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Abstract

Morphogens are signaling molecules that are known for their prominent role in pattern
formation within developing tissues. In addition to patterning, morphogens also control tissue
growth. However, the underlying mechanisms are poorly understood. We stukerole of
morphogens in regulating tissue growth in the developing vertebrate neural tube. In this
system, opposing morphogen gradients of Shh and BMP establish the dorsoventral pattern of
neural progenitor domains. Perturbations in these morphogerhpatys result in alterations

in tissue growth and cell cycle progression, however, it has been unclear what cellular process
is affected. To address this, we analysed the rates of cell proliferation and cell death in mouse
mutants in which signaling is perbed, as well as in chick neural plate explants exposed to
defined concentrations of signaling activators or inhibitors. Our results indicated that the rate
of cell proliferation was not altered in these assays. By contrast, both the Shh and BMP
signalingpathways had profound effects on neural progenitor survival. Our results indicate
that these pathways synergise to promote cell survival within neural progenitors. Consistent
with this, we found that progenitors within the intermediate region of the nduude, where

the combined levels of Shh and BMP are the lowest, are most prone to cell death when
signaling activity is inhibited. In addition, we found that downregulation of Shh results in
increased apoptosis within the roof plate, which is the dorsaliree of BMP ligand
production. This revealed a cresgeraction between the Shh and BMP morphogen signaling
pathways that may be relevant for understanding how gradients scale in neural tubes with
different overall sizesWe further studiedthe mechanism acting downstream of Shh in cell
survival regulation using genetic and genomic approaché& propose that Shh
transcriptionally regulates a necanonical apoptotic pathway. Altogether, our stupgints

to a novel role of opposing morphogen gradientsisstie size regulation and provides new
insights into complex interactions between Shh and BMP signaling gradients in the neural
tube.
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Chapter 1. Introduction

During development, organs undergo extensive growth and morphogenetic changes
to achieve the correct size and morphology required for their functibnis is achieved
through tightly controlled developmental programbBowever the mechanism regulating
themispoorly understoodOne remarkable example of this higshgreotypical organ growth
is the vertebrate central nervous system. During development, the neuralrulst generate
the right number of different neuronal subtypes at the correct positions in order to form fully
functional neural circuits. Thus, the neural tube is an excellent model system for studying the
mechanisms coordinating tissue growfuzmiczZKowalska & Kicheva, 2020)

Cell specification during neural tube development is orchestrated by morphogen
signaling gradients. Along the dorsoventral (DV) axis of the spinal cord, ventrally produced
Sonic hedgehog (Shh) and dorsally produced Bone Morphogenetic Proteins (BMPs)tand Wn
form antiparallel gradients of activityFig.1). In response to these signals, an elaborate
pattern of neural progenitor domains is established throtlgé combinatorial expression of
distinct transcription factor¢Sagner & Briscoe, 2019hese morphogen pathways have also
been implicated in directly conttiing neural progenitor proliferation, survival and
differentiation (KuzmicZKowalska & Kicheva, 2020; Ulloa & Briscoe, 208@)vever, the
precise contribution othese signaling pathwaysnd the temporal requirements for their
activities inthis regulation are poorly understood-his hinders our understanding of how
neural tube growth is contrédd and coordinated with patterrspecification

In this study, we address the role of Shh and BMP morphogens ireghation of
neural tube growth. In particular, we focus on their individual and joint contribution to the
regulation of neural progenitor survivahdwe investigate how morphogens coordinate cell
survival regulation with pattern formatiariWe also discuss the downstream mediators of
their activities within the cell survival machinery.

