representative images of L1- and L4-stage animals co-expressing unc-47::rfp
(labels only DD at L1, labels both DD and VD at L4) and endogenous lin-39 marker (lin-
39::mNG). Arrowheads point to cell bodies of DD and VD MNs co-expressing both markers.
White dotted line indicates the boundary of intestinal tissue (gut), which tends to be
autofluorescent in the green channel. C: Auxin or ethanol (control) were administered at larval
stage 4 (L4) on 1in-39::mNG::3xFLAG::AID; eft-3::TIR1 animals carrying the sex-shared
cholinergic MN markers acr-2::gfp and unc-77::gfp. Images were taken at the young adult stage
(day 1 for acr-2::gfp and day 2.4 for unc-77::gfp) and the number of MNs expressing these
markers was quantified. A statistically significant decrease is evident in the auxin-treated
animals compared to EtOH-treated controls. For comparison, quantification of marker expression
is also provided in WT and lin-39 (n1760) animals. N > 12. * p < 0.05, ** p < 0.01, *** p <
0.001. D: Auxin or ethanol (control) were administered at larval stage 3 (L3) on lin-
39::mNG::3XFLAG::AID; eft-3::TIR1 animals carrying the VC marker srb-16::gfp.
Quantification was performed at the young adult stage (day 1.5). A significant decrease in the
number of MNs expressing the VC marker was evident in the auxin-treated animals compared to
EtOH-treated controls. For comparison, quantification of marker expression is also provided in
WT animals. N > 15. ** p < 0.01, *** p < 0.001. N. S: not significant. E: Quantification of
VD/VC marker flp-11::gfp in WT, lin-39 (n1760), unc-30 (e191) and lin-39 (n1760); unc-30
(e191) double mutant animals at L4 stage. Double mutants showed a more severe reduction in
flp-11::gfp expression compared to each single mutant. N > 20. *** p < 0.001. F: Expression of
GABA biosynthesis markers (unc-25, unc-47) is not affected in 1in-39 (n1760); mab-5 (e1239)
double mutants at the L4 stage. N > 15; N. S: not significant.
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Figure 4.16 MAB-5 is not required for ectopic VD or VC marker expression and LIN-39
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binding on cholinergic MN genes is affected in unc-3 mutants. A: The ectopic expression of VD
(ser-2) or VC (ida-1) terminal identity markers in unc-3 mutants is not affected by loss of mab-5.
Strong loss-of-function (null) alleles for unc-3 (n3435) and mab-5 (e1239) were used.
Representative images of L4 stage animals are shown. Arrowheads point to MN cell bodies with
gfp marker expression. Green fluorescence signal is shown in white for better contrast. B:
Quantification of data shown in panel D. N > 15. N. S: not significant. C: ChlP-Seq tracks are
shown for LIN-39 on two cholinergic MN terminal identity genes (slo-2, unc-77) and lin-39
locus (positive control). The WT data come from the modENCODE project (Boyle et al., 2014),
whereas the unc-3 (-) data were obtained by performing ChIP-Seq for LIN-39 on unc-3 (n3435);
lin-39 (kas9 [1in-39::mMNG::3xFLAG::AID] animals. D: ChIP-gPCR was performed on unc-3
(n3435); wgls18 (lin-39 fosmid:: GFP) animals to examine LIN-39 binding at four target genes
(acr-2, dbl-1, unc-129, lin-39).
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Figure 4.17 LIN-39 binds directly to the cis-regulatory region of VD and VC terminal identity
genes. ChlP-Seq tracks for UNC-30 and LIN-39 are shown for the VD-expressed genes flp-11,
ilys-4, and ser-2. ChlP-Seq tracks for LIN-39 are shown for the VVC-specific terminal identity
gene ida-1. ChIP-Seq data for LIN-39 were generated through the modENCODE project (Boyle
et al., 2014) and ChlP-Seq data for UNC-30 were previously generated (Yu et al., 2017). ChIP-
seq data were visualized using Integrative Genomics Viewer (Siponen et al.) (Thorvaldsdottir et
al., 2013) and snapshots of ChIP-Seq tracks were generated.
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Figure 4.18 UNC-3 does not physically interact with LIN-39 in a heterologous system. (A)
HEK?293 cells were transfected with two mammalian expression plasmids encoding Flag-tagged
UNC-3 and a plasmid encoding Myc-tagged LIN-39, or (B) with a single plasmid encoding the
Flag-tagged UNC-3, or (C) with a single plasmid encoding the Myc-tagged LIN-39, or (D) were
mock transfected. 10 ug of the protein lysate were subjected to western blot analysis using
antibodies against Flag, Myc and Actin (upper three panels). 100 ug of these cell lysates were
used for immunoprecipitation of the Flag-tagged UNC-3, using anti-Flag antibody coated beads
(lower two panels).
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Figure 4.19 UNC-3 and LIN-39 levels are crucial for ectopic expression of VD/VC terminal
identity marker flp-11. A: Quantification of the VD/VC marker flp-11::gfp in unc-3 (n3435),
unc-3 (n3435); lin-39 (n1760)/+, unc-3 (n3435)/+, unc-3 (n3435); lin-39 (n1760), unc-3
(n3435)/+; 1in-39 (n1760)/+, and WT animals at L4. N > 18. *** p < 0.001. B: Representative
images of the VD/VC marker flp-11::gfp expression in L4 stage WT or transgenic animals that
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either down-regulate unc-3 in cholinergic MNs (Punc-3 > unc-3 RNAI) or over-express unc-3 in
GABAergic (including VD) neurons (Punc-47 > unc-3 OE). Arrowheads point to MN cell
bodies with gfp expression. Green fluorescence signal is shown in white for better contrast. C:
Quantification of data shown in panel B. Two independent transgenic lines were used for Punc-
3 >unc-3 RNAI. N > 17. *** p < 0.001. Quantification of flp-11::gfp is also shown in WT and
unc-3 (n3435) null animals for comparison. D: Representative images of the VD/VC marker flp-
11::9fp expression in L4 stage WT or transgenic animals that over-express lin-39 in cholinergic
MNs driven by two different cholinergic MN promoters(Punc-3 > 1in-39 OE, Pcho-1 > lin-39
OE). Arrowheads point to MN cell bodies with marker expression. Green fluorescence signal is
shown in white for better contrast. E: Quantification of data shown in panel D. Three
independent transgenic lines were used for Punc-3 > 1in-39 OE and Pcho-1 > lin-39 OE. N =19.
***p < 0.001.
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Figure 4.20 Automated worm tracking analysis on unc-3 and unc-3; lin-39 mutants. A:
Additional mid-body locomotion features that are significantly affected in unc-3 (n3435)
animals, but markedly improved in unc-3 (n3435); lin-39 (n1760) double mutant animals. Each
black dot represents a single adult animal. The unit for the first two graphs is 1/microns. The unit
for the graph on the right is 1/(microns*seconds). N = 12. For a comprehensive list of mid-body
features see Table S3. * p < 0.01, ** p <0.001, *** p <0.0001. B-C: Additional mid-body
locomotion features affected in unc-3 (n3435) mutants and animals over-expressing lin-39 in
cholinergic MNs. Each black dot represents a single adult animal. The unit for the y axis is
1/(microns*seconds). N = 12. For a comprehensive list of mid-body features see Table 4.4. * p <
0.01, ** p <0.001, *** p < 0.0001. D: Over-expression of LIN-39 in cholinergic MNs (Punc-

3 > LIN-39 OE) does not affect expression of terminal identity genes specific to cholinergic
(acr-2, unc-129), GABAergic DD (flp-13) or VC (ida-1, glr-5) motor neurons. L4 stage animals
were imaged and quantified. N > 15.
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4.6 Material and Methods

C. elegans strains

Worms were grown at 15°C, 20°C or 25°C on nematode growth media (NGM) plates seeded with
bacteria (E.coli OP50) as food source (Brenner, 1974).

Forward genetic screen

EMS mutagenesis was performed on unc-3 (n3435); ynls40 [flp-11::GFP] animals using
standard procedures (Kutscher and Shaham, 2014). Mutagenized L4 animals were visually
screened at a dissecting fluorescence microscope for changes in flp-11::GFP expression in VNC
MNSs. One mutant (kas1) was retrieved.

Generation of transgenic reporter animals

Reporter gene fusions for cis-regulatory analysis of terminal identity genes were made using
either PCR fusion (Hobert, 2002) or Gibson Assembly Cloning Kit (NEB #5510S). Targeted
DNA fragments were fused (ligated) to tagrfp coding sequence, which was followed by unc-54

3’ UTR. The TOPO XL PCR cloning kit was used to introduce the PCR fusion fragments into the

176



pCR-XL-TOPO vector (Invitrogen). Mutations on LIN-39 motifs were introduced via
mutagenesis PCR. The product DNA fragments were either injected into young adult pha-
1(e2123) hermaphrodites at 50ng/pl using pha-1 (pBX plasmid) as co-injection marker (50
ng/ul) and further selected for survival, or injected into young adult N2 hermaphrodites at
50ng/pl (plus 50ng/ul pBX plasmid) using myo-2::gfp as co-injection marker (3 ng/ul) and
further selected for GFP signal.

The fosmid clone WRMO0616aE11 (genomic region: 111:7519128..7554793) (Source BioScience)
that contains the entire 1in-39 locus was linearized by restriction enzyme digestion, mixed with
sonicated bacterial genomic DNA (12 ng/ul) and injected into young adult N2 hermaphrodites at
15 ng/ul using myo-2::gfp as co-injection marker (3 ng/ul).

