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ABSTRACT

Gene patterning delineates an embryo into precise domains of differential gene expression.
However, throughout gastrulation, these patterns are spatiotemporally dynamic due to the
changing environment inherent in development and the contribution of leitiguts. We
investigated how the spatiotemporal dynamics of gene expressions influence two processes
in the early Drosophila embryo: the establishment of the donganhtral axis and the
subsequent mesoderm migration. We found that genes are abkgtatemtimany forms of
regulation over space and time in order to refine their expression boundaries and guide
gastrulation. Live imaging of the Dorsal transcription factor morphogen gradient revealed
spatiotemporal dynamics that never reached steady s@tmputational simulations
correlated these changes with shifts in the boundaries of downstream target genes. For
early mesoderm development, we conducted a screen to ectopically express proteins in
specific domains to identify factors involved in migmat We showed that modulation of
fibroblast growth factor (FGF) signaling switches between two proteoglycans to transition
cells from migration to differentiation. In addition, multiple contributions regulate the
complementary expression of cadherinkialv is required to provide the proper balance of
cell-cell interactions during mesoderm migration. We conclude that the changing
environment of the embryo is an important factor during gastrulation and give examples of
its impact in defining gene expré&ms domains, supporting specificity of signaling

pathways, and regulating adhesion during collective movements.
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CHAPTERI

Introduction



Spatiotemporal dynamics of gene expression affect the ealyosophilaembryo

There are many different levels of regulation to consider when studying the developing
embryo. Gene regulatory networks have mapped out the interactions contributing to gene
expression. However the environment surrounding the cell is constantly chamgingis
in this backdrop that an embryo has to develop. We discuss the spatiotemporal dynamics of
gene expressions, which occur on the timescale of minutes in th®eastphilaembryo,
and consider their influence on patiaeg the embryo.

Initial paterning transpires when successive nuclear divisions terminate molecular
processes, including transcription. Therefore, early gene expressions arise from maternal
products. As these nuclear cycles decelerate, zygotic transcription escalates and increases

the number of inputs contributing to spatially divide the embryo for future differentiation.

Temporal constraints in gene patterning

The first three hours of thBrosophilaembryonic developmerare comprised of
thirteen division events within fourteen he@r cycles. This occurs in a syncytium where
there are no cellular membranes. The first nine nuclear cycles are sequential rounds of
synthesis and mitosis encompassing roughly eight minutes at(R&&CGand OnWeaver,
2003. There is no gap phase in these cycles and multiple origins of replication allow a fast
replication time of less than four minutes. At nuclear cycle (nc) 10, DNA synthesis
becomes progressively slower as a consequence of fewer replication origingesthés
14 minutes at nc 1@hermoen et al., 2010t is also during nuclear cycles 9dah0 that

the nuclei, which are initially dispersed throughout the embryo, migrate from the yolk to
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spread evenly along the periphery of the embryo (Table 1, Figurehé&)regulation of

these nuclear cycleshich in turnimpactgene expression, has bestensively studied.

ne Length | Number
(min) of Nuclei
1 8.6 1 Multiple origins of replication; synthesis finigh&s4
' minutes.

2 8.6 2

3 8.6 4

4 8.6 8

5 8.6 16

6 8.6 32

7 8.6 64 Earliest reported zygotic transcription.

8 8.6 128

9 8.6 256
Synthesis slows down due to less replication o

10 10.3 512 mitosis length remains the same. Nuclei com
migration to periphery of embryo.

11 11.4 (750) | (estimated number of nuclei based on surface den

12 14 (1500)

13 19.3 (3000) Maternato_—zygotic transition (MTZ) begins &
continues in nc 14.
*Length of nc 14 taken from synthesis time only
phase is introduced (rbthstula transition, MBT). TI

14 50* (6000) | G2 length varies depending on cell type and tht
14" divisimm begins asynchronously throughout
embryo. The embryo is cellularized during this tim

Table 1. Timing of nuclear cycles and major events in the early embrydNuclear cycles (nc) gets
progressively longer as the embryo develops. Data froenand Alberts, 198%hermoen et al., 2010

Many previous observations pointed to regulation of the timing of these nuclear
cycles by a cyclin oscillator model, since their levels accumulate during interphase, which
in the case of thérosophila syncytium consists only of the synthesis phase. It was

proposed that a cyclin threshold triggers mitotic entry when it is promptly degraded to reset



Combinatorial
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Figure 1. Summary of events in thédrosophila embryo. Schematic of embryo crosections throughout

nuclear cycles ()cl-14. Nuclear cycles-2 are sequential rounds of DNA synthesis (S) and mitosis (M).
During nuclear cycles 9 and 10, nuclei (gray circles) migrate to the periphery of the embryo and synthesis gets
progressively longer. Throughout nuclear cycles 13 anthgde is a materndéd-zygotic transition (MZT) in
transcription. A gap phase (G2) is introduced in nc 14, signifying theblaadula transition (MBT). During

this pause, the embryo is cellularized and gene expressions are refined to their final tomaihsmultiple

inputs of transcription factors and signaling pathways (green arrows).

for the next cycle(Edgar et al., 1994Murray and Kirschner, 19890'Farrell, 200L

Cyclins are required for Cychdependent kinases (Cdks) which in turn initiate steps along
the cell cycle. However, a recent study decreasing various cyclins using RNAI did not see a
proportional lengthening of interphase as expected in ordeeaoch threshold levels
(McCleland et al., 2009 These mutats did have defects during mitgssiggesting an
indirect role for cyclins. While cyclins may still schedule cell cycles during early
development in other animaBung and Poon, 205t remains uolear what regulates the
timing for Drosophilanuclear cycles. Multiple regulatory elements are likely supporting

these early, robust division events. Nevertheless, the rapid nuclear cycles are an important
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consideration when investigating gene patternm¢he embryo. Many studies are now

including multiple nuclear cycle stages and dividing longer cycles, such as nc 13 and nc 14,
into separate time pointsott et al., 2011 Reeves et al., 2012This allows us to detect
refinement of gene expression domains, which can occur within a single nuclear cycle.

Mitosis forces trarscription factors to disengage from their DNA binding sites
making it difficult to generate new, complete transcripts during the early cybtlesefore,
the limited time during which transcription can occur is constrained by the length of these
cycles.Drosophilahas a reported transcription rate of-1.4 kilobases (kb) per minute
(Shermoen and O'Farrell, 199Thummel et al., 1990 The longest gene that could
theoretically be transcribed, with a maximum 1.4 kb/min rate and an eight minute nuclear
cycle disregarding mitosis, woulte 11,200 base pairs. Many, though not all, of the early
zygotically transcribed genes are smaller than 1{Rédeves et al., 20)12The earliest
reported gene that is transcribed, Engrailed, is less than 3 kb long and begingAli nc 7
Murthy et al., 201 Yet transcripts do not necessarily accumulate over nuclear cycles like
cyclins and instead are degraded at each mitosis, as shown for the homeobox gene
ultrabithorax (ubx) (Shermoen and O'Farrell, 1991Aborted transcripts will not be
translated and thus pose the question of what funcboitd longer, incomplete mRNA
fulfill.

It is possible that gene length contributes to its own regulation throughout
embryonic patterning. For example, the gap demgsis 3 kb long whileknirpsrelatedis
23 kb due to numerous introrig. vitro experinents showed that Knirpglated can bind
Knirps repressor sites. However only expression of the shorter Keigiesd cDNA, and

not its endogenous gene locus, can rescugs mutant embryogRothe et al., 1992
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Similar experiments with the 21 kb gershortgastrulation (sog detectedin vivo

expression with probes only against t he
(Reeves et al., 20).2Perhaps increasing transcript length through introns is a mechanism
to prevent premature function. Conwadys genes with shorter transcripts are ensured to
have a functional protein during nuclear cycles as in the case for Sails less than 2

kb and is a transcription factor with inputs into multiple early genes. Its repressive activity
is observed imc 13 and must be +stablished at the beginning of nc (Reeves et al.,

2012. The cooperation between gene length and short nuclear cycles appears to be a
general method to regulate gene expression. However, patterning also requires spatial

control in addition to the temporal dynamics of nuclear cycles.

Spatialconsiderationsn gene patterning

In nuclear cycles-13, the nuclear envelope breaks down during each division and
nuclei reach a local equilibrium with the surrounding cytopléBmlotto et al., 200/

This hinders the extent to which transcripts and other factors can be spatially regulated.
Cellularization into roughly 6,000 cells during nc 14 allawgghter control in the position
of expression domains.

The maternal to zygotic transition (MZT) begins in nc 13 and continues throughout
nc 14. During this period, there is a sharp degradation of maternal product concurrent with
a burst of zygotic tramsiption. MZT is distinct from the mitblastula transition (MBT)
when a gap phase, G2, is introduced in nc 14 after synthesis but beford' tigisian
(Lee and OnrWeaver, 2008 By this point, nc 14 persists for 50 minutes, allowing the

embryo time to cellularize. Cytoskeletal elements form furrovalsaand eventually the
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basement membranes connect neighboring @dkgumdar and Mazumdar, 2002 hese

series of events often occur in parallel and are sometimes not distinguished as separate
processe§Tadros and Lipshitz, 2009Figure 1).

There have been many studies on the exact inputs into these transitions. Previous
models such as a fixed time after fertilization or counting cell cycles have been riegated
et al., 2009 One prevailing view is the change naocleocytoplasmic (N/C) raticor the
concentration of DNA, that prompts MBT/MZT and @lperhaps the slowing down of
nuclear cycles 203 (Edgar et al., 986 Lu et al., 2010 Sibon et al., 1997 There arg
however, exceptions of genes that do not depend on the N/C ratio and in fact support
MBT/MZT (Lu et al., 2009 Sokac and Wieschaus, 200Bunget al., 2013 Maternal
genes have a major role in supporting gene pattgiand initiating MBT/MZT.With the
consecutive nuclear divisions of the syncytium, there is a temporal limit to the extent that
transcription factors can activate gene expressiois. therefore raternalmRNAs that
contribute to the robustness of gerat@rning in the early embry&or example, many of
the key transcription factorgequired forestablishing the dorsakentral and anterier
posterior axes are deposited maternally (discussed beltw¥e maternal genes are also
important to initiate zygat transcription when the short nuclear cycle intervals no longer
inhibit completion of transcripts. However, expression of maternal products is often
ubiquitous which limits their spatial influence. Hence, the formation of cellular membranes
often occursn conjunction with zygotic transcription, which can be spatially regulated.

Gene patterning initially starts with a few factors, usually maternal, which establish
a set of secondary regulators that in turn continue to initiate differential expressgpore (Fi

1, green arrows). These inputs are combinatorial and the additional layers of information
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allow precise spatial domairfSpitz and Furlong, 20)2For example, the transcripiti

factor Zelda is maternal and zygotic, and both contributions are required to support its full
activity as a global activator. In addition to regulating cellularization genes, Zelda is
involved in sex determination and axis formatiowicating its brod function(Liang et

al., 2008 Liberman and Stathopoulos, 2Q008ecause Zelda is ubiquitous, it alone cannot
provide spatial information for patterning. Therefore, it follows that additional factors are
employed to define domains of gene expression. Analysis of enhancer regions, DNA
sequences that support transcopti reveal binding sites for multiple factors including
Zelda (Spitz and Furlong, 20)2Below, we focus on the spatiotemporal dynamics and
combinatorial inputs required to estahlithe dorsaventral (DV) axis of theDrosophila

embryo.

Formation of the dorsalentral axis

The Dorsal morphogen is a transcription factor pivotal in patterning the DV axis.
Classical models of morphogen gradients describe a graded distribution aadieddsof
cells that, at specific threshold levels, will spatially divide the embryo into different
domains of differentiation. Dorsal is maternally provided and forms a gradient such that its
highest concentration is in the verdnabst nucleus while beg excluded from dorsal
nuclei. It regulates gene expression, traditionally classified into TyjpeDbrsal target
genes, in domains along the DV aiieeves and Stathopoulos, 20Bhe boundaries of
these domains range from sharp to graded, resulting in many investigations on how Dorsal

is able to produce such patterns. In addition, there havecgpeea st i ons r egar di n



9
range of action along the DV axis where its concentration isdo@ yet cells in these

lateral regions of the embryo are still able to read threshold levels.

Advances in imaging technology have allowed us to probe into #Hitgmporal
dynamics of Dorsal and how its gradient is established. Usingpihoton lightsheet
microscopy (2FSPIM), we found that Dorsal levels never reaches steady state. Over
nuclear cycles 14, Dorsal concentrations increase in ventral nucleienhécreasing in
dorsal nuclei (see Chapter Il for details). Another study reports active shuttling of the
Dorsal protein in and out of the nuc{@eLotto et al., 200/ Several models are possible
to describe this delivery, and further investigation is required to determine the mechanism
Dorsal is allocated (se€hapter VIIDiscussion). Nevertheless, not all morphogen spatial
domains are generated in the same fashion as the Dorsal gradient.

Morphogen gradients can be established by a variety of mechanisms to allow for
flexibility in its own regulation and its regulation of downstream genes. Another well
studied system is the Biabi{Bcd) morphogen, which patterns the antepasterior (AP)
axis in Drosophila In contrast to Drosal, Biocid mRNA is differentially restricted to the
anterior of the embryo where it is locally translafedtle et al., 2011 Moreover, the
dynamics of Bicoid are unlike Dorsal: Bicoid was fdun reach peak levels as early as nc
10, which did not significantly change throughout subsequent divisions suggesting some
form of gradient stability (Figure Z{5regor et al., 200jbHowever, one study shows that
the Bicoid gradient is nonessential during nuclear cycle$31(Lucchetta et al., 2008
This may be a consequence of cytoplasmic movements during the syncytial divisions that
delays readout until nc 14 when the cytoplasm becomes partitioned into cells. Another

possilility is that the Bicoid gradient is interpreted earlier in development through a form



1C
of memory (additional examples discussed below). The stability of Bicoid may indicate

its lack of requirement in these earlier nuclear cycles since there is no newaindor to
convey. During nuclear cycles -IB, Bicoiddependent patterning could have already
initiated crosgepressive interactions between transcription factors. Therefore, AP
patterning is not governed by Bicoid itself at this time, but by its taegetsy While it is

yet to be determined if the Dorsal gradient is required prior to nc 14, initial analysesimpl
that its spatiotemporal dynamics contribute to expression of its downstrean({RReaess

et al., 2012 Trisnadi et al., 2013 Other morphogen gradients give rise to patterns through

cellular memory.

Nuclear Intensity
[normalized intensity]

Bed

DI

20 40 60 80 100
Time(min) Becd-GFP1, Bed-GFP2
Cl W ]
nc 10 nc 11 nc12. nc 13 . nc 14 DI-Venus

Figure 2. Comparison of the Dorsal and Bicoidnorphogens.Bicoid (green, blue) concentration reaches

peak levels by early nuclear cycles (nc) and does not change. In contrast, Dorsal (red) levels build with each
successive nuclear cycle. Schematic embryo showing the two morphogen gradientsjsal@tréord ventral

is down. Bicoid data fror®regor et al., 2007l.ittle et al., 2011 Dorsal fromReeves et al., 2012
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Evidence suggests that the duration of morphogen signaling can be necessary for

proper patterning as well as its concentragidiexandre et al., 2034essaud et al., 2010

This has been mathematically predicted through modeling of the patterning network in the
Drosophilawing disc with the Hedgehog ligand and Patched (Ptc) receptor.etlerk is
structured such that Hedgehog signaling incregsesexpression by inhibiting Ptc
repression. Experiments show that the Ptc domain initially overshoots and then later refines
its boundary. When the network architecture was altered, Ptc couthger recede its
expression domain and remained expan@@dhmad and Stathopoulos, 2009 his
memorylike mechanism can act after the gradient has withd@awechdownstream gene
domainsrefie i n accordance to a cell ds history
embryo continues to develop, morphogens may be modifteyraded or transported, for
examplei before its downstream activity is measured. As previously discussed, short
timescalesnay require a form of regulation that account for signal propagation even when
the immediate output ipostponed. In light of the observed dynamics in the Dorsal
gradient, we analyzed the expression domains of its target genes over multiple nuclear
cyclesand used modeling of the Dorsal network to calculate patterning responses.

Further examination of carefully staged fixed embryos revealed that genes
downstream of Dorsal shift their boundaries, particularly during nuclear cycles 13 and 14.
These borders arseen to refine from graded to sharp and domains expand from narrow to
broad. Computational simulations correlate these changes with the Dorsal dynamics
observed (see Chapters Il and Il for details). While gene length can regulate the timing of
activity, as previously discussed, this property can also be indirect. For example,

transcriptional elongation continues even when Snailliated repression inhibitie novo
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initiation (Bothma et al., 2001 This results in persistent MRNA production of larger

transcripts such asog since all initiated polynmrases will complete transcription. Smaller
transcripts will have fewer initiation events after repression due to itsTéimedelay in
repression predicts graded, not sharp, borders due to the transiency of these longer genes
(McHale et al., 2011 Snail was also found to expand its domain as Dorsal levels increase
since, presumably, more cells reach threshold levels to activate its exp(Essors et
al.,, 2012. The short length of Snail allows refinement within nc 14, highlighting the
changes on minute timescales. In these instances, information regarding transcript size may
be intgrated into the network design through number of introns and regulatory binding
sites incis-regulatory modules (CRMs). The architecture of this network is also important
to define the spatiotemporal dynamics of downstream gene responses, as shown for
Hedgehog patterning. CRMs often receive multiple inputs from a variety of transcription
factors that dictate gene expression. Modeling suggests that the additive layers of control
reduce thestochasticityand increase the spatiotemporal specificity of exprassomains
to result in robust patternir{@regor et al., 2007d&eeves et al., 20).2

There have been multiple studies showing combinatorial inputs into genes
patterning the DV axis. As previously mentioned, Zelda is a known global activator and
functions with the spatially restricted Dorsal to supppeectic domains of gene expression
(Liberman and Stathopoulos, 200t addition, several downstreadorsal target genes,
suchasTwist, provide spatial information and are required to work with Dorsal to activate
various gene expressiofReeves and Stathopoulos, 2p0Repressors also act to refine
domains, such as Snail eng (discussed above). Another example of tiered regulation is

the dorsalateral genentermediate neuroblast defectiyd), which is thought to have
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negative inputs from TGB si gnaling and the Capicua rep

positive inputs by Dorsal and EGFR signalif@arcia and Stathopoulos, 201These
levels of regulation allow positional correction over time that results in precise patterning
when a single factor may be individually less spatially accurate. Current investgaite
aimed at isolating the various contributions into genes of interest.

Many genomewvide diromatin immunoprecipitatioqChlP) studies have allowed
us to identify binding of transcription factors to DNA sequences at various time points
(Ozdemir et al.,, 2031Sandmann et al., 200Zeitlinger et al., 200/ This does not
necessarily mean dh each binding event detected is functional, (treat it produces a
transcriptional output). However, even though such enhancer sites should be confirmed,
this has allowed us to realize the multiple regions required for a transcriptional event and
the omplexity of enhancer mechanisi{&pitz and Furlong, 20)2It has previously been
shown that for many loci, such as the segmentation genéhere are multiple enhancers
that irdividually produce discrete expression domains. When combined, these independent
enhancers produce the full pattern associated with the gene. This design of multiple,
seemingly autonomous modules also appears to hold true for-densall genes, though i
was not previously appreciatédunipace et al., 201Kvon et al., 2013 These expression
domains may abut each other and are not as apparent as with the case of segmentation
genes. Enhancersay also appear redundant, but their collective requirement becomes
apparent at different stages or during developmental stress such as temperature. Therefore,
careful spatiotemporal analysis to link enhancers with specific patterns is required.

Posttransciptional regulation is another mechanism of gene patter&imglar to

the regulation of maternal products, mRNA localization has been found to be
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spatiotemporally dynamic in some cas@scuyer et al., 2007 Early onset of

transcription can be visualized by their punctate nuclear latialiy and then later
transcripts are usually diffuse throughout the nucleus and cytoplasm. However, for some
genes, their mRNA is distributed on the apical side at the end of a nucleaiRzelkes et

al.,, 2012. It is unknown if any translation occurs at these sites. mMRNAs may also
encounter stabilizing or destabilizing factors that conttairt posttranscriptional
expressionAnother mechanism used during development is to remove cells with improper
expression. A targeted cell death mechanism is used to repair the Bicoid gradient in late
stage embryo¢Tanaka et al., 20)4As more forms of regulation are characterized, it is
likely that the spatiotemporal dynamics of gene expression will continue to be significant in

patterning.

Spatiotemporal regulation of signaling pathways

The onset of gastrulation marks the separation of germ layers in the embryo, which has
already been differentially patterned into a cell fate map. Cells now start to adopt
characteristic physical shapes irddidn to producing different signals. These fdmtk
into gene patterning as development continues.

Combinatorial inputs include signaling pathways that are also spatiotemporally
regulated, and this information is passed on to their target genes. Rglexaxpression
of singleminded(sim), which derives the ventral midline of the embryo, is activated by
initially broad Notch signaling. However, Notch itself is then carved out by Snail

repression to form the ventral boundary and inhibitors from th&aboggions. This results
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in a narronsimdomain by the end of nc X€owden and Levine, 20D2Another case is

the expression okzerknullt (zer) in the amnioserosathrough Dpp signaling during
cellularization. Dorsal and Zelda together activaéain a broad dorsal domain during
nuclear cycles 313 (Liang et al., 2008 However in nc 14zenexpression becomes Dpp
dependent. At the same tint&inker (Brk) repression extends from the ventmargins

and competewith Dpp for binding sites irzenenhancergRushlow et al., 2001 This

theme of combinatorial inputs to regulate gene expression continues throughout
development. A blend of the various types of contributions takes effect during mesoderm

migration.