To piovide a comprehensive introduction and motivation for our research, we first
introduce neural tube growth and morphogenesis withe main focus on dorsoventral
pattern formation in response to morphogen gradientée discuss the evidence for the role
of morphogens in the regulation of neural tube growth to introduce Aims 1 amie2hen
provide background on the main mechanisoigpoptosisand examine the role of apoptosis
in neural development.
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Fig.1. Opposing morphogen gradients specifye dorsoventral pattern of the spinal cord
Schematic representation of a transverse section through the spinal Acsttiped pattern of neural
progenitor domains(pd1-6, pGp2, pMN, pV)forms alongthe DV axis in response to opposing
gradients of morphogen$&hhis secreted fronthe notochord (NC) anthe floorplate (FP)whileBMPs

and Whnts are produced by the roplate (RP) in an intedependent manne Antiparalleimorphogen
gradients regulate the spatial expression of downstream transcription fa¢ids)in a time and
concentrationdependent manner Combinatorial expression of these TFs determines distinct
progenitor domaingboxes on the right, only selected examples of donsgiacific TFs are shown).
Upon terminal differentiation, progenitors give rise to corresponding neuronal subtypes in the mantle
zone (lark grey.

1.1. Neural tube growth and morphogenesis

In vertebrate development,he spinal cord originates from the posterior part of the
developing neural tube. Neural tube formatiowhich in mammals occurs through primary
neurulation beginswith the specificationof a flat epithelium- the neural plate(Sutherland,
2016) that is derivedrom a population of bipotent neuromesodermal progenitors (NMPS)
located betweerthe caudal lateral epiblast and the node streak bor@f@outi etal., 2015)
Asthe vertebrateembryo extends along the anteriquosterior (AP)axis, the descendants of
NMPs are progressively incorporated either into the elongating neural plate or the adjacent
paraxial mesodernfHenrique et al., 20150ver time, the neural plate epithelium thickens
andbecomesincreasinglypseudostratified At the same time, the neural plate bends at the
ventral midline and closes to form a closed neural tube.

Over the course ofts first three daysof development the neural tubeundergoes
extensive growth along the DV and AP axegesponse to inductive signals. Posterior
gradients of Wnt and Fibroblast growth factoGff morphogens are opposed bye gradient
of retinoic acid (RA) to regulate embryo elongationthe AP direction together with the
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maintenance of the NMP podlGouti et al., 2015)As NMPs differentiate into neural
progenitorsand form the neuroepitheliumthey respond tahe ventral gradient of Shh and
dorsal gradients of BMPs and Wrts specify theirDV identity. In this way,the neural
epithelium progressivelacquiresits characteristicDV organization of neural progenitor
domains(Lai et al., 2016)Fig.1).

The neural epithelium is composed of highly proliferative progenitor célisce
progenitor identities become stably specified, progenitor cells exit the cell cgslehey
terminally differentide into neurons and delaminate basally towardhe mantle layer
(Kasioulis & Storey, 2018J)hus, the overall growth of the developing spinal cord depends on
the tight coordination of highly dynamic processesel fate specificatiojcell proliferation
cell survivahnd terminal differentiationAt the same timethe spinal cordundergoes AP axis
elongaton in coordination withthe neighbouring tissue(e.g. somitic mesodenm

1.1.1 The dorsoventral pattern of the developing spinal cord

In the developing neural tube of amniotes, a highly consenatdped pattern of
neural progenitordomainsis establishecalong theDVaxis. This pattern forms in response to
morphogens that are secreted from the oppogpoles of the tissue. Shh protein is secreted
from the notochord and the floor plat¢FP) andormsaventral to dorsal gradienBMPsand
Whnts are produced bythe dorsal ectoderm andhe roof plate (RP).BMPs and Wnts are
producedin an interdependent manner and establish dorsal to vehtactivity gradients
(Briscoe & Small, 2015; Sagner& Briscoe, 20AB)iparallel gradients of Shh and BMP
signaling activities regulate the spatial expression of downstream transcription factors in a
time- and concentratiordependent mannefBalaskas et al., 2012; Jessell TM, 2000; Tozer et
al., 2013; Zagorski et al., 201T) turn, the combinatorial expression of these transcription
factorsdetermines distinct neural progenitor domaing3( pMN, p2-p0, pd1-6)(Alaynick et
al., 2011)(Fig.1). As development progresseprogenitorsresiding within these domains
differentiateinto molecularly distinct subsets of neurons thoatild the circuitry characteristic
of the spinal cordLai et al., 2016)