Generation of transgenic animals for RNAI or over-expression

The cDNA (for over-expression) or the exon-rich genomic region (for RNAI) of unc-3 and lin-39
were amplified by PCR and then ligated to cholinergic (cho-1, unc-3) or GABAergic (unc-47)
MN promoters using Gibson Assembly Cloning Kit (NEB #5510S). For unc-3 RNAI, we
targeted exons 2-5 with the following primers: FRW:
GTCTGTAAAAGATGAGAACCAGCGG, RVS: CTGTCAATAATAACTGGATCGCTGG.
For 1in-39 RNAI, we targeted exons 3-5 with the following primers: FRW:
gtggtcaaactccgaacttaaagtg, RVS: gaaggggcgagaaatgtgtgataac. For over-expression constructs,
DNA products were purified using a PCR purification protocol (QIAGEN), and then injected
into young adult WT hermaphrodites at 50 ng/ul together with 50 ng/pl pBS plasmid (filler
DNA) and 3 ng/ul of myo-2::gfp (co-injection marker). For RNAI constructs, complementary
sense and anti-sense exon-rich genomic regions of unc-3 and lin-39 were PCR purified and

injected into young adult WT or unc-3 (n3435) hermaphrodites each at 100 ng/ul with myo-
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2::gfp as co-injection marker (3 ng/ul) following previously established procedures (Esposito et
al., 2007).

Targeted genome engineering

To generated the 1in-39 (kas9 [1in-39::mNG::AID]) allele, CRISPR/Cas9 genome editing was
employed to introduce the mNG::3xFLAG::AID cassette into the lin-39 gene locus before the
stop codon. Micro-injection, selection and strain establishment were performed as previously
described (Dickinson et al., 2015).

Temporally-controlled protein degradation

In the presence of TIR1, AlD-tagged proteins are conditionally degraded when exposed to auxin
in the presence of TIR1 (Zhang et al., 2015). Animals carrying auxin-inducible alleles of lin-39
(kas9 [1in-39::mNG::AID]) or unc-3 (0t837 [unc-3::mNG::AID]) (Kerk et al., 2017) were
crossed with ieSi57 [eft-3prom::tirl] animals that express TIR1 ubiquitously. Auxin (indole-3-
acetic acid [IAA]) was dissolved in ethanol (EtOH) to prepare 400 mM stock solutions which
were stored at 4°C for up to one month. NGM agar plates with fully grown OP50 bacteria were
coated with auxin solution to a final concentration of 4 mM, and allowed to dry overnight at
room temperature. To induce protein degradation, worms of the experimental strains were
transferred onto auxin-coated plates and kept at 20°C. As control, worms were transferred onto
EtOH-coated plates instead. Auxin solutions, auxin-coated plates, and experimental plates were
shielded from light.

Microscopy

Worms were anesthetized using 100mM of sodium azide (NaN3) and mounted on a 4% agarose
pad on glass slides. Images were taken using an automated fluorescence microscope (Zeiss, Axio

Imager.Z2). Acquisition of several z-stack images (each ~1 um thick) was taken with Zeiss
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Axiocam 503 mono using the ZEN software (Version 2.3.69.1000, Blue edition). Representative
images are shown following max-projection of 1-8 um Z-stacks using the maximum intensity
projection type. Image reconstruction was performed using Image J software (Schindelin et al.,
2012).

Chromatin Immunoprecipitation (ChIP)

ChlIP assay was performed as previously described (Yu et al., 2017, Zhong et al., 2010) with the
following modifications. Synchronized unc-3 (n3435); lin-39 (kas9 [lin-
39::mNG::3xFLAG::AID] worms at L1 stage were cultured on 10 cm plates seeded with OP50 at
20°C overnight. Early L3 worms were cross-linked and resuspended in FA buffer supplemented
with protease inhibitors (150 mM NacCl, 10 pl 0.1 M PMSF, 100 pl 10% SDS, 500 pul 20% N-
Lavroyl sarsosine sodium, 2 tablets of cOmplete ULTRA Protease Inhibitor Cocktail [Roche
Cat.# 05892970001] in 10ml FA buffer). 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
60 seconds. 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. Twenty (20) ul of equilibrated anti-FLAG M2 magnetic beads (Sigma-
Aldrich M8823) were added to the remainder. The lin-39 (kas9 [lin-39::mNG::3xFLAG::AID])
CRIPSR-generated allele was used in order to precipitate the immunocomplex comprising the
endogenous LIN-39 protein and the bound DNA. The immunocomplex was incubated and
rotated overnight at 4°C. On the next day, the beads were washed at 4°C twice with 150 mM
NaCl 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, LmM EDTA, 10 mM Tris-
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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 NacCl) 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 and then at 65°C overnight (12-20 hours) to reverse cross-link. The
immunoprecipitated DNA was purified with Ampure XP beads (A63881) according to
manufacturer’s instructions. Library preparation and Il1lumina sequencing was performed at the
Genomics Core facility of the University of Chicago.

Real-time quantitative PCR (qPCR) analysis of ChIP DNA.

ChlIP was performed on unc-3 (n3435); wgls18 (lin-39 s™d::GFP) animals as described above.
gPCR analysis of ChIP DNA was performed to probe enrichment of predicted LIN-39 binding
sites at four target genes (acr-2, dbl-1, unc-129, lin-39). Three biological replicates were
included. The primers used are provided in 5°-3 orientation: acr-2 LIN-39 site (FRW:
acattcgcaccaacaaagcg; RVS: aaaggacggacccaacagac), acr-2 3° UTR (FRW:
tttcagcgccacatgtgtttg; RVS: attgcctagtgattctgagtagagg), dbl-1 LIN-39 site (FRW:
gcacaatccctcgggatcaa; RVS: TAAGTTTTGCGCTGCTGCTG), dbl-1 3 UTR (FRW:
atacccgcttctatgtcgec; RVS: ccgtgacacattgcaccaaa), unc-129 LIN-39 site (FRW:
attcgtgtctcgcagggaac; RVS: atagaggaaccggcaaaggtg), unc-129 3° UTR (FRW:
ttctgtctgtacatcttccctace; RVS: tttgccaagaaacaaagagagcag), lin-39 LIN-39 site (FRW:
gacgtctccctctttctecte; RVS: tecgetttctgagactccac), 1in-39 3’UTR (FRW:
gttcaagaaaaatattgtgcgttcc; RVS: catttttcgctcgaactgatgga). The amplification was conducted in a

QuantStudio 3 using the Power SYBR Green PCR Master Mix (ThermoFisher Cat.# 4367659),
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with the following program: Step 1: 95°C for 10 min; Step 2: 95°C for 15 s; Step 3: 60°C for 1
min. Repeat steps 2-3 for 40 times.

Motor neuron identification

Motor neuron (MN) subtypes were identified based on combinations of the following factors: (a)
co-localization with fluorescent markers with known expression pattern, (b) invariant cell body
position along the ventral nerve cord, or relative to other MN subtypes, (c) MN birth order, and
(d) number of MNs that belong to each subtype.

Bioinformatic analysis.

To predict the UNC-3 binding site (COE motif) in the cis-regulatory region of unc-129, del-1,
acr-2, unc-77 and slo-2, we used the MatInspector program from Genomatix (Cartharius et al.,
2005). The Position Weight Matrix (PWM) for the LIN-39 binding site is catalogued in the CIS-
BP (Catalog of Inferred Sequence Binding Preferences database) (Weirauch et al., 2014). To
identify putative LIN-39 sites on the cis-regulatory regions of unc-129, del-1, acr-2, unc-77, slo-
2, 0ig-1, and ser-2, we used FIMO (Find Individual Motif Occurrences)(Grant et al., 2011),
which is one of the motif-based sequence analysis tools of the MEME (Multiple Expectation
maximization for Motif Elicitation) bioinformatics suite (http://meme-suite.org/). To predict the
binding site for the transcription factor UNC-30, we performed FIMO analysis using the UNC-
30 binding motif (WNTAATCHH) described in (Cinar et al., 2005). The p-value threshold for
the analysis was set at p < 0.005.

Automated worm tracking

Worms were maintained as mixed stage populations by chunking on NGM plates with E. coli
OP50 as the food source. The day before tracking, 30-40 L4 larvae were transferred to a seeded

NGM plate and incubated at 20°C for approximately 24 hours. Five adults are picked from the
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incubated plates to each 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 50ul 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.

Behavioral feature extraction and analysis.

All videos were analyzed using Tierpsy Tracker (Javer et al., 2018a) to extract each worm’s
position and posture over time. These postural data were then converted into a set of behavioral
features as previously described (Javer et al., 2018b). From the total set of features, we only
considered 48 that are related to midbody posture and motion, as well as the midbody width (see
Table S3 for feature descriptions and their average values for each strain). For each strain
comparison, we performed unpaired two-sample t-tests independently for each feature. The false
discovery rate was controlled at 5% across all strain and feature comparisons using the
Benjamini Yekutieli procedure (Kim and van de Wiel, 2008). The p-value threshold to control
the false discovery rate at 0.05 is 0.0032.

Cloning, western blot, and immunoprecipitation.

UNC-3, and LIN-39 cDNAs were cloned into the mammalian expression vectors pcDNA 3.1(+)-
C-Flag plasmid and the pcDNA 3.1(+)-N-Myc plasmid by GeneScript, to generate C-terminus
Flag-tagged UNC-3 and N-terminus Myc-tagged LIN-39. The constructs were verified by
sequencing at the sequencing core facility of University of Chicago. The tagged proteins were
expressed in HEK293 cells. Protein expression was detected by standard western blot.

Expression of Myc tagged LIN-39 was detected using anti-Myc (Abcam, #ab9106), expression
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of Flag-tagged UNC-3 in the total cell lysate was detected using mouse anti-Flag (Sigma,
#F3165), expression of Flag-tagged UNC-3 in the IP was detected using rabbit anti-Flag (Sigma,
#SAB4301135). Immunoprecipitation of Flag-tagged UNC-3 was performed using Flag antibody
coated beads (Sigma, #A2220). For the IP, the “Clean-Blot IP Detection Reagent” (Thermo
Fisher, #21230) was used as secondary antibody.