Early developmenbf the mesoderm

After cellularization at nc 14 is complete, the presumptive mesoderm undergoes
epithelialto-mesenchymal transition (EMT). One hallmark of EMT is the downregulation
of adhesion molecules-&dherin (Ecad) and upregulation ofchicherin (NcadBaum et
al., 2008. Dorsal targets Snail and Twist contribute to the repression of (Exiadet al.,
1999 and the activation of Fibroblast growth factor (FGF) receptor Heartless (Htl)
(Shishido et al., 1993n the mesoderm. Preliminary analysis of thiewoek between Ecad,
Snail and FGF signaling suggests that FGFs may modulate Ecad through inhibition of
snal expression.Subsequent migration of the mesoderm involves specific adhesive
properties to balance between motility and association with the toadlellultiple inputs
to regulate adhesion would provide tight spatiotemporal control of cadherins (see Chapter

VI for details).
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FGF signaling may also direct mesoderm migration independently of Ecad,

though other yet to be identified pathways are thotmle involved as welMesoderm
migration can be described as a multistep process that includes the EMT and invagination,
collapse of the ventral furrow, dorsal spreading, and intercalation to form a monolayer
(Figure 3). FGF signaling was found to diréarow collapse and intercalation, both in the
radial direction(McMahon et al., 2010 In contrast to Htl expression in the mesodeim

two FGFs (Pyramus and Thisbe) are expressed in the ectodermal sub&tathopoulos

et al., 2004 This arrangement of complementary patterns results in the {&qrdssing
ectoderm guiding the receptexpressing mesoderm in a radial movement (see Chapter IV

for review).

cell shape changes

cell divisions
cell  cell adhesion
signaling

Figure 3. Migration of the mesoderm collective.Representative crosection & Drosophila embryos
staged B1O. (A) The presumptive mesoderm is defined. (B) Invagination of the mesoderm occurs during
EMT. (C) The mesoderm forms a ventral furrow. (D) The tube collapses upon the ectoderm in-an FGF
dependent process. (E) Mesoderm csfisead laterally. (F) Intercalation requires FGF signaling and the
mesoderm forms a monolayer. Green indicates mesoderswdaith expresshe FGF receptorgray

indicates theectoderm with FGF ligands; ventral is down.
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Despite the successful effortsdrpress signaling factors at the correct time and

place, there are often additional posinslational forms of regulation. Many pathways
work in conjunction with cdactors to influence their function in a spatiotemporal manner.
FGFRFGFR complexes interaavith heparan sulfate proteoglycans (HSPGs) to support
signaling propagatior(Lin, 2004. Comparison of two HSPGs, the secreted Terribly
reduced optic lobes (Trol) and the membranand Syndecan (Sdc), revealed expressions
that are spatiotemporally dynamic during mesoderm migration. Twhich is an
extracellularmatrix (ECM) component, is first refined to express in ventral regions of the
ectoderm prior to furrow collapse. It appears to facilitate-@mge FGF signaling during
migration and mediate radial movements at a distance. QGathteehand, Sdc is restricted

to the membrane and was found also in ventral regions of the ectoderm but in later stages
after lateral spreading is complete. It is required for signaling between neighboring cells as
in intercalation, the final step of magion, and subsequent differentiation in mesoderm
development. Their patterns depend on function such that they are differentially expressed
to support FGF signaling in cells transitioning from migration to differentiation (see

Chapter V for details).

Seting the stage: considerations during morphogenesis

Understanding the spatiotemporal dynamics of gene patterning becomes more challenging
as new inputs are introduced into the system. In the process of forming germ layers, cells
come into contact witimultiple cells along the way. Depending on the context, cells may

need to be able to segreghttween same vs. different cell types or rely on other cells for
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guidance. For example, directional cues by definition are only present in specific patterns

in order to provide positional information, like FGF signaling. Othetfactors will
accordingly have restricted domains of expressisnin the case for HSPGs. Protrusions
add another layer of complexity as recent studies have shown that membranes gontainin
signaling receptors can extend several cells away to receive signal freneigbboring
cells(Roy et al., 2011 As cells migrate, this spatial information maydéo change at the
proper timecorrespondingly.

The surrounding environment is also important for developméneé ECM
contains many factors that input into the cell. They range from survival elements to
stabilizing ligands for signal diffusio(Kim et al., 201). Other examples include more
passive roles such as traction for cell mobility or barrierprevent cell mixing. A
migrating population of cells will encounter multiple landscapes that regulate their function
in a spatiotemporal manner.

Mitosis no longer occurs synchronously after nc 14 and instead is driven by the
domains delineated from diffential gene expressiqiroe, 1989 Once a cell divides, it
retains information on its fate and other associated characteristics. Evidence sbhggests t
sister cells in the mesodephysically attacho each other even after brief periods of being
separated by distance during migratiicMahon et al., 2008 Specific celcell
interactions can be important for the spatiotemporal organization of a collective and for

communicationas in cases of differentiation.



Gastrulation through spatiotemporally restricted gene expressions

Our interests in understanding how the embryo is pette must take into account the
changing environment inherent in the system and the combinatorial modes of regulation.
Careful staging and measurements of gementlaries are prevalent in our investigations.
The following research quantified the spatiotemporal dynamics in the Dorsal morphogen
gradient and correlated these changes with gene domain refinement through modeling. We
also examined factors involved in soelerm migration and found a role for proteoglycans

in supporting FGF signaling during this process. In addition, this study extends the network
between FGFs, Snail, and cadherins in the early mesoderm. Our survey into embryonic
patterning highlights themportance ofthe role that gene expression dynamics has in

gastrulation.
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CHAPTER I

Dorsatventral gene expression in the
Drosophilaembryo reflects the

dynamics and precision of the Dorsal nuclear gradient

This chapter was written with Gregory T. Reeves, Thai V. Truong, Marcos Nahmad,
Sophie Katz, and Angelike Stathopoulos, and publishékirelopmental CelR2(3)544
557in 2012.
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ABSTRACT
Patterning of the dorsakentral axis in the earlprosophilaembryo depends on the nuclear
distribution of the Dorsal transcription factor. Using live {@woton lightsheet
microscopy, we quantified the nuclear Dorsal gradient in space and time andhfatitsd
amplitude and basal levels display oscillations througlearly embryonic development.
These dynamics raise questions regarding how cells can reproducibly establish patterns of
gene expression from a rapidharying signal. W& thereforequantified domains dDorsal
target genes, discoveringtheir expressionpatternsare also dynamic Computational
modeling of this system reveals a correlation between Dorsal gradient dynamics and
changes in target gene expression and suggests that these dynamics, togethmee-with
averaging of noisaesults in the formation of graded gene expression borders in regions
where the gradient is nearly flat. We propose thBRNA levels remain plastic during
transient signalingevents allowing tissues to refine patterns the face of genetior

environmelal variation.



INTRODUCTION

In a developing organism, tissues have long been proposed to be patterned by spatially
graded signals that specify cell fate in a concentratependent manner. Classically,
these Aimorphogensod h aygfoombdetinad scued andiferrdingas o r |
graded distribution by diffusion and degradation; however, in recent years it has become
clear that morphogens can become spatially organized by a variety of mechanisms. Two of
the besttharacterizeanorphogen gradids pattern the anterigposterior (AP) and dorsal
ventral (DV) axes of thérosophilaearly embryo: the Bicoid anBorsal transcription
factor gradientgrev. inPorcher and Dostatni, 201Reeves and Stathopoulos, 2R0Bheir
graded distributions are established using very different mechanisms. Bicoid is locally
translated because its mMRNA contains a localization sequence; whereas, Dorsal is localized
to the nucleus more strongly in the ventral regions of the embryad®ohlocalized Toll
receptor associated signaling. Live imaging has revealed significant dynamics in the exact
levels of Bicoid(e.g, Gregor et al., 2007k ittle et al., 201); however, the dynamics of
target gene expression examined in fixed embryos suggest that the levels of Bicoid are
important, but not the only defining factor in the expression of target ¢geggsaeger et
al., 2004 OchoaEspinosa et al., 2009In contrast, no study to date has investigated
systematically temporal features of the Dorsal gradient and its relationship to the
expression of its target genes.

The role of Dorsal in the expression of itegtet genes has been conceptualized as
the concentration dependent activation of gediegjed into three broad categori@y/pes

[, I, and 1ll) based on both their domains of expression and their presumed threshold
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dependent responsiveness to Dorsall¢e{s=e Figure 1A and B; rev. inReeves and

Stathopoulos, 20Q%tathopoulos and Levine, 2003 ype | genes, such awist (twi) and

snail (sng, are expressed in ventral regions of the embryo in a domain where the levels of
nuclear Dorsal are high (up to ~20% DV position; where 0% is the venbist! position

and 100% is theatsatmost position)Type Il genedike ventral nervous system defective
(vnd), are thought to be expressed in ventrolateral domains (dorsal boundaceghdy

33% DV position) through the combined actions of enhancers that are of intermediate
affinity to Dorsal and that amepressed bthe Snail transcription factor in the ventrabst
regions.Type lll genesare expressed in domains witbundariegpast45% DV posiion,
andcan befurther subdivided into two categories: those that are activated by Josgae

llI+, such asshortgastrulation(sog] and those that are repressed by Dof$gpe Il

such agerknillt (zer) anddecapentaplegi¢dpp)]. Presumably theolwvest levels of Dorsal

are sufficient tadetermine the spatial extent of Type Il target genestHautoles played

by other factorgemain uncleafe.g, Jiang and Levine, 1998iberman and Stathopoulos,
2009.

To study the role of nuclear Dorsal in controlling gene expression, a number of
studieshaveattemptedo measure nuclear Dorsal, using either antibody stainmnfysed
tissues(Chung et al., 20%1Liberman et al., 20Q09Zinzen et al., 20060r imaging of
DorsalGFP in live embryos(DeLotto et al., 2007Kanodia et al., 2009 Our previous
study in fxed embryos showed that the Dorsal gradient was more narrow than often
described, resulting in a relativdiat distribution more thai10 microns from the ventral
midline (40% DV position); this raised the question of how Dorsal could specify gene

expression in this domairf{Liberman et al., 2009 In contrast, otherseportedbroader
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gradientsin live embryos arguing thathe Dorsal concentration could carry positional

information up to at leass0% DV position; furthermore they argued that the Dorsal
nuclear concentrationontinued to declinellathe way to the dorsal midlinécompare
dotted vs. solid black curves in kig 1B; Churg et al., 201;1Kanodia et al., 2009 Both
sets of studiesuggestedhat the Dorsal nuclear gradient is dynamemxyingin time both
within nuclear cycles and from one nuclear cycle to the (dtotto et al., 2007/Kanodia
et al., 2009Liberman et al., 2009

Previoudlive studies of Dorsal nuclear concentrataord dynamic¢Delotto et al.,

2007 Kanodia et al., 2009employed a DorsaBFP fusion that results in a measurably
wider gradient than wildtype and also fails to fully complemdotsal null mutants
(Liberman et al., 2009 Furthermore, these studies employed conventional confocal
microscopy, in which nuclear motion and limited light penetration both complicated an
accuratemeasurement of the DorsaFP nuclear gradient in both time and sp@zelotto

et al., 2007Kanodia et al., 2009 Thus, the dynamics of the Dorsal gradient have not yet
been satisfactorily measured, nor has it been investigated how these dynamics might impact
domains of gene expression.

In this study, weemployed adorsalvenus fusion transgeneand improved
microscopy to address two outstanding questions regarding the Dorsal gradient: first, how
does a highly dynamic morphogen signal specify gene expression domains, and second,
how does a narrow gradient deliver psecpositional information to the entire DV axis?

We find thatthe Dorsal nuclear gradientiriesin both time and space duringiclear
cycles (nc)l1-14, and that the expression of Dorsal target genes is often as dynamic as the

gradient. Furthermore, weiggest that the graded boundaries in the expression patterns of
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Type lll genes result from a timetegration of the neardflat gradient tail. We used a

thresholdbased model to show that much of the dynamics and sharpness of Dorsal target
gene expressiopatterns can be accounted for by the dynamics and shape of the Dorsal

nuclear gradient.
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RESULTS
Use of aDorsalVenus fusion to monitor Dorsal in living embryos using ligiteet
microscopy

To create a transgene encoding a fully functiddatsatVenusfusion protein we
BAC-recombineere@5 kb of genomic DNA surrounding thaborsallocus withsequences
encoding therenusyellow fluorescent protein optimized f@rosophila,inserted irframe
at the Cterminus of the Dorsal protein (Materials and Methad3his dorsalvenus
transgendully complements null mutations thorsalwhen present at one copy, similar to
an unmodifieddorsalrescue transgene. In contrast, neither the 28dBalgfp construct
we constructed nor previoworsalgfp cDNA based corieucts complement thdorsal
mutant at one copfLiberman et al., 2009; see Materials and Methodsve imaging and
immunostaining demonstrate that Dof¥ainus exhibits a distribution morsimilar to
wildtype Dorsalthan DorsalGFP. We defined a quantitative measure of the width of the
gradient by fitting the data to Equatidn(seeMaterials and Methods)esulting in a metric
o f (Liberman et al., 2009 This analysis shows that embryos carrying Deveaius 25
kB rescue construct have a widithf 0  =- 0.01. (sta@daret deviation), which is much
more similar to the width of the wildtype Dorsal gradient (= 0 0.Q0)4hantthat from
embryos carrying a 25 kB Dors@lFP construct t hatO08)¢eemade
Figures1C-F). The similarity of the DorsaVenus distribution to that of Dorsal offers us
the opportunity to accurately assess the spatiotemporal belavionctional Dorsal

nuclear gradients using live imaging.

(
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To quantitatively measure the levels of Dofgahus in early embryos, we

imaged embryos from mothers containing one copyddrsalvenustransgengone copy

of the endogenouslorsal gene and me copy ofan H2A-RFP transgene to label all of the
nuclei so they can be unambiguously segmeéaterials and Methods)Using twoe
photon scanned ligigheet microscopy (2BPIM) (Figures2A and B; Truong et al.,
2011, which provides superior resolution at high sample depth compared to conventional
confocal microscopy, & imagedendon cross sectionsf the nc 14 embryo to determine
the DorsalVenus nuclear gradient between 50 and i2&ons from the anterior pole. We
found the gradient changes with AP location, becoming increasingly d@@emicrons or
closer to the pole (Figes 2C-F). Therefore, our quantitative analysis of the Dorsal
gradient in the rest of this study will be based on measurements made from intdgas of
RFP and Dorsa&V/enusduring nc 1114 in optical cross sections embryos150 microns
from the anterior pold.€., just posterior to the presumptive cephalic furrow; searEigA

and Movie S1

Dynamic properties of the Dors&enus nuclear gradient

We analyzedverall spatial properties of tl&orsal nucleagradienthroughout the
course of nc 114 by collecting 2RSPIM time lapse images. The image processing tools
extracted the nuclear Dorsdénus signal by segmenting the nuclear regions based on the
H2A-RFP images. The parameters of the gradient amplitdfjebésal levelsR), and
wi dt h (0) nedesingethe@aessiaditting describedn Materials and Methods,

and each can vary over tingeeFigure 3B and Equatioh in the Materials and Methods
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The gradient amplitudpA(t)] increases from nuclear cycle to nuclear cycle (blue curve

in Figure3C), agreeing with previous data using fixed samflédserman et al., 200%nd
predictions from modelingtudies(Kanodia et al., 2009 Moreover, he DorsalVenus
gradi ent ampl i ttuodoet hedx hpialtitheser meacbivgemdy stateme
consistent with singtaucleus traces from other live studi@eLotto et al., 2007 This
pattern can be explained by the nuclei filling with Doiahus relatively slowly
throughouteach nuclear cycle interphase, then rapgtyilibrating with the cytoplasm
when the nuclear envelopes break dawthe beginning of mitosis.

In contrast to the filling of the ventratost nuclei with Dorsa¥/enus, the dorsal
most nucleiappeartddo e gi n each i nt er ph a¥eausAsiintetphaset o o
proceeds, these dorsabst nucleislowly evacuate rmalear Dorsal, causing the Dorsal
l evel s in these nucl ei [ B(t); seeorange tnaee iffighra s a |
3C] to decrease during interphaseh&i mitosis begins, basal levedpidly increaseThis
counteraction between the Dolsiavels building in the ventrahost nuclei and declining
in the dorsamost, fits with the notion that the nuclei begin each interphase with Dorsal
levels equilibrated with the cytoplasm, and only adteintact nuclear envelope forms can
selective nudar import/exporprocesseslevelopthe nuclear concentration gradievtith
the successive import of Dorsal in ventral nuclei during each syncytial cycle, a cytoplasmic
Dorsal gradient also develoffgtcan be seen by the end of nc 13 mitosis when tbiearu
envelope breaks down (Figur8®-1). It was previously unappreciated that the overall
levels of Dorsal protein are namiform along the DV axis.

Our analysis of the Dorsalenus gradienbver timeshows a remarkably constant

gradient width[(i 1)] across all time (interphase only, red trac€&igure 3C), implying the
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Dorsal nuclear gradient always becomes nearly flat at the same location (roughly 40%

DV position). This result was also suggested by our previous fixed &sslisis, in which
the gadient width appeared to be unchanging from nuclear cycle to nuclear cycle
(Liberman et al., 2009 However, the previous results obtained with fixed tistfespen
the possibility that gradient widths could change either subtly across nuclear cycles or
significantly within a nuclear cycl@ helive imaging donénere dismisses that possibility.
Measurements of the Dorsd@énus nuclear gradient in three live embryos revealed
similar results (see Hige S1). Together, these results underscore two questions regarding
the action of the Dorsal gradient. First, how d@esonstantiychanging morphogen
gradient specify domains of gene expression? Gene expression patterns might be
established early then depend onreigulatory actionas has been proposed for the Bicoid
network (e.g, Bergmann et al., 20Q07Jaeger et al., 2004 Alternatively, mRNA
transcription of the target genes might constantly change, driven by the dynamiescinang
nuclear DorsalSecond, how does a signal as narrow as the Dorsal nuclear gradient control
the expression pattern of genes past 40% DV position {leegType Ill genes)? In other
words, how could Dorsal provide reliable positional information give its gradient is

nearly flat?

Dorsal target gene expressipatternsin space and time

To address the first question, wgamined gene expressipatternsin manually
crosssectioned wildtype embryosusing multiplexin situ hybridization duringnc 11-14
(see Figure 4 and Supplemental Experimental Procedures). Aslear cycles get

progressively longer, we divided nc 13 and 14 into early/late and early/mtafieints,
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respectively based on nuclear morphology and dengitgure 4A). The brightess and

contrast of images in Figure 4A were intentionally adjusted to visually highlight
distinctions; whereas, the profiles in Figure 4F come from analysis of the raw images (see
Supplemental Experimental Procedures). In order to obtain a represestatipling of
target gene dynamics, we examined four classical Dtasgt genes of Type kitg, Il
(vnd), llI+ (sog, and lI+ (zer) patterns. Genetic ards-regulatory analyses support the
view that these genes are Dorsal tar@ete in Reeves and Stathopoulos, 2009

Each of these classical Dorsal target gemege dynamic patternsf expression
zenis expressed in the dorsal half of the embryo as early as nc 11, and builds in time until
mid-to-late nc 14, when its expression pattern refines into a narrow stripargBig),
presumably from Dpp signalin@gRushlowet al., 200). On the other hand, the expression
patterns ofsna vnd, andsog exhibit more complex dynamics (kiges4B, 4C, and4D,
respectively).sogtranscripts, nucledocalized and likely nascent, are observed as early as
nc 12. he maturgnon-nuclear)mRNA for all three ofthese geness first seen in nc 13
(Figures4B-D; see also Figre S2A). During this nuclear cycle, botog and vnd are
initially expressed in ventral regions whesea normally would repress them. As nc 13
progresses, thlevels of sogandvnd increase only outside theadomain presumably
because increasingrtivity of Snarepression limits expression in ventral regioAsthe
onset of nc 14sogandvnd patterns are present with more uniform expression in ventral
and lateral domains; little evidence of Snadiated repression is apparent. Howgasmc
14 continuesand the levels oboth sog and vnd increase, ventratepres®n becomes

apparengagain
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Our data demonstrate that domains of gene expression change during the

transition between nc 13 amtt 14 in that repression in ventral regions is no longer
apparent at the start of nc 14 (lig4F and Figre S2). One possible explanation is that
expres®on observed at the onset of nc 14 corresponds to early transcripts that avoid Sna
repression, because Sna levels in early nc 14 are not high enough tosegaessnd

To investigate further, we examinsdgtranscript localization more closely. Atet
beginning of nc 13sogis present only as nuclear dots, likely sites of nascent transcription
in the nucleus, whilesogin late nc 13 is localized outside the nucleus near the apical
membrane. We interpret nonclearsogtranscripts as being complat@RNAs, as they
appear to have been exported from the nucktuhe onset of nc 140gis once again co
localized with nuclear staining and roaoclear transcripts are absent (Fes5A-C); non
nuclear transcripts appear again at mid nc 14u(eigD). Moreovey the early nc 14
pattern shows little sign of Smmaediated ventral repression. These results are consistent
with the idea that theogtranscript is degraded in between nc 13 and nc 14.

We also inspectedna mRNA localization, thinking tat if all transcripts are
degraded at the nc 13/nc 14 transition, then perhaps this could explain the loss of Sna
mediated repression in ventral regions. Instesad,transcripts exhibit a different trend:
they switch back and forth between being deloedlifearly nc 13, early nc 14) and
apically localized(late nc 13, mid/late nc 14) (Figur&®-F andFigure 4B). Little is
known regarding the relationship betwesma transcript localization/stability, but it has
been observed that for a number of othemes, MRNA localization is thought to affect
function (Lecuyer et al., 2007 We did not find evidence during our tiraeurse thasna

transcripts are completely degraded, as our results suggesbdonevertheless we
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continued to test our working hypothesis, which was that decreased Sna levels result in

derepressionf genes at the start of nc 14.