Patterning within the ventral neural tube religsainlyon the gradient of Shh activity.
Shh signaling is initiated Iblge binding of Shto the Patchedl (Ptchl) receptor, which allows
for derepression ofhe transmembrane protein Smoothened (Smo). Downstream of Smo, Shh
signal relies on the activity dfie Gli family of transcription factordn the absence of Shh,
Gli2 and GIi3 proteins are proteolytically processed into repressor forms (GliR), whereas
binding of Shh allows fdhe formation of fulllength Glit3 activators(Fig.2A) (Briscoe &
Thérond, 2013)Studies using mouse mutants demonstrated that Gli2 functiorth@main
activator in the Shh pathway, whereas Gli3 is responsible for the repressor agtitiitgtung
& Chiang, 2000; Matise et al., 199B) the absence d@hhthe ventral cell type®f the neural
tube (FP, p3 and pMN) are nepecifed and theneural progenitors adopt intermediate and
dorsal identities(Chiang et al., 1996; Litingtung & Chiang, 208@glysis oiGli3 mutants
revealed that Gli3R is important for correct positioning and establishment of ventral and
intermediate domain boundarie@ersson et al., 2002¢onsistent with this, pMN, p2 and pl
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domainsare restored upon concomitant removal @li3in the ShA" background, albeit in

an intermixed way(Litingtung & Chiang, 2000With time, the dynamics oGli activity
downstream of Shh undergoes temporal adaptation and progressively decreases to
background levels by embryonic day 11.5 (EX(LC6hen et al., 2015)

While the specification of ventral cell types in response to 8k been extensively
studied the roles of BMPs and Wntsthme specificatiorof dorsal progenitor domains atess
well understood (Andrews et al., 2017; Ulloa & Marti, 201@everalBMP ligands are
expressed in the RP region, includBp4, Bmp6, Bmpand Gdf7, but the requirement for
specific ligands ithe specification of dorsal cell fates can vary and desamd the species
(Andrews et al., 2017; Liem et al., 199BMP ligandform a complex withtype | and type Il
BMP receptos to induce thephosphorylation and activation of the main BMP effectors
Smadl, Smadaénd Smad8 transcription factsrig.2B). Phosphorylated Smads 1/5/8 bind
to Smad4 and the complex translocates to the nucleus to directly control target gene
expression(Bond, 2012)Along with BMP ligandd¥/ntl and Wnt3a ligands and thé/nt
canonical pathway have been associated with patterning activiieshick and mouse
embryos (Muroyama et al., 2002)Activation of tle canonical pathway leads tthe
stabilization of -cateni allowing its bindingo Tcf/Lef transcription factors and subsequent
regulation of Wnt pathway targets. In the absence of Wnt ligagt&ogen synthase kinase

ol @3D) {m¥diates -catenn degradation bythe proteasome(Steinhart & Angers, 2018)
c
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Fig.2. Shh, BMP and Wnt signal transduction in vertebrates
A.In the absence of Shh, Ptchl inhibits Smo (the activator of the pathway). This results in proteolytic
processing of fullength Gli2 and Gli3 transcripts (GIliFL) into the Gli repressor form (GliR). GliR inhibits
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the expression of Shh target genes, e.g. Ptchl and Glil. Upon Shh binding, Ptchl no longer represses
Smo. This promotethe formation of Gli2 and Gli3 activators (GIliA). GliA after translocating to the

nucleus activates transcription of Shh targ&sBMP ligand binds to two distinct BMP receptors (type

I and type IlI). The receptor+BMP complex initiates a signal transduction cascade thhaugh
phosphorylation of Smad1/5/8 proteins. Activated pSrbéd8 can then form a complex with Smad4

which triggers nulear translocation and allows for transcriptional regulation of BMP target genes
Inhibitory Smad6 competes with Smad1/5/8 for activation by the BMP receptia.the absence of

2y {i-Eatenin is targeted for proteasomal degradation by a complex consisting @IG®RC, Axin,

Dishevelled and CK1 proteins. Ortbe Wnt ligand binds tahe 2 y i NB OS LII ZMéniCNA T 1 £ S
becomes stabilized and translocates to the nucleus, where it caagidate Tcf/Lef transcription.

Although te RP acts as ley signalingcenter secreting dorsal morphogens, many
details behind its specification remain elus{@hizhikov & Millen, 2004b; Rekler & Kalcheim,
2021) BMP signaling originating frothe adjacentsurfaceectodermhas been associated
with the early induction of both RP and neural crest (NC) faktsn et al., 1995Furthermore,
lineage tracing studies have indicated that the RP and NC cells are derived from a common
progenitor population(BronnerFraser & Fraser, 1988However, little is known about
molecular mediators or the spatiotemporal control of their segrega(idiizan et al., 2016;

Ofek et al., 2021)importantly, genetic experiments have underlined the requirement for RP
and RRderived BMP signaling the specification of the most dorsal progenitor domain (pd1)
(Lee et al., 2000; Liem et al., 1997; Millen et al., 2004; Weweeet al., 2002)Some evidence
suggests that exposure to the Wnt pathway may also be necessary to establish the pdl
domain(Muroyama et al., 2002Nonetheless, how the remaining dorsal domain boundaries
are determined remains unclear.

In the middle of the DV axishie specification of intermediate progenitor domains
(pd5-6 and pBpl) requires low levels of Shh and BMP activities. These domains are
characterized by the expression of the transcription facidbxland 2 (Pierani et al., 1999;
Wijgerde et al., 2002; Zagorski et al., 2010iyect measurements of Shh and BMP gradients
have proven to be challenging, thus transcriptional reporters (GBB and pSmad1/5/8)
have been used as reamits of morphogen activityBalaskas et al., 2012; Zagorski et al.,
2017) However, the detection sensitivity of these reporters may hinder our understanding of
how far along the DV axis Shh and BMP gradients reach from their respective sources. It is
possible that very low concentrations of these morphogens can be present a&veary
distant positions.

1.1.2 Neural tube growth

The reural tube pattern is specified at the same time as the tissuginues to gow.
Embryonimeural tubegrowth involves a balanced and wetordinated regulation between
cell proliferation, cell growth, cell cycle exit and terminal neuronal differentiation, and cell
survival Between days 8.5 and 9.5 (E&9.5) of mousembryonic development, the size of
the neural tube ismainly determined by spatially uniform cell proliferation of the neural
progenitor cellswhile cell death levels remain very I¢iticheva et al., 2014After E9.5 the
proliferation ratebegins to declineand the progenitor cell cycle lengthens, while terminal

5



differentiation rates increase in a domaspecific manne(Kicheva et al., 2014; Molina et al.,
2022; Wilcock et al., 2007)

Considerable progress has been made in comprehentdow neural progenitor
divisionand cell cycle progression acentrolled and coordinated witkell fate specification
and neuronal differentiatior{Bénazéraf et al., 2006; Lobjois et al., 2004; Molina & Pituello,
2017) Howeverthere is still much tauncoverregardingthe specific factorghat influence
processes involved itissue growth Ourunderstanding of how morphogen signalirigsue
mechanis, and other mechanismgegulate the initial size of progenitor pqolcell
proliferation and cell survivathanges ircell size and shapegllular rearrangements and
tissue anisotropyemains limited KuzmicZKowalska & Kicheva, 2026)ow tissuescale cues,
such as morphogen gradients, are integratadindividual cells at the molecular level and
what is the exact contribution of distinct cellular processes to the final spinal cord size are
some of the key questions which remain unanswered. Moreover niechanisms by which
the size of theneural tube might be senseaind corrected are poorly understood. Further
studies are required to gain insights into the feedbacks and éntegactions that enable
coordinated growth of the neuralibe.