Quantification of Fluorescence Intensity

Images of worms carrying the lin-39::mNG::3xFLAG::AID or unc-3::mNG:: 3xFLAG::AID
alleles were taken on the same slide with the same camera settings at the same development
stage. Acquisition of four z-stack images (each 0.53 pm thick) covering the middle portion of
targeted MN cell bodies was taken with Zeiss Axiocam 503 mono using the ZEN software
(Version 2.3.69.1000, Blue edition). Image reconstruction was performed using Image J software
following average-projection the Z-stacks using the average intensity projection protocol. The
chosen cells for quantification of mMNG fluorescence intensity for both genotypes are the same 10
cholinergic MNs: AS2, DB3, DA2, VA3, VB4, AS3, DA3, VA4, VB5 and DB4. Targeted cell
areas were manually selected with minimum background as region of interest (ROI) and the total
fluorescence Intensity was measured, calculated, and then represented by Image J as Integrated
Density — IntDen (ROI). Background was additionally selected and IntDen (Background) was
calculated. The net fluorescence intensity increase is represented as Nelncr = IntDen(ROI) /
Area(ROI) — IntDen (Background) / Area(Background). 12 NetIncrs of both genotypes were
calculated and data were normalized by dividing the Median of NetIncr (lin-
39::mNG::3xFLAG::AID) for better contrast and presented as arbitrary units (a.u).

Statistical analysis.
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For data quantification, graphs show values expressed as mean + standard deviation (STDV).
The statistical analyses were performed using the unpaired t-test (two-tailed). Calculations were
performed using the Evan’s Awesome A/B Tools online software
(https://www.evanmiller.org/ab-testing/t-test.html). Differences with p < 0.05 were considered
significant. Quantifications are provided in the form of box-and-whisker plots (Tukey boxplot)
with individual data point dot-plotted. In all boxplots, middle horizontal line represents the
median value (equals to Q2). The box illustrates the interquartile range (IQR), i.e., from Q1 to
Q3. The upper limit indicates either the maximum value if maximum < Q3 + 1.5*IQR, or the
value that is not higher than Q3 + 1.5*IQR. Similarly, the lower limit indicates either the

minimum value or the value that is not lower than Q1 - 1.5*IQR.
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Table 4.1 Key Resources Table

Key Resources Table

elegans)

Reagent type
Source or Additional
(species) or Designation Identifiers
reference information
resource
Gene
(Caenorhabditis | unc-3 Wormbase WBGene00006743
elegans)
Gene
(Caenorhabditis | unc-30 Wormbase WBGene00006766
elegans)
Gene
(Caenorhabditis | 1in-39 Wormbase WBGene00003024
elegans)
Gene
(Caenorhabditis | mab-5 Wormbase WBGene00003102
elegans)
Strain
Bob Horvitz Null Allele:
(Caenorhabditis | unc-3 (n3435) MT10785
(MIT, deletion

185




Cambridge

MA)

Strain Caenorhabditis

Allele:
(Caenorhabditis | unc-30 (e191) Genetics CB845

substitution
elegans) Center
Strain 1in-39(n1760) / Caenorhabditis

Null Allele:
(Caenorhabditis | dpy-17(e164) Genetics MT4009

substitution
elegans) unc-32(e189) Ill. | Center
Strain mab-5 (n1239) Caenorhabditis

Allele:
(Caenorhabditis | I11; him-5 Genetics CB3531

substitution
elegans) (e1490) V Center
Strain Caenorhabditis

Allele:
(Caenorhabditis | him-8 (€1489) IV | Genetics CB1489

substitution
elegans) Center
Strain 1eSi57 I1; unc-3 | Caenorhabditis

CRISPR-
(Caenorhabditis | (0t837 [unc- Genetics OH13988

generated allele
elegans) 3::mNG::AID]) | Center
Strain

lin-39 (kas9 [lin- See Material and

(Caenorhabditis This paper KRA110

elegans)

39::mNG::AID])

Method, Section
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Targeted genome

editing
Strain Caenorhabditis Genotype: ieSi57
ieSi57 [eft-
(Caenorhabditis Genetics CA1200 I1; unc-119(ed3)
3prom::tirl]
elegans) Center M.
Strain Caenorhabditis
Genotype:
(Caenorhabditis | ser-2::gfp Genetics OH2246
otls107 |
elegans) Center
Strain Caenorhabditis Genotype: pha-
(Caenorhabditis | oig-1::gfp Genetics OH3955 1(e2123) 1ll;
elegans) Center OtEx193
Strain Caenorhabditis Genotype:
(Caenorhabditis | ida-1::gfp Genetics BL5717 inls179 I1; him-
elegans) Center 8(e1489) IV
Aixa Alfonso
Strain
(University of Genotype:
(Caenorhabditis | glr-5::gfp AL270
Ilinois, icls270 X
elegans)
Chicago IL)
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Strain Caenorhabditis Genotype:dpy-
(Caenorhabditis | srb-16::gfp Genetics BC14820 5(e907) I;
elegans) Center SEx14820
Strain Caenorhabditis
Genotype: ynls40
(Caenorhabditis | flp-11::gfp Genetics NY2040
elegans) Center Y
Strain Caenorhabditis Genotype: dpy-
(Caenorhabditis | twk-46::gfp Genetics BC13337 5(e907) I;
elegans) Center s1s12928 V
Strain Genotype: pha-
(Caenorhabditis | ilys-4::tagrfp This paper KRA22 1(e2123) IlI;
elegans) kasEx22
Strain Caenorhabditis
Genotype: ynls37

(Caenorhabditis | flp-13::gfp Genetics NY2037
elegans) Center "

Oliver Hobert
Strain (Columbia Genotype: lin-
(Caenorhabditis | lin-11::mCherry | University, OH11954 11::mCherry +
elegans) New York myo-2::GFP V

NY)
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Strain

Caenorhabditis

Genotype: dpy-

(Caenorhabditis | klp-4::gfp Genetics BC11799 5(e907) I;
elegans) Center SEx11799
Strain Caenorhabditis Genotype: unc-
(Caenorhabditis | alr-1::egfp Genetics OP200 119(ed3) IlI;
elegans) Center wgls200 X
Strain Caenorhabditis Genotype: unc-
(Caenorhabditis | irx-1::egfp Genetics OP536 119(tm4063) 1lI;
elegans) Center wgls536 |
Strain Caenorhabditis
(Caenorhabditis | del-1::gfp Genetics NC138
elegans) Center
Strain Caenorhabditis

Genotype: julsl4
(Caenorhabditis | acr-2::gfp Genetics Cz631

v
elegans) Center
Strain Caenorhabditis

Genotype:
(Caenorhabditis | unc-129::gfp Genetics evis82b

evis82b IV
elegans) Center
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Genotype: unc-

Strain Caenorhabditis

119(ed3) I;
(Caenorhabditis | dbl-1::gfp Genetics BW1935

ctls43 him-
elegans) Center

5(e1490) V
Strain Caenorhabditis Genotype: dpy-
(Caenorhabditis | nca-1::gfp Genetics BC15028 5(907) I;
elegans) Center sEx15028
Strain Caenorhabditis Genotype: dpy-
(Caenorhabditis | slo-2::gfp Genetics BC10749 5(e907) I;
elegans) Center SEx10749
Strain Caenorhabditis

Genotype:
(Caenorhabditis | ttr-39::mCherry | Genetics CZ8332

juls223 IV
elegans) Center

Genotype: pha-
Strain Caenorhabditis

1(e2123) 1I; him-
(Caenorhabditis | cho-1::rfp Genetics OH13646

5(e1490) otls544
elegans) Center

\Y
Strain Caenorhabditis

Genotype: vsIs48
(Caenorhabditis | unc-17::gfp Genetics LX929

X
elegans) Center
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Strain Caenorhabditis

Genotype: juls76
(Caenorhabditis | unc-25::gfp Genetics CZ13799

I
elegans) Center
Strain Caenorhabditis Genotype: him-
(Caenorhabditis | unc-47::mChOpti | Genetics OH13105 5(e1490) otls564
elegans) Center \Y
Strain Caenorhabditis Genotype: unc-
(Caenorhabditis | unc-30::gfp Genetics OP395 119(tm4063) 1lI;
elegans) Center wgls395

Mark Alkema

Strain (University of

Genotype: zfls8
(Caenorhabditis | ser-2::rfp Massachusetts, | AL270

v
elegans) Worcester

MA)
Strain Caenorhabditis
0ig- Genotype:
(Caenorhabditis Genetics OH11809
1(fosmid)::GFP otls450

elegans) Center
Strain Caenorhabditis Genotype: unc-
(Caenorhabditis | lin-39::gfp Genetics OP18 119(ed3) IlI;
elegans) Center wglsl8
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Oliver Hobert

Genetic reagent (Columbia OtEx5993
(Caenorhabditis | Poig-1_1kb::gfp | University, 0tEx5994 See Table S4
elegans) New York OtEx5995
NY)
Genetic reagent See Material and
Poig- kasEx147
(Caenorhabditis This paper Method and
1 1.6kb::gfp kasEx148
elegans) Table S4
Genetic reagent | Poig- See Material and
kasEx149
(Caenorhabditis [ 1_2.6kb_LIN-39 | This paper Method and
kasEx150
elegans) site #3 DEL::gfp Table S4
Genetic reagent | Poig- See Material and
kasEx151
(Caenorhabditis [ 1_2.6kb_LIN-39 | This paper Method and
kasEx152
elegans) site #4 DEL::gfp Table S4
Genetic reagent kasEx80 See Material and
Poig-
(Caenorhabditis This paper kasEx81 Method and
1 125bp_::tagrfp
elegans) kasEx82 Table S4
Genetic reagent | Poig-1_LIN-39 kasEx91 See Material and
(Caenorhabditis | site mut This paper kasEx92 Method and
elegans) 125bp_::tagrfp kasEx93 Table S4
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kasEx68

Punc-
Genetic reagent kasEx69
3_558bp=>lin-39 See Material and
(Caenorhabditis This paper kasEx70
RNAi + myo- Method
elegans) kasEx71
2::gfp
kasEx72
Punc- kasEx73
Genetic reagent
3 558bp>unc-3 kasEx74 See Material and
(Caenorhabditis This paper
RNAi + myo- kasEx78 Method
elegans)
2::gfp kasEx79
kasEx35
Punc-
Genetic reagent kasEx36
3_558bp>lin-39 See Material and
(Caenorhabditis This paper kasEx37
cDNA OE + Method
elegans) kasEx76
myo-2::gfp
kasEx77
Genetic reagent | Punc-47>unc-3
See Material and
(Caenorhabditis | cDNA + myo- This paper kasEx75
Method
elegans) 2::.gfp
Pcho-
Genetic reagent kasEx38
1 280bp>lin-39 See Material and
(Caenorhabditis This paper kasEx39
cDNA OE + Method
elegans) kasEx41
myo-2::gfp
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Genetic reagent

lin-39 fosmid

kasEx33 See Material and
(Caenorhabditis | WRMO0616aE11 | This paper
kasEx34 Method
elegans) + myo-2::gfp
Antibody anti-Myc (Rabbit
Abcam #ab9106
polyclonal)
Antibody anti-Flag (Mouse
Sigma #F3165
monoclonal)
Antibody anti-Flag (Rabbit
Sigma, #SAB4301135
polyclonal)
Antibody Clean-Blot IP
Detection
Thermo Fisher | #21230
Reagent (Mouse
monoclonal)
Flag antibody
coated beads
Antibody Sigma, #A2220
(Mouse
monoclonal)
anti-FLAG M2
Antibody Sigma-Aldric | M8823

magnetic beads
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(Mouse

monoclonal)
Recombinant PcDNA 3.1(+)- C-terminus Flag-
Genscript pcDNA 3.1(+)
DNA reagent C-Flag (Plasmid) tagged UNC-3
Recombinant pcDNA 3.1(+)- N-terminus Myc-
Genscript pcDNA 3.1(+)
DNA reagent N-Myc (Plasmid) tagged LIN-39
Recombinant Fosmid clone Source lin-39::GFP
WRMO0616aE11
DNA reagent WRMO0616aE11 | BioScience fosmid clone
Gibson
Commercial
Assembly NEB #5510S
assay or kit
Cloning Kit
Commercial QIAquick PCR
QIAGEN #28104
assay or kit Purification Kit
Beckman
Commercial Ampure XP
Coulter Life A63881
assay or kit beads
Sciences
TOPO XL-2
Commercial
Complete PCR Thermo Fisher | K8050
assay or kit

Cloning Kit
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Chemical

Auxin (indole-3-

Alfa Aesar #10196875
compound, drug | acetic acid)
Version
Software,
ZEN ZEISS 2.3.69.1000, Blue
algorithm
edition
Software,
Image J Image J Version 1.52i
algorithm
Software,
RStudio RStudio Version 1.2.5001
algorithm
Software, Adobe
Adobe Version 13.0 x64
algorithm Photoshop CS6
Software, Adobe Illustrator
Adobe Version 16.0.0 x64
algorithm CS6
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Table 4.2 UNC-3 binding sites (COE motifs) are not found in the cis-regulatory region of

VD- and VC-expressed terminal identity genes.

Terminal identity
Expression Effect in unc-3 (-) COE motif

gene

unc-17 Cholinergic MNs Yes
cho-1 Cholinergic MNs Yes
acr-2 Cholinergic MNs Loss of expression in | Yes
del-1 Cholinergic MNs MNs Yes
unc-129 Cholinergic MNs Yes
nca-1 Cholinergic MNs Yes
slo-2 Cholinergic MNs Yes
ser-2 VD No
0ig-1 VD No
flp-11 DD/VD/VC No

Ectopic expression in
twk-46 DD/VD/VC No
MNs

ilys-4 DD/VD/VC No
glr-5 VvC No
ida-1 VC No
srb-16 VC No

197



Table 4.3 Novel LIN-39/Hox targets in cholinergic and GABAergic (VD) motor neurons.

LIN-39 targets in cholinergic MNs LIN-39 targets in GABAergic VD MNs
. LIN-39 UNC-30 LIN-39
COE motif . . .
(relative to Slt_es P value Slt_es Slt_es P value
relative 1o relative to relative 1o
ATG) lative t lative t lative t
ATG) ATG) ATG)
LIN-39 sites: _
#1 (-1957-1950) | *1p=000162
Peakit4 N.D. #2 p=0.00144
#2(1868-1861) | 5P7) ol
#3(-1804-1797) :
LIN-39 sites: .
_ | CcOE1 (-262-240) -39 #1 p=0.000119 -
lig% COE2(346324) | 12 E_j‘zl‘l‘_ﬁg #2 p=0.00474 Ojl-g
COES3 (458-436) | 43 376 300) #3 p=0.0014
i | #4(-974-967) #4 p=0.00377
Peakt3 U(’f'g%;%;'lt)e “ | #5(-843-836) #5 p=0.00474
#6 (-801-794) #6 p=0.00441
. LIN-39 site:
LIN-39 sites: #1 p=0.00259 #1 (-311-304) #1 p=0.00368
#L(276-269) | 45 16 .00386 #2 (-254-247) | *2p=0.00274
COEL(-194-172) | #2(-323-316) 3 b=0.00187 UNG30site: | # (198.101) #3 p=0.00472
del-1 COE2 (-2374- #3 (-389-382) e ser-2* X #4 p=0.00181
#4 p=0.00402 #1(-253-246) | #4 (-183-176) =
2352) #4(487-480) | oo 5 (139.13) #5 p=0.00144
#5 (2045-2438) | "o P00 e 4 (121108 | 6p=000461
#6 (-2609-2602) i (s141145) | *7P=0.000491
LIN-39 sites:
#1 p=0.000864
FLETOLTBY) | ) 2:0.000574
#2 (-759-752) 4 p=0.0016
acr- | coe2 (-483-461) ﬁf" Ejggg:gggg #4 p=0.0047
0% COE1 (-147-126) #5 p=0.00205
#5(-486-479) | 41 0.00135
46 (-482-475) 70,0045
47 (-468-461) 48 10,0032
48 (-464-457) :
LIN-39 sites:
#1 p=0.00474
#1(-1475-1468) | 1 g:o 00441
COEL(-1433- | #2(-1460-1453) | P~ 0 nichs
dbl- 1411) #3 (1217-1210) | TP E
1* COE2 (-1231- | #4(-1209-1202) | o p—_o 000513
1210) #5 (-1087-1080) #sp;;:b 0057
# (1078-1072) | 20
#7 (-1035-1-28) :
Note

1. Asterisk (*) highlights novel LIN-39 targets; N. D: Not Determined.

2. The selected cis-regulatory regions are LIN-39 ChIP-seq peaks from modENCODE project
which fall within the DNA sequence used for our reporter constructs (except for del-1).

3. All UNC-3 binding sites (COE motifs 23bp) and LIN-39 binding sites have either been
previously described in Kratsios et al. 2012 or been predicted by FIMO search (p < 0.005).

4. UNC-30 binding site on ser-2 locus was predicted by FIMO search. UNC-30 site on o0ig-1 was
experimentally validated in Howell et al., 2015.
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Table 4.4 Comprehensive list of mid-body features of worm tracking

[Feature N Detailed description of feature and unit of Ni lin-39 (a1760) 1 ho-1-lin-39 OE#9 5GP 3-lin-39 H
mean ralues | pvalue compan pralue compared { mean ralues compared 1d mean values | pralue compare{ mean values 1
width_midbody 10t f midbody width 5 VT TR ) MO 06454156802 | 741318300374 08571079033 03693863227 | 704414596559
Canvatire_mean_madbody_abs_ i
10th 10th percentile of the absotite vahst of midbody mean corvatury OD002TTI6NG | 00002327734 |  0.0768704467|  0.0004309297|  0.0000002730|  0.0004839073 0.0000006603 | D.0002384885 | 01643420590 | 0.0002783856 09447651673 |
envatire_mean_madbody_abs_
90k tils of the absobote value of 00034673289 | 0.0030230876|  0.0083845538 |  0.0053191672|  0.0000000000|  0.0036124115 0.0000000003 | 00033422481 | 02675903582 | 0.0034500406 08567483491
curvatire_td_midbody_abs_1 |mmorm¢mmmummmmnmmry
Oth 00021135608 00011625531 | 0.0000000000| 00016177845 |  0.0001301998 |  0.0011763271 0.0000000000 | D.0010590682 |  0.0483568078 | 0.00215116%9 0.S400130041 |
mzvmle d_idbody_ibs 9 mwmnrmmmmmnrm “tandard deviation of euabody i
00046334698 | 0.0034972655 |  0.000000008S | 00057134557  0.0000669070| 00044927783 05107000486 | 00044165663 | 0.043027300 | 0.0045141600 04266380034 |
dmmmm oF The tiree derivative of the mean
5 100 midbody curvature 00000335470 | 0.0000382200 |  0.0000002414 |  0.0000612700|  0.0011620970 | 0.0000390035 0.0000002794 | 0.0000519858 | 00000312533 | 0.0000630176 0.0053265570
d_curvature_mean_mndbody_ab 30th percentile of the absolste value of the time dermatve of the mean
5 90h survatise 00031035888 | 0.0013203 0000020213 | 00014777993 | 0.000000448: 0008164 00000000 00021197200 | 00029460833 | 0,002044
u corvature_std_midbody_abs mp(mmwnnmm»mmh Time derivaiive o the standard
10th deviation of the midbody curv 00000960781 | 0.0000593124 |  0.0000033025 | 00000797277 |  0.0096514558 | 00000638274 00000132937 | 00000673399 | 00000611033 [ 0.0000765336
@_curvatuee_std_midbody_abs mmmormmmmm«m Time derivaiive of the stzndard
S deviation of the midbody cuevature 00022994295 | 0.0012433658| D.0DODI3SRND |  0.0014991598 |  0.0000828674| 00010417095 0.0000000546 | D.0016378089 | 00023017096 | 0.0016896912
urvature_mean_madbody_abs_
e o the absolute value of mtan evvanues OOOITITIATI | 00015032336 | D.0D4STRIONS| 00026425603 |  0.0000000000| 00030855980 0.0000065773 | 00016942077 | 0.S5ITITTIZ [ 0.0017033175
curvature_std_mudbody_sbs | hmqmmrnfmm!zmdhmhmﬁm
QR curvarue 00013103003 | 0.0012106208 | 0.0KIE3RT055 | 00021628844 |  0.0000000012 | 00018009138 00017644053 | 0.0013053204 | 08093526454 [ 0.0012463767
d_curvaturs_mean_madbody_ab Inter-quartile rangs of the bsolute valus of fhe time derivative of the mesn
s QR curvatire 00013835508 | 0.000330885 |  0.0000011203 | _ 0.0006313830 00003616393 0.0000000038 | 0.0008168330 | 0.0004372071 0.0009300763
&_curvature_wid_midbody_abs lnla-q\u:lﬂewvﬁhmm:ﬂweofﬂ! time derrvatree of the standard
I deviation of the 00010238783 00003427337 |  0.0000101053 00006822453 0.0001520221 00004847623 00006810817 | 0.0006037740 0.0007376303
corvature_mean_midbody_w_b mnmmmnummmuonmmuymmmmm
ackward_abs_10th ‘moving backwards 00002999378 | 0.0002971000 353872435 | 0.0003389157| 03599007157 00003410464 00002817723 | 03366939842 |  0.0003099948
curvarurs_mean_midbody_w_b mmmormwmmnofmmm mean curvatare while the
ackwand,_abs 9t backwards 00035582572 | 00033383697 | 02101658902 |  0.0042925112 |  0.0486529721| 00040628662 00299233497 | 00034029360 | 02793559979 |  0.0033472649
curvature_snd_midbody_w_bac IMpmmo[mabwh:rnvlhnoﬂh standard devaation of midbody
oward_abs_10th ture while the worm backwards 00022459962 | 00013374187 |  0.0000000004 |  0.0015006697 |  0.0000051457| 00013253095 0.0000000891 |  0.0021043842 | 0.0739884608 | 0.00227388%0
curvature_itd_midbody_w_bac mwermﬁmmm«m standard devaation of mudbody
fovand_obs 90t curvature while the worm is moving backwards 00045807281 | 0.0035819632 |  0.0000000041|  0.0040183895 |  0.2082085021| 00037708153 0.0005156780 |  0.0044625608 | 01382139922 | 0.0045658811 0903133979
d_curvature_mean_msdbody_w of the tise & ofthe mean
“backward_abs 10tk midbody curvature while the worm is 00000976440 | 0.0000801408 |  0.0066216124 |  0.0000876158 |  0.1991041113 | 00000806002 00383193743 | 0.0000762600 | 0.0009485612 | 0.0000794515 0,0053852502
&_curvature_mean_mdbody_v | 50tk perceatile of the absolie valse of the time derivaieve of the mean 1
“packward_abs 90tk ‘curvature while the worm is moving backwards 00037574183 | 0.0022774683 | 00002638400 00000018304 | 0.001790839 000023 00005373482 | 00026104904 00007964205 |
@_curvarure_sta_midbody_w_t umnpummunumm»mmhmmmumuum i
ackoward_abs_10sh  the midbody curvature whilkt the worm is moving bacicwards 00001025507 | 0.0000922015 | 01047891334 07756317796 | 00000869873 0.0346936387 00002899332 | 0.0000852369 QDOMSTINS
@_curvarue_std_midbody_w_b. mmmmrmmmwnuofm time derfvative of the standard
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Chapter 5 Discussion and Future Directions

5.1 Summary

In summary, this dissertation focused on the non-canonical role of Hox genes in the regulation
and maintenance of C. elegans motor neuron terminal identity. MNs in the VNC acquire their
functional terminal identity during the last steps of neuronal development and maintain their
identity throughout life. My findings on Hox genes surprisingly revealed non-canonical roles
during these processes. First, Hox genes were intensively studied during embryogenesis and
early steps of neuronal development while here we demonstrated the functions of Hox proteins in
regulating NT pathway genes and a broad range of MN terminal identity genes. Second, Hox
genes are continuously expressed throughout life in MNs and we are among the first groups to
establish the MN expression profile of Hox genes with single cell resolution. Third, the sustained
expression of Hox genes corresponds to their functions in maintaining MN terminal identities.
Fourth, Hox genes are region-specific TFs exerting conserved roles in the regulation of MN
terminal identity in a region-specific manner collaborating with distinct cell-type-specific TFs
(terminal selectors) in different cell types. Lastly, Hox proteins and terminal selectors are
involved in a regulatory network with mutual positive/negative regulations and they together,
engage in a coherent feedforward loop to safeguard MN terminal identity. These findings bring
new insights into the function of Hox gene studies and advance our understanding of the

establishment and maintenance of neuronal identities.
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5.2 Discussion

5.2.1 A non-canonical role for Hox proteins in the last steps of MN development

Hox genes are well known to confer segmental identities to anteroposterior body patterning.
Downstream targets of Hox proteins are involved in fundamental processes during early
embryogenesis, such as cell migration and survival. Whether Hox genes continue to be expressed
and carry out important functions during later stages of development is far less studied. Here, we
found a non-canonical role for Hox genes in C. elegans VNC MNs reflects. We established a
MN expression profile of all C. elegans Hox genes with single cell resolution and demonstrated
their functional significance during the last steps of MN development (Figure 1.1 and Al). The
continuous expression of Hox genes safeguards MN terminal identity features, such as NT

synthesis and packaging, neuropeptides, ion channels, and receptor proteins etc.

5.2.2 MN terminal identity genes identified as novel targets of Hox proteins

Identifying and characterizing the downstream target genes of Hox proteins has always been a
major challenge in the field. Through this thesis work, we have identified and characterized a
number of new Hox targets, broadening the spectrum of genes regulated by Hox proteins. The
summary of identified ceh-13 targets is mig-13/CD320/LDLRAD2, unc-53/NAV1, unc-
129/GDF10, and acr-2/AChR. The summary of identified lin-39 targets is irx-1/TALE, oig-
1/0nelG, unc-53/NAV1, cho-1/ChT, unc-17/\VAChT, ace-2/AChE, del-1/ENaC, unc-
T7INALCN, twk-46/TWIK, slo-2/KCNT, unc-129/TGFp, dbl-1/BMP, flp-11/FMRF, ser-

2/GPCR, srb-16/GPCR, ida-1/PTPRN, glr-4/AMPA, glr-5/AMPA, acr-2/AChR.
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5.2.3 Hox proteins regulate downstream targets in MNs in a region-specific manner.

Through studying the regulation of these novel Hox targets, we found a conserved theme of
spatial regulation in line with the spatial collinearity of Hox genes. These Hox downstream
targets are expressed in a cell-type-specific manner while they are under the regulation of Hox
proteins in a region-specific manner. Hox proteins, on the other hand, regulate a broad range of
downstream targets regardless of the cell type. Hence, Hox genes function as spatial indicators
for a particular terminal identity gene expressed in a specific MN subtype: More anterior Hox
proteins regulate downstream gene expression in the anterior MNs of this subtype, while

posterior Hox genes regulate target expression in the posterior MNs of the same subtype.

Examples could be found in Kratsios et al., 2017 where distinct DA and VA MNs localized
along the VNC are regulated via different Hox genes along the A-P axis. Mid-body expression of
terminal identity genes is regulated by mid-body Hox genes lin-39 and mab-5, while posterior
expression of the same target is under the regulation of posterior Hox gene egl-5. The same logic
of spatial regulation of Hox genes is also characterized in Chapter 4 in agreement with what is
published for Hox genes during early developmental stages. The conserved and well-controlled
regulation of downstream targets by Hox proteins also indicates mechanisms that fine-tune and

maintain distinct Hox domains during both early and late stages of development.

5.2.4 Mutual regulation of Hox genes at the transcriptional level

As discussed in Chapter 1, the regulation of Hox gene expression domains has been
characterized in different levels (transcriptionally, post-transcriptionally and post-
translationally). In MN development, only a few pieces of evidence suggest the mutual
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regulation of Hox proteins. Through unpublished data (Figure D1), we demonstrated that the
more posterior Hox genes lin-39 and egl-5 represses a transcription reporter of the more anterior
Hox gene che-13, while the posterior Hox gene egl-5 represses a transcription reporter of lin-39
as well. Hence, it seems that the posterior prevalence mechanism of Hox proteins applies to the
later stages of MN development, involving the transcriptional regulation (repression) of anterior

Hox genes via posterior Hox proteins.

5.2.5 Hox proteins collaborate with terminal selectors to regulate terminal identity features

of distinct MN subtypes.

The cross-regulation of Hox proteins ensures their exact functional domains, but how can the
same Hox protein co-regulate terminal identity genes expressed in distinct MN subtypes? The
first hypothesis we tested is collaboration with cell-type-specific TFs (usually terminal selectors).
The intersectional co-regulatory mechanism of Hox proteins and UNC-3 cooperatively
regulating cholinergic MN terminal identity genes among distinct MN subclasses has been
enlightening, leading us to investigate if similar molecular mechanisms are adopted for the

regulation of terminal identity of other MN subtypes.

For example, UNC-3 and UNC-30 are terminal selectors for the VNC cholinergic MNs and
GABAergic MNs, respectively, co-regulating a large spectrum of terminal identity genes. One
terminal identity gene mig-13 is expressed in both cholinergic and GABAergic MNs and is a
target of UNC-3 and UNC-30 (Figure F1), respectively. mig-13 encodes an evolutionarily
conserved transmembrane protein, cell-autonomously regulating the asymmetric distribution of

actin cytoskeleton in the leading migratory edge. Previous research has characterized mig-13
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under the regulation of the anterior Hox gene ceh-13 and my unpublished data confirmed this
finding. In ceh-13 mutants, mig-13 expression is completely compromised in both cholinergic
and GABAergic MNs both at L1 and L4 stages. Post-embryonic MNs are normally generated in

ceh-13 mutants (unpublished data) but they no longer express the mig-13 GFP reporter.

This data prompts us to hypothesize that the regulation of mig-13 relies on the collaboration of
Hox proteins with distinct terminal selectors (UNC-3 in cholinergic MNs and UNC-30 in

GABAergic MNs) in different MN subtypes. Besides ceh-13, mid-body Hox genes lin-39 and
mab-5 are of particular interest to test this hypothesis due to their overlapping expression with

unc-3 or unc-30 in mig-13-expressing MNS.

5.2.6 Mutual regulation between Hox proteins and terminal selectors

Not only do terminal selectors collaborate with Hox proteins to regulate terminal identity genes,
but there is mutual regulation between them. For example, in the VNC cholinergic MNs, mid-
body Hox proteins LIN-39 and MAB-5 activate the transcription of unc-3, while UNC-3 in turn,
represses the transcription of 1in-39 and mab-5 (Chapter 3). These interactions bear great
functional significance in the regulation of cholinergic MN terminal identity. Hox genes 1in-39
and mab-5 on the one hand, undergo transcriptional autoregulation to maintain their expression
in later stages of development. On the other hand, LIN-39 and MAB-5 activate unc-3
transcription. Both will positively regulate cholinergic identity gene expression such as cho-
1/ChT and unc-17/VAChT in the ACh pathway, forming a type | coherent feedforward loop.

Theoretically, Hox protein levels can accumulate, if for example the turnover rate of Hox
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proteins is low. The negative feedback from UNC-3 provides a balancing mechanism to control

the levels of Hox proteins to further safeguard the developmental outcome of cholinergic MNs.

5.2.7 Hox genes function at the top of a transcriptional network for MN terminal identity.

Hox genes exert a later role in the last steps of MN developments by directly regulating a broad
range of terminal identity genes for different MN subtypes. Hox genes can maintain their
expression in post-mitotic MNs through positive autoregulation. Their precise levels of
expression, on the other hand are balanced through the interplay of Hox positive autoregulation

and negative UNC-3 feedback.

Controlled levels of Hox gene expression are tightly linked with MN terminal identity. Gene
dosage experiments that affect Hox levels led to “mixed” MN identity. For example, in the
balanced WT situation for cholinergic MNs, endogenous UNC-3 levels are significantly higher
than LIN-39. As a result, repression of 1in-39 by UNC-3 dominates, and counterbalance the
positive autoregulation of lin-39. This leads to a controlled lower level of LIN-39. However,
upon unc-3 overexpression, the balance is broken with complete tilt toward extremely low levels
of LIN-39. Consequently, cholinergic MNs lose their identity: some VA and VB MNs start to
express terminal identity reporter of DA and DB MNs such as unc-129::GFP. This is later found
to involve the UNC-3 co-repressor BNC-1. In WT situation, BNC-1 is activated by LIN-39 in
VA and VB MNs to antagonize the activation of unc-129::GFP by UNC-3. Upon unc-3
overexpression, the balanced is disrupted and BNC-1 levels dramatically decrease, leading to a
failure to repress unc-129::GFP expression in VA and VB MNSs. As a result, unc-129::GFP is

de-repressed in VA and VB MNs, which means the MNs now adopted a mixed identity by
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partially obtaining DA and DB identity. Therefore, cholinergic MNs intra-identity is mis-

regulated (unpublished data in Figure G1).

On the other hand, upon unc-3 depletion or lin-39 overexpression, the UNC-3-LIN-39 balance is
tilted in the other direction with more LIN-39 and less or no UNC-3. Then, MNs lose their
cholinergic identity and ectopically express terminal identity genes indicative of alternative
identities such as VD-like and VVC-like identity (Chapter 4). This way, cholinergic MNs lose

their identity to obtain alternative identity features.

Another reason to place Hox proteins instead of terminal selectors like UNC-3 at the top of a
transcriptional network of MN terminal identity is the biased nature of UNC-3-LIN-39 balance.
UNC-3 is endogenously higher than LIN-39 and further increase of UNC-3 levels will be
amplified leading to tilted balance. On the other hand, LIN-39 levels are always in check through
simultaneous positive autoregulation and negative UNC-3 feedback, with fluctuations in LIN-39
levels manageable for rebalance. Ongoing research in Kratsios Lab is aiming at resolving the
negative autoregulation of UNC-3 to make the balance more robust for perturbations or

fluctuations.

5.2.8 Hox proteins function as terminal selectors.

Upon investigating the functions of Hox proteins in C. elegans MNs, we conclude that they are
terminal selectors as well. Hox proteins are region-specific terminal selectors that dictate MN
terminal identities in collaboration with cell-type-specific TFs in distinct MN subtypes. Based on
our identification of a broad range of Hox downstream targets, we conclude Hox proteins are
able to regulate multiple levels of terminal differentiation. First, they are able to regulate cell-
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type-specific TFs that serve as terminal selector. Second, they are able to regulate co-repressors
of terminal selectors. Third, they are able to activate terminal identity genes of different subtypes

in a region-specific manner. Lastly, they are able to mediate terminal identity switch.

A recent article in Nature proposed a homeodomain TF code for all C. elegans neurons with the
concept that a different combinatorial expression of Homeodomain TFs in individual neuron
types dictates distinct neuronal cell fate. In VNC MNs, it might be possible to establish a similar
homeodomain code based on combinatorial Hox gene expression and function. Unpublished
single-cell RNA-seq data suggests a clear clustering of MN subtypes based on differential
expression combinations of Hox genes. In line with these ideas and data, | wish to speculate that
the expression profile of Hox genes is of crucial importance for adoption of MN terminal

identity.

5.2.9 C. elegans Hox genes function later during development

It is interesting to note that the later role of Hox genes is mainly identified and characterized in
C. elegans. Growing evidence in Drosophila and mammalian systems also support the
conclusion of this thesis. In C. elegans, genes that cause large-scale homeotic transformation
phenotypes during embryogenesis are not Hox genes. Hox genes, in C. elegans, behave more
like region-specific selector genes that function during later development stages in various tissue.
This will partially explain the survival of most Hox mutants in C. elegans, unlike the Hox mutant
phenotypes in flies and mice. One interesting potential explanation for this is rooted in the
lineage. C. elegans animals are not technically segmented animals and cell fate specifications

happens along with the A-P polarity establishment during cell divisions within lineages. Hox
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genes are later initiated in a non-lineage manner. The different periods of time when Hox genes
are initiated and function and when global A-P identity formation are somehow separated. More
and more evidence suggests that only after animal hatching, during larval stages, Hox genes
behave more like homeotic selector genes and resemble the common ancestor of Hox genes. It’s
speculated that during evolution, the animal body plan became more sophisticated and neuronal
control of appendages and other tissues became more demanding. Hox genes perhaps evolved to
take this task and initiate theie expression earlier and earlier and become more and more

indispensable undergoing stricter regulation and function with redundancy.

5.2.10 Hox genes and cancer.

The novel role of Hox proteins in later stages of neuronal development is actually not entirely
brand new. It seems that the Hox genes are repetitively used multiple times during the course of
development to achieve similar roles in different developmental contexts. After the establishment
of primary, A-P axis, animal bodies need to generate secondary A-P axis especially in
segments/appendages and especially in the nervous system. Hox genes, this time during later
stages of development, can also deposit positional information to instruct patterning on finer and
finer levels of development (e.g. MN subtype differentiation). A later role for Hox proteins has
also been reported in carcinogenesis, another level of reuse during development, albeit abnormal.
Hox gene expression is often altered in cancer and Hox genes can function as both oncogenes as
well as tumor suppressor genes. Growing evidence links deregulation of Hox genes to crucial
processes of oncogenesis, tumor proliferation, invasion, angiogenesis and metastasis.

Aberrations of Hox gene expression have already been reported in multiple types of malignancy
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such as breast cancer, lung cancer, prostate cancer and leukemia etc. To this end, understanding
the role of Hox genes in later stages of development may reveal novel insights to fully grasp the

spectrum of Hox functions, possibly providing therapeutic possibilities.

5.3 Limitations and Future Directions

5.3.1 Potential role of other Hox genes in MN development

The model raised above was mainly based on our investigation of mid-body Hox gene lin-39 and
mab-5. Whether other C. elegans Hox genes exert similar roles in VNC MNs is largely unknown
and can be a great next step to study. There are 4 Hox genes with expression in the VNC MNSs:
ceh-13, lin-39, mab-5 and egl-5. One of them, the anterior Hox gene ceh-13 is of particular
interest. ceh-13 is the least studied Hox gene, partially due to the embryonic/early larval lethality
phenotypes. We know little on the function of ceh-13 during later stages of MN development.
Unpublished data suggests that ceh-13 regulates 4 terminal identity genes (mig-13, unc-
53/NAV1, unc-129/TGFp, acr-2/AChR) in embryonic MNs (Figure B1). Making use of Auxin-
induced-degradation system, we were able to bypass the lethality to conditionally remove CEH-
13 protein during later stages of development upon Auxin treatment and study its function. This
way, our preliminary data indicates that ceh-13 also undergoes transcriptional autoregulation to

maintain its expression in later stages of larval development.

For the posterior Hox gene egl-5, previous studies have identified terminal identity genes as
downstream targets such as itr-1/ITPR1, glr-4/AMPA, mig-13, and flp-18/FMRF. We have also
established a Auxin inducible allele of egl-5(syb2361) [egl-5::mNG::AlID] and this allele will
facilitate further studies in characterization the potential autoregulatory mechanisms as well as
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testing if egl-5 is required for maintenance of posterior MN terminal identity features throughout

life.

5.3.2 A discussion on the temporal resolution of our studies

A limitation of this thesis work resides on the lack of adequate temporal resolution when
compared to the spatial single-cell resolution we achieved. We have illustrated, in single cell
resolution, the MN expression profile of C. elegans Hox genes ceh-13, lin-39, mab-5 and egl-5,
but we did not precisely establish when exactly do those Hox genes initiate to express and
function in MNs and whether Hox gene expression changes overtime. This temporal resolution
bears great significance as well. Our model in general indicates regulatory mechanisms but
doesn’t specify if the mechanisms can be applied throughout life. There are at least three stages
when the involved mechanisms can differ: Hox gene initiation in MNs, Hox gene regulation
during MN terminal differentiation, and Hox gene maintenance throughout life of MNs. Most of
our analysis focused on the last larval stage (L4) and adult stages and we are able to therefore
make a strong case for the role of Hox genes in the last steps of MN development and
maintenance of MN terminal identity. However, the same mechanisms might not operate during
the initiation of Hox gene expression or even during the establishment of MN terminal identities.
Our preliminary evidence suggests that lin-39 and ceh-13 initiate their expression in 2-3 fold
larval stages in embryonic MNs. We don’t show with solid evidence whether Hox genes are
expressed in their progenitors, nor do we demonstrate the expression and function of Hox genes
in the generation of post-embryonic MNs at late L1 stage. Our genetic analysis utilized null

alleles of Hox genes which eliminate gene function from early on globally. We cannot
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distinguish mechanisms involved between initiation versus maintenance of MN identity. More
precisely, we cannot conclude with full confidence that besides the maintenance role of Hox

genes on MN terminal identity, whether Hox are required to also initiae MN terminal identity.

The above limitations also point to new future directions that dive deeper in temporal resolution
to firstly establish Hox gene MN expression profile temporally and then characterize their
functions during different stages, possibly upon conditional knock-out/down (through the AID
protein depletion system, for example). This way, we can have a complete understanding of the
roles of Hox genes not only during the last steps of MN development, but also during the

establishment of MN terminal identity.

5.3.3 Further steps to achieve deeper mechanistic understandings

Mechanistically, we lack thorough understandings on what happens specifically at the molecular
level. Hox genes are notoriously known for their low binding affinity to DNA sequences.
Bioinformatic analysis can provide us with potential Hox binding sites but we need more
evidence to reveal molecular details. We performed ChlP-seq of LIN-39 in order to
systematically identify downstream targets, but we only got suboptimal quality data. We plan to
unbiasedly identify targets of the other Hox genes as well in VNC MNs. For that, we need to

optimize protocols and perform ChlIP-seq for CEH-13, MAB-5 and EGL-5.

Hox genes can bind to DNA as monomers, homodimers, as well as heterodimers, heterotrimers,
or protein complexes with TALE family of co-factors. PBX and MEIS family of proteins
function as Hox co-factors across species. Their orthologs are found in C. elegans (CEH-
20/PBX, UNC-62/MEIS). Our unpublished data suggests CEH-20 is necessary for regulating
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terminal identity genes under the regulation of Hox proteins such as glr-4/AMPA, acr-2/AChR,
unc-129/TGFp, ida-1/PTPRN, ser-2/GPCR, flp-11/FMRF, glr-5/AMPA and ilys-4/LYSozyme.
Additionally, CEH-20 is also required for the autoregulation of ceh-13, lin-39 and mab-5.
Whether UNC-62 exert similar roles is unknown. What are the Hox genes that CEH-20

collaborates with to regulate MN terminal identities is also unknown.

In addition to PBX and MEIS co-factors, Hox proteins also collaborate with terminal selectors.
In Chapter 3, we characterized the interactions between LIN-39 and UNC-3 in cholinergic
MNs. Unpublished data (Figure E1) also points to the possibility of similar mechanisms in
GABAergic MNs that involves co-regulations and even interactions between Hox proteins
(possibly CEH-13 and LIN-39) with UNC-30. However, we don’t know the molecular details on
how Hox proteins and terminal selectors co-regulate MN terminal identity genes. Available
ChIP-seq data suggests Hox proteins and terminal selectors have binding peaks in close
proximity. We knew from a heterologous in vitro cell culture system that UNC-3 and LIN-39 do
not physically interact, but this possibility is not firmly excluded. We do not know if one protein
might indirectly recruit the other one or if the process involves epigenetic modifications. Further
biochemical and genomic investigations on Hox functions in MNs can focus on the molecular

details on the cis, trans, or epigenetic interactions.

5.3.4 Limitations on quantifications and other technical challenges

Through this dissertation, quantifications are done manually or semi-manually in a non-blind
manner. This would certainly bring limitations. Moreover, the quantifications might not fully

reflect what really occurs endogenously. For example, endogenous reporter genes can express at
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an extremely low level and below certain detection thresholds at the current fluorescence
microscopy conditions. Sometimes, we arbitrarily set up a threshold for our quantifications of the
number of MNs expressing reporter genes in WT animals, and when expression levels are below
this threshold, we quantified that as zero/no expression. When we quantified the fluorescence
intensity instead to improve our resolution, we are also limited to the high noise/signal ratio and
background subtraction. To bypass this, we developed a quantification method that involves
manual selection of MNs with circling the outline of MN cell bodies and quantifying the
fluorescence intensity through the FIJI imaging software. These quantification limitations can be
overcome with automatic algorithms in the future. And the resolution of imaging can be

improved through confocal microscopy.
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APPENDIX A Expression profile of C. elegans Hox genes in ventral nerve cord motor

neurons with single cell resolution
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Figure Al Expression profile of Hox genes in VNC MNs with single cell resolution. (A)
Summary of ceh-13, 1in-39, mab-5, and egl-5 expression profile. (B-E) Colocalization analysis
for those genes respectively
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APPENDIX B A preliminary investigation of ceh-13/Lab in autoregulation and regulation

of motor neuron terminal identity
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Figure B1 ceh-13 undergoes autoregulation and regulates MN terminal identity. (A)
Representative images of mig-13 reporter gene muls42 [mig-13::GFP] expression in WT versus
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ceh-13(swl) genetic null mutant background (Left side). ceh-13 mutant worms were imaged only
if they were arrested for growth at L1 stage. One the right side, quantifications of the number of
MNs expressing reporter genes of mig-13, unc-53, unc-129 and acr-2. All cases show significant
decrease of expression upon ceh-13 mutants indicating ceh-13 is required for reporter gene
expression. (B) On the left side is the genetic locus of ceh-13 overlay with a reporter gene of
ceh-13 swisl [Pceh-13_8kb::GFP] and its expression in WT versus ceh-13(sw1) background.
Representative images are on the left bottom and quantifications are on the rightest side. In the
middle is a quantification of pan neuronal reporter rab-3::tagRFP expression in WT versus ceh-
13 null background, indicating the total number of MNs does not decrease upon ceh-13 null but
MN numbers expressing swisl decreased, which suggests for the potential autoregulation of ceh-
13. (C) One the left is the representative images of ceh-13(syb2307) [ceh-13::mNG::AID]
expression in control situation versus Auxin-treatment situation. Auxin will induce CEH-
13::mNG::AID protein complex degradation. The control was done with no Auxin treatment but
with ethanol treatment which was used to dissolve Auxin. On the right is the quantification of the
number of MNs expressing swlsl in worms expressing ceh-13::mNG::AID with pan neuronal
TIR-1 protein which functions as Auxin receptor upon ethanol versus Auxin treatment. The
significant decrease indicates that CEH-13 is required to maintain ceh-13 reporter gene swisl
expression in MNs. Treatment was administrated at L1 or L2 stages and worms were scored after
2 days’ treatment at room temperature when they reached L3 or L4 stages. (D) Preliminary work
to identify potential ceh-13 autoregulation site in a 450bp enhancer region. On the top is
embryonic CEH-13 ChiIP-seq track overlay with ceh-13 locus with corresponding genetic natures
of several reporter genes including enh450 that was based on a 450bp enhancer region of ceh-13.
This reporter was published to drive expression during embryogenesis. We found in details that
from bean stage to comma stage to two-fold and three-fold stage embryos (representative images
illustrated this on the top row from left to right). enh450 is able to drive expression but no longer
during development. Within enh450 there is a predicted CEH-13 binding site highlighted with
black filled circle on schematic. Upon mutation of this site, embryonic expression is great
compromised (representative images illustrated this on the left bottom). This data demonstrated
the importance of this site for autoregulation but was not sufficient to interpret if autoregulation
is required for initiation or maintenance of ceh-13 expression during embryogenesis. Nor can we
interpret the mechanisms for maintaining ceh-13 expression after three-fold stage and later on at
larval stages. Other cis-regulatory regions remain to be identified in the future.
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APPENDIX C A preliminary investigation of mab-5 in autoregulation and regulation of

VC motor neuron terminal identity
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Figure C1 mab-5 undergoes autoregulation and regulates VC MN terminal identity. (A) represen
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tative images (left) and quantifications (right) of mab-5 reporter gene mulsl16 expression in WT,
mab-5(nel1239) heterozygous and homozygous background. e1239 is a genetic null allele of
mab-5. This data indicates that mab-5 undergoes autoregulation in VNC MNs and the
autoregulation is sensitive to mab-5 levels. (B-E) Quantifications of VC MN terminal identity
gene reporter (otls576 [unc-17_fosmid_GFP], ida-1::GFP; lin-11::mCherry, gir-5::GFP)
expression in ced-3, ced-3; lin-39, and ced-3; lin-39 mab-5 mutant background (data shown as
violin plot). In lin-39 mutants, VC progenitors undergo apoptosis which relies on the function of
CED-3 caspase. In ced-3 mutants, VC MNs in lin-39 animals will survive. Comparing between
the number of MNs expressing VC reporters in ced-3; lin-39 versus ced-3; lin-39 mab-5 triple
mutants in VC4-6 where mab-5 is expressed, we wish to study the function of mab-5 in
regulating VC terminal identity. We cannot be conclusive at this time without further evidence.
But it’s possible that mab-5 functions as a repressor for VC identity genes. A special future
direction is to study the role of mab-5 in MN migration along the VNC as in mab-5 mutants,
MNs tend to migrate towards anterior side.
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APPENDIX D A transcriptional cross-regulatory network of Hox genes in motor neurons
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Figure D1 ceh-13 is transcriptionally repressed by posterior Hox proteins.
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(A) ChiP-seq tracks of LIN-39, MAB-5, and EGL-5 from modENCODE project overlay with
ceh-13 locus, highlighting enriched binding peaks of posterior Hox proteins onto ceh-13 region.
This is a strong evidence suggesting the crossregulation of Hox genes at the transcriptional level.
(B) Representative images and quantifications of ceh-13 reporter swisl in PAG in WT versus
genetic null mutant of egl-5(n945) background at L4 and L1 stages. EGL-5 is necessary for
repressing ceh-13 expression in PAG from L1 to L4 stages. (C) Quantifications of swisl
expression in WT, lin-39, mab-5, and lin-39 mab-5 double mutant background. Phenotypes are
only observed in mab-5 and lin-39 mab-5 double mutants, indicating that mab-5 rather than lin-
39 represses ceh-13 expression at both L1 and L4 stages.
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APPENDIX E Potential role of Hox genes in regulating GABAergic MN identity
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Figure E1 Potential role of Hox genes in GABAergic MNs. (A) ChlP-seq tracks of UNC-30,
CEH-13, LIN-39, and MAB-5 from modENCODE project overlay with unc-47/VGAT locus. Of
note, LIN-39 binding peaks are highly enriched, suggesting a potential role in regulating unc-47
expression. (B) Quantificaiton of the number of MNs expressing unc-47_fosmid_RFP in WT,
unc-30, lin-39 mab-5, and unc-30; lin-39 mab-5 triple mutant background. Similar to the
observation in cholinergic MNs, unc-30 mutant is not sufficient to completely abolish unc-47
expression and lin-39 mab-5 mutants lead to very mild effect. In triple mutant, however, the
phenotype is not enhanced, different from cholinergic case. It’s possible that the Hox gene
regulating GABAergic identity gene expression is not lin-39 or mab-5 but instead, ceh-13 that
shows enriched expression in GABAergic MNs. (C-D) Evidence suggesting both UNC-3 and
UNC-30 might repress lin-39 and mab-5 expression.
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APPENDIX F mig-13, a case study highlighting the intersection of regulation of terminal

identities by different Hox genes and terminal selectors
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Figure F1 mig-13 is regulated by both UNC-3 and UNC-30. Reporter gene of mig-13 muls42
[mig-13::GFP] is expressed in both cholinergic and GABAergic MNs. (Figure is modified based
on Sym et al., Cell 1999 and Kratsios et al., eLife 2017). On the right we demonstrated the
regulation of mig-13 expression by both unc-3 and unc-30. Since we have demonstrated that
mig-13 is a downstream target of ceh-13, it remains an intriguing question to test if mig-13 is
also regulated by 1in-39 or mab-5. It’s an interesting hypothesis that terminal identify genes like
mig-13 undergoes intersectional regulation by the collaboration of terminal selectors and Hox
proteins where terminal selectors provide cell type specificity while Hox proteins provide spatial
specificity. They intersect to regulate the same terminal identity gene expression in different MN
subtypes within different positions on A-P axis.

234



APPENDIX G Levels of Hox proteins and terminal selector fine-tune terminal identity.
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Figure G1 LIN-39 and UNC-3 levels are crucial for cholinergic MN identity. (A) Schematic
demonstrating the molecular mechanisms of V-type MN identity regulation by the levels of
UNC-3 and LIN-39. In WT scenario, the levels of LIN-39 are well controlled and downstream
target BNC-1 serves as co-repressor antagonizing the functions of UNC-3 in activating D-type
cholinergic identity gene unc-129 expression. Upon unc-3 overexpression, levels of LIN-39
permanently decrease, along with BNC-1, then UNC-3 is able to ectopically activate unc-129 in
V-type MNs to disrupt cholinergic identity. (B) Genetic evidence demonstrating the regulation of
lin-39 by unc-3 and the regulation of bnc-1 by lin-39 in panel A. (C) Representative and
quantifications as genetic evidence for the above arguments with analysis of unc-129::GFP
expression.

235



	Chapter 1 Introduction and Background
	1.1 Historical perspective on Hox genes
	1.2 Functions of Hox genes during early stages of Development
	1.3 Regulation of Hox genes
	1.4 Functions of Hox genes in the nervous system
	1.5 Studying the function of Hox genes in C. elegans motor neurons
	1.6 The concept of terminal selectors
	1.7 References

	Chapter 2 Emerging roles for Hox proteins in the last steps of neuronal development in worms, flies, and mice
	2.1 Abstract
	2.2 Introduction
	2.3 Hox gene functions in the C. elegans nervous system
	2.3.1 Early roles for Hox genes in C. elegans nervous system development
	2.3.2 Late roles for Hox genes in C. elegans nervous system development

	2.4 Late Hox gene functions in the Drosophila nervous system
	2.5 Late roles for Hox genes in the development of the mouse nervous system
	2.6 Conclusions
	2.7 References

	Chapter 3 Maintenance of neurotransmitter identity by Hox proteins through a homeostatic mechanism
	3.1 Summary
	3.2 Introduction
	3.3 Results
	3.3.1 The Hox gene lin-39 (Scr/Dfd/Hox4-5) is required to maintain the cholinergic identity of motor neurons necessary for egg laying
	3.3.2 The Hox gene lin-39 (Scr/Dfd/Hox4-5) controls the cholinergic identity of motor neurons necessary for locomotion
	3.3.3 The Hox gene lin-39 cooperates with mab-5 (Antp, Hox6-8) and unc-3 (Collier/Ebf) to control the cholinergic identity of motor neurons
	3.3.4 LIN-39 and UNC-3 act through distinct binding sites to activate ACh pathway gene expression in motor neurons
	3.3.5 LIN-39 and MAB-5 control unc-3 expression levels, thereby generating a positive feed-forward loop (FFL) for the control of cholinergic identity
	3.3.6 Hox genes lin-39 and mab-5 maintain their expression in motor neurons through transcriptional autoregulation
	3.3.7 UNC-3 (Collier/Ebf) prevents high levels of Hox gene (lin-39, mab-5) expression

	3.4 Discussion
	3.4.1 Hox genes lin-39 (Scr/Dfd, Hox4-5) and mab-5 (Antp, Hox6-8) act as terminal selectors of cholinergic MN identity
	3.4.2 Hox and other subfamilies of homeodomain proteins act as terminal selectors
	3.4.3 Hox proteins cooperate with the terminal selector UNC-3 (Collier/Ebf) to control motor neuron cholinergic identity
	3.4.4 Hox and UNC-3 in a positive feed-forward loop (FFL): a form of redundancy engineering to ensure robust expression of cholinergic identity genes
	3.4.5 A two-component design principle for homeostatic control of Hox gene expression in motor neurons

	3.5 Material and Methods
	3.6 Acknowledgements
	3.7 References

	Chapter 4 A terminal selector prevents a Hox transcriptional switch to safeguard motor neuron identity throughout life
	4.1 Abstract
	4.2 Introduction
	4.3 Results
	4.3.1 UNC-3 has a dual role in distinct populations of ventral nerve cord (VNC) motor neurons
	4.3.2 The dual role of UNC-3 in cholinergic MNs extends to both C. elegans sexes
	4.3.3 UNC-3 is continuously required to prevent expression of VD and VC terminal identity features
	4.3.4 UNC-3 acts indirectly to prevent expression of VD and VC terminal identity genes
	4.3.5 The mid-body Hox protein LIN-39 (Scr/Dfd/Hox4-5) is the intermediary factor necessary for ectopic expression of VD and VC features in unc-3 mutants
	4.3.6 UNC-3 prevents a switch in the transcriptional targets of LIN-39 in cholinergic motor neurons
	4.3.7 LIN-39 is continuously required to control expression of terminal identity genes in cholinergic MNs
	4.3.8 LIN-39 is an activator of VD and VC terminal identity genes
	4.3.9 LIN-39 acts through distinct cis-regulatory elements to control oig-1 expression in VD and VD-like motor neurons
	4.3.10 The LIN-39-mediated transcriptional switch depends on UNC-3 and LIN-39 levels
	4.3.11 Ectopic expression of VD terminal identity genes in cholinergic motor neurons is associated with locomotion defects

	4.4 Discussion
	4.4.1 UNC-3 determines the function of the rate-limiting factor LIN-39/Hox in cholinergic motor neurons
	4.4.2 Insights into how neurons maintain their terminal identity features throughout life
	4.4.3 Maintenance of terminal identity features: A new function of Hox proteins in the nervous system
	4.4.4 Impact on the concept of terminal selector genes
	4.4.5 Limitations and lessons learned about the control of neuronal terminal identity
	4.4.6 Evolutionary implications of this study

	4.5 Acknowledgements
	4.6 Material and Methods
	4.7 References

	Chapter 5 Discussion and Future Directions
	5.1 Summary
	5.2 Discussion
	5.2.1 A non-canonical role for Hox proteins in the last steps of MN development
	5.2.2 MN terminal identity genes identified as novel targets of Hox proteins
	5.2.3 Hox proteins regulate downstream targets in MNs in a region-specific manner.
	5.2.4 Mutual regulation of Hox genes at the transcriptional level
	5.2.5 Hox proteins collaborate with terminal selectors to regulate terminal identity features of distinct MN subtypes.
	5.2.6 Mutual regulation between Hox proteins and terminal selectors
	5.2.7 Hox genes function at the top of a transcriptional network for MN terminal identity.
	5.2.8 Hox proteins function as terminal selectors.
	5.2.9 C. elegans Hox genes function later during development
	5.2.10 Hox genes and cancer.

	5.3 Limitations and Future Directions
	5.3.1 Potential role of other Hox genes in MN development
	5.3.2 A discussion on the temporal resolution of our studies
	5.3.3 Further steps to achieve deeper mechanistic understandings
	5.3.4 Limitations on quantifications and other technical challenges


	APPENDIX A Expression profile of C. elegans Hox genes in ventral nerve cord motor neurons with single cell resolution
	APPENDIX B A preliminary investigation of ceh-13/Lab in autoregulation and regulation of motor neuron terminal identity
	APPENDIX C A preliminary investigation of mab-5 in autoregulation and regulation of VC motor neuron terminal identity
	APPENDIX D A transcriptional cross-regulatory network of Hox genes in motor neurons
	APPENDIX E Potential role of Hox genes in regulating GABAergic MN identity
	APPENDIX F mig-13, a case study highlighting the intersection of regulation of terminal identities by different Hox genes and terminal selectors
	APPENDIX G Levels of Hox proteins and terminal selector fine-tune terminal identity.