We hypothesized thatsufficient levels of Sna protein (rather than transcript) at the
start of nc 14 might account for lack of ventral repression, therefore we examined levels of
Sna protein within embryos relative sogtranscript. Enbryos carrying a SR@FP rescue
constructDunipace et al., 20)vere immustainedvith ant-rGFP, which is more robust
than any antbna antibody we have triednd co-processed with a rilppobe tot he 56
intron of sog (Figure S3A), which providesa nearreattime assay of activesog
transcription In analyzing these embryosge found that Sn&FP levels increase starting
from nc 13 and reach peakensity by the end of nc 14 (FigurB& and5l). While a
slight dip in average Sna levels is observed between nc 13 and 14, the levels are highly
variable, perhaps because the isiga@f our fixed embryos is not fine enough to capture the
most rapid dynamics (e,dzigure S2B). Nevertheless, in each embry® found a strong
and consistermegative correlation between SG8&P and intronisogin the ventratmost
nuclei (Figure 5J ad FigureS3B-F), suggesting that a threshold amount of Sna activity is

required to extinguistle novo sogranscription

Lack of precisiorof the Dorsal gradientnay explain graded expression profiles of Type Il
genes

Our previous analysis of the Dorsal gradient led us to believe that its tails were flat,
suggesting it could not provide the positional information necessary to specify the domains
of expression of target genes sucls@gandzen(Libermanet al., 2009). The live imaging

of DorsatVenus performed here provided clear insights into Dorsal gradient dynamics, but
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did not have enough signal to noise ratio to yield quantitative information on the gradient

tail within the domain of low nuclear Pgal levels. To circumvent this technical challenge
and provide further insight into levels of nuclear Dorsal present in this domain, we
guantified theDorsal gradient iri53fixed, manuallycrosssectionedwildtype embryosat

mid to late nc 14 (see Maials and Methods).

These measurements revealed thatDorsal gradientdisplays two regimes (see
Figure 6A). From the ventral midline up to 40% DV position, the gradient adopts a narrow
Gaussiad i k e s h @M eseeFigure ¥). More dorsally, howeverthe gradient
becomes more linear anthn be empirically characterized by a constsiope (M)
multiplied byx (the position along the DV axisee Equatio in Materials and Methojls
The averageslopeof the gradientail (normalized by the gradient gittude)is -0.1+ 0.03
(95% confidence interval; see histogram inurgpB). Thus, on average, nucldaorsal
levels slowly decreaswith increasingx. However, there is a considerable amount of
variance in the distribution as 25% of embryos were meddarbave a positive slope to
the tail. While a portion of this variance reflects measurement error, error cannot account
for the mean slope being definitively negative (seef€i§4).

With a gradually sloping tail and ventral, narrow Gaussian, it segi@stionable
that Dorsal could deliver precise positional information to lateral and -thiesal
positions. To address this quantitatively, we evaluated the relative difference in Dorsal
Cc 0 n c e n tdcahatiwoutd be sgeby neighboring nuclei (ségquationd in Materials
and Methods). In the gradient tail,the dorsal border afog(x = 50%DV position), the

difference in Dorsal levels that adjacent nuclei sdeds than one perce(figure 6C).
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This is problematic as previous work has suggestadit is unlikely nuclei can reliably

interpret concentration changes of l#smn 10%e.g, Gregor et al., 2007a

Another approach to examine the expected imprecision of the gene expression
boundaries was to determine the effects of stochastic fluctuations in reasiadicav
Dorsal gradient. In FiguréD, we plot the Dorsal concentration for 40 nuclei along the
semicircumference of DV axis (using Equati@in Materials and Methods) and increase
and decrease this amount by 10%, the level of read error suggested by pradiesgetl
curves in Figure 6D; Gregor et al., 20D7%ith these fluctuations, the error infor
placing a gene expression boundary outside the steep Gdilssigegime is six or more
nuclei, even with a gradient tail that reliably slopes downward. The implication is that Type
lll genes are located in a region where it is difficult for Dorsal to specify sharp, precise
boundaries.

To investigate this issue further, we performedsitu hybridization of manually
crosssectioned nc 14 embryos with the antisense riboprobes of Type li¢rissThis
analysis revealed that, in general, Type Ill genes, (gog ths Neu3 andzer) possess
graded borders atifferent DV positions (see Figes 6Eand ). Perhaps the lack of
precision in positional information results in the graded bordkthese gnes in dorsal
regions (see Figes 6G andH). In other words, the noisy Dorsal gradient will activate
gene expression in all nuclei in the graded border, but soonefrequently than others
depending on whether the nuclei read Dorsal to be above threshold. This would lead to a
time-averaging mechanism in which mistal@® smoothed out as mRNA accumulates

(see Figres6G and 61, andFigureS5) (Tostevin et al., 2007



Simulationsof Dorsatdependent patterning

Live imaging of the DorsaVenus nucleagradient has revealed complex
dynamical behavior, with the gradient amplitude increasing and the basal levels decreasing
over time. In addition, arefully examining mRNA expression anosssectionedcembryos
reveaéd graded boundaries of the Type Il geasswell as gene expressidgnamics
across andvithin nuclear cyclesTogether, these observations seem related, yet it is not
intuitively obvious what quantitative effect the Dorsal gradient dynamics may have on the
gene expression patterns. To test the plausibility of a causabmskdp between the
spatiotemporal dynamics of the gradient and its targegsconstructed a model of the
wildtype Dorsal gradient based on our live and fixed tissue dataE@eation2 and
Materials and Methods). Moreover, we formulated a thredhade#l model of mRNA
dynamics to simulate expression patternsso§ vnd sog and zen over nc 1114,
accordingo the network depicted in Figure 7A (see EquaBian Materials and Methods).
In our modelthe mRNA lifetimes and the thresholds that dictateegeamscription were fit
such that the simulations would optimally matchekperimental data shown in Figuteé
(see Figures 7C and7 andMaterials and Methods).

The Dorsal levelsimulated in space and timmee shown in Figur@B, in whichthe
black curves are contours of constant Dorsal levels, correspondingfitbeithéhresholds
for gene expressiofType I, Il, and Il from left to right)These threshold contours suggest
that gene expression boundaries will move in time as a reshk diynamics of the Dorsal
gradient. This is demonstrated more cleanlyrigure7F, which depictssimulated Dorsal
gradientsnear the end oihc 1114 (horizontal arrows correspond to the signaling

thresholds The signaling threshold for Type Il geneslosated near 33% DV position
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throughout all four nuclear cycles, even in the face of the dgsaof the Dorsal

gradient (Figuré&’F; see als&igures7JL), while the DV positions of Type | and Type I
genes change significantly over nuclear egc{redand green arrows in Figur&). In
particular, during nc 14, the movement of the thresholds predicts Type | genes to expand,
Type Il genes to remain fixed, and Type IlI+ genes to begin the cycle expressed even in the
dorsatmost nuclei (Figre 7E).

Simulatons of gene expression patteragree with these general predictions of
thresholddependent patterning. During nc 14, the simulateboundary moves dorsally
(Figure 7G), thevnd boundary does not move (Figures 7J aKgl, and thesog domain
begins brod, then he dorsal portion retracts (Figures 7M ari).7These predictions
prompted us to investigate the nc 14 dynamics of these three genes in more detail using
fixed embryos. Thenddorsal boundary remains static in early and mid nc 14, and expands
only slightly in late nc 14 (Figre 7L). However,snaandsogexpression is dynamic. As
predicted based from our simulations, we found sha domain expands during nc 14
(Figure 71); and this specific result is supported by another study published recently
(McHale et al.,, 2011 Furthermore, whilesog mature transcripts are expressed in a
constant domain (data not shown), importantly the boundary identified using an intronic
sogpr obe, whi ch-tgdaerebe spraoxya f@realesponsi vene
the pattern reacts (Figire 70).

Additionally, the thresholdbased simulations offer a plausible explanation for the
observed on/off cycling of Sna activity and its consequences on the ventral repression of
sogandvnd Simulatedsnais expressed strongly in late n8, but decreaseduring nc 13

mitosis simply because transcription ceasgsle degradationcontinues(Figure 7H).
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Afterwards snalevels must build again in early nc 14 before it can remegandvnd

In the intervening timesog (andvnd not shown)s transcribed in the ventratost nuclei
(Figure 7H).

We identified several differences between the simulations and the observed patterns
of gene expression, most notably tsag expression is difficult to accurately simulate.
While the simulations correctly predict some aspects of the dorsal bosiey of that it is
graded and placed past 40% pwsition (as explained by Figures 6G amt] BndFigure
S5), the simulated bordex more graded than seen experimentally; the entire dorsal portion
of the embryo expressesog strongly. If the threshold parameter feog were raised
slightly higher to attempt to restrisbgexpression more ventrally, only a very narrow final
domainof sogis presen{datanot shown) The differences we see betwehe simulations
and analysis of fluorescent situ hybridization experimentsay stem from a variety of
reasonsincluding roles forother activators and repressanssupporting expressio For
example, if a dorsalkacting factor (such agenor another gene expressed in a similar
domain) were to repres®g then the lower threshold combined with the action of such a
dorsallyacting repression could support expressiosogiin a domairmore comparable to
the endogenous pattern ($egure S5B).

Although Dorsal is an important player in patterning of these genes, there are
indeedother inputs required for full DV patterninépr example, as stated above, some
additional input is required to explain teegdorsal boundary. Nevertheless this simple
model incorporating only the interactions irgéie 7A does remarkably welln that the
model was able to demonstrate the plailisi that the observed gene expression dynamics

is driven by the Dorsal gradient dynamics. In particular, the model successfully predicted
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that Type | patterns expand during interphase, Type Il patterns remain static, and Type

[ll+ patterns begin nucleaycles broadly expressed then retract.



DISCUSSION

The observations that morphogen gradients are dynaméeramsed questions about the
influence of time on pattern formatidrev. in Kutejova et al., 2009In this paper, we
investigate quantitatively how the nuclear distribution of Dorsal, which rapidly changes
throughout the nuclear divisions in tBeosophilablastoderm, gives rise to precise gene
expression patterns. Our findings reveal that, in contrasti¢oid® whose nuclear
distribution stabilizes relatively quickly both between and within nuclear cykitte et

al., 2011 Lucchetta et al., 2008the Dorsal gradient is highly dynamic, exhibiting a
temporally oscillating pattern of nuclear Dorsal concentratibasnever reaches a steady
state The dynamics within a nuclear cycle result frtme slow net nuclear import of
Dorsalthroughouteach nuclear cycle interphase, followed by an abrupt export of Dorsal
when the nuclear envelopes break down at the beginning of mitésisuggest thesdow
dynamics associated with nuclear localization of Dorsal relate tenlemliated signaling
being required for its ability to gain competence to enter the nuclei. In addition, early
nuclear cyclesnay concentrate an initially uniform distribution of idal onto the ventral

side of the embryo thereby redistributing the overall concentration of Dorsal protein over
time.

The dynamics of the nuclear Dorsal gradient appear to determine the temporal
evolution of gene expression. Our observations show thataDtarget gene expression
follows a dynamic pattern similar to the Dorsal gradient, both within and across nuclear
cycles.An implication of these observations is that gene expression patterns are able to

switch their on/off state in response to changeshe concentration of Dorsarhis is
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similar to the manner that target genes respond to Activin in the Xenopus embryo

(Gurdon et al., 1995However, in contradb Activin-dependent patterning, Dorsal target
genes do not appear tasit isepodsible to turn an/offiger@et ¢ h e t
expression by changing the levels of Dorsal above/below an activation thra@hadthe
response of target gene exs si on t o Dor sal |l €evened appPan:
Our datafurther suggest that the activity of Sna protein is also transient and/or that
repression is delayed compared to onset of transcriptiomtlasdgandvndare ventrally
repressed by the end of nc 13 and derepressed in some early nc 14 embryos.

The highly dynamic patterning of genes along the dasiadral axis documented
in this study could possibly allow for firtening of gene expression patterns t@oe&l to
feedback and/or buffer against genetic and environmental perturbation. In support of this
hypothesis, many genes expressed at this stage along the DV axis support relatively short
transcripts of less than 5 kB (suchsas, twi, vnd rho, brk, wntD, andzento name a few),
and thus are able to respond quickly to changes in the Dorsal gradient andi®r in
regulation of other DV genes. In contrast, genes with larger transcripts, sogoadleu3
of 20+ kB in lengthwill take 15+ min to transcrik at a rate of 1:1.4 kB/min (Shermoen
and O'Farrell, 199IThummel etal., 1990. Because gy incomplete nascent transcspire
most likely aborted and degraded upon cell divigi@othe et al., 1992Shermoen and
O'Farrell, 199}, these long transcripts aparticularly constrained by the rapid (~10
minutes) mitotic cycleof the early embryoln addition, the action of Sna repression
through transcriptional inhibition could lgelayed in genes with long transcrigiécHale

et al., 201} Thus,transcriptionlengthc an | mpact a geneds [fespon:
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Sna) and, together with Dorsal,psoposedo play an important role in regulating the

timing of geneexpression.

The nuclear distribution of Dorsal does not reach a steady state and yet the
expression patterns of most Dorsal target genes appear to stop changingodaataidc
14. This may result from the fact that the Dorsal gradient changes more slowly dwing thi
period and/or that at this point patternimgqy have been stabilized by the logic of the cis
regulatory network. At the onset of gastrulation, when Dorsal levels plummet, some
patterns are extinguished whereas others are retained. We suggest thaseréiainad
must rely on a Dorsahdependent mechanism to support expression along the DV axis.
For example, several gende.g, sim and vnd switch to autoregulatory feedback
mechanismso retainexpressiorwithin the same domain and theratny longer épendon
Dorsal to support activatigiNambu et al., 199Mon Ohlen et al., 2007

The low slope of the Dorsal gradient in the lateral and datscal regions of the
embryos mkes it unlikely that the Dorsal morphogen gradient can specify precise domains
of gene expression (i,esharp boundaries) here. Each Type Il gene analyzed in this study
exhibited a graded border, and our results lead us to propose two mechanismg that ma
contribute to this pattern. First, while a recent study showed that stochastic gene expression
along the dorsalentral axis relates to polymerase paugiBgettiger and Levine, 2009
we highlight that stochastic expression is a common phenomenon associated with most
genes of Type Il pattern. In additicentimeaveraging mechanis(ifostevin et al., 2097
we proposewill give rise to a graded expression response at the gradientSadsnd, if
the basal levels of the Dorsal gradient decredg@n a nuclear cyclethenthe location

where the Dorsal gradient crosses the putative Type Il threshold will retreat from the
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dorsal midline to roughly 50% DV position as demonstrated here with intsogicin

this case assuming transcripts are stable within a nuclear cyuatdeirthattransientlysaw
enough Dorsal to express the gene for only a given time windowevphrt of the graded
domain. In all, our data suggest that both noise and dynamics may be factors contributing
to proper patterning of genes beyond the spaiayje of a morphogen. The graded nature
of Type lll patterns may influence their functions; for instance in the casmytd support
an inverse gradient of T&Gbsignaling(e.g, Dorfman and Shilo, 2001

As both the Dorsal gradieas well as its target genes change in titms, suggests
a correlation between Dorsal levels and gene expression dynamics. mQdel
demonstrates that Dorsal gradient dynamics can plausibly account for the observed
expression patterns in nc 13 and 14diog vnd andzen capturing the general oscillatory
nature of DV gene expression and, in particular, provides insight that ventral patterns
expand and more dorsal patterns retract. However, the failure of the simulations to
reproduce the dorsal border sbg could be ex@ined by a missing component to the
modeling caused by our limited understanding of the process, such as a -@datsaly
repressor. This would be consistent with other patterning systems inaubgsnepressive
interactions between target germge immrtant factorgdJaeger et al., 20Q4Alternatively,
the behavior of the dorsal border sdg could be explained by the additional input of
activators such as Zeldaiberman and Stathopoulos, 200& by a gradient tail that is
steeper than our measurements suggest. Therefore, while genes exhibit dynamics in their
expression that generally correlate with changing Dorsal levels, ithetearly more to

undestand.
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It is becoming increasingly clear that steady state models of morphogen gradients

ignore crucial developmental events and that modeling of systems that takes into
consideration the dynamics is informati¢e.g, Bergmann et al., 20Q7Bolouri and
Davidson, 2003Jaeger and Reinitz, 200&utejova et al., 2009.ek et al., 201 In some

cases, the dynamics of morphogen gradients are instrumental in the establishment of
Amembri Ke 0 (Dessatdeat al.s 20l0Nahmad and Stathopoulos, 2009 In
contrast, the on/off cycling of gene expression associated with the Dorsal system
demonstrategplasticity rather than memoryWe surmise this plasticity may be a critical
design feature for the subtle fitening of gene expressia@omains or early initiation of
genetic regulatory pathways that must operate in the short developmental time period of the

Drosophilablastoderm.



MATERIALS AND METHODS *
Construction of the dorsalenus construct

The 25 kb dorsatvenus and dorsalGFP transgeneswere generated using
recombineering mediated gap repair performed using SW105%asghieviously described
(Venken et al., 2006 The BAC encompassing théorsal gene (BACR0O7M13) was
obtained from the BacPac Resource Center and thePftBnan]ApR was modified to
contain approximately 600bp homology arms to the region of int&eatnlessnsertion
of venusor gfp just before the stop codon df was performedising the galK system
(Warming et al., 2005 A 6XGly segquence was added before the start of both the Venus
and GFP sequences using PQRe final constructs were isolated and electroporated into
EPI300 cells (Epicergj and the copy number was induced using Fosmid Autoinduction
Solution (Epicentre) accordinggt t he manuf act Uhe eondirgcts iwares t r u c t
isolated using Nucleobond EF plasmid midi prep kits (ClonTech) and injected into line
23648 (BDSC) at a concentration of -Aag/ul in water using standard techniquéd
primers used for gap repairnd recombineeringare described inSupplemental
Experimental Procedures.

Thesedorsal constructdused to a fluorescent protemere inserted into the 86F
landing site on the third chromosorfigschof et al., 2007Groth et al., 2004and crossed
into dI* and dI* mutant background&loomington stock center) to assay for ability to

complement thel mutant.
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Live imaging

Live imaging of the Dorsa¥enus embryos was carried out using {pbmton
scanned lightheet microscopyTruong et al., 2001 Using a custonbuilt microscopy
setup, 3microntthick light sheets were used to illuminate bidirectionally from two
opposing sides of the embryo, creating an opseation that was perpendicular to the
embryo's APaxis Figure2A). The illumination light, derived from a femtosechpulsed
laser (Chameleon UltrgliCoherent Inc.) was set at 960 nm to simultaneously induce
fluorescence from Vendabeled Dorsal protas and RFRabeled nuclei(H2A-RFP;
Bloomington Stock Centeryia two-photon excitationTo image the dynamic Dorsal
Venus nuclear gradieasshown inFigure 3, prenclO embryos were mounted horizontally
with heptaneglue on a coverglass with about 2/3tleé embryo's anterior body extending
beyond the edge of the coverglasbe coverglass was mounted i2a°C watekfilled
chamber and oriented so that the embryo's anterior end faced the detectiohnuggics)
wasconductedat a single focal pland50 microns from the embryo's anterior emd 15
second time intervalsvith 6 seconds of illumination/exposure tiriide fluorescence from
DI-Venus and H2ARFP were spectrally separated and imaged simultaneously onto
neighboring regions ofhe recordingcanera (iXorDU885, AndorTechnology) with a

spectral splitter (DV2, Photometrics)

Image analysis
In our analysisof Dorsal gradientswe took a similar approach as described in
(Liberman et al., 2009 which is outlined herd~irst, the background was subtracted to set

regions aitside the embryo to blacklext, nuclei were detecte&igure 1C, lower righj,
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and the DorsalluorescencegFigure 1C, uppey was normalized to the nuclear ddtar

analysis of antsense RNA hybridized embryos, intensity as a function of arc distaaxe w
measured in an annular region around the periphery of the embryo. See also Supplemental

Experimental Procedures for more details.

Empirical fits of the Dorsal gradient

The Dorsal nuclear gradiemmpirically conformed toGaussiadike curves as
previowsly explainedLiberman et al., 2009

® o 0Q 7 6 p

Each gradients thusrepresented spatially by three parametar$8( andd). The first two
parameters, A and B, describe the fAamplitudeod and
respectivelyThe basal level@B) can bethought of as the amount worzero Dorsal thas
present in the dorsahost nuclei The amplitude(A) can be thought of as the amount of
nuclear Dorsal present in the verdnabst nuclei greater than that found in the densat
0 is a measure of the spatial rangehef gradienfgradient widtf.

To account for thgradual slope after 40% DV length, a correction to the Gaussian
like behavior Equationl) was made:

© o o6Q 7 6 08 C

This final parameterM, multiplies the absolute distance from the ventral midline, and
denotes the value of the gradual slope found after the Gaussian term decays # zero.
linear function for the gradient tail was chosen over otherpan@meter realizations

because it is theimplest representation of a function with a nonzero slope, and can be
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interpreted as a orterm Taylor expansion of the real functional form of the gradient

tail. While this leads to a nonzero derivative at the dorsal midline, and thuspéysioal,
the goal of this parameterization of the gradient tail is simply to distinguish between a flat

and a norflat tail, and is sfiicient for that test (see Figuf).

Simulationof thewildtypeDorsal Gradient

We usedEquation2 to simulate the wildtype Daakgradent in space and time (see
Figure 7). We extractedA(t) and B(t) by averaging the data from three live embryo
measurements and 0 = 0.14 fr o) =wilApdtoype fi

reflect the mean value of the normalized outer slope.

Simulationof MRNA dynamics
MRNA is described by the following equation:

QaYO0 Py wwvps o
06 T

wherei = sng vnd sog orzen f;is the mRNA production rate, modeled as a hard threshold
function. Forsna this function is equal to 1 d(xt) > spgland zero otherwise. In the case
of zen f,enis equal to 1 it(x,t) < .4l and zero otherwise. Feogandvnd f; is equal to 1 if
bothc(xt) > ; ahd png < 0.5, and zero otherwise. The int,t) is the simulated Dorsal

nuclear gradient with 10% standard deviation Gaussian noise added. The production of

MRNA only occurs dur i ngsthe lifdatirmeropniRANA speciesST he p a
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The val;aae dwet fiiteddto the data from Fige 4F. For further details on

analysis of mMRNA dynamics, see Sugpkntal Experimental Procedures.

Calculations of precision
To be able to read distinct Dorsal leveisiclei that are spaced by a distancepof
must be able to measui®@orsal levels to withina relativeerror ( o) given by the

following equation:

5 7 X, v W e S "&) 'Q(B \
QQQQQIWAD d DQ NN ® Q aod é&? %E(ﬁ( B T

During nc 14 the internuclear distances roughly 7 microns, and the equation &x) is
given byEquation2, with A= 108Q B = 520,0 = 0.14 andM = -89. HereA, B, andM are
in arbitrary wunits, and G0 is in units rela

are the average values for the fixed, nc 14 data set.

Manual crosssections of embryos

For crosssection imaging, stained embryos in glycerol were manaallywith a
0.10mm blade under a dissecting microscope to remove the anterior and posterior ends,
leaving a section 16200 microns in width that corresponds to -PRBD microns from the
embryo poles. These cross sections were then aligned on a glassdlideanted in
glycerol with a coverslip. Two pieces of doulsided tape were used as a spacer between
the microscope slide and coverslipstacks of 1520 microns were imaged using a Zeiss

LSM 5 Pascal.
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Figure 1. Quantitative analysis of nuclear Dorsal levels and expression domains of
dorsal-ventrally expressed genegA) Cross section of late nc 14 embryo hybridized with

sna(red),vnd(blue),ind (cyan),sog(green), andlpp (yellow) antisense RNA probe¢B)
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Plot of domains of gene expression for Dorsal target genes. Data comes from averages of

> 10 embryos for each gene. The solid black curve is average Dorsal gradient as measured
from cross sections (see bkig 6A). The dotted Dorsal curve is froBothma et al., 2010

The region where Dor sal 6 say. (ChAntibody stamingiiruae st i or
fixed DorsalVenus embryo cross section (clockwise from upper left)-Rotsal, ant

Venus, anthistone H3, and merge between ddirsal (magenta) and aiienus (green).

(D) Quantification of fluorescent antibody staigifrom part C. Each dot corresponds to

the intensity in a nucleus for aiidorsal (red) and anWenus (dark green). Errorbars
denote the standard error of the intensity of the pixels in each nucleus (also in E). The two
solid curves represent bddt curves for antiVenus intensity (green) and amiorsal
(magenta). This demonstrates that -&@nus is slightly wider (see inset). (E) The
normalized intensity of anW¥enus plotted against afifiorsal for each nucleus. Note that,

in intermediate intensitieshe curve falls below the 45 degree line (orange), indicating that
antrVenus is brighter on average than dhirsal, and thus the gradient is wider. (F) Box

plot of gradient widthsg, seeEquationl in Materials and Methods) for various antibody
stainngs, live imaging analysis, and maternal genetic backgrounds. Numbers indicate
sample size. Plus signs indicate outliers. Asteiistticate statistical significance-{alues

< 10°%. Wholemount data frontiberman et al., 2009 Embryo in (A) reprinted with
permission from Reeves and Stathopoulos (2009), Graded Dorsal and differential gene
regulation in theDrosophila embryo. Perspectives on Generation and Interpretation of
Morphogen Gradientseds Briscoe J, Lawrence P, VintenP. (Copyright 2009, Cold

Spring Harbor Lab Press, Plainview, NY).O0
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Figure 2: Two-photon light-sheet microscopy reveals anterieposterior modulation of

the Dorsal gradient width. (A) Schematic of the illumination and detection geometry used

in live imaging of DorsaMenus embryos. (B) Thredimensionallyrendered volume
image stack of the nuckabeled H2ARFP signal from a live embryo at nc 14
demonstrates that the nuetesolving resolution is achieved up to at least 256rans

from the anterioend (or~50%) of the embryo. The optical distortions seen beyond 250
microns are due to the coverglass that supports the enfGjyionages of an embryo at-50

250 microns from the anterior pole. The white arrowheads denote the location where
nuclear andcytoplasmic DorsaVenus become roughly equal in intensity. (D) Visual
illustration of the gradient width as a function of AP position in a wholemount embryo
fluorescently stained against abrsal. Hashmarks indicate distance (in microns) from
the anteor pole. The white curve represents the approximate location where the nuclear

and cytoplasmic intensity become equal. (E) Quantification of the Ddesals nuclear
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gradients from part C. (F) The width of the gradiestsséeEquationl in Materials and

Methods) from Gn units relative to the local DV size, plotted against the local DV size.
Numbers next to the points denote distance from antpata. Errorbars indicate 68%

confi dence i nt erawesidr, p:iposterioroSogebar,isicrons.O .
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Figure 3: The DorsalVenus nuclear gradientis dynamic, with increasing amplitude,
decreasing basal levels, and constant widtilA) Snapshots of the Dorsilenus nuclear
gradient for nuclear cycles 44 imaged at 150microns using twoephoton light-sheet
microscopy These snapshots were taken at peak values of the gradient amplitude for each
nuclear cycle. Scalebar, 50 microns. (B) Quantification of the D¥esalis nuclear
gradient from snapshots shown in part A. (C) Evolution of gradientitasigl(blue), basal

levels (orange), and gradient width (red) from nuclear cycle 11 through gastrulation for the
embryo shown in A(D) Normalized gradient amplitude and basal levels from a single
embryo zoomedh on time points between 53 and 41 minutefole gastrulation. The

mitosis between nc 13 and 14 interphases takes place between roughly 50 and 46 minutes
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before gastrulation. The vertical dashed lines represent the time points depicted in the

following panels. (H) Snapshots of the Dors¥lenusgradient at the time points shown in

D. The time points progress from the end of nc 13 interphase (E), the beginning of the
following mitosis (F), the middle of mitosis (G), the end of mitosis (H), and the beginning
of nc 14 interphase (I). Even in part & detectable ventréd-dorsal gradient is present.
Blue curves represent raw datRed curves represent the Gausdika fit (Equationl).

See also Figure S1 and Movie S1.



Figure 4: Changes in mRNA patterns are identifiable both between and within

nuclear cycles.Wildtype embryos from doublm situ and antibody fluorescent stainings

were manuallycrossect i oned and i maged. -Hi#gone H3toc | e i W
determine embryo stage. Expressiorsoé (B, Type I), vnd (C, Type II), sog (D, Type

llI+), and zen(E, Type llI-) throughout nuclear cycles -l¥4. Embryos are oriented with

ventral side down. (F) Profiles of each gene (cotmied) reflect the expression averaged

from 4-13 embryos at each nuclear cycle. Embryos werstaioed withsnaandvnd or

with sogandzen D: dorsal, V: ventral. Brightness and contrast of embryo @esisons

have been adjusted for visual clarity. See Materials and Methods for analysis of raw data.

See also Figure S2.
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Figure 5: Dynamics of nascensogcorrelate with Sna protein. (A) 19.5 micron Zstack
projections ofsogmRNA. (B) Z-stack projection merge &og mRNA (red) and nuclear
Histone H3 staining (green). (C) Part B zoomed in to the arsagéxpression. (EF)
Same as AC, respectively, except wittna (G) Profiles (light green) of SraFP from all
embryos analyzedn) and the average curve (dark green). (H) Same as G except for
intronic sog Additional embryos stained with intronsog but rot GFP are included. (1)

Box plot of peak Sn&FP levels shows upward progression during nd4d.Red spots

indicate outliers. (J) The intensity of introrsogat the ventral midline is plotted against
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the peak intensity of SF@FP. As the nuclear cyclgsogress, a decrease in introsay

expression correlates with an increase in-GR®. Only embryos estained with both

intronic sogand SnaGFP are included. See also Figure S3.
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Figure 6: A shallow gradient can deliver positional information with limited precision,
supporting graded expression patterns(A) Normalized Dorsal nuclear gradients (black)
for 153 fixed, manually crossectioned embryos. Average gradient in red. (B) Histogram

of the normalized tail slope for all embryos from part A. The cyan histogram bar denotes
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the 95% confidence interval of the mean. The box plot above the histogram depicts the

bulk of the data falling within the beandwhiskers, with a handful of extreme oetk
both above and below the bulk of the data
histogram depicts a normal distribution with the same mean and variance as the bulk of the
data. (C) Plot of difference in Dorsal levels seen by adjacent nucgeisvBXV coordinate.

(D) Potential errors in gene expression boundary placement due to 10% stochastic
fluctuations in Dorsal readout (red curves). From left to right, errorbardaenote the error

for a gene presumptively placed at 10%, 20%, 33%, 50%, and 70% DV position. Numbers
indicate rough numbers of nuclei. Each black dot represents a nucleus. 40 nuclei are
plotted, in keeping with a typical nc 14 nuclear density. (E) Mafboesaldependent
expression of Type Ill genesog zen ths andNeu3 zenpattern is shown before Dpp
dependent refinement occurs. (F) Profiles of genes shown in part E. Note differing
locations of the dorsal boundaries and graded borders. (G) A nadigmjrtail may result

in graded boundaries of Type Ill genes. Simulations of four instances of Type I+ gene
activation as a result of reading out a noisy gradient (blue dots indicate the readout of each
nucleus). In each case, gene expression is eattare in a nucleus (green bar) or not,
depending on whether the read Dorsal signal is above the threshold (red dotted line). Nuclei
closer to the ventral side will be activated more often. (H) Final output of a Type Il gene.
This pattern is the result tfne-averaging of the activation states of the nuclei (examples

in G) and thebasal levels decreasing within a nuclear cycle (example in 7E). The graded
boundary of the Type Ill gene is determined by how long and how often nuclei read a

signal above theénteshold. See also Figure S4.
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Figure 7: Expression of DV genes in space and time correlates with dynamic nuclear
Dorsal levels. (A) Signaling network used in the model simulations. Arrows indicate
activation; blunt arrows indicate repression. (B) Hegdraf the simulated Dorsal gradient.
Black curves denote constant Dorsal concentration contours, corresponding to the
thresholds chosen fana vnd andsogzen (C) The observed (top row) and simulated
(bottom) profiles ofsna vnd sog andzen (D) Themid nc 14 Dorsal target genssa

(red), vnd (blue), sog (green), andzen(yellow). Circles denote averages of fluorescent in
situ hybridization patterns from > 10 embryos and solid curves denote simulation results.
(E) Simulation of dynamic Dorsahorphogen gradient. TI, Il, and IIl were placed as in B,
using the final gradient. (F) Simulations of threshold responses to Dorsal gradients from the
nc 1114 near the end of each nuclear cycle when the gradient amplitude is peaking. The
horizontal linescorrespond to the Type | (red), Type Il (blue), and Type Il (green)
thresholds (contours of panel B). The locatithrese thresholds are crossed by the at4l1

Dorsal gradients are given by the vertical lines. (G) Simulstagexpression pattern for
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ealy, mid, and late nc 14. (H) The amount of simulated Dorsal (blaok)green), and

sna(red) a ventral nucleus sees. The dashed horizontal lines correspondriaahdsog
thresholds. (I) Box plot of location ainaboundary in wildtype embryos, aged within
nuclear cycle 14. Numbers indicate sample size. (J) Simulatkdxpression pattern for
early, mid, and late nc 14. (K) The amount of simulated Dorsal (black, graypegolue,
cyan) seen over time by nuclei at 30% and 35% DV positiongcesply. The dashed
horizontal line corresponds to thiad threshold. (L) Box plot of location afind boundary

in wild-type embryos, staged within nuclear cycle 14. (M) Simulategl expression
pattern for early, mid, and late nc 14. (N) The amount afilsited Dorsal (black, gray) and
sog (dark and light green) seen over time by nuclei at 35% and 55% DV position,
respectively. The dashed horizontal line corresponds teatpthreshold. (O) Box plot of
location of intronicsogboundary in wildtype embrys, staged within nuclear cycle 14. See

also Figure S5.
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Image anbysis and empirical modeling of

gene and protein expression
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ABSTRACT

Protein gradients and gene expression patterns are major determinants in the differentiation
and fate map fothe developing embryo. Here we discuss computational methods to
guantitatively measure the positions of gene expression domains and the gradients of
protein expression along the dorgahtral axis in theDrosophila embryo. Our
methodology involves tee layers of data. The first layer, or the primary data, consists of
z-stack confocal images of embryos processednbsitu hybridization and/or antibody
stainings. The secondary data are relationships between location, usuathaxan
coordinate, andluorescent intensity of gene or protein detection. Tertiary data comprise
the optimal parameters that arise from fits of the secondary data to empirical models. The
tertiary data are useful to distill large datasets of imaged embryos down to a dractabl
number of conceptually useful parameters. This analysis allows us to detect subtle
phenotypes and is adaptable to any set of genes or proteins with a canonical pattern. For
example, we show how insights into the Dorsal transcription factor proteireigtraaid its

target geneventratneuroblasts defectivévnd were obtained using such quantitative

approaches.



1. INTRODUCTION .
I n a developing ani mal, the distributions
dictate the patterning of gene expression within developing tissues in a concentration
dependent fashiofWolpert, 1969. High morphogen concentrations drive the expression
of one set of gass, while low concentrations a different set. In this manner, a single
protein, distributed in a spatial gradient, can be responsible for the gross patterning of an
entire tissue. Therefore, to model eadll signaling and gene expression patterns in
dewelopment, quantitative measurements of protein and RNA distribution within the
embryo are necessary. Fluorescent experimental techniques, such as fluorescent antibody
staining and fluorescenin situ hybridization, are sufficiently quantitative for such
measurementgGoentoro et al., 20Q61e et al., 2008Liberman and Stathopoulos, 2009
Luengo Hendriks et al., 2006 Yet, to extract these measurements from the fluorescent
image data, and in order to make meaningful comparisons across several embryos and sets
of embryos, an image analysis protocol is neddgdet al., 2008 Fowlkes et al., @08
Jaeger et al., 200&urkova et al., 2008

Here we present a protocol to analyze image data consisting of three types of
molecular species: (1) mRNA/ngnclear proteins, (2) nuclear proteins, and (3) nascent
transcriptgvia intronic probes; sometimesal | ed fAnucl ear dotso) .
is to distill fluorescent images down to a set of meaningful parameters that characterize the
protein and mRNA distributions. To this end, we identify three levels of data: the
fluorescent images are theirpary data, secondary data are the relationships between

position on the embryo and fluorescent intensity, and the tertiary data are parameters that
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arise from fitting our secondary data to empirical models of protein and mRNA

localization.

The final, d&afitting step requires the development of accurate models of protein
and gene expression, as well as numerical techniques for minimization of error. However,
using the protocol of data fitting to empirical models has several advantages over more
simpligic approaches. First, it involves the use of the entire secondary data set, rather than
small sets of distinct points. Second, because it uses the entire data set, it is robust to noisy
secondary data. Third, it allows for a systematic analysis of wariam the predicted
parameters. Because of these advantages, we can be confident in our ability to detect very
subtle phenotypes that otherwise are difficult to discern, either by eye or through
comparison between sets of secondary data.

As a concrete exaple, we focus on the transcription factor Dorsal (dl), which acts
as a morphogen in the eafrosophilaembryo (rev. inMoussian and Roth, 20p5 dl
nuclear localization is regulated spatially in Br®sophilaembryo, in a gradient, such that
high nuclear levels are presam ventral regions and very low nuclear levels are present in
dorsal regionsKigure 1A). High levels of nuclear Dorsal support expression of genes such
as snail (Figure B,C) andtwist, and intermediate levels of nuclear Dorsal support
expression of gees such asentral neuroblast defectivelnd Figure JA,C) and short
gastrulation(sog Figure IC). Dorsal can also function as a repressor of transcription and
in this function limit the expression of some genes, sucteaapentaplegi¢dpp and
zerknlit (zen, to dorsal regiongev. inReeves and Stathopoulos, 2088athopoulos and

Levine, 2003.
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In this paper, w describe the steps in the image analysis protocol and give details

of the calculations involved in the data fitting procedures. We demonstrate two cases in
which our analysis protocol has allowed us to detect subtle, yet statistically significant,
phenaypes in the dl patterning system. In the first case, we detect the slightly longer decay
length in the nuclear gradient of a Vertagged version of dl, as compared to the nuclear
gradient of wildtype d(Reeves et al., 20).2 The second case consists of measuring the
subtle perturbation in placement of thad dorsal boundary in embryos that exhibit wider
gradients. We also present an example of image analysis in a system other than a cross

section of the Drosophila embryo.



2. MATERIALS AND METHODS

Here we briefly present steps for experimental preparatidbragophilaembryo cross
sections and the mounting and imaging conditions required by our method. More details

on the image analysis procedure can also be found in the supplementary material.

2.1 Collection, fixation and in situ hybridization of embryos

Fly stocks used in Fige 8 includedl-venusanddl-gfp constructs and are further
described i(Reeves et al., 20)1.2Embryos in Figre 9 come from the stocit/CyO; dt
gfp, H2Arfp/TM3, and embryos in Fige 10 are F10 mutantfHuang et al., 1997
Fluorescent in situ ond ind, sng and sog genes using antisense RNA probes, and
antibody stainings of Dorsal (DSHB), histone H3 (Abcam), and GFP (Rockland) were
performed using standard protocols. These steps proceeded according to published
protocok (Kosman et al.,, 2004 When detecting protein distributions, the proteinase K
treatment is skipped. After completion of the last wash, embryos are stored in 70%

glycerol at-20°C in the dark.

2.2 Embryo manipulation

After the fluorescent in situ hybridization/antibody staining protocol is performed,
embryos are transferred to a viewing dish with 70% glycerol. Using a brush, the
appropriate stage is selected by morpgglunder a stereomicroscope and placed on a
glass slide. Generally, ~10 embryos are sectioned at a time. This preverdsyowgand

reduces exposure to light. A small amount of 70% glycerol may need to be added onto the
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slide to prevent embryos from slecating. However, too much glycerol will cause

difficulty in maneuvering the embryos. These embryos are then manuallyseatigsed
with a 0.10 mm blade and mounted upright using a hair loop. Two pieces of-dmldue
tape are used to prevent pressan and damage to the sections. A coverslip is placed on

top, and 70% glycerol is pipetted between the slide and coverslip.

2.3 Confocal imaging

Crosssectioned embryos were imaged with a 40x 1.3 NA oil objective; pinhole of
2.29 AU; pixel time of 3.20 psl5-20 slices with 1.3 prthickness containing the middle
region of the embryo cylinder were acquired. For the success of the image analysis, it is
crucial to have only the desired embryo in the image, and no other fluorescent materials,
such as other emymos or dust. It is also imperative to have the entire embryo within the
image for all zslices; leave a comfortable padding of black space around the embryo. See

Figure 1A for an example.

2.4 Image analysis

There are five steps in the image analysic@dare, as outlined below. These
procedures were developed and applied in recent st{disrman and Stathopoulos,
2009 Reeves et al.,, 20)2 In those cases, we will provide references for aufdhti

background and a brief discussion.



6<
2.4.1 Detecting the border of the embryo

This procedure was first introduced (hiberman and Stathopoulos, 200&nd
utilized more recently ifReeves et al., 20).2 First, the geographical center of the image
is assumed to reside inside the embryo. From this locatierimage is divided into 60
slices in the azimuthal angle (i.e seeFigure ). The intensity of the image as a
function ofi (the distance from the center of the image) is found for each skefFigure
2B). The presumed location of the boand of the embryo is where the intensity drops
rapidly (red dot inFigure B). This point in i h— coordinates is then transformed back
into a pixel location (i.e. uzoordinates), resulting in a relatively tight border around the

embryo Figure ZC).

2.4.2 Calculation of average intensities

The next step is to detect average intensities around the periphery of the embryo,
and is described briefly ifReeves et al., 20)2and in more detail here. The average
intensities serve as measures of gene expression in color chamredpaading to mMRNA
probes or averaged values of other molecular species for which nuclear localization is not
an important factor. This analysis proceeds in three steps. First, from the 60 points on the
embryo periphery, a much denser outer oh00points is interpolated (Figu@). For
each pointCon the outer ring, the outer ring poif#Q p and two corresponding points,
roughly 20 microns in from the periphery, form a quadrilatefagure 3B). Third, the
average intensity inside this quiateral, 0, is taken as the intensity value of this color

channel at point . The result of this analysis step is a vector of psemdengthj , and a
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corresponding array, which contains the intensities of each color channel as a function

of i . For example, a plot afvs.i will yield peaks of gene expression if the color channels

in the image are fluorescent representations of mMRNA probe hybridizatgmeg ).

2.4.3 Locating nuclei

In the case of images with nuclear stains (such as antibodies against histone
proteins, or other dyes like TOPRO or DAPI), the analysis program can locate the nuclei
(Reeves et al., 2012 We briefly describe this analysis here, which proceeds in several
steps. First, using the 60 points on the bordeh@®mbryo, adescribed in Section 2.4.1
the outer periphery of the embryo cross secf
long strip Eigure 4\), which we transform into a binary nuclear mablgQre 8). To
accomplish this, the strip of nuclei is averagethe radial (i.e., the apicalasal) direction
to yield a onedimensional representation of the nucleiglre 4). Next, a watershed
algorithm is used to determine the 1D locations of the cytoplasmic regions between nuclei.
This allows us to put bodaries between the nuclei. These 1D locations are then mapped
back onto the original unrolled strip to define rectangular regions, and inside of each
rectanglehere is exactly one nucleus.

Within each rectangle, the nucleus is segmented using a hastidiabewith the
threshold level chosen using a beistprotocol (Otsu, 1979. This local thresholding
results in the ability to segment each individual nucleus from the surrounding cytoplasm

(Figure B). Defining each rectangle is necessary to (1) differentiate between nuclei that
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are touching or almost touching, asleaccleus is given a distinct numerical label, and

(2) avoid the problems associated with using a global threshold algorithm on the entire
image.

Afterward, the pixels corresponding to each nucleus in the unrolled strip are
mapped back to the original 2Bhage of the embryd={gure ). As this is a noitinear
transformation, and not a ct@one mapping, sometimes this results in solid nuclei with a
handf ul of bl ack pixels-i no Twietste pPheaelnhs man
correspondig to the micleus they reside ifsee insets irFigure 4O). This ensures the
nuclear mask does not have missing pixels. Note thisfifizlg step does not distort the
data in any way; it is simply for complete labeling of individual nuclei.

The 2D image is then onphologically opened with a dishaped structuring
element 5 microns in diameter. This removes the spurs and feathers from the nuclei,
resulting in smooth nucleF{gure D). At this point, the nuclear mask is complete, where
the pixels in nucleu€have a value of2so that even nuclei that touch after transforming
back into the 2D image are distinguishalblgy(re £). All other pixels are black.

In some cases, the quality of the primary data is not high enough to reliably
distinguish nuclei frm their neighbors, resulting in -tlefined boundaries between
neighboring nuclei. In those cases, the program therefore lumps together multiple nuclei
(arrowheads ifrigure £).

The important parameters associated with each nucleus are the pixel tis¢ (so

location of the nucleus can be mapped into the other color channels), the centroid (which
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acts as single coordinate for the whole nucleus) and the nuclear intensity (which will act

as a normalization factor for the other color channels; see S8ct)on

It is important to point out that this method of detection of nuclei works very well in
nuclear cycles (nc) 13 and 14 bfosophila development, due to the relatively close
packing of the nuclei. Earlier nuclear cycles, such aslnand 12, have a much lower
density of nuclei, making it difficult to avoid false positives. We previously used manual
nuclear detection to overcome this difficulfiReeves et al., 20};2however, manual

detection of nuclei is not discussed in this setafe.

2.4.4 Intensity of nuclear proteins

Once the nuclear mask is determinédhe given embryo has been immunostained
for one or more nucledocalized proteins, the fluorescent intensity of the channels
corresponding to this (these) nuclear protein(s) is considered. For each nucleus identified
in the nuclear mask, the correspondirngefs in the nuclear protein channel are found, and
the average intensity of those pixels is counted to be the intensity of that nuclear protein for
that nucleus. Standard errors of the mean for each of these measurements are also
calculated. Coupled witthe data for the centroid of each nucleus, these measurements
give us a relationship between nuclear protein intensity and location on the periphery of the

embryo.

2.4.5 Measuring nuclear dots
If the given embryo has been treated with -aatise RNA prads made against

intronic portions of genes (i.e., intronic probes), then nascent transcripts within nuclei
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(Anucl ear dotso) can be measured. For ea

(Figure 5A), the highest intensity pixel in the color channelesponding to the intronic
probe is counted as the center of the nuclear dot (Figure 5B,C). Against the possibility this
high intensity pixel is a random high intensity photon as measured by the photomultiplier
tube, the median intensity in aby-5 pixel neighborhood centered on the high intensity
pixel (red box in Figure 5B inset) is chosen to be the strength of the nuclear dot. Coupled
with the data for the centroid of each nucleus, these measurements give us a relationship
between intronic dot intengitand location on the periphery of the embryo. This
relati onshi-pndp eprpearl & ma titsearl nt, i n which a wi
any given location in the domain of gene expression (blue dots in Figure 5D).
Furthermore, the same dot isdlit represented as multiple datapoints, because it may be
present in multiple slices of thestzack.

In order to fit the pattern of nascent transcription to a smooth profile, we exchange
the multivalued relationship between nuclear dot intensity aratitme for a singlesalued,
smooth curve (red curve iRigure ). We do this in a similar manner to what was
described previouslfReeves et al., 20).2 First, the locations of the nuclei are binned into
a mesh from minus one to one with 300 points. Next, for every bin that contains nuclei, the
top 5 nuclear intensities are averaged together. This averaged value becomes the value of
our raw curve at tit location. For bins that have fewer than 5 nuclei, all nuclei are
averaged together.

If bin "thas zero nuclei, a value at locatiéimust be chosen in order to maintain a

smooth curve. The program searches @np for a value. If no value is fodh the
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program searches bif2 ¢. This continues until a value is found to the left of 6in

Next, the program searches in a like manner to the right dfbiiter finding the closest
values to the right and to the left of b{pthe value at birls the aerage between these
two values.

Finally, the resulting curve is smoothed with a sliding window of five points,

resulting in a curve similar to the red curve sedfiguire D.



3. CALCULATION

After the image analysis procedures, the primdaya has been transformed into the
secondary data, consisting of relationships between intensities of the fluorescent readouts
of the molecular species probed and location on the periphery of the embryo. There are
two aspects to further calculate to firssecondary data to empirical models of protein and
gene expression, resulting in the fitted parameters that comprise our tertiary data. The first
is normalization with respect to nuclear intensity, and the second is data fitting. More

details can alsbe found in the supplementary material.

3.1 Normalization with respect to nuclear intensity

Due to uneven illumination and loss of light collection witiepth, we have found
it useful to normalize the nuclear protein intensities with respect to ingsnsiithe nuclear
stain(Liberman and Stathopoulos, 20090 ground this normalization theory, we make
the following assumptions. First, we assume the relationship between measured intensity,
"Q of a nuclear protein in nucle{@nd the real nuclear concentration of the proteiris
as follows:

0 0k & B

Here, the factoQ depends on the light path from the objective to nucl@end the
constantgs andBy depend on experimemtide factors, such as microscope settings, the
concentration of antibody used, or the 1specific affinity of the antibody for embryonic
tissue. In other words, when uneven illumination is taken into account, the fluorescent

intensity is proportional to the protein concentration with an additive background constant.
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In a similar vein, we assume the intensity, of the nuclear stain in oleus’(s

related to the actual concentratién, of the molecular species by:
6 Q¢
We also assume the concentration of the nuclear species is the same in each nucleus
throughout the embryo, meaning the tetrng¢ ' can be simly represented by a
constantQ This implies
0 QO
Therefore, to eliminate the unknown dependenc®oh the lightpatidependent factor,

Q, we normalizéOby U :

o %o® %oh

0 QB O &
0 Q0

where the new constarfé and%. are the old constant§ (, 3 ) divided by'Q Thus,
this normalized intensityd, is simply proportional to the concentraticl, up to an
additive background constant.

After normalizing each nuclear protein intensity with respect to thesmonding
nuclear stain intensity, the valueaif typically close to one. To retuarto a scale similar

to its original intensity, we multiply by the mean intensity of all nuclei.

3.2 Data fitting
We next fit our secondary data to empirical curves. Doing so will result in a set of
parameters that describe each of our secondary data relationships. We do this for mRNA,

nascent transcripts, and nuckéagalized proteins.



3.2.1 mRNA

We fit our datao f MRNA expression to ficanonical
(Liberman and Stathopoulos, 20@8eves et al., 2018ee alsd-igure ). In so doing,
we can measure, in a systematic way, the dorsal and ventral boundaries of gene expression.
Each canonical gene expression profile was obtained by manual alignmentrainb@eo
instances of gene expression. Once this profile is found, it can be manipulated by
translation, stretching/shrinking, addition, and multiplication, in order to fit to a measured
gene expression profile. We have found that virtually every measuodite mf gene
expression can be fit to the canonical profile this way.

Consider a canonical gene expression profilew , with a peak located ab,
wherewis the coordinate along the DV axis of the embifyigre ). Each measured
geneexpression profilep @, can be fit tao w in the following way:

6o |6 w T
In this equation, the two important parameters are the peak locatjaamd the stretching
factor;) . These two parameters together dictate how theniteal gene expression profile
is changed in space to accommodate the measured pkadiled @,C). From these two
parameters, we can calculate the dorsal and ventral borders of our measured gene
expression profile.

As an example, consider tiwed profile of the embryo irFigure 1A (seeFigure
6D). After background subtracting this profile, with the appropriadedgd structuring

element(Reeves et al., 20)2and plotting the two halves of the embryo on top of each

other, we arrive dtigure @& (circles; cyan corresponds to the right side of the embryo, and



7€
magenta to the left side). The fitted canonical profiles are plotted as solid curves, with

blue corresponding to the cyan data points, and red to the magenta. These fits resulted in
the parameteis 1@,y T X &nd oL, T& ¢ @vhere'Ydenotes
the right side of the embryo, andlenotes the left).

The canonical gene expression profile,w, has a dorsal and ventral border
associated with it, defined as the location in which the peak dropstméretnal intensity
(Figure &\). If these two locations are denoteduag andw f,, respectively, thed and
 (the dorsal and ventral borders of the measured gene expression profile) are given by:

@ W 0] W
W Wp 0] W

Therefore, each gene erpsion profile for each embryo has the paramegters, and
from these, the dorsal and ventral borders of gene expression can be found quantitatively.
Returning to our example aind the canonical borders of gene expressionvfat are
Wrp ™ X andwp T v,pwith @ 1. Using these numbers in the example,
Wp TWoandwy T o,y T8 ¢ andwy T@ p.eHowever, we report the
results of the dorsal and ventral borders of gene expression as the average of the borders
calalated from both sides, meaniang 1@ o andw T& ¢.p

This approach has advantages over simply finding the location where the measured
gene expression profile crosses fmiximal intensity for three reasons. First, if the
measured gene expressiorofjes are noisy, then both the maximal intensity and the
locations of haimaximal intensity cannot be found reliably. Second, finding the borders

directly uses only a handful of data points from the measured gene expression profile, and
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thus may be inawrate. Finally, using only a couple of data points does not allow the

calculation of confidence intervals on the parameter estimates. Using the fitting procedure
described here overcomes these problems.

The two parameters and! refer to the max intesity of the peak and the
background levels of image intensity, respectively. In general, neither of these fitted
parameters informs us about the gene expression pattern, given that image intensity and
background can be altered by microscope settingssigitt differences in experimental
procedure. However, if these factors are controlled for, then it is possible to perform a
semiquantitative analysis on the strength of gene expression, in which fluorescent
intensities of either protein or gene expresscan be compared embrigembryo
(Reeves et al., 20).2 (SeeSection 5 Discussiofor more details.)

Our analysis package uses théesh parabtets! a b
Additionally, the function returns confidence estimates on the fitted parannelﬁeﬁ;,,
and w. We propagate these confidence intervals froemd‘ to @ and @ by the

following formulae:

Qo W o Q Qw
Here, the term®], andQw represent the radii of the 68% confidence intervals on these
parameters, and can be thought of as the magnitude of one standard deviation. The

interpretation ofQw and'Qw are tlus the magnitude of one standard deviation in these

borders. These uncertainty measurements are typically on the order of one tenth of one
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percent of the DV axis, which is less than one nucleus wide. For our example embryo,

Qv mimcandQy T8I X

Profiles of nascent transcripts and nuclear proteins can also be fit using this
procedure. To fit profiles of nascent transcripts, the smoothed profile (red curigriia
5D) is treated as the measured gene expression piofie, For nuckar proteins, see
below (Sectior8.2.9.

One thing to point out is this fitting procedure requires the ventral midline of the
embryo to have previously been identified. This can be done either manually (see Example
3, Section S1.8.7 in the supplementagtenial), through the fitting of another molecular
species that allows for unambiguous identification of the midline (e.g., the dl nuclear
gradient; see Sectidh2.9, or through a rulebased procedure. Our current formulation
employs the rulebased prcedure, in which the program looks for certain kinds of peak
maxima depending on which genes the user supplies. Once these peak maxima are found,
the location of the midline is inferred. For example, if the genadswhich is expressed
in a symmetric two-stripe, ventralateral pattern, the program locates the peak maxima
and places the midline directly in between.

Another feature of this fitting procedure is that it can detect and resolve multiple
gene expression profiles in the same color chara®llong as the two profiles are
sufficiently separated in space. This is illustrateBigure IC and also irfFigure 10 This
feature can be extended to genes that have multiple domains of expressionyisoemas

hb (see Section S.1.8f6r an exam).
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3.2.2 Nuclear proteins

We originally developed this protocol to analyze the dl nuclear gradient. According
to our previous analysis, the dl gradient can be empirically fit to a Gadigsidanction

plus a slowly declining taflLiberman and Stathopoulos, 20@8eves et al., 20):2

W w O0AGh — 6 0ws P

Using his empirical model, the amplitude of the peak in the dl gradignt tise gradient
Abasal |l evel so (i.e., the valuewWwbethe t he
length scale of the Gaussilke behavior is, , the location of the veral midline is* , and
the slope of the shallowly declining gradient taib is

As an example, consider the dl nuclear gradient of the embifyigune JA. After
the image analysis step, we can plot the secondary data (the vafioe @ach nucleus)ss
nuclear location (blue dots with errorbarsHigure 7. Fitting these secondary data to
Equationl (see also black curve Figure 3, we find the value of the Gaussian length
parameter, , to be 0.15, and the normalized slope of the gradienbt#@, , to be-0.17.

Despite the fact thd&quationl appears quite specific to dl, this can still be useful
in other situations. For example, it is plausible that the pattern of pMad in the early embryo
conforms well toEquationl. Even when the nuclear protein of interest does not conform
to Equationl, as was the case with SB8&P [13], fitting the nuclear protein profile to
Equationl can often reliably find the midline, amplitude, and basal levielseoprofile.
The paramet r wit | | al so be correlated to width of

will be lost.
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However, nuclear proteins that do not confornE¢mationl can alternatively be

fit to a canonical profile. As this is the more general case, we have whiterorkflow of
our program to fit any nuclear protein not
As in fitting mRNA profiles, we use t

parameters as well as their 68% confidence intervals.

f



4. RESULTS

We use the dl morphogen system in nuclear cycle 43{@ur old)Drosophilaembryos as

a test case for our analysis and ddteg program. Here we present two example
scenarios that demonstrate our protocol can detect very subtle phenotypes not easily
distinguished by eye. We also present a third example scenario that helps describe the

generalizability of the program to alternative geometries.

4.1 Expanded dl nuclear gradient in embryos carrying a copy of Venusgged dl

The wildtype dl nuclear grad conforms to a Gaussidike decay with sloping
tails (Equationl; Liberman and Stathopoulos, 20@8eves et al., 20)1.2n previous work,
we measured the spatial extent o tl gradient, which is an important parameter in
determining the ability of dl to pattern the DV axis. For wildtype embryos, we have found
the width of the dl gradient to be roughly 1 t 18t p(Figure 8D; Liberman and
Stathopoulos, 20Q09Reeves et al.,, 20).2 Using our protocol, we can detect a subtle,
systematic difference between the width of the wildtype dl nuclear gradient and width in
embryos with perturbed dl gradients. Here, we present a case in whiciios from
mothers with one null allele of endogenadisand one copy of YFRenustaggedd|
(hereafter referred to adl-venusembryos) have a statistically detectable increase in
gradient width.

We detected the dl nuclear gradient in fbaldrzenusembryos both by using an
antibody directed against dl (upper left panelFigure 8A) and an antibody directed

against GFP (which also recognizes Venus; upper right pakeune8A). Judging from
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the similarity between the two images, we could make a case these two gradients are

identical (for comparison, see merged image in the lower left pan€igure 8A).
However, the secondary data obtained from our image analysis protocol saaredient
detected by antGFP is wider than that detected by adti(Figure 8B,C). Using our
empirical model of the dl gradient, we measured the widths of these two gradients to be
” T ¢ T pfor detection by antill, and, T X Tt pfor detection of Venus
by anttGHP (mean + std de\Eigure8D). This difference between these distributions in
widths across the set of 29 embryos is statistically significant, tisenigest for correlated
samples (pralue < 1¢; Reeves et al., 2012

We also found the gradient detected by-dhin dI-venusembryos is wider than
the dl nuclear gradient in wildtype embryos. In summary, » » implying the
extent of the actual spatial gradient ofMinus in thedl-venusembryos is wider than the
gradient of endogenous dl (compare T Xto ,, @ 7 in these same embryos.
Since the antdl antibody will recognize both endogenous dl and/eihus, the anll
measurement in these embryps ( T @is some intermediate value. Furthermore, the
measurement of the-Menus gradient usgnanttGFP is upheld by measurements of Venus
fluorescence in livell-venusembryos Figure8D).

This same trend is also seen in embryos from mothers with one null allele of
endogenousll and one copy ofifp-taggeddl (hereafter referred to al-gfp embryos; see
Figure 9. The gradént width as detected by awli (,, & TU T8 § is not as wide as

that detected by arGFP ( & o 181§, yet both are wider than the wildtype



8t
gradient. Live studies of these embryos also show theG&Ri measurement to be

accuratefigure8D).

4.2 Shiftedvnd dorsal border in embryos with expanded dl gradients

We have also asked if the expanded width of the dl gradietitgfp embryos has
an effect on gene expression. We immunostadiegfp embryos with antdl and anti
histone H3 (to detect nuclei), and hybridized them with an antisense riboprobe against
(Figure AA). It is clear from looking at the image that these gmmbrhave expanded di
gradients (compare with Figure 1A). However, it is not obvious whetieexpression
domain is shifted as a result ($&gure 9Bfor a plot of the secondary data of this embryo).
However, after fitting thevnd peaks to thevnd canaical gene expression profile (see
Figure 9Cfor example), we find both the ventral and dorsal bordergndfare shifted
dorsally compared to wildtype (see boxplot Figure 90. For example, from our
calculations, the dorsal border wfid in dl-gfp embyos, W , is T ¢ T8t ¢ while in
wildtype, @ T® ¢ 181 ¢ This difference of 4% DV axis length translates to a shift

by roughly 2 nuclei.

4.3 Quantifying gene expression profiles in other geometries: saggital sections of
Drosophila embryos

To demonstrate that our analysis is generalizable to geometries other than the
circular crosssection of theDrosophilaembryo, we present an example of quantification

of gene expression profiles in a saggital section of the Drosophila embryo (Figure 10A).
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We chose embryos that express a dominant form of the Toll receptor (Toll10B) present

in an anterioposterior gradientsgeSection 2Vaterials and Methods$juang et al., 1997

The endogenay ventralto-dorsal nuclear gradient of Dorsal is missing in these embryos,
replaced instead by an antermsterior nuclear gradient of Dorsal. We hybridized these
embryos with riboprobes agairsta vnd sog andind (Figure 10A and quantified their

gene expression profiles in sliding window around the embryo peripkegyré¢ 10B

compare tdrigure 3. Aside from generating new canonical profiles for each gene, due to

the different spacing as a result of changing the geometry, no alterationgtogtram is

required. Note that botBna and ind occupy the same color channel; our péting

procedure can differentiate between the two pedkgufe 10Q. This example
demonstrates the programdés abilitydtbo qua

differentiate between two peaks of gene expression in the same color channel.



5. DISCUSSION

In this paper, we have presented a protocol that analyzes primary fluorescent image data to
produce relationships between fluorescent intensity lacation on the periphery of an
optical section within a single embryo. These relationships act as secondary data, which
are further fit to empirical models of protein and/or gene expression, resulting in tertiary
data: parameters physically meaningfultbe researcher, such as boundaries of gene
expression. Thus, this approach can distill fluorescent image data down to a handful of
parameters, making it possible to compare important features of protein or gene expression
across a large number of embryasd/or across sets of embryos of different genotypes.

The method presented here is generalizable to other systems beyorgkctioss
of earlyDrosophilaembryos. In some cases, the Matlab files may work on other systems
with no need for adjustmen©ne constraint is the pertinent information must be limited to
the periphery of the embryo. However, the embryo need not be a perfect circle. Sagittal
sections ofDrosophila embryos work as well (see Sectidtl). Sea urchin embryos,
which have more of pearlike shape, may also work. The Matlab codes to support our
protocol, along with a userds manual, i s a\

There are several avenues for improvement. First, with the exception of the
Gaussiaffit of the dl nucleagradient, our empirical model of gene and protein expression
is limited to domains that can vary in width and location, but not shape. For example, if
one is interested in empirically modeling a gene that changes shape depending on the age
of the embryosuch as fosogor zen the code must be adjusted to include steugxific

canonical profiles. In previous work, we took this difficulty into account manually, on a
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caseby-case basis, and did not incorporate it into the automatedfipfeak code

(Reeves et al., 2012 Another example would be a gene expression pattern changing shape
in gengically manipulated embryos. Bnamutants,sog vnd and other ventrdhterally
expressed genes are derepressed ventrally, drastically changing the shape of their profiles.
This problem can be overcome by creating a separate canonical prdfiederalternative
conditions.

Second, with careful attention to experimental detail and imaging conditions, it is
possible to perform senguantitative analysis of fluorescent images (see also Section
3.2.). In semiquantitative analysis, not only are asipl patterns accurate, but
backgrounesubtracted fluorescent intensities are directly proportional to protein or
transcript levelgGoentoro et al., 20061e et al., 2008Liberman and Stathopoulos, 2009
Luengo Hendriks et al., 20pReeves et al., 20).2 This typically requires all experimental
procedures to be performed in one set, all by the same user, and microscope settings to be
constant. Changes in laser power are permissible, as theyp Ipaedictable effect on the
fluorescent intensity of the image, but must be measured with each imaging session.
Additionally, background levels must be measured, through imaging immunostained
embryos that lack the protein of interest. The measureméntaser power and
background levels must serve as additional inputs to the image analysis code. The
automated protocol presented here currently does not support these inputs.

Finally, the procedure for nuclear detection can be improved. At low nuclear
densities, such as in earlier timepointdrbsophiladevelopment (nc 11 and 12), there is a
very high incidence of false detection of nuclei. Manual nuclear identification resolves this

issue(Reeves et al., 20}, 2but is not a part of the code presented here. Furthermore, our
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detection of nuclei takes each slice in-astack individually. A more comprehensive,

threedimensional nuclear detection algorithm would expand ondberacy of the code.

For example, currently for identification of nascent transcripts, the strength of the nuclear
dot present within each slice of astack is plotted and a global trend in the data along the
dorsalventral axis is inferred based on apalion of a smoothing fundn (see Figure

5D). With threedimensional nuclear detection, a single datapoint for each nascent
transcript could be obtained (i.ewo datapoints for transcripts from autosomes; and 1 or 2
datapoints for transcripts frometx, depending on whether the embryo is male or female).

Because our approach also results in a rigorous statistical analysis of the uncertainty
in the tertiary data, we can have confidence in our ability to detect subtle phenotypes. We
have demonstratethis in two examples using the dl morphogen gradient in the early
Drosophilaembryo as a model system. These subtle phenotypes, not easily detected by
eye, are nonetheless very significant, from a statistical standpoint. It is often the case that
pattening is robust in developing embryos, making analysis of mutants challenging.
Utilizing this method, we can be statistically confident in characterizing small changes in
the system.

Another important advantage to the method of using empirical models of
protein/gene expression is that we do not neglect the bulk of our secondary data. For
instance, one approach to determining gene expression boundaries is to find where the peak
of geneexpression crosses the haldximal intensity. In such a case, only two small
regions of the secondary data are used: the region at the peak intensity (to determine the

maximal value) and the region near the border (to determine the location). Furéienmo
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this scenario, the ability to accurately measure the boundary location becomes quite

weak when there is significant noise in the secondary data.

This is clearly not the first research to empirically model protein distributions or
gene expression ftarns. The Bicoid gradient, which is a protein gradient along the
anteriorposterior axis in the earlprosophilaembryo at the same time as the dl nuclear
gradient, has often been empirically modeled by an exponential (§&fégor et al., 2005
Houchmandzadeh et al., 200danu et al., 2000 However, these choices of empirical
modelsare very specific to the protein being studied. A more general approach, which we
employ for gene expression, would be to use a canonical protein profile. Such an approach
is mechanismindependent and can be used for any arbitrahigped, but consiste
distribution.

The empirical modeling we present here, when related back to the canonical
pattern, results in the definition of physically meaningful parameters, such as shifts in the
locations of gene expression boundaries. This is not always thencaiselar modeling
studies, as another general approach that has been used to model gene expression patterns
is fitting to Fourier serieUmulis et al., 2010 For this reason, when the mechanism is
unknown, we argue for theility of our approach based on empirical fitting. However, the
future challenge is to use our quantitative measurements (i.e., the physically meaningful
parameters) to help build mechanistic models of gene expression and infer biomolecular
properties asgiated with the embryo. Ultimately, the overlying goal is to use such
guantitative analysis to understand how gene expression in the embryo is controlled at the

level of the gene regulatory netwdrky and Arnosi, 2011 Perkins et al., 2006
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FIGURES AND LEGENDS
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Figure 1: Examples of Drosophila embryo crosssections analyzed with the methods

presented in this paper.

(A) Embryo stained withantii st one H3 ant i b-dldntibody (geeeh; Ab)
A66), and hyandi gendsei RNAaprobe (blue; AOb:
an example of a nuclear stain, a nuclear protein to be detected, and an mRNA&i@xpre

pattern.

(B) Embryo stainedwithantii st one H3 ant i bGFB gntibbdy @reen; B6 )
B66) , and hysbgiindirzoend cwiptrlob&a (bl ue; B6606) .

example of a nuclear stain, a nuclear protein to be detected resgent transcript pattern.
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C©Embryo hybridized with antisense RNA pro

C66) , and ind (blue; white arrowheads in C
represents an example of four mMRNA expression patterbe detected, including a single

color channel that has two mRNA expression patterns simultaneously.

Each of these embryos is a manual cross section of a nc 14 wildtype embryo, with ventral

side oriented down. The embryo in (A) is also presemigares 1, 2, 4, 6, and 7The

embryo in (B) is also presenthigure 5
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Figure 2: Finding the periphery.

(A) The embryo image is divided into 60 domains radiating out from the image center
(yellow lines). The two cyan lines represent the boundaries of the domain shown in (B).

(B) Intensity of the pixels in the domain shown in (A) as a function of radial destemm

the center of the image. The red circle denotes the outermost point in which the image
intensity rapidly drops from high to low, signifying the periphery of the embryo in this
domain.

(C) For each domain shown in (A), the points where the boundfthe embryo is

determined to be.
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Figure 3: Measuring average intensity around the periphery of the embryo.

(A) RGB image of an embryo for which the boundary has been calculated. The yellow
ring encircling the embryo is the dense mesh of 300 points. The white square denotes the
portion of the image shown in (B).

(B) Higher magnification of the area shown in (AJhe yellow quadrilateral denotes the
domain for which a point of average intensity of each color channel is taken. 300 such
guadrilaterals around the periphery of the embryo are used to generate the plot in (C).

(C) Average intensity in the quadrilateras you go around the periphery of the embryo
(see (B) for an example). The colors correspond to the color channels in (A), (B). The
lighter colors are the raw data, and the darker, thicker curves are the smoothed data. Before

midline centering, O is taketo be the bottormost point of the embryo in the image.
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Figure 4. Locating nuclei.

(A) Unrolled strip of nuclei. The yellow box represents the nuclei in the inset in (C).

(B) The nuclear mask of the unrolled strip, witlckilin white.

(C) The image shown in (A), averaged in the vertical direction to reveal a 1D
representation of the nuclei. Black dotted box: the area shown in the inset. The inset
reveals that the individual nuclei can be resolved in this way.

(D) Nudear mask shown in (B), mmapped back onto the original 2D image. Yellow
dashed box: area depicted in insets. Insets: zoomeeéw of remapped nuclei before

(left) and after (right) filling in holes in the nuclei.

(E) Each nucleus, after being mappleack onto the original image, is identified by a
separate color. That way, even if two nuclei overlap in the original image, they can be
distinguished using the unrolling technique. Where the primary data provide poor contrast

between nuclei, adjacenticiei may be incorrectly lumped together (arrowheads).



9¢

O
o

4000

3000

n
o
(=}
o

intensity (AU)
intensity (AU)

1000

% 0z 04 06 08 1
DV coordinate

Figure 5: Measuring nuclear dots.

The embryo shown in this image has been immunostained with dmstatie antibody to
mark the nuclei and an intronic RNA probe agastgj which detects nascent transcripts

of sog(nuclear dots). Crossection view with ventraside down.

(A) Nuclear channel. Yellow curve outlines a single nucleus. Inset. magnification of
image near the highlighted nucleus (outlined in yellow).

(B) Intronic probe channel. The yellow curve outlines the same nucleus as in (A). Inset:
magnification of image near the highlighted nucleus (outlined in yellow). Red box the 5
by-5 neighborhood centered on the max intensity pixel.

(C) Surface plot represatton of the intensity of the intronic probe channel for only the

highlighted nucleus.
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(D) Measurement of all intronic probe intensities as a function of DV location (blue

dots). Data from each slice of &stack are plotted together; a single nascenstrgst may
be represented multiple times if identifiable in multiple slices. Red curve: smoothed

version of the blue dots. The smoothed version identifies the trend.
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Figure 6: Peak fitting.

(A) Example of canonical gene expression pattern, wsidgHorizontal dotted lines: half
maximal intensity.w is the location of the peak in intensity of the canonical patiegnis
the location of the ventral border of the canonical pattern,aagds the location of the
dorsal border of the canonical pattern.

(B) Effect of changing the stretching facfor, Wherj p, the pattern shrinks about its
peak location (rustolored curve), and whén p, the pattern expands (green curve).
The Hue curve is the unstretched canonical patternmridr

(C) Effect of changing the peak locatiom,. Whenw is set to 0.3, the pattern shifts

ventrally (rustcolored curve), while increasing causes the pattern to shift dorsally (green

curve).

(D) Secondary data e@hdpattern from embryo ifigure JA.
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(E) Fits of the stretched and shifted canonical pealndexpression to the two peaks in

vnd from part (D). Cyan and magenta circles are the right and left halves of (D),
respectively. The bluend red solid curves are the fits of the canonical pattern to the

measured rightand leftside patterns, respectively.
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Figure 7. Gaussian fitting.

The dl nuclear gradient from the wildtype embryd-igure A is plotted, witherrorbars of

one standard deviation, as secondary data. The black curve is tfie cagse according

to Equationl.
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Figure 8: Expansion of the dl gradient in embryos carrying a copy of dvVenus.

(A) A dI-venusembryo stained for antll (upper left panel), an¥enus (upper right), and
anti-histone H3 (lower right). The lower left panel is a merge betweerdlaatid anti

Venus images.

(B) Secondary data of the audli (red dots) and anWenus (dark green deitvs. DV axis
location. The solid red and solid bright green curves are the fits to the empirical model of
the dl gradientEquationl). Inset: a higher magnification of the verdekral portion of

the two gradients. Errorbars denote one standaretobav

(C) Direct plot of antidl vs antiVenus for each nucleus in the embryo in (A). White

curve: plot of the fit of antdl vs the fit of antiVenus. Orange line: 4fine.



102
(D) Boxplot of gradient widths of several different cases. Gray: wildtyperyos.

Yellow: dl-venusembryos. Greendl-gfp embryos. The latter two genotypes have been
measured with antll, with antiVenus, and live using the native fluorescence of the Venus
or GFP tag. Stars indicate statistical significance. Plus signsatedatliers. Numbers
indicate sample size.

Wholemount data fronkiberman and Stathopoulos, 200All other data from
Reeves et al., 2012This figure has been reproduced with permission from Developmental

Cell, ElsevierPress.
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Figure 9: Expansion of thevnd dorsal border in embryos with expanded dI gradients.

(A) dl-gfp embryo stained with antii st one H3 ant i b-dldgtibodyr e d ;

(green; A0606), awanthiybendgde zRMAwprtdbea (Dbl ue;

(B) Plot of the secondary data from thegfip embryo shown in (A).

(C) Fits of thevnd peaks for this embryo. Cyan and magenta circles are the right and left

halves of (B), respectively. The blue and red solid curvegte fits of the canonical

pattern to the measured righnd leftside patterns, respectively.

(D) Boxplot of vnddorsal and ventral border locations in wildtype embryos (blue) and di

gfp embryos (green). Each dot represents an embryo. Plus sigrstendigliers.

Numbers indicate embryo sample size.

A
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Figure 10: Quantification of gene expression profiles in a saggital section.

(A) Saggital section of F10 embryo hybridized with probes against sna (blue), vnd (red),
sog (gren), and ind (blue). Anterior is to the left, and posterior is to the right.

(B) Plot of the expression profiles of the genes from embryo in (A). Zero corresponds to
the anterior pole (detected manually); one corresponds to the posterior pole.

(C) Fitting two canonical profiles in the same color channel. The canonical profges of
andind used for this fit are specifically for F10 embryos. Cyan and magenta circles are the
right and left halves of the sna/ind plot in (B), respectively. The dtgered solid curves

are the fits of the canonical pattern to the measured- rigid leftside patterns,

respectively. The gray boxes signify the expression domaissa@ndind, separated in

space.
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CHAPTER IV

The ole of FGF signaling in guiding
coordinate movement of cell groups:

guidance cue and cell adhesion regulator?

This chapter was written wittYoungKyung Bae, Snehalata Kadam, and Angelike
Stathopoulosand published i€ell Adhesion and Migratigré(5):397403in 2012.
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ABSTRACT
Cell migration influences cetlell interactions to drive cell differentiation and
organogenesis. To support proper development, cell migration must be regulated both
temporally and spatially. Mesoderm cell migration in Ewesophilaembryo seves as an
excellent model system to study how cell migration is controlled and influences
organogenesis. First, mesoderm spreading transforms the embryo into a multilayered form
during gastrulation and, subsequently, cells originating from the caudatalisnesoderm
(CVM) migrate along the entire length of the gut. Here we review our studies, which have
focused on the role of fibroblast growth factor (FGF) signaling, and compare and contrast
these two different cell migration processes: mesoderm spgeandd CVM migration. In
both cases, FGF acts as a chemoattractant t
not the only signal that serves this role. Furthermore, FGF likely modulates cell adhesion
properties since FGF mutant phenotypes sikarelarities with those of cell adhesion
molecules. Our working hypothesis is that levels of FGF signaling differentially influence

cell sd response to result in either directi
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INTRODUCTION
Cell migrationis a fundamental developmental process that involves interplay between
extracellular signaling molecules, cell surface receptors, and intracellular signal
transduction pathway®idley et al., 2008 Movement of cells is often directional, with
cells sensing the appropriate direction of migration based on recognition of-region
specific cuegRorth, 201). During embryonic development, cell migration is a very
influential process as it results in rearrangement of cells from one part of the embryo to
another, effectively controlling cedlell interactions to drive cell differentiation and
organogenesis. In vitro studies using cell culture have provided many mechanistic
insights into cell migration. Howevem vivo studies undeniably provide additional
insight into the ole of the natural environment.

Many studies in a number of model organisms have @geavimportant knowledge
regarding how groups of cells move in a coordinate fashion to influence morphogenesis during
development(Friedl and Gilmour, 2009Montell, 200§. In the zebrafish, several signaling
pathways including FGF influence collective migration of cells of the lateral line primordium to
control both morphogenesis and migrati@man and Piotrowski, 201Iriedl and Gilmour,

2009. In the neural crest of vertebrates, it is clear that communication betweewitlghsthe
migrating collective is necessary for the group of neural crest cells to move; as a result of these
cell-cell interactions, contactependent cell polarity through-dadherin is modulated to regulate

cell movementgTheveneau et al., 2010 Studies of tracheal cell migration Brosophilahave

shown that FGF signaling influences the cdliee movement of this cell group; cells with the

highest levels of FGF activity take the lead posi{iGhabrial and Krasnow, 2006 We propose
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that comparative studies of different systems may provide important insight into general

mechanisms that guide ostitive cell migration.

Strength of the Drosophilasystem forin vivo analyses of cell migration

The fruit fly Drosophila melanogasteis a genetically tractable organism that
contains many components of mammalian signaling pathwasophila has little
genetic redundancy compared to vertebrates, and other strengths of this system include
the short generation time (10 days) and relatively quick methods for generating
transgenics (4 weeks). ThereforeDrosophilg cellular and genetic apprdaes can be
combined to study biological processes that often provide insights into human dysplasia

and diseaséBier and Bodmer, 2004

For example Drosophilais an excellent system to study how FGF signaling
supports development. Only three FGF ligands [Pyramus (Pyr), Thisbe (Ths), and
Branchless (Bnl)] and two FGF receptors [Heartless (Htl) and Breathless (Btl)] exist in
Drosophila (Tulin and Stathopoulos, 201pb Furthermore, we have shown that only
three recepteligand complexes are active: Pyr and Ths activatewittile Bnl activates
Btl (Kadam et al., 2009 In contrast, over 120 FGFGFR combinations presumgbl
function in vertebrate¢Zhang et al., 2006 In Drosophila the Htl fibroblastgrowth
factor receptor (FGFR) is encoded by a single exon so it is likely that Pyr and Ths
activate the same isoform, making this the first pair of invertebrate FGFs to bind the same
FGFR isoform(Tulin and Stathopoulos, 2010b In addition, Pyr and Ths exhibit

significant homology to vertebrate FGFs, specifically, to the FGF8 fgiaththopoulos
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et al., 2004 Given all this information, thBrosophilamodel system offers a great

potentialfor studying FGF signaling and why ligands often act concurrently.

Here we discuss two FGdependent cell migrations, where in both cases Hitl
FGFR is expressed in the migrating cells, duibrgsophilaembryogenesis. First, FGF
signaling through Htl FGR controls how mesoderm cells come in contact with the
ectoderm and promotes mesodermal cell movement as one migrating collective
(McMahon et al., 2008/Vilson et al., 200p Secondly, at a later stage of embryogenesis,
Htl-dependent FGF signaling directs a lafigtance migration of two detlusters called
caudal visceral mesoderm (CVM), required for proper gut formatiadam et al.,
2012) These two cell migration events appear quite different: in one case, a tube of cells
collapses to a mound of cells, which then spreads into a mendagh that every cell
directly contacts the ectoderm; and in the other case, two distinct groups of cells move
coordinately on the left and right sides of the embryonic body from the posterior of the
embryo toward the anterior. Nevertheless, FGF siggaupports these two movements
in what appears to be a similar manner, supporting both directional movement and also,
possibly, modulation of cell adhesion stdkadam etal., 2012 Kadam et al., 20Q9

McMahon et al., 201;McMahon et al., 2008

We suggest that levelsf FGF ligands influence whether FGF signaling acts to
regulate chemoattraction (far from the FGF source/low FGF concentration) versus cell

adhesion (close to the FGF source/high FGF concentration). As a cell is attracted to

mo v e t owar ds then@ornectwoaupasimake sense
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upregulated to help the cell remain where it should be. Below we review the relevant

data that lead us to propose this model.
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DISCUSSION

Case I: Mesoderm spreading duringdrosophilagastrulation

Migration of mesoderm cells during gastrulation is an important step for the
regional specification of various mesodermal derivatiflemsch, 1996 It has been
appreciated for a while that FG&ignaling is required to support mesoderm cell
movement(Beiman et al., 1996Gisselbrecht et al., 199Murray and Saint, 2007
Wilson et al., 200§ but its role in this process was not understood until recently. Hil
FGFR is expressed in the migrating mesoderm and two ligands (Pyr and Ths) are

expressed in the ectoderm.

To provide insight into t& role of FGF in supporting mesoderm spreading during
gastrulation, we devised an imaging protocol that allows examination of the movement of
hundreds of mesoderm cells deep witlibmosophila embryos during gastrulation
(Supatto et al., 2009 Embryos with ubiquitoushexpressed histone H2GFP were
imaged and nuclei of mesoderm cells were tracked, using methodology that we
developed(Supatto et al.,, 2009 Tracking data was transformed into cylindrical
coordinates to fit the body plan of the embryo: collapse of the mesodermal tube and
intercalation movements occur in the radial direction; dorsal spreading occurred in the
angular (azithumal) direction; whereas a strong movement along the length of the embryo
was correlated with germband elongation. These studies showed that movement of
mesodem cells during gastrulation is directed and appears highly organizedtfe.g.
angular position at the end of the migration process is twice that at the start, for each and

every cell) (McMahon et al., 2008 Moreover, through live imaging of wildtype
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embryos, we identified #t cell movements relating to collapse, spreading, and

monolayer formation are distinct, as they do not overlap temporally.

The fact that these movements occur in a stepwise manner suggested to us that
different molecular signals control each step. @ata showed that FGF signaling
through the Htl FGFR controls one of the earlier steps, organized collapse of the
mesodermal tube onto the underlying ectoderm (Figure 1&/BMahon et al., 2008
This organized and symmetric collapse is crucial for the subsequent movements. This
step positions all mesoderm cells close enough to the ectoderm to support the subsequent
spreading perhaps so that they might also receive additional guidance cues. In FGF
mutants, tube collapse often occurs randomly, and this likely contributes to the variability
of mesoderm spreading defects observed (Figure 1C). For instance, if the invaginated
tube col |l apses to the right or l eft, t hen
observed (Figure 1D). However, in a FGF mutant where the tube by chance collapses
symmetrically at the midline (as in wildtype), then the mesoderm spreading defect is

quitesubtle (Figure 1E{McMahon et al., 2008

Based on our combined approach of live imaging, cell tracking, and quantitative
analyses, we determined that mesoderm cells move as two behaviorally distinct cell
populations irhtl mutant embryos. It was not appreciated beforestudy that a subset
of mesoderm cells maintains their ability to migrate coordinatethenabsence of FGF
signalingi those cells in contact with the ectoderm exhibit a dorsally directed migration
as in wildtype (i.e. movement in the angular direction) (Figure 1C, red cells). In

contrast, those cells located at a distance from the ectoderm, which originate from the
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upper part of the invaginated tube, appear lost and undergo random movements

(Figure 1C, blue cellgMcMahon et al., 2008 However, even in mutants, if cells from
the upper part of the invaginated tube happen to come close to the ectoderm, those cells
are able to join the migrating collective and also to move in a directed fashion (Figure
1C, cyan cells). Quantitative analysiscell tracking data was necessary to provide this
insight.

In addition, we found that cell iatcalation influences spreadi(icMahon et al.,
2008, but it does so most clearly during cell monolayer formation, the last step of the
mesoderm spreading procgddcMahon et al., 2010 These final intercalation events
simply turn a multlayered mesoderm organization into a monolayer without any
additional dorsallydirected movement. This process is not a convergent extension, but

more analogous to O60zipperingo.

FGF sigrling is required to guide cell movement radially toward the ectoderm
(McMahon et al., 201,0McMahon et al., 2008 First, our data suggest that expression of
Thisbe, specifically, in ventral regions of the ectoderm controls coll@gsblahon et
al.,, 2010. FGF sgnaling through Thisbe likely promotes directional movement of
mesoderm cells in the tube toward the ectodermal source of this ligand, to ensure
symmetrical collapse of the invaginated tdMeMahon et al., 2010 Protrusions have
been observed that extend from cells located in the tube toward the ventral ectoderm,
using electron microscopgWilson et al., 2005 which argues for a chemoattractive
mechanism supporting collapse. Secondly, our recent analysis suggested that expression

of both ligands, which collectively encompasses the entire ectoderm, influences efficient
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monolayer formation (in the radial direction) at the final stage of this mesoderm

spreading process. FGF mutants (Figure 1E) and integrin mutants exhibit defects in
mondayer formation(McMahonet al., 2019 This shared phenotype supports the view
that this last stage in the process requires modualatianesoderm cell adhesion to the
substrate to support monolayer formation. It had been proposed that a straightforward
FGF chemoattraction guides dorsallyected movements in the angular direction, since
the localized expression pattern of the FGRdig Pyramus resides within the dorsal
ectoderm(Kadamet al., 2009. However, cells are able to migratersally even irpyr
mutants(McMahon et al., 2010 indicating that Pyr does not provide cues necessary for

dorsally-directed migration

These new data lead us to propose that FGFs have a distinct function at low
versus high concentrations: at low concentration they act in a chemoattractive manner to
direct cell movement/orientation required for symmetrical collapse of the invaginated
mesoderm tube; whereas at high concentration they act to increase cell adhesiveness to

support shortange intercalation movements required for monolayer formation.

Case IlI: Caudal visceral mesoderm migration required for gut formation

Using a similar approach, we also recently investigated the role of Heartless,
Pyramus, and Thisbe in supporting migration of another group of cells Drasephila
embryo, CVM cell{CamposOrtega and Hartenstein, 19%adam et al., 200)2While a

role for CVM cell migration in gut formation has been appreciated, little is known about
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how these cells accomplish their migration, the longest migration in Bilasfophila

embryogenesidsmat et al., 202;(Kusch and Reuter, 1998rbano et al., 20])1

The CVM migration consists of distinct steps. First, the CVM cluster at the
posterior end separates into two symmetric groups: left and right. Subsequesty, th
two groups of ~30 cells each undergo coordinate and directed movement toward the
anterior of the embryo (Figure 1F early, 1G). The migration ensues over six hours and
throughout the entire course the two separate groups migrate synchronously. This
process is necessary to position CVM cells along the entire length of the developing gut
(Figure 1F late, 1H). Lastly, at the end of their migration, CVM cells fuse with fusion
competent myoblasts to form the longitudinal muscles that ensheath tfiseguet al.,

2006.

Our working hypothesis has been that CVM migration, like mesoderm spreading,
isamultist ep process as different i nputhes | i ke
course of their longlistance migration. To start, our studies have focused on the role of
FGF signaling in guiding this migration as (i) in FGF mutants the longitudinal visceral
muscle fibers, which arise from CVM cells, are abgKatlam et al., 203,2Vlandal et al.,

2009, and (ii) FGF signaling components are expressed in the CVM and the trunk
visceral mesoderm (TVM). Htl is expressed in the migrating CVM ¢®lEndal et al.,

2009, and its ligands Pyramus and Thesare expressed within TVM, a substratum
(6tracko) wupon wh(Kaddm etCal/,M0lZS@thopailosret ag, 204 e
The TVM is present as two bands on either side of the embryo, with each band serving as

a track for the migration of one cluster of CVM cells.
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To obtain insight into the role ¢fGF signaling during CVM migration, in a

recent study(Kadam et al., 2002 we investigated whether FGF guides directional
movement of CVM cells, as these cells stay closely associated with the TVM (Figure 1F).
Our results sggest that FGF signaling functions in a chemoattractive manner to guide
CVM cel |l mi gration and also supports cells
cells from the right and left sides of the embryo veer off course, detach from their
respectivelVM, and converge at the midline. In some cases, cells cross over completely
to the alternate side, which is a phenotype not observed in wildtype (Figure 11 early,1J).
In addition, overexpression of Pyr and/or Ths FGFs at an ectopic location, at tta ven
midline, redirects CVM cells toward this source of ligand. Furthermore, most CVM cells
eventually die in FGF mutan{&adam et al., 20%2Mandal et al., 2004 While this

might relate to some checkpoint mechanmithat ensures that cells that have gone off
track are eliminated, our data support the view that FGF signaling also likely supports
cell survival (Figure 11 late, 1K). Ectopic expression of ligands at a distance can rescue

cell viability even if migratio r e ma-t n a(Kadlgnfefal., 2012

However, even in the absence of FGF signaling, CVM cells still initiate
anteriorlydirected forward movement, albeit somewhat misdirected and slow (Figure 11
late,1K). While CVM cdk in the FGF mutants are disorganized, perhaps through lack of
adhesive properties, they ultimately move forward as long as they are kept alive.

Therefore, FGHndependent signals likely exist that also guide anterior movement.

We propose that FGF sigiveg supports several roles throughout the six hours

that CVM cells undergo their loaginge migration. Initially, wildtype FGF signaling
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acts in a chemoattractive manner to recruit CVM cells onto the TVM tracks, upon

which cells migrate. In the FGF muts, cells veer offtourse and cross over at the

midline; this never happens in wildtype embry@&dam et al., 20)2 However,

expression of ligands is found along the length of the TVM, so it is not clear how FGF
ligands wuld support chemotactic movement toward the anterior in the absence of a
gradient. Processing or some other modification of ligands may support graded FGF
activity to support forward movement of cells once at the TVM. Alternatively, it is
possible thatFGF signaling, in this context with CVM cells at the TVM, acts as a
Opermi ssived signal to allow cells to eff.
anteriorlydirected movement. For example, once CVM cells reach the TVM the role of

FGF may bets i mply keep CVM cells 6éon track©é, o
adhesion properties, so that they remain in range to receive other guidan(®etunest

al., 2012.

How do cell collectives migrate ira coordinate fashion?

Whereas one signal may suffice to guide migration of small groups of cells, more
complex mechanisms likely safeguard proper migration of larger groups of cells. In
addition to signals influencing direction of migration, it is prokablat cells within each
group must coordinate with each other to ensure that each migrating collective moves in a

directed fashion.

Coordination between cells in a migrating collective may require physical

association between them, either stable orsteam, and/or chemical signaling. During
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the mesoderm spreading process, cells are closely associated and likely linked by

adherens junctions as well as gap junctibfepass and Hartenstein, 1994However,

these structures remain to be defined in terms of their components (which involve a
number of different proteins), their prevalence and dynamics, anddkein supporting

cell movement. Nevertheless, these junctions certainly have important roles during
morphogenesis(Harris et al., 2000 Cellcell interactions also occubetween
neighboring CVM cells, but cells within the migrating collective appear loosely
associated. As CVM cells also interact closely with the TVM, we hypothesize that
CVM-TVM cell-c e | | i nteractions play a significa
anterorly-directed movement. More careful analysis of the physical associations of
homotypic (mesoderrmesoderm) as well as heterotypic (mesodeatoderm or CVM

TVM) cell-cell interactions should provide important insights. In addition, synchronous
migration of the two CVM clusters is abolished in FGF mutants, suggesting a possible
novel role for FGF in longange celicell communication. Potential influences to be
investigated include regulation of cell adhesion properties, direction of movement,
orientaton/number of cell projections, cell division, and/or cell viability. The complexity

of collective migration is highlighted here as each of these features involves multiple

proteins and layers of regulation.

Distinct and overlapping functions of FGF ligards

While a very impressive analysis of all vertebrate FR&FR interactions was

recently completed in which the binding specificities of ligaackeptor interactions were
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examined in tissue cultu@hang et al., 2006 how this relates t vivo processes,

for the most part, is undetermined. Our studies have focused on obtainirexabis
information, to define specific roles for eaEwosophila FGF in vivo (Kadam et al.,

2012 Kadam et al., 2009McMahon et al., 201,0McMahon et al., 2008 We have
demonstrated that Pyramus and Thisbe ligands have both overlapping as well as distinct
functions wihin the Drosophila early embryo: (i) Thisbe controls collapse of the
invaginated mesoderm during gastrulation; (ii) both ligands are required to form a proper
mesoderm monolayer as the end result of mesoderm spreading during gastrulation; (iii)
subsequely, primarily Pyramus alone is required for differentiation of dorsal mesoderm
lineages; and (iv) lastly, both ligands work together to support migration of CVM cells

later in embryogenesis.

In our most recent study of CVM cell migratigkadam et al., 2002 we found

that ectopic expression of Pyramus and Thisbe together (at the ventral midline in
embryos lacking endogenous ligand expression) caused a severe migration defect: CVM
cells were essentially recruited to the eatopte and then stalled. This result brings up

the interesting possibility that the combined activity of both ligands is distinct from
having either one, because expression of each ligand individually did not support this
effect. This led us to propogbat FGF ligand heterodimers can support a distinct
function possibly through differences in binding affinity, stability, and/or recruitment of
cofactors. FGF ligand homodimers bound to FGFR were crystallized and the structure

obtained suggested that helieneric binding is also possib{flotnikov et al., 2000
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Why particular developmental processes depend on Pyramus and/or Thisbe is

not understood. @ These molecules may activate distinct intracellular signaling
downstream of Hthdivation to support different cell behaviors, for example cell
migration versus cell differentiatio(fFranzdottir et al] 2009. However, it does not
appear that Pyramus and Thisbe have dedicated functions. For instance, Pyramus
supports differentiation of dorsal somatic mesoderm lineages in the embryo by
supporting cell diierentiation (i.e. transcriptional response(fKadam et al., 20Q9
Klingseisen et al., 2009 while supporting cell migration for glia associated with
neuronal development of the eye at later stdgemnzdottir et al., 2009 Alternatively,

FGFs may exhibit different range of action or be subject to different regulation.
Regarding this last point, weave determined that these ligands are differentially cleaved
and that the @erminus of Thisbe may function to inhibit activitgTulin and
Stathopoulos, 2010a Drosophilg with a total of three FGF ligands compared to 22+
genes in vertebrates, is an attractive model system to investigate the individual activities

of FGFs.

Could FGF signaling supports cell movementbymgul at i ng cel |l sd adhe:

Cell adhesivity may influence ceatkll interactions to help dslmove as a single
migrating collective, affecting homotypic interactions and/or the ability of cells to

interact with the substratum upon which they migrate.

Our analysis, tracking nuclei, examindgtle mesoderm spreading process

following collapse and suggested mutant cells were more loosely associated with each
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other. Results showed that movertseof cells that originate from the upper part of

the tube, and thus do not contact the ectoderm, were misdirected (appearing random) and
encompassed far larger distances than no(iMaMahon et al.,, 2008 Furthermore,

when Pyramus or Thisbe ligands are ectopically expresst imesoderm (essentially
increasing FGF signaling), tracking analyses have found that all mesoderm cell
movement is halted (Amy McMahon and A.S., unpub. obs.), perhaps through increased
adhesion. Our data, following collapse, is consistent with the thesvlack of FGF

activity results in weak mesodemmesoderm celt e | | associations, pos
contact with the ectoderm, whereas too much FGF signaling supportseltell
associations that are too strong and actually hinder motility (FigurAr&)ther study has

shown that at an earlier stage in the absence of FGF signaling, EMT is delayed due to
defects in ECadherin redistributiorfClark et al., 201}, which is a molecule that can
influence cell adhesion properties. An interesting future directiondAmeito investigate

whet her mesoderm and ectoderm cell sdé adhes
this mesoderm migration process (i.&€MT, collapse, spreading, and monolayer

formation).

Along these lines, when both ligands are expressedombimation (but not
individually) within the CVM, cell movement is halted. For the few cells that are able to
O6break freed from the collective, t hey apr
this result is that ectopic expression of ligandsltesn cessation of movement as CVM

cells become too 6adherentd to each other.
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cell adhesion properties of these stalled cells are altered by overexpression of both

ligands.

In addition, in subsequent stedi of the mesoderm spreading process, we have
found that FGF mutant phenotypes share similarity with those of ¢jestaisfluence cell
adhesioit he Rapl GTPase and t hMcM&énStal., 2G)@ gr i
While the Rapl GTPase influences both collagséd monolayer formation (similar to
FGF), the integrin Myospheroid is specifically required for the final step of this process,
monolayer formation. It is possible that proper monolayer formation requires a

substantial increase in caléll adhesiobetween mesoderm and ectoderm.

Our working hypothesis is that FGF signaling serves multiple roles to support cell
movement. At lower levels, FGF ligands may serve as chemoattractants but once levels
are raised, for instance when migrating cells approachgaied source, then a secondary
function of FGF signaling acts to increase-oelll adhesion properties (Figure 2). While
a role for FGF signaling in modulating cell adhesion to support cell movement remains
unclear in the field, experiments using tsophilamodel system have the potential to
provide necessary insight. The relative ease of genetic manipulation and live imaging of
Drosophila shows promise for the study of the complex and dynamic processes that

relate to collective cell migration.
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FIGURES AND LEGENDS

A wildtype

C heartless

F wildtype

Early (dorsal view) Late (lateral view)

Figure 1. Comparison of cell movements in wildtype antieartlessmutant embryos.

(A,C) Schematic based on published res@isMahon et al., 2008 (B,D-E) cross
sections of aniTwist staining of wildtype andhtl mutant embryos. (A,B) In wildtype,

all mesoderm (red/blue/cyan) cells contact the ectoderm (light green) and are able to
spread dorsally to form a monolayer. (C) i mutants, only the subset of cells
(red/cyan) that contact the ectoderm undergoes directed moveep&nding on how

the tube collapses, the mutant phenotype can be severe (D) or subtle (E). (F,I) Schematic

based on published resultsadam et al., 2002 CVM reportercroc-lacZ in wildtype



12¢
(G-H) andhtl mutant (JK) embryos stained with arbi g a | oriented with

the left. (F,G) The dorsal view of wildtype at stage 11 shows the two distinct,
symmetrical clusters ad@VM cells (red) migrating on the two bands of TVM cells (light
green). (F,H) At stage 13, the lateral view reveals complete CVM migration with cells
evenly distributed along the TVM. (I,J) hil mutant embryos, CVM cells are intermixed

in early migration.(l,K) Later stages of mutant embryos illustrate CVM cell death and
loss of contact with the TVM. Panels (B, C, and D) and (G and J) were reprinted with
permission from McMahon et alScience2008 and Kadam et .alDevelopmen012

respectively.
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Early Mesoderm CVM

Low FGFs
Chemoattraction cells from top of cells are attracted
E& guides migration tube are attracted to the TVM at the
towards FGF source to ectoderm start of migration
cell survival
& Cell Adhesion
& promotes cell-cell cells intercalate cells remain on TVM,
e t9 ff)rtm monolayer two ﬁrou ps nl'n'grate
S EKSL via integrins synchronously
AAANARE :
RIS High s
Figure 2. Mo del o DataFrGrir i@cent studiasl suggest thattFGFs n .

are able to function differentially in a concentration dependeainner. The
concentration of FGFs is governed by the proximity of responding cells (orange) to the
source (gray cells producing FGFs). At a distance, where levels are low, FGFs works as
chemoattractant such that cells become polarized and migrateatietigti Once cells

are closer to the source, the higher levels of FGFs promote cell adhesion (blue lines).
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CHAPTER V

Screen identifies spatiotemporal expression of
proteoglycans Trol and Syndecan is important to
support mesoderm development in the

Drosophilaembryo
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ABSTRACT
Gastrulation of an early embryo involves coordinate cell movements supported by multiple
signaling pathways, adhesion molecules, and extracellular matrix components. Fibroblast
growth factors (FGFs) have a major role Dmosophila mesoderm migration, hower
other inputs and/or efactors to FGF acting in this process are unclear. We performed an
ectopic expression screen for genes that impact mesoderm cell migration and identified
eleven genes that disrupt migrationlinedi ng t he FGF -integrigsaad Pyr
cadherin, Cueball, EGFR and JAK/STAT signaling components, as well as several
enzymes. Here we investigated one gene isolated encoding the heparan sulfate
proteoglycan (HSPG) Terribly reduced optic lobes (Trol), ortholog of mammalian HSPG
Perlecan. Collectively, our data support the view that HSPGs modulate ligand range of
action at multiple FGflependent processes: we found that Trol is able to function at a
distance to reinforce loagnge liganereceptor interactions such as those contigpllarge
cell movements during early mesoderm collapse and caudal visceral mesoderm (CVM)
migration. Conversely, Sdc but not Trol is required in cases whererahg# signaling is
acting such as in defined domains of pericardial cell differentiatiomoosupport cell
intercalations in forming the mesoderm monolayer. We propose these HSPGs, one
extracellular and the other membrayaund, differentially regulate FGF signaling by

localizing ligands in different ways.
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INTRODUCTION
Embryonic developmentequires integration of multiple complex processes such as cell
movement, proliferation, and differentiation. Important regulators of these processes are
signaling pathways. To ensure proper execution of these processes, it is important that
signaling @thway activation is tightly regulaté&@olnicaKrezel and Sepich, 20).2 It is
therebre important to understand how individual signaling pathways are regulated as well
as the integration of multiple inputs.

The Drosophilafibroblast growth factors (FGFs) Pyramus (Pyr) and Thisbe (Ths)
and their receptor Heartless (Htl) have been prewaosisbwn to function in supporting
mesoderm migration during gastrulati@ae et al., 2012Ninklbauer and Muller, 20)1
FGF signaling regulates the mesoder més r
integrins(McMahon et al., 203;McMahon et al., 2008 This includes the initial collapse
of the furrow and the intercalation of cells to form the monolayerfgfimutant embryos,
cells at the dorsal most part of the furrow cdanproperly collapse to reach the ectoderm
following epitheliatmesenchymal transition (EMT) or intercalate at the end of the process
to support formation of a monolayer. Howeverlsciel contact with the ectoderane able
to migrate laterally even in ¢habsence of FGF signaling. Therefore, other inputs besides
FGF are also likely important for guiding directional movement of mesoderm cells during
gastrulation.

Specifically, we hypothesized that additional signaling pathways and/or regulators
of cell acdhesion may act to support mesoderm migration at gastrulation. To investigate

how cells were still able to migrate in the absence of FGF signaling and also to discover
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additional components in the FGF pathway, we conducted a screen of genes secreted or

menbranetethered proteins using an ectopic expression approach to identify those that
impact mesoderm migration at gastrulation. We postuthtgdmportant signals guiding

this process normally would be differentially expressed in tissues in the embryo, either in
the mesoderm or ectoderm, in order to provide positional information to guide mesoderm
cell movements. The UAS/GAL4 system was ugedctopically express candidate genes

in either the presumptive mesoderm or ectodermal tissues. In this waysartzele and
secreted (CSS) insertion collection, first used in a neuronal pathfinding ¢kreesu et

al., 2008, was used to identify eleven genes that imf@@rctsophila gastrulation when
ectopically expressed. We focused analysis on oneig@aged in this screen encoding a
heparan sulfate proteoglycan (HSPG), Terribly reduced optic lobes (Trol), due to previous
research linking HSPGs and FGFs. Crystal structures have revealed that HSPGs bind to
the FGF ligand and receptor as a heteroticneomplex (i.e. FGFHSPGFGFR)
(Pellegrini et al.,, 2000 It has been proposed that HSPGs facilitate ligandptor
interaction and/or stalze the FGH-GFR dimer complex.

HSPGs are comprised of a core protein attached with highly modified heparan
sulfate glycosaminoglycan (HS GAG) side chains that are known to regulate multiple
signaling pathways during developmehin, 2004. There are only four known core
proteins in Drosophila transmembrane Syndecan (Sdc), two membaactored
glypicans Dally and Dalkike (Dlp), and the extracellular matrix protein Trol. Trol is the
homolog of mammalian Perlecan (Pcan), and several lines of evidence support the view
that Pcan promotes multiple pathways including FGF signaling in vertelfFeiesch

Carson et al., 20)4 For instancein vitro experiments measured a gradient of FX&nd
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correlated its levels with Pcan, and pERK, a signal measuringagativof the Ras

intracellularsignaling pathway downstream of FGFR activafiéfu et al., 201% Sudies

in the developing mouse heart show specific Pcan modifications are required for binding of
different FGFFGFR complexe¢Allen and Rapraeger, 2003 In Drosophila studies of

the larval lymph gland have suggested that the Trol HSPG sequesters FGF signaling in this
tissue (DragojlovicMunther and MartineAgodo, 2013. However, trol mutant

phenotypes in the earlyrosophilaembryohavenot previously been investigated.
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RESULTS
Ectopic expression screen identifies genes in multiple pathways affecting mesoderm
development

Presumptive mesoderm cells are initially specified prior to gastrulation in ventral
regions of the embry@SolnicaKrezel and Sepich, 2012 These ventral cells undergo
shape changes that cause a furrow to faromprising the mrsumptive mesodermal
domain. Apical constriction of cells drives their invagination during which time a tube is
formed on the inside of the embryo. Cells within this invaginated tube undergo EMT
driving their collapse upon the inner surface of ectodemslis. These presumptive
mesoderm cells migrate first in the dorsal direction and subsequently in the radial direction
to establish a single layer of mesoderm cells on the inside of the embmye (FA).

In order to elucidate potential signaling patfe/aand adhesion molecules that
influence mesoderm migration, we conducted a screen of a library comprised of 311
insertions at the pr esumed orsarreted{G5S)dattorsge ne s
(Figure 1B). These lines were previously selected help with identification of
extracellularacting signaling molecules and used in a screen of neuronal tar@g@imgu
et al., 2008 Using these fly stocks in the current study, we aimed to identify novel
regulators of mesoderm spreading during gastrulation. To this end, genes were
overexpressed using Gal4 drivers that support expression in the megdder@ald) or
ectoderm substratum (69Bal4). Twentyfour insertions were identified that caused

lethality upon ectopic expression in the mesoderm and/or ectoderm (see Table 1).
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Next, we screened these candidates in order to determine if lethality emeld h

been caused by defects in mesoderm migration. Genes were selected that are expressed in
the embryo at the appropriate stagtages 5.0 encompassing invagination through
complete mesoderm spreading. If expression was observed at this stage hathin t
migrating mesoderm and/or ectoderm substratum, analysis was prioritized. Concurrently,
we examined embryo cresections for spreading defects in mutant backgrounds. Single

null mutants were examined if available and, if not, deficiency chromosaosfeitg the

gene in question (along with many others) were examined. @ We reasoned that genes
normally acting to support the mesoderm spreading processes would exhibit mutant

phenotypes. Screening in this manner identified eleven genes of interest.

Signaling components, adhesion molecules, and modifying enzymes identified as regulators
of mesoden migration during gastrulation

FGF ligand, integrins, and cadherin genes were identified by the screen, which were
expected and support previous roles fois¢hsignals in supporting mesoderm migration
during gastrulatiofiMcMahon et al., 203,00da et al., 1998 An insertion upstream of the
FGF ligand Pyr (GS22603) resulted in embryonic lethality upon ectopic expression with
the 69BGal4 driver (data not shown). A previous study has characterized the role of the
FGF ligand Pyr during mesoderm migrati&adamet al., 2009 In addition, prior studies
have als identifie d a r ol eintedrim Myosphar@d (Mys) in this process,
demonstrating that it is required solely for monolayer formation at the end of the process
following spreading of cells on the ectode(McMahon et al., 2010 In the current

screen, two -BSBh&Stcabe g-PFBAE2418), wvere dlentdied,
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which may act with Mys. Integrins functionintehr@r s wi t h t heanbi ndi ng

t w o-intefyrins (Bulgakova et al., 2032 | ni ti aAS3ana@bbysbdivs of |
expression in the mesoderm and multilayer spreading defects in embryos fmuthet

integrin Figure 2A-D). Drosophila contains three additional alpivgegrins that are

present during early mesoderm developmeiguresS1A-C) . It i s possibl.
integrins all support mesoderm migration during gastrulation (see OmtussLastly, E

cadherin (Ecad, Shotgun) was isolated. @ Cadherins are considered necessary for their
function in adhesion and EM{Clark et al., 201}l Ecad is expressed in the ectoderm at
gastrulation when mesoderm migration ocq@da et al., 1998 and mutants shoa non

monolayer mesoderm (Rige 2E,F).

Because these genes had already been implicated in controlling cell movements
during gastrulation, we focused on analysis of other genes that might provide novel insights
into this process. We identified an insertion (EY1263) neacukball(cue genewhich
encodes a membraf®und protein that is EGlke and contains LDLR repeats. It is
expressed in the mesoderm and embryos lackirgyexhibit a multilayer phenotype
(Figure2G,H).

Only two genes induced embryonic lethality when overexpressed intheth
mesoderm aneéctoderm Figure S1D,EM,N). Both of these genes are secreted factors
and ligands influencing signaling pathways: Unpaired (Upd; G17133) regulates the
JAK/STAT pathway, whereas Vein (Vn; GS12044) regulates EGFR signaling. While
previows studies have focused apdduring heart diversificatio(dohnson etlg 2011, a
role in the early mesoderm at gastrulation has not been identified. Upd is expressed in

ectodermal stripes and mutant embryos results mukilayer phenotype (Fige 11,J).
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Modification to JAK/STAT signaling only had mild effects on mesodanigration

(FigureS1FL).

The second secreted molecule that resulted in embryonic lethality when
overexpressed in both the mesoderm or ectodermMeas an epidermal growth factor
receptor (EGFR) ligand. Vn is expressed in the ectodernvntitants have a strong
multilayer spreading phenotypEigure2K,L). Another EGF pathway component, Argos
(Aos), was also identified in the screen. Aosxgressed in the ectodermigure2M) and
the deficiency coveringos presented a less severe, but uneven, mesoderm spreading
phenotype Figure2N). Since two components of the EGFR pathway were identified in
the screen, we also examined the phenotypecadsd with the receptor itse{Bhilo,

2005. EGFR is upregulated in the mesoderm when spreading is complete, and expressing
its dominant negative form in the mesoderm resulted in a strong multilayer phenotype
(Figure 20,P). Howeveredr mutants and ectopic expression of the EGFR dominant
negative in the ectoderm had little to no effect on the mesoderm even though EGFR is
present in the ectoderm at earlier stagesu(Eig20-T).

It is possible that the JAK/STAT and EGFR signaling paftsaare active in the
mesoderm during migration. Future studies may distinguish direct from indirect roles; for
instance, these pathways may regulate gene expression and/or protein distributions of other
genes within the ectoderm.

Our screen also identifie two enzymes of unknown function: predicted
sulfotransferaseCG9550 (GS18034) and galactosyltransfera€€534056 (GS11028).
Analyses of these genes show mesoderm expression and spreading defects when analyzed

in the context of deficiency chromosomésg(re 2Q-T). However, more than twenty
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genes were uncovered by these large deletibiesefore it is unclear whether these

phenotypes relate to the genes in questiogu¢e SLU-Y). Nevertheless, these enzymes
could potentially function in the synthesis and/or modification of proteoglycans, which

were also found in the screen (see below).

Comparing proteoglycans in the Drosophila embryo

The Drosophila genome contains fouHSPGs (Lin, 2004 and two predicted
chondroitin sulfate prebglycans (CSPGs{Song et al., 2002 In our screen, we
identified two proteoglycans, one of each type: Trol (HSPG) and PTP99A (CSPG), which
led us to more closely interrogate these genes as well as othbis class for a role in
mesoderm migration. Sdc, an HSPG, has prelyobeen identified to play a role in
mesoderm development in the emb(imox et al., 201l We examined the remaining
HSPGs Dally and Dlp and putative CSPG Kikn (Kon) for their embryonic expression
(Figure 3). All genes, excepkon are maternally deposited and are present during
mesoderm migration. In addition, Trol, Dally, and Kon are expressed in what appears to be
the caudal visceral mesoderm (CVM), another group of-8€&fendent migrating cells
(Kadam et al., 201p

Thetrol locus spans ~75 kB and includes as many as 58 exons encoding 22 unique
polypeptides Kigure 4A). Overexpressing Trol arol RNAI constructs in either the
ectoderm or mesoderm resuih moderate spreading defect&sdure 4B-E). However,
germline clones devoid of both maternal and zygotiez{mtrol transcripts exhibit
mesoderm tube collapse defects that result in a severe multilayer mesoderm phenotype

(Figure 4F). The maternal contribution is sufficient to rescue the c#laand non
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monolayer Figure4G). Importantly, this phenotype is similar to that found in embryos

lacking FGF signalingMcMahon et al., 2008 We therefore investigatathether FGFR
receptor activation was possible in the absence of Trol, by assaying for dpERK in cells
within the mesoderm having migrated to the donsalst position Figure4H); dpERK is a
measure of FGFR RTK intracellular signaling activatiGabay et al., 1997b dpERK is

absent in embryos frortrol germline clones Kigure 41). Futhermore, when Trol is
overexpressed in the ectoderm or mesoderm, dpERK is expanded or ectopically expressed,
respectively figure4J,K). Embryos lackingrol also had an overall reduction of dpERK

in ectodermal cellsRigure4l), indicating Trol may alssypport other signaling pathways

(e.g, EGFR;Gabay et al., 1997a Furthermoretrolger ml i ne c¢c | onruepsd e x hi
phenotype suggestg abnormal TG signaling (comparé&igures4L,M) (Ferguson and
Anderson, 1992 These data support the view that Trol modulates FGF signaling, and

possibly other pathways as well, during early mesoderm development.

Trol and Sdc have different roles in embryonic development

Because both Trol and S@nox et al., 201} exhibit phenotypes that affect the
mesoderm of early nebryos, we interrogated their expression patterns during early
mesoderm development to provide more specific insights into their functions. Both genes
are expressed ubiquitously at low levels, likely because they are matesqaigsed,
except at two siges when localized expression was observed. Once the furrow is formed,
trol is upregulated in the ventralost cells where the mesoderm will collapse onto the

ectoderm Figure5A). Converselysdcbecomes localized to the ectoderm later when the
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mesodem intercalates to form a single layer of cellsg(ure 5B). Its ectodermal

expression domain is similar to that of the FGF ligand(Klaslam et al., 2009

In accordance with thedcexpression pattern, remogirsdc from the ectoderm or
overexpressing Sdc in the mesoderm results in severe mesoderm spreading defects. In
contrast, the inverse perturbations (iselcRNAI in the mesoderm and Sdc overexpression
in the ectoderm) result in only mild spreading defdcompard-igure5C with D, Figure
5E with F). However, overexpressing Sdc in either domain causes an overall decrease in
dpERK staining igure 5G,H). This is similar tdrol germline clones (lossf-function
phenotype) and suggests lack of dpERK stgirupon Sdc overexpression relates to the
ability of Sdc to potentially compete with Trol. Ectopic expression of other HSPGs Dally
and Dallylike display mild to no mesoderm spreading defeEigure S2A-H). While
ectopic expression of CSPG Ptp99a resllin a multilayer, removingtp99ain the
embryo had little effectHigure S21-K). Kon was not examined since this gene is not
expressed until later embryonic stages, and therefore does not regulate mesoderm
migration.

Pericardial and dorsal somatic muscle cells derived from the dorsal mesoderm are
known to express Eveskipped (Eve)Frasch, 1990 and equire proper migration of the
mesoderm at an earlier stage. Once mesoderm cells migrate & mgisns of the
ectoderm, thex are induced signals coming from the ectoderm to support Eve+ expression
in ten clusters of three cells each spanning thektafirthe embryo Kigure 6A). These
differentiation cues include FGF, Wg, and Dpall of which have the ability to cooperate
with HSPGs(Lin, 2004. We examined if Trol is also required for Eve expression and

found thattrol germline clones had no noticeable deféag(re 6B). Previousstudies,
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however, have shown thatic mutants, in contrast, do exhibit subtle defects in Eve

expression within dorsal somatic muscle lineag&smox et al., 201L  Also,
overexpression of Sdc in the ectoderm produces strong effects on Eve+ cell number, with
multiple clusters containing 5+ cells rather than the normdl (Bigure 6F). Sdc
overexpression in the mesoderm only occasionally generated more Eve+ cells, with clusters
containing 45 cells Figure 6C-E). Trol ectopic expression, on the other hand, had no
effect. These results suggest that Sdc is more important forrsogpdifferentiation of

dorsal somatimesoderm lineages than is Trol.

Of the proteogylcans examined by expression analysis, we found Trol and Kon to
be present in a migrating population of cells originating from the caudal visceral mesoderm
(CVM). Bothtrol germline clones antlol RNAI in the CVM cells resulted in a migran
defect in which cells from each of the two migrating collectives merge at the midline
(compargrigure6G with H,l), similar to the phenotype caused by removing FGF signaling
(Kadam et al., 2002 Thesetrol mutants, alog with kon RNAI (Figure 6K), also had
increased apoptosis as indicated by the punctate spots at the posterior of the embryo.
Whether this is due to a role for Trol in supporting cell survival and/ommgsation is
unclear as either could account foetphenotype. Lastly, introducirggic RNAI into
CVM cells had no effectHigure6J), further supporting the view that Trol and Kon but not

Sdc are specifically required in the migrating CVM.



DISCUSSION

Previously, F G F -integrig Mys Wwéren ghowm to the impbrant for this
process as were a few intracellular effect@ae et al., 2012Winklbauer and Muller,
2017, but no other extracellular molecules had been identified. In our screen of cell
surface and secreted proteins addition to Tro , s eimtegrinagenesWvere isolated,
someoralofwhi ch may Dbi nd -itegrin Kys covionm tetrhnaess eluring U
mesoderm development. While other studies have suggestadhErin is necessary for
EMT at the onset of mesoderm migrationstiier studies are needed to determine if
cadherins are required for mesoderm spreading itself or if the mesoderm migration defects
observed are a consequence of improper EMT. In addition, identification of Cue through
the screen is suggestive of the intpace of trafficking of signaling components and/or
adhesion molecules towards regulation of mesoderm develogHtiesttand Carmichael,
201]). The signaling pathways JAK/STAT and EGFR may also function in parallel with
FGF to guide the spreading process. Additionally, two enzymes of unknown function were
uncovered, CG9550 and CG34056. hé&t enzymes previously identified to act in
mesoderm migration were characterized to function in the biosynthesis of heparan sulfate
(HS) side chains found on HSP@&sén et al., 1999. This led us to focus on proteoghns
for functional analyses.

Our screen isolated the HSPG Trol and putative CSPG Ptp99a (discussed below).
The only other HSPG reported previously to work with FGF during mesoderm
development is Sdgnox et al., 201. Comparing extracellular Trol with transmembrane

Sdc revealed spatiotemporal differences in expresBigares3 and 5, A and B) and nen
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overlapping phenotypes in multiple F@Ependent processdsdures4-6). Based on

these data, we propose the model that extracellular matrix (fGponent Trol is able

to promote FGH-GFR interactions at a distance. This may be through an ability of Trol to
support diffusion of the ligand and deliver FGF to the recefftmure 7-1). Another
hypothesis is that Trol stabilizes FGF and allows presentation of the ligand to be taken up
by cells expressing the receptor through cell protrusions such as cytoregues {-2)

(Roy et al., 2013 On the other hand, membrapeund Sdc is not able foeely move
between cells. It can only function to support shange FGF signaling in adjacent cells

as in cell intercalatiorHjgure7-3) and cell differentiationHigure7-4).

Trol requirement in multiple pathways in Drosophila

While we highlight theole of Trol and Sdc in FGF signaling, our data also suggest
that these HSPGs can modulate EGF signaling as indicated by the decrease of dpERK in
the ectodermKigures4l and 5G,H)(Gabay et al., 199Fand TGFb signaling based on
cuticle phenotypéFerguson and Anderson, 1992 the case of TrolRigure4M). Several
studies have linked Trol with FGF signaling as wsllother signaling pathways. One of
the earlier reports irosophila demonstrated that Trol is required for FGF signaling
through the FGFR Breathless (Btl) and FGF Branchless (Bnl) to support neuroblast
proliferation (Park et al., 2003 They also showed that mammalian Perlecan co
immunoprecipitated with FGE and that this interaction can be outcompeted upon addition
of heparin. In additiontrol mutants diplayed higher levels of Hh (Hedgehog) near the
morphogen sour¢euggesting that Trol is required for diffusion of Hark et al., 2003

Another study yielded similar results in the neuromuscular junction by examinisgRig
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(WinglessGFP) of the Wnt pathwafKamimura et al., 2003 Total Wg levels were

not affected introl mutants, however Wg appeared to remain near the presynaptic
membranes where it is secreted while the postsynaptic bouton acquired defects analogous
to inhibition of Wnt signaling. Thesreports support the view that a general function for

Trol is to effect ligand distribution.

HSPGs in ECM architecture

It is possible that HSPGs affect ligand distribution through changing the
organization of the ECM, and this can result in positiveegative inputs into signaling
pathways(Kim et al., 201). For example, S2R+ cell culture studies of the HSPG Dlp
revealed that it can both enhance and inhibit Wnt signaling, depending on the context
(Baeg et al., 2004 Recently, genetic imactions suggest that Trol sequesters the Ths
ligand and prevents FGdiependent differentiation in the larval lymph gland, thus
providing an inhibitory role towards FGF signaliigragojlovicMunther and Martinez
Agosto, 2013  However, secreted HSPGs, such as Trol, are also components of the
basement membrane and can modify organization of the ECM to create and/or remove
barriers during cell migitions(Sarrazin et al., 201 These lymph glands lackingol,
likewise, had defects in the surrounding basement membrane, which were shown to effect
Hh distribution(Grigorian et al., 2013 Additionally, the ECM receptor Dystroglycan
(Dg) has been shown to bind Trol and is found between the mesedtyderm interface
(Schneider and Baumgartner, 2D08It is expressed in the nuekerm, thougldg zygotic

mutants exhibit normal mesoderm spreading perhaps due to maternal transcript sufficiency
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(data not shown). Thereforepl mutants in theory could also indirectly contribute to

altered signaling activities at gastrulation dueltanges in the ECM structure.

HSPGs acquire specificity through side chain modifications

Many other proteins are involved in extending/modifying proteoglycan side chains
required for function and specificitfin, 2004. Previous studies report that Sugarless
(Sql), Sulfateless (Sfl), and Heparan sulfat®-6ulfotransferase (Hs6st), modifiers of HS
GAG chains, are enriched in the mesoderm. Sgl and Sfl geneticeligantvith Htl during
mesoderm migration, while Hs6st is essential for FGF signaling in tracheal development
(Kamimura et al., 20Q1Lin et al., 1999. Our screen identified two enzymes: CG9550, a
chondroitin6-sulfotransferase, and CG34056, a lggkacteyl-transferase. It is possible
that these enzymes modify HSPGs and/or CSPG®rosophila to influence FGF
signaling. In vertebrates, it has been reported that Pcan has both HS and chondroitin
sulfate (CS) chains, and that removal of CS chigirsquired for FGR2 binding to the HS
chains(Smith et al., 200/ It has been previously hyposiieed that differences in HS
chains are tissugpecific and will determinghe potential of proteins to modulate FGF
activity (Ornitz, 2000. Therefore, perhaps these enzymes act on Trol and/oroSdc t

influence their FGFR activation potentials.

Extracellular vs. membranrethered HSPGs
In addition to Sdc functiom late mesoderm specification (this studlyiox et al.,
2011, several other reports implicate membrBneund HSPGs 0 i nv ol v e me

range signaling.Axon guidance by Slit/Robo signaling Drosophilaembryos requires
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two HSPGs, DIp and Sdc. The distribution and concentration of DIp and Sdc are

discrete in order to generate a distinct spatial field able to direct axonal dfawént et

al.,, 201). Another HSPG, Dally, is necessary in conjunction with BMP signaling for
germline stem cell maintenance Drosophila ovaries(Guo and Wang, 2009 This
requirement of Dally is limited to the germline only and not the nearby sowlts,
revealing its short range of action. In the vertebrate system, mentbtiameed HS chains
are required for FGF signaling in adjacent cells during mouse embryogEtaaiokawa

et al.,, 201). All of these reports emphasize the importance of merelmaund HSPGs

in regulating ligand distribution and limiting signaling activity within a short distance. The
property of Trol to be secreted is unique amd@rgsophila HSPGs and provides an

extension into the |igandds range of actior

Conclusions

We studied the roles of HSPGs Trol and Sdc in FGF signaling during various stages
of Drosophila embryonic development.  Our data demonstrates that secreted Trol is
involved in processes where lerange FGH-GFR interactions are presumably acting,
namely collapse of the mesoda furrow and migration of CVM. Meanwhile,
transmembrane Sdc functions when FGF signaling is active within neighboring cells such
as in the case of mesoderm cell intercalation and pericardial cell differentiation. Our
screen alsodentified multiple genes in various pathways that affect mesoderm spreading,
enforcing the view that many processes are integrated during development. Future studies

will reveal how each gene contributes to mesoderm migration.



MATERIALS AND METHODS 14‘
Fly strains

P{GAL4twi.G}, w* (BDSC #914) andav; P{GawB}69B(#1774) lines were used in
experiments analyzing mesoderm spreading.
w/Dp(2;Y)G, P{hshid}Y (#8846) versions of thedgal4 stocks were crossed with males
from the UAS insertion collection. Wildtype refersyi or Gal4 lines. Mutant strains
were crossed with balancers containinglagZ marker. For germline clones,
trol°®! FRT.19A/FM7were crossed wittP{ovoD118}P4.1, P{hsFLP}12, yw'*® sr?
P{neoFRT19A/C(1)DX, y w* f* (#23880) and allowed to lay for pmximately 12 hours
at 25°C. A 2-hour heat shock at 37°C was perfornrmddays 2, 3, and 4.Non-Bar
females were then crossed wigh arm® w/FM7c, P{ftz/lacC}YH1males (#616) and
collected embryosvere analyzed. ThB053Gal4 driver w; P{GawB}tey5053A/TM6B,
Th+ (#2702) was used for ectopic expression in the CVM cells and crossetdHiit
gapVenus(Y-K. Bae and A.S., in reew) to detect CVM cells with &FP antibody.
Additional stocks are listed in Supplementary Table 1.

Genes affected by the UAS insertions were confirmed.-Gaid (S. Crews) or
ZenKr-Gal4 (M. Frasch), which support ectopic expression at the embryonic midline or
trunk region, were used to drivepgession from the insertions and in situ hybridization

experiments confirmed ectopic expression of genes (data not shown).

In situ hybridization and immunohistochemistry

Embryos were collected and staged at 25°C or 18°C, and standard protocols for
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fixing and staining were used. Antisense RNA probes were made toideigotgene

expression. Hmary antibodies used were rat afwist (1:20; housemade, Pocono),
rabbit antiEve (1:100; M. Frasch), mouse adpERK (1:150; Sigma), rabbit asfi
galacbsidase (1:200; Molecular Probes), mouse-d®S2 ( 1: 10 ; Devel op me

Hybridoma Bank), and rabbit ar@FP (1:2000; Life Technologies).

Sample preparations and imaging

For crosssections, embryos were embedded in araldite (Electron Microscopy
Sdences). 10 or 15m slices were sectioned using the LKB Bromma 2218 Historange
Microtome and mounted in 1:1 araldite:acetone solution. For cuticle preparatigrs)r24
old embryos were dechorionated in bleach, deuvitillinized in 1:1 MeOH:heptane, and
mounted in lactic acid. Slides were incubated at 55°C overnight. All images were

collected using a Zeiss Axioplan microscope.
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FIGURES AND LEGENDS

311 UAS lines SLgERES
Check mRNA expression and

mutant cross sections

Cell-surface and
Secreted

v

Overexpress :
with Twi-Gal4 11 genes
or 69B-Gal4

1. Adhesion: aPS3 and aPS5
(integrins), E-cadherin

- - 2. Signaling Components:

Assay: embryonic lethality Cueball, Unpaired (JAK/
STAT), Vein & Argos (EGFR)

3. Modifying enzymes:
CG9550, CG34056

4. Proteoglycans: Trol, PTP99A

v

mesoderm ectoderm

7 e 15

Figure 1. Eleven genes identified though ectopic expression screeconfer mesoderm
migration defects. (A) Crosssection ofDrosophila embryos stages-50 stained with

Twist antibody to mark mesoderm cells during development. Ventral side is down. The
mesoderm invaginates to form the ventral furrow, which subsequently collapses onto the
ectoderm. Lateralmigration begins and is completed after intercalation to form a
monolayer. (B) Workflow of ectopic expression screen. -Qeflace and secreted (CSS)
proteins were overexpressed in the mesoderm usings&Wi and in the ectoderm using
69B-Gal4. Candid&s were narrowed to eleven genes in four different classes by their

RNA expression and mutant phenotypes.
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Figure 2. Expressions andmutant phenotypes of adhesion molecules, signaling
ligands, and modifying enzymes isolated from screen.

RNA expressiorof stage 8 embryos and crossection of stage 10 mutant embryos for

(A, B) aPS3, (C, DaPS5, (E, F) Ecadherin, (G, H) Cueball, (I, J) Unpaired, (K, L) Vein,

(M, N) Argos, (O, P) EGFR, (Q, R) CG9550, and (S, T) CG34056. Mutant embryos are
zygotic unles otherwise noted. (P) The dominant negative (DN) formegif was
overexpressed using the F®al4 driver. In situ hybridization was performed using
riboprobes against the indicated genes. Lateral views of whole mount embryos are
positioned with anteor facing left and dorsal side facing up. Cresstioned embryos

st ai n e-@wistito mark mésoderm cells. Genes in red denote those isolated from this

screen.




























































































































































































































































































































