1.2. The role of morphogens itthe regulation of tissue growth

In many developing tissugmorphogenghat control cell fate specificatiohave also
been shown to regulatéissue growth.This dual role of morphogens raises the intriguing
possibility that they act as coordinators of growth and pattern formation and thus ensure the
reproducibility of tissue development within a speci@ekanty & Milan, 2011; Kuzmicz
Y26l fall 9 YAOKS@II wnunT { SNNI yHweser, hawC | NNE f
this coordination between cell fate specification and tissue growth occurs is not Glear.
guestion is also relevant in the context of the developing spinal cord, where several lines of
evidence show that morphogen signaling affects tissue groBefow we discuss the current
state of the knowledge and identify open questions and challenges in addressing the role of
Shh, BMP and Wtathways irthe regulation of neural tube growth.

1.2.1 The roleof Shh signaling ithe regulation of neural tube size

Previous studies in mouse and chick embryos reported that perturbations in Shh
signaling result in changes in the overall size of shmal cord.ShA mutant mice die
perinatally and exhibitsevere developmental abnormalities that include a substantial
reduction in body sizeand cyclopa, the absence of ventral progenitor domaired a
reduction of the neural tube sizeat the level of the spinal cor(Chiang et al., 1996Mice
homozygous foiShh::GFRusion knockin allele Shi¥™"CFior ShiYP9 are hypomorphic for
Shh signalingChamberlain et al., 2008n ShiYP°embryos, the neural progenitor pattern is
ventrally shifted, whilghe neural tube size idecreasedZagorski et al., 201.Mlo defects in
proliferation have been reported foShRY! and Shh'YP° mutants, while high levels of
apoptosis have been observed at Eh5the neural tube and somites GhAUY! embryos
(Borycki et al., 1999; Litingtung & Chiang, 20@)nsistent with thisthe removal of the
notochord and floor plate in chick embryos induces extensive neural progenitor apoptosis

6



and a smaller neural tube size, which can be rescued by supplying an exogenous source of
Shh(Charrier et al., 2001; van Straaten & Hekking, 198ltpgether, these studies suggest
that Shh regulates neural progenitsurvival

In contrast, gairof-function mouse studiehave shownthat overactivation of Shh
signaling causeseural tubeovergrowth.For instanceremoval of one copy dhe Patchedl
gene Ptchl, Shh receptor an@ negative regulator ahe pathway, produces mice that are
viable, havelarger neural tubesand develop medulloblastomagSoodrich et al., 1997)
Furthermore, gnetic deletionof the Shh antagonistHh interacting protein 1Hhipl in a
Ptchlheterozygous background leattsafurther increase imeuralprogenitor numbers and
overallneural tubesize(Jeong & McMahon, 2009n these studies, thenderlyingcause of
the overgrowth phenotype was not identified and might be due to changesin cell
proliferation or survival.Further experiments suggested a role for Shh in regulating
proliferation by using dorsal ectopic expression of Siiowitch et al.,, 1999)and
overactivation of Shh signaling in chick and mouse emi@aguso et al., 2006; Hynes et al.,
2000; lulianella & Stantemurcotte, 2019)However, these strong perturbations could induce
ectopic activation othe dorsal morphogea(BMP or Wnt), for example by affecting tRé
This leaves open the possibility that the increase in cell proliferation upon these perturbations
could in part result from the activity of dorsally derived sign@lsnsistent with this, genetic
ablation experiments with targeted expression of dipétia toxin (Lee et al., 2000pr
disruption ofthe Lmxlagene(Chizhikov & Millen, 2004a; Millonig et al., 2088monstrated
that RP(or RPoriginating morphogens) play a role in the regulation of neural tube growth.
Thus, the exact contribution of Shh to the regulation of progenitor proliferatieeds further
investigation.

1.2.2 Dorsalmorphogens and neural tube growth

The Wnt canonical pathway has been shown to promote neural progenitor
proliferation. Overgrowth of the spinal cord accompanied by increased progenitor
proliferation and decreased neuronal differentiation shdbeen associated withthe
overactivation of Wnt signaling in mouse and chick emb{@isesnutt et al., 2004; Dickinson
et al., 1994; Megason & McMