UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title
Single-Cell Analysis of Organ Development and Regeneration in Drosophila

Permalink
bttgs:ééescholarshiQ.orgéucgitem472'!9j25;I
Author

Everetts, Nicholas John

Publication Date
2021

Supplemental Material
https://escholarship.org/uc/item/72j9j251#supplemental

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/72j9j251
https://escholarship.org/uc/item/72j9j251#supplemental
https://escholarship.org
http://www.cdlib.org/

Single-Cell Analysis of Organ Development and Regeneration in Drosophila

By

Nicholas J. Everetts

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Computational Biology
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:

Professor Iswar Hariharan, Co-Chair
Professor Nir Yosef, Co-Chair
Professor Sandrine Dudoit
Professor Craig Miller

Fall 2021






Abstract

Single-Cell Analysis of Organ Development and Regeneration in Drosophila
by
Nicholas J. Everetts
Doctor of Philosophy in Computational Biology
University of California, Berkeley
Professors Iswar Hariharan & Nir Yosef, Co-Chairs

Organ development is a process that operates at both local and global cellular levels.
Locally, individual cells undergo proliferation and are responsible for all biomass production.
Furthermore, the function of a cell over the course of development and in the adult animal is largely
dictated by the state of its transcriptome and proteome. However, globally, all cells must
collectively work together to build an organ of proper size, shape, and function. To this end,
distinct types of cells must be present in the correct number and location within the organ.
Furthermore, organ development must also be robust, capable of withstanding potential setbacks
such as tissue damage and the emergence of aberrant cells. Linking these local and global scales
of organ development likely intertwines signaling pathways with emergent properties of the
developing organ such as physical forces, cellular heterogeneity, and local heterotypic signaling
interactions.

The common fruit fly Drosophila melanogaster is a powerful workhorse in the field of
developmental biology, and boasts a massive genetic toolkit for in vivo experimentation.
Specifically for organ development, the Drosophila wing-imaginal disc present an ideal system
for studying the genetic regulation and heterotypic interactions that govern organ growth and
patterning. The wing disc is embryonically derived from approximately 30 cells, and by late larval
development, forms a simple sac-like structure consisting of two epithelial layers called the disc
proper and peripodial epithelium. Significant literature exists surrounding the disc proper, which
develops into the adult dorsal thorax and wing blade. Underneath the proximal-most region of the
disc proper are the adult flight muscle precursors (AMPs), the myoblasts that give rise to nearly
all adult flight muscles within the dorsal thorax. Despite the variety of morphologically- and
physiologically-distinct thoracic muscle fibers created by the AMPs, there exists little knowledge
on how the AMPs achieve such diversity. Experiments performed in the 1980s and 1990s in which
wing-disc AMPs were transplanted into ectopic locations revealed that these cells readily fused
with myaoblasts in their new environment, suggesting that the AMPs are a largely naive population
shaped by external cues. Since then, only two epithelial-to-myoblasts interactions have been
characterized, involving Wingless and Notch signaling.

The work described in Chapter 2 of my thesis identifies additional epithelial-to-myoblast
interactions using single-cell transcriptomics. Single-cell RNA sequencing (SCRNAseq) enables
sequencing of thousands of individual cells, providing an unprecedented opportunity to understand
cellular heterogeneity and infer heterotypic interactions. Using this technique, my colleagues and



I catalogued the cell-type composition of the disc epithelium and AMPs at two developmental time
points, mid and late larval 3" instar (L3) development, and built a multi-layered model of the wing
disc. While we observed a consolidation of epithelial identities by mid-L3 larval development,
AMP identities were largely established later in development. We examined our data for the
expression of receptors and ligands that could be mediating heterotypic interactions between the
disc proper and AMPs, and characterized two such pathways. The first, fibroblast growth factor
(FGF) signaling, was required to localize the AMPs to their developmental niche along the wing
disc. Cell-type specific expression of FGF ligands, Thisbe and Pyramus, restricted the AMPs to
the proximal regions of the disc proper, and overexpressing either ligand was sufficient to induce
AMP growth and proliferation in ectopic regions. Second, we found that Hedgehog ligand secreted
from the posterior disc proper induced a cell-type identity within the posterior-most AMPs, defined
by AMP-specific Hedgehog targets Neurotactin and midline. While perturbing Hedgehog
transduction within the AMPs had no dramatic effect on AMP numbers during larval development,
we observed severe anomalies in adult muscle formation, suggesting that this Hedgehog-conferred
identity is needed for proper muscle development.

Organ development can easily go awry, and Drosophila has provided many insights into
the process of tissue regeneration. While early imaginal disc regeneration studies dating back into
the mid-1900s required transplantation experiments, the Drosophila community has developed a
number of in vivo ablation systems for the wing disc. Wing disc regeneration is accomplished via
the formation of a blastema, proliferative region characterized by heightened cellular plasticity
that develops in response to damage. The regenerative process is complex, requiring cells
surrounding the wound site to respond and undergo some level of cell-fate change to recuperate
the lost tissue. The heterotypic interactions responsible for activating downstream genetic
programs in both near and distant cells, and those that reestablish cellular repatterning, are not
fully understood. Furthermore, many of the genes known to be crucial for regeneration are used in
earlier developmental processes. Whether there exists a regulatory network designed solely for
tissue regeneration, with a negligible role in normal development, would be fascinating, but such
a pathway has not been described.

In Chapter 3 of my thesis, my colleagues and | applied scRNAseq to study wing disc
regeneration. We observed unappreciated heterogeneity within the blastema at 24 hours into
regeneration and characterized two distinct populations, Blastemal and Blastema2. Both
populations express genetic markers of regeneration, such as Wingless and Insulin-like Peptide 8
(lp8), but Blastemal is an inner subset of Blastema2 and uniquely expressed a number of secreted
molecules. We examined our scRNAseq for transcription factors that might regulate the
regenerative process and identified the gene Ets21C as being specifically expressed within both
blastema populations. Mutant analysis revealed that while Ets21C is largely dispensable for normal
development (having no observable aberrant phenotype), it is absolutely crucial for proper
regeneration, suggesting that it regulates a regeneration-specific gene regulatory network. Indeed,
loss of Ets21C abolishes the expression of Blastemal markers, decreases I1p8 expression within
the blastema, and induces premature pupariation of regenerating larvae. Additionally, we
identified blastema-like cells that upregulated components of the Ets21C-dependent gene network
within scRNAseq data collected from wing disc tumors, highlighting a mechanism in which
tumors may co-opt regenerative processes.
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Chapter 1

Introduction



There is growing evidence that interactions between different cell types (heterotypic
interactions) during development play a crucial role in ensuring that the appropriate number and
spatial layout of each cell type are present in the fully formed adult organ. Complex multicellular
eukaryotes, including humans, have many organs that serve specialized functions composed of
cells of numerous types. These cell types are sometimes derived from different germ layers such
as the ectoderm and the mesoderm. Heterotypic interactions are not just observed during organ
development in vivo, but have also been observed during the development of organoids in culture
(Wan, 2016; Dutta & Clevers, 2017). Additionally, aberrant heterotypic interactions have been
observed in many pathological conditions such as cancer. For example, interactions between breast
cancer cells and myofibroblasts are thought to play an important role in tumor progression (Orimo
& Weinberg, 2006; Yamashita et al., 2012; Song et al., 2017).

A platform for studying heterotypic interactions: The Drosophila wing-imaginal disc

The common fruit fly, Drosophila melanogaster, provides an ideal system for studying the
genetics of organ development and heterotypic interactions. First, Drosophila possesses a massive
experimental toolkit. Central to this toolkit is the Gal4/UAS genetic system (Fischer et al., 1988;
Brand & Perrimon, 1993), in which localized expression of the yeast-derived transcription factor
Gal4 can drive expression of genes engineered with the Gal4-recognized upstream activation
sequence (UAS). Alternatively, this system can be combined with the extensive UAS-RNAI and
UAS-Cas9/guideRNA lines to perturb expression of a vast number of genes (reviewed in Bilder &
Irvine, 2017). Second, the life cycle of Drosophila is short compared to popular vertebrate model
organisms, such as mice and the African clawed frog. At 25 °C, newly laid Drosophila eggs will
reach adulthood in approximately 10 days, enabling quick experimental iterations and results.
Furthermore, the abundance of eggs laid in conjunction with this fast life cycle aids in performing
genetic crosses and collection of numerous tissue samples. Third, Drosophila has been a
pioneering system for the discovery of many high-conserved features and pathways that are crucial
for animal development. For example, the homeobox, a stretch of DNA found in master regulators
of body-plan development of nearly all animals, was first described by the groups of Walter
Gehring and Matthew Scott in the 1980s when studying structural transformations within
Drosophila (Garber et al., 1983; McGinnis et al., 1984; Scott & Weiner, 1984). Additionally,
components of the Hippo pathway were first discovered in Drosophila genetic screens as
regulators of organ growth and able to cause massive overgrowth (Justice et al., 1995; Xu et al.,
1995; Tapon et al., 2002; Harvey et al., 2003). Homologs to Drosophila Hippo genes would later
be identified as harboring mutations in mammalian cancers (reviewed in both Chan et al., 2011,
Harvey et al., 2013).

Within Drosophila, the wing-imaginal disc is a popular platform for organ development
research (Cohen, 1993; Neto-Silva et al., 2009) (Figure 1.1). Broadly speaking, imaginal discs are
epithelial structures within the larvae of holometabolous insects and give rise to specific adult
structures after metamorphosis. As partially suggested by the name, the Drosophila wing disc
develops into the wing blade as well as the thorax of the adult fly. The epithelium of the wing disc
is composed of two layers, the columnar cells of disc proper and squamous cells of the peripodial
epithelium (PE), that are connected at the edges to form a continuous monolayer of cells
resembling a flattened sac. The proximal-most region of the disc tapers into a tip, referred to as
the stalk (Figure 1.1), and is attached to the larval body wall. Cells of the wing disc epithelium
are specified early in development; during embryogenesis, an estimated 30 cells form the wing
disc primordia (Madhavan & Schneiderman, 1977; Worley et al., 2013; Requena et al., 2017).
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Figure 1.1. Development of the wing disc and adult flight muscle precursors (AMPS) into their
adult structures. The disc proper epithelium is composed of three domains: the notum, hinge, and
pouch, which give rise to the matching-colored regions within the adult (see main text for additional
description). The AMPs reside on the basal surface of the disc epithelium (underlying the notum) and
are split into two populations: the indirect AMPs, which produce to the large indirect muscles of the
thorax that generate flight power, and the direct AMPs, which develop into the smaller thoracic direct
muscles that control wing steering. Long dashed line corresponds to the anterior-posterior compartment
boundary; transverse short-dotted line corresponds to the dorsal-ventral compartment boundary. A =
anterior; P = posterior; D = dorsal; V = ventral. Figure partially adapted from Everetts et al., 2021.

These cells undergo around 10-11 rounds of cell division to develop into the mature wing disc,
approximately 40,000 cells just prior to pupariation (Garcia-Bellido & Merriam, 1971; Martin et
al., 2009).

Literature on wing disc biology overwhelmingly focuses on the disc proper layer,
cementing it as one of the most well-studied models for organ development (Hariharan, 2015).
The disc proper is canonically separated into three cell-type domains (Figure 1.1), based on which
adult structures they create and distinct patterns of gene expression. These domains are the notum,
which develops into the adult thorax; the pouch, which develops into the adult wing blade; and the
hinge, which develops into the connective tissue between the thorax and wing blade (reviewed in
Held Jr, 2002). Popularity for wing disc research can be partially attributed to the fact that the wing
disc produces external structures on the adult fly. This enables genetic screens to be performed
with adult phenotypes efficiently assayed, as an irregular wing blade can be easily observed and
does not compromise the vitality of the fly (the wing blade is not needed for survival in laboratory
settings).

The wing disc is further subdivided into compartments, which are well-defined populations
of cells that are related by cell lineage. Despite no obvious physical restrictions, cells from one
compartment will not intermingle with cells of the opposing compartment throughout
development. The first compartment boundary organizes the disc into anterior (A) and posterior
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(P) compartments (Garcia-Bellido et al., 1973) (Figure 1.1), and is established during
embryogenesis by selective expression of the homeobox transcription factors engrailed (en) and
invected (inv) (paralogs with largely redundant functions) within posterior compartment cells
(Tabata et al., 1995; Gustavson et al., 1996). Posterior cells are further marked by the expression
of the ligand hedgehog (hh), whereas anterior compartment cells are marked by expression of
cubitus interruptus (ci). The juxtaposition of A/P compartments defines a crucial heterotypic
interaction for proper wing disc growth, as anterior cells in close proximity to the A/P boundary
respond to Hedgehog ligand secreted by posterior compartment cells (Tanimoto et al., 2000; Hatori
& Kornberg, 2020). The result of this interaction is high expression of Hedgehog-pathway target
genes in anterior cells that straddle the compartment boundary (Tanimoto et al., 2000; Hatori &
Kornberg, 2020). These target genes include patched (ptc), which encodes for the Hedgehog-
pathway receptor, and decapentaplegic (dpp), which encodes for a BMP morphogen. The
subsequent diffusion of Dpp morphogen from its source cells establishes a gradient of protein
expression along the A/P axis of the tissue which is critical for regulating organ growth, although
the mechanics of which are still actively being researched.

While the A/P compartments define one axis of the wing disc, a second axis is defined by
the dorsal (D) and ventral (V) compartments (Figure 1.1). The D/V boundary is established around
mid-larval development, much later than the A/P boundary (Blair, 1993; Diaz-Benjumea & Cohen,
1993). As with cells divided by the A/P boundary, cells within the D/V compartments become
lineage-restricted and do not intermingle with cells of the opposing compartment. The divergence
of the D/V compartments is the result of the homeobox transcription factor apterous (ap), which
is expressed in all dorsal compartment cells and determines the dorsal cell fate. It is unlikely that
a ventral-specifying gene exists; loss of ap alone appears sufficient to specify the ventral fate
within clones of cells (Blair, 1993; Diaz-Benjumea & Cohen, 1993). Like the A/P compartment
boundary, the D/V boundary represents another heterotypic interaction that is vital for wing disc
development. Notch-mediated signaling between the D/V compartments induces a variety of genes
with distinct expression patterns (Diaz-Benjumea & Cohen, 1995; Kim et al., 1996; Neumann &
Cohen, 1997); genes like wingless and cut are expressed in a thin line pattern that tightly straddles
the D/V boundary, whereas genes like vestigial and scalloped are expressed in a much broader
pattern along the D/V boundary. Not only does the D/V boundary form another axis of signaling
within the wing disc, roughly orthogonal to that of the A/P boundary, but the genes induced also
specify the population of cells that form the wing margin.

What lies beneath the surface: The disc-associated myoblasts

Underneath the basal surface of the notum region of the disc proper reside the adult muscle
precursor cells (AMPs), a population of myoblasts that develop into the thoracic flight muscles of
the adult fly (Bate & Martinez Arias, 1991; Fernandes et al., 1991) (Figure 1.1). The AMPs
become associated with the wing disc epithelium during late embryogenesis (Bate & Martinez
Arias, 1991; Fernandes et al., 1991; Bate, 1993), and over the course of larval development,
proliferate into a population of approximately 2,500 cells (Gunage et al., 2014). Both AMPs and
larval muscle precursors (the latter of which build the musculature of the Drosophila larva rather
than the adult musculature) originate from a naive population of myoblasts derived from the
embryonic mesoderm during gastrulation (Bate, 1993). The divergence of AMPs from their larval
muscle precursor siblings is closely tied to the expression of the mesodermal transcription factor
twist (twi). Initially, all embryonic myoblasts express high levels of twi, but only the larval muscle
precursors lose twi expression as they further develop (Bate et al., 1991; Laurichesse & Soler,



2020). The small subset of embryonic myoblasts that retain high twi expression develop into the
AMPs that associate with epithelial imaginal discs, including the wing-disc AMPs.

Canonically, the wing-disc AMPs have been grouped into two subpopulations, the direct
and indirect AMPs (Bate, 1993; Roy & VijayRaghavan, 1999; Sudarsan et al., 2001) (Figure 1.1).
The pioneering markers for the direct and indirect AMPs have been the genes cut (ct) and vestigial
(vg). Direct AMPs express high levels of Ct and negligible levels of Vg, whereas the indirect
AMPs express high levels of Vg and relatively low levels of Ct (Sudarsan et al., 2001). Together,
these two subpopulations give rise to the majority of muscle fibers within the adult thorax
(Lawrence, 1982; Laurichesse & Soler, 2020). The indirect AMPs will fuse into the largest muscle
fibers within the thorax, the indirect adult flight muscles (Figure 1.1), which generate the power
for wing strokes via thoracic contractions. The indirect adult flight muscles are further divided into
two sets: the dorsal ventral muscles (DVMs) and the dorsal longitudinal muscles (DLMs). There
are 7 DVMs and 6 DLMs per hemithorax, for a total of 26 indirect flight muscles within the adult
fly. The direct AMPs develop into the direct adult flight muscles (Figure 1.1), a much smaller set
of muscles that control flight steering via fine-tuned positioning of the wing blade. There are 10
direct flight muscles per hemithorax, historically numbered as muscles 49-58, for a total of 20
direct muscle fibers. Notably, clonal lineage tracing experiments suggest that muscle 51 is
unrelated to the other direct flight muscles, and likely does not develop from the pool of wing-disc
AMPs but rather AMPs associated with the leg discs (Lawrence, 1982). Additionally, the fiber
morphology of the direct and indirect flight muscles differs (Deak, 1977; Laurichesse & Soler,
2020). The direct flight muscles are described as tubular, having fibers with aligned myofibrils
that form a tube around a central lumen. Conversely, the indirect flight muscles possess unaligned
myofibrils with high mitochondria count supporting their high energy needs; they are called
fibrillar fibers.

Despite the remarkable diversity of muscle fibers formed, the wing-disc AMPs appear to
be relatively naive during larval development. Experiments by Lawrence and Brower in 1982
indicated that when wing-disc AMPs were transplanted to ectopic locations, they readily adapted
and indiscriminately incorporated into muscle fibers of the new position (even if this required a
potential change in fate) (Lawrence & Brower, 1982). These results were reaffirmed by additional
AMP transplantation experiments performed by Roy and VijayRaghavan in 1997 (Roy &
VijayRaghavan, 1997). Given that heterogeneity exists within the AMP population (e.g., direct
and indirect AMPs) under normal conditions, these findings suggest that AMPs receive
information cues from their environment. More recently, single-cell RNA sequencing work by
Zappia et al. has uncovered unappreciated heterogeneity within the AMPs, including additional
genetic markers of the direct and indirect subpopulations (Zappia et al., 2020). However, relatively
few studies have examined the mechanisms by which the wing disc epithelium may influence the
growth, development, and heterogeneity of the underlying AMPs.

Two signaling cues operating between the AMPs and epithelial disc proper have been
identified for proper patterning and growth of the AMPs, the first of which being the Wingless
(WQg) signaling pathway. The Wg pathway and the homologous mammalian Wnt pathway are
involved in a vast number of developmental processes across metazoans, including being required
for embryogenesis as well as the growth and regeneration of organs (Seto & Bellen, 2004;
Bejsovec, 2018). In the context of the wing disc, Wingless (as its name suggests) is necessary for
proper patterning of the pouch and formation of the wing blade, and the thin expression pattern of
W(g at the D/V boundary specifies the cells of the wing margin (Ng et al., 1996; Swarup &
Verheyen, 2012). However, during late larval development of the wing disc (starting at late L2 /



early L3 stages), Wq is expressed at significant levels within the notum of the disc proper, adjacent
to the underlying AMPs. Sudarsan et al. in 2001 showed that this notal Wg expression was required
to establish the direct and indirect subpopulations within the AMPs (Sudarsan et al., 2001). Wg
transduction stabilizes the expression of vg at the cost of ct expression (as vg-ct expression is
mutually antagonistic) within most AMPs, thus enforcing the indirect identity within these cells.
The distal-most AMPs, unable to receive appreciable amounts of Wg ligand, promote high levels
of Ct and become direct AMPs.

The second epithelium-to-myoblast pathway implicated in the development of AMPs was
the Notch signaling pathway. Notch signaling represents a highly conserved pathway that regulates
a variety of cell-fate decisions; in Drosophila, there is a single Notch (N) receptor that interacts
with two ligands, Serrate (Ser) and Delta (DI) (Mumm & Kopan, 2000). Notch-regulated systems
include neuroblast development during the embryogenesis, cellular differentiation in the wing and
eye imaginal discs, and stem cell maintenance. In 2014, Gunage et al. demonstrated that AMPs
undergo symmetric cell division during early wing disc development (L1 and L2 stages) to create
a monolayer of AMP stem cells adjacent to the disc epithelium (Gunage et al., 2014); this
proliferation required both AMP expression of N and notum expression of Ser. Later in
development (L3 stage), notal Wg signaling to the AMPs induced expression of N-inhibitor Numb,
associated with a transition to asymmetric cell division to produce a multilayer pool of AMPs.
Only AMPs in contact with the epithelium would retain their stem-cell properties, whereas more
distal AMPs would remain mitotically silent.

Both Wingless and Notch signaling represent epithelial-to-myoblast interactions that
provide identity and proliferative cues to the AMPs, shedding new light on the mechanisms that
mold the naive pool of AMPs. But even so, knowledge on the growth and diversification of adult
Drosophila musculature remains limited. Significant variation exists between adult muscle fibers,
seemingly beyond the direct/indirect dichotomy that has been canonically described for the AMPs.
One hypothesis is that while the disc epithelium provides some initial and crude patterning of the
AMPs, significant muscle resolution is achieved after larval development, during metamorphosis.
However, additional heterogeneity identified within the direct and indirect AMPs suggests that
more larval mechanisms for patterning AMPs remain to be uncovered (Zappia et al., 2020).
Furthermore, the notum of the disc epithelium is the predominant signaling source for the AMPs,
forming a developmental niche for these cells. While Notch/Serrate interactions regulate some
aspects of AMP growth, the mechanisms that localize the AMPs to the notum niche remain
unresolved. The work described in Chapter 2 of this thesis examines these questions of epithelial-
to-myoblast communication in greater detail and characterizes new heterotypic interactions that
govern AMP development.

Replace and repattern: Studies of regeneration in Drosophila

Organismal development is not a deterministic process. The mechanisms that produce an
adult animal from a fertilized egg are remarkably complex and subject to considerable noise and
potential setbacks. The source of these setbacks can vary, possibly being internal (a result of
spontaneous mutations, misexpression of genes, or other genetic shortcomings) or external (due to
factors outside of the developing body that create a harsh and nonideal environment). In short,
development does not always proceed in an exact and expected manner, and during this process,
cells may experience aberrant situations. Thus, the processes of animal development and, more
specifically, organ development must be sufficiently robust to handle internal biological noise and
external environmental chaos.



Organ damage represents one anomalous outcome of interrupted or misregulated
development, necessitating the evolution of regenerative programs to recover lost tissue. The goals
of these programs are two-fold. First, the damaged tissue needs to be replaced, which requires
induced proliferation from cells adjacent to the site of damage. Second, expression and
differentiation patterns that have been lost or interrupted by the damage must be reintroduced,
enacting a process that involves some level of rejuvenation and fate change in the cells that will
eventually replace the damaged tissue. The extent at which organisms can accomplish these goals
varies significantly (reviewed in both Carlson, 2007; Brockes & Kumar, 2008). Many animals,
from invertebrates like hydra and planaria (flatworms) to vertebrates such as salamanders and
newts, display complete regenerative responses and can replace nearly any lost tissue throughout
their life cycle. However, many others display regenerative capabilities that become severely
attenuated over the course of their life cycle, often peaking during early developmental stages but
limited in many tissues during adulthood. This not only includes mammals like humans and mice,
but also invertebrates like Drosophila.

Drosophila melanogaster has a rich history of regenerative studies, providing valuable
insights into the initial responses of tissue damage and regeneration that are largely conserved
among species. Many of the earliest experiments were pioneered by the research group under Ernst
Hadorn during the mid-1900s, specifically examining the genital, leg, and wing imaginal discs
(Hadorn et al., 1949; Hadorn & Buck, 1962; Hadorn, 1965). First and foremost, by taking
fragments of imaginal discs and implanting these into young larvae, mature larvae, or adult
abdomens, the Hadorn group demonstrated that these tissues could indeed regenerate damaged or
lost structure. However, this process needed sufficient time in these in vivo culture experiments;
implanting imaginal discs into mature larvae (just prior to pupariation) inhibited regeneration,
presumably due to the process being interrupted during metamorphosis. Regeneration achieved
greater success when fragmented tissues were implanted into younger larvae or adult abdomens,
the latter providing an environment in which discs could regenerate without undergoing cellular
differentiation. Under these conditions, serially damaged discs seem to be able to regenerate
indefinitely (Hadorn et al., 1949; Hadorn & Buck, 1962; Hadorn, 1965). Second, regeneration was
characterized by localized cell death and proliferation in regions adjacent to the site of injury or
fragmentation (Kiehle & Schubiger, 1985; O’Brochta & Bryant, 1987; Smith-Bolton et al., 2009).
This region of high proliferation would eventually give rise to new tissue and was called the
blastema. Importantly, the formation of the blastema occurred rapidly (within the first 24 hours of
regeneration) before any continuity or repatterning of tissue can be reestablished. This observation
suggests that the initial catalyst for regeneration originates from the wound site itself rather than
an assessment of missing cell types or disparate positional identities by the tissue, which had been
hypothesized during early experiments. Indeed, more recent experiments have identified waves of
intracellular calcium signaling emanating from the wound as one of the earliest observable events
during regeneration (Narciso et al., 2015; Restrepo & Basler, 2016).

While incredibly insightful, the early experiments employed by Hadorn and others were
tedious and low throughput, necessitating the creation of more modern tools. Drosophila
regenerative studies received a boon with the implementation of Gal4/UAS-based regeneration
assays (Smith-Bolton et al., 2009; Bergantifios et al., 2010) (Figure 1.2), which alleviated much
of these previous limitations. By placing pro-apoptotic genes (e.g., the JNK agonist eiger or
caspase activator reaper) downstream of UAS, cell death can be induced via the expression of the
Gal4 transcription factor. Incorporation of a temperature-sensitive Gal80 protein (Gal80%), a
repressor of Gal4 function, provides experimental control over the time and duration of induced
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Figure 1.2. Drosophila in vivo genetic ablation system. Upon a heat shift to 30 °C, the pouch of the
disc proper is ablated via expression of the pro-apoptotic gene eiger, driven by the rotund-Gal4 pouch
driver that is normally repressed at lower temperatures by a temperature-sensitive Gal80 protein. The
ablated pouch forms a zone of high cellular proliferation and plasticity called the blastema.
Downshifting the larvae inactivates the ablation system, enabling the study of the blastema and
regenerative programs. Figure partially adapted from Smith-Bolton et al., 20009.

cell death by raising larvae to 30 °C (relieving Gal80" repressor and enabling Gal4-mediated
expression of apoptotic genes). Downshifting animals to 18 °C shuts off damage and allows
subsequent tissue regeneration. Furthermore, the vast variety of tissue-specific Gal4 drivers
provide localization of cell death within the organism. Importantly, this genetic ablation system
provides an in vivo method of studying the process of tissue damage and subsequent regeneration
without need for implantations (thus completely preserving the native environment), all under the
control of a simple mechanism (a temperature shift) that enables efficient and higher-throughput
experimentation. The rotund-Gal4 driver is commonly used to induce apoptosis within most of the
pouch of the wing disc epithelium (Smith-Bolton et al., 2009) (Figure 1.2). By examining wing
blade defects in adult flies, this genetic ablation system allows for regenerative capacity to be
easily scored and facilitates genetic screens for the identification of key regeneration components.
Variations and improvements on genetic ablation systems provide additional flexibility to
experimental design. One such example is the DUAL control system (Harris et al., 2020), which
combines both Gal4/UAS and Escherichia coli-derived LexA/LexAop gene drive systems to
independently drive tissue damage via LexA/LexAop and genetic perturbations via Gal4/UAS
(taking advantage of the massive number of UAS transgenes generated by the Drosophila
community). Altogether, modern tools have developed Drosophila into an impressive in vivo
model of regeneration, boasting efficient, high throughput, and replicable experimental tools.
Studies using wing disc ablation systems have demonstrated that regeneration is not an
isolated event, but rather involves complex heterotypic interactions between the blastema and cells
both local and distant. Indeed, by inducing damage within the wing pouch, the resulting blastema
is characterized by the secretion of many signaling molecules, including the JAK/STAT Unpaired
(Upd) ligands (Pastor-Pareja et al., 2008; La Fortezza et al., 2016), the EGFR ligand Spitz (Fan et
al., 2014), and the Wnt ligand Wingless (Gibson & Schubiger, 1999; Smith-Bolton et al., 2009;
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Harris et al., 2016). Locally, the cells within and surrounding the blastema are characterized by
high levels of proliferation and promoters of growth such as the proto-oncogene Myc (Kiehle &
Schubiger, 1985; Smith-Bolton et al., 2009). This growth response is controlled, as proliferation
and Myc expression is downregulated in wing disc regions distant from the blastema (e.g., the
notum). The mechanism by which the blastema is able to upregulate nearby growth while
suppressing growth in more distant regions of the wing disc is not fully understood. Across the
entire disc epithelium, cellular plasticity is increased (Hadorn, 1965; Repiso et al., 2013; Herrera
& Morata, 2014), likely to enable proper replacement of the damaged pouch by non-pouch cells.
However, in certain genetic backgrounds, this increase in plasticity can destabilize the notum and
cause transdetermination, in which notum cells undergo a cell-fate change and develop into an
ectopic pouch (resulting in a wing disc with two pouches) (Worley et al., 2018). On an organism-
wide scale, tissue damage of the pouch is able to delay the onset of pupariation (Smith-Bolton et
al., 2009; Hackney et al., 2012), highlighting that regeneration induced in a small, localized
population has much larger, global effect. The mechanism behind this interaction involves the
secretion of Insulin-like Peptide 8 (11p8) from the blastema, which binds to the relaxin receptor
Lgr3 within the brain and suppresses production of the metamorphosis-controlling hormone
ecdysone (Vallejo et al., 2015; Colombani et al., 2015; Garelli et al., 2015; Jaszczak et al., 2016).
Inhibiting this production of I1p8 within the blastema compromises the regenerative process.
Regeneration is a complex process, and despite the progress made by Drosophila research,
there are still major aspects of the process that remain unresolved. Many of the genes involved
during regeneration are also used in other non-regenerative developmental contexts. One
hypothesis is that regeneration is a replay of genetic programs used during earlier development,
and that reactivation of these programs at the site of damage enacts a rejuvenation and rebuilding
process. Alternatively, there may exist sets of genes that are activated only under regenerative
conditions, and thus largely dispensable for normal organism development. A regeneration-
specific program, if one exists, has not been recognized. Furthermore, not all cells respond
similarly to regeneration, and these differing responses are likely a reflection of the distance to the
blastema as well as cell-type specific attributes. Characterizing the heterogeneity of regenerative
responses, such as changes in transcriptional and chromatin signatures, at a cell-type resolution
has not been extensively performed but would be valuable in understanding heterotypic
interactions stemming from the blastema. Additionally, the blastema is a transient state, and the
evolution and resolution of this state has not been fully mapped out. A time-course of blastema
development could reveal key insights into regulators of blastema formation and genes involved
in tissue repatterning towards the end of the regenerative process. These ideas serve as motivating
questions for the work presented in Chapter 3 of this thesis, which explores unappreciated cellular
heterogeneity within the blastema and identifies a regeneration-specific gene regulatory network.

Modeling organ development at cellular resolution: Single-cell transcriptomics

A common thread among developmental and regenerative studies is the increasing
evidence that cellular heterogeneity and heterotypic interactions play a vital role. Unfortunately,
the dominant experimental approaches in Drosophila have significant shortcomings for examining
tissue heterogeneity. For example, immunohistochemistry and fluorescent genetic reporters, nearly
ubiquitous within Drosophila literature, have two major problems: these techniques are (1) low-
throughput, only able to assess the expression patterns of a few genes per experiment, and (2)
require knowledge of the genes of interest, a painstakingly difficult task that inhibits the discovery
of novel biological mechanisms. Sequencing technologies can alleviate these issues by providing



genome- or transcriptome-wide measurements without the need for any a priori information. There
are an abundance of sequencing technologies: DNA sequencing is necessary for de novo genome
construction and can assay allelic variation and single-nucleotide polymorphisms (SNPs); RNA
sequencing measures gene expression, providing insight into cellular states and transcriptional
modifications; ATAC (Assay for Transposase-Accessible Chromatin) sequencing assays
chromatin accessibility and is vital for uncovering genomic regulatory elements (Buenrostro et al.,
2013); and ChIP (Chromatin Immunoprecipitation) sequencing can further specify the roles of
regulatory elements by assaying for post-translational modification of histones and identifying the
locations of specific protein-DNA interactions (e.g., transcription factor binding sites). Sequencing
has historically required the homogenization of whole tissues as its starting material (“bulk”
genomics), thus completely abolishing any assessment of heterogeneity within a sample, but
massive improvements for sequencing at single-cell resolution (“single-cell” genomics) have
revolutionized the field. The most frequently applied single-cell technique is single-cell RNA
sequencing (scRNAseq), which can profile the transcriptomes of individual cells derived from a
biological sample (e.g., organ tissue). Additional sequencing methods have also been applied at
single-cell resolution. CITE-seq (Cellular Indexing of Transcriptomes and Epitopes by
Sequencing) combines scRNAseq with antibody-bound oligonucleotides (Stoeckius et al., 2017),
which can be sequenced after antibody binding to protein targets supplying both single-cell gene
expression and proteome measurements. Single-cell ATAC sequencing (SCATACseq) assays
chromatin accessibility within diverse cell types (Cusanovich et al., 2015; Buenrostro et al., 2015),
and can be performed simultaneously with scRNAseq to infer links between enhancers and the
genes they regulate. The research presented in this thesis focuses on scRNAseq, as it is an ideal
starting point for understanding cellular heterogeneity, inferring heterotypic interactions, and
building models for the genetics that shape organ growth and regeneration.

Early scRNAseq experiments conducted in the 2000s were limited in scope, only collecting
measurements for tens to hundreds of cells (Cauli et al., 2000; Tietjen et al., 2003; Svensson et al.,
2020). But since then, scRNAseq has absolutely exploded; in the last 20 years, more than 1,500
single-cell datasets have been produced (Svensson et al., 2020). Similarly, the number of cells
sequenced in each dataset has increased exponentially, with recent datasets boasting
transcriptomes for tens of thousands to even millions of sequenced cells (Cao et al., 2019, 2020;
Sinha et al., 2021). This massive growth of data has necessitated the development of analysis
pipelines to efficiently extract meaningful insights and develop hypotheses, making scRNAseq
studies a marriage between experimental and computational sciences. These computational
analyses aim to identify transcriptional signatures within the many cells sequenced, providing a
catalogue of cell populations, the expression profiles that distinguish them, and trends within the
data. Ultimately, this builds a computational model of the sequenced sample, enabling insights
into various biological processes such as cellular differentiation, cell-cell interactions, master
transcriptional regulators within a tissue, and disease effects on cell populations. Already,
scRNAseq has been applied (in abundance) to nearly every organism of interest. In mice, every
major organ has been translated into a scRNAseq “atlas” (Schaum et al., 2018; Almanzar et al.,
2020), and scRNAseq experiments chronicle mouse development from embryogenesis to
adulthood (Cao et al., 2019). In humans, numerous diseases have been dissected via SCRNAseq,
including cancer (Li et al., 2019; Couturier et al., 2020), multiple sclerosis (Schirmer et al., 2019;
Pappalardo et al., 2020), Crohn’s disease (Martin et al., 2019), and COVID-19 (Ren et al., 2021,
Sinha et al., 2021). Comparatively, there have been far fewer but still notable scRNAseq
experiments on Drosophila. Many of these focus on developmental gene regulation within samples
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such as the embryo (Karaiskos et al., 2017), larval brain (Davie et al., 2018), and imaginal discs
(Ariss et al., 2018; Bageritz et al., 2019).

Although scRNAseq is a powerful technique for obtaining a near-comprehensive view of
a tissue or biological process, the technique has notable drawbacks. Perhaps the most commonly
cited problem with scRNAseq is the low capture efficiency of the technique, with many widely-
used methods only capturing an estimated 10-15% of all mMRNA transcripts within a cell (Islam et
al., 2013; Macosko et al., 2015; AlJanahi et al., 2018). Often referred to as “drop-outs” (although
the usage of this term often varies and is poorly defined), many transcripts will remain undetected
by the scRNAseq process, leading to an inaccurate and noisy view of the transcriptome with many
lowly-expressed genes being completely undetected in cells. Many early computational methods
attempt to account for an overabundance of undetected genes in samples, termed “zero-inflation”,
although the need for explicit zero-inflation modeling has been disputed more recently (Svensson,
2020; Sarkar & Stephens, 2021). Another widely cited issue are batch effects, systematic
differences between data obtained from separate experimental runs that are attributed as technical
artifacts (Leek et al., 2010; Hicks et al., 2018; Luecken et al., 2020). Many scRNAseq datasets are
the aggregation of data collected from multiple experiments as replicates, intended to be integrated
together during computational analysis. Even when protocols are carefully maintained between
batches, biological replicates will exhibit significant differences that inhibit integration between
batches. As such, there exists many computational tools for removing batch effects during data
analysis (reviewed and benchmarked in Luecken et al., 2020), harmonizing cells such that
biological variation is preserved and perceived technical effects are eliminated. In addition to batch
effects, SCRNAseq can be sensitive to strong biological signals such as cell cycle and cell sex (the
sex of the donor animal) (Buettner et al., 2015; Wagner et al., 2016; Ransick et al., 2019; Everetts
et al., 2021). These signals can dominate computational analyses and consequently mask other
biological variation, hinder cell-type classification, and decrease statistical power. Correcting for
unwanted biological variation can be performed but must be carefully evaluated to avoid
overcorrecting the analysis. Lastly, the number of cells sequenced per sScRNAseq experiment is
growing dramatically (Svensson et al., 2019), increasing the computational resources needed to
process these samples. Many larger datasets cannot be run on standard computers, and must be
transitioned onto computational clusters for some if not all of the analysis. More efficient
computational algorithms are also being developed to offset this computational expense.

Experimentally, collecting scRNAseq data from a tissue sample can be separated into three
steps. First, the sample must be broken down into a single-cell suspension, typically requiring
incubating the tissue with a protease cocktail. No standard cell dissociation procedure exists, but
rather the exact method (such as concentrations of proteases used and the intubation time and
temperature) must be optimized for the tissue of interest. This is a non-trivial and often tedious
process, and a poor dissociation protocol can result in significant cell death or misrepresentation
of cell populations. Commonly used proteases include trypsin, collagenase, elastase, and dispase,
often with an incubation temperature at 37 °C (the temperature at which these proteases have
optimal activity) or room temperature (~20-22 °C, to avoid a potential heat-shock response).
Occasionally, fluorescent-activated cell sorting (FACS) is employed after dissociation to remove
dead cells, cellular debris, and aggregations of multiple cells.

The second experimental step for scRNAseq is the single-cell barcoding, which
differentiates sSCRNAseq from traditional bulk RNA sequencing. During barcoding, individual
cells are segregated and subjected to a series of micro-reactions, in which cells are lysed and the
RNA is captured. Importantly, cell barcodes are incorporated during the reverse transcription of
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each captured RNA transcript such that transcripts from the same cell (in the same micro-reaction
partition) are labelled with the same cell barcode. Many recent methods also incorporate unique
molecular identifiers (UMIs), which distinguish each individual transcript even from the same cell
to correct amplification bias during PCR. Single-cell barcoding techniques can be split into two
major categories: droplet-based and plate-based methods. Droplet-based methods, such as Drop-
seq and 10x Genomics Chromium (Macosko et al., 2015; Zheng et al., 2017), are the popular
choice in the field currently. They utilize microfluidic devices to combine individual cells with
RNA-capturing microbeads in water droplets partitioned by oil, processing thousands of cells per
run with the incorporation of transcript UMIs (Zhang et al., 2019). 10x Chromium represents the
state-of-the-art technology (Zheng et al., 2017), boasting high sensitivity for transcript capture and
experimental replicability. However, Drop-seq is an extremely attractive alternative (Macosko et
al., 2015), as it is not reliant on proprietary devices or reagents and is thus much more cost-
efficient. Plate-based methods, such as Smart-seq2 and CEL-seq2 (Picelli et al., 2013;
Hashimshony et al., 2016), require individual cells to be deposited into multi-well plates, often
performed manually with micro capillary pipettes or automated via FACS. As a result, these
methods are significantly lower-throughput compared to their droplet-based cousins. Despite this
drawback, plate-based barcoding is more sensitive to capturing transcripts, and Smart-seq2 notably
provides full-length coverage of the transcripts compared to only the 3’ end provided by most
methods (Ziegenhain et al., 2017).

Finally, after the barcoded library is PCR amplified, the third experimental step involves
sequencing the barcoded reads. The overall structure of the barcoded reads varies depending on
the protocol used but will contain Illumina sequencing primers on each end of each read. This
enables paired-end sequencing of the transcript read, the cell barcode, and UMI (when applicable).
Typically, 15,000 reads per cell is sufficient for reasonable cell-type classification (Svensson et
al., 2019), although many studies aim for 30,000 to 50,000 reads per cell. The output of sequencing
is a series of FASTQ files, a text-based file format that contains data on sequencing reads,
demarcating the experimental end of scRNAseq experiments and the beginning of computational
data processing.

The standard computational pipeline for analyzing scRNAseq data first begins with
alignment and quality control, often referred to as preprocessing steps (Luecken & Theis, 2019)
(Figure 1.3). After the sScRNAseq library has been sequenced, the FASTQ files are parsed for cell
barcodes and UMIs, and transcript reads are aligned to a reference genome. The end result of
alignment is a cell-by-gene count matrix, in which each matrix element represents the transcript
counts for a particular gene in an individual cell (Figure 1.3). Methods that utilize UMI
incorporation will combine transcripts with identical UMI sequences to prevent overcounting
transcripts due to PCR duplication. Next, the distribution of reads and genes detected per cell is
examined and the quality of each cell is evaluated. Typically, a threshold is applied to remove cells
with unusually high and low number of reads and / or genes detected, as these cells likely
correspond to doublets (aggregates of multiple cells) or low-quality cells (e.g., dying or
compromised cells). Quality control can also be applied after additional downstream analysis,
often in a more supervised manner (e.g., identifying clusters with high expression of pro-apoptotic
genes).

Once high-quality cells are isolated, exploratory data analysis is performed by a number of
methods, namely dimensionality reduction, clustering, visualization, and differential expression
testing (Figure 1.3) (Luecken & Theis, 2019). Dimensionality reduction projects cells into a latent
space, a low-dimensional embedding of the count matrix. Specifically, the gene space is
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Figure 1.3. Core computational pipeline for exploring scRNAseq data. Diagram connecting
standard scRNAseq tasks with example tools for each. Alignment. STAR (Dobin et al., 2013);
CellRanger (Zheng et al., 2017); Kallisto-Bustools (Melsted et al., 2019). Dimensionality reduction:
principal component analysis (PCA) (Pearson, 1901; Hotelling, 1933); non-negative matrix
factorization (NNMF) (Paatero & Tapper, 1994; Lee & Seung, 1999); scvi-tools (Lopez et al., 2018;
Gayoso et al., 2021). Differential expression: Wilcoxon Rank Sum test (Wilcoxon, 1945; Mann &
Whitney, 1947); edgeR (Robinson et al., 2010), DESeqg2 (Love et al., 2014), scvi-tools. Visualization:
Uniform Manifold Approximation and Projection (UMAP) (Mclnnes et al., 2018); t-distributed
stochastic neighbor embedding (tSNE) (Van Der Maaten & Hinton, 2008). Clustering: Louvain
algorithm (Blondel et al., 2008); Leiden algorithm (Traag et al., 2019).

compressed into a series of signals, called latent dimensions, that best represent the structure and
preserve the variation of the original count data (Figure 1.3). While a scRNAseq dataset might
measure over 10,000 genes, this is reduced to approximately 10-30 latent dimensions during
dimensionality reduction. Principal component analysis (PCA) and similar algorithms are
dominant approaches for this process. Dime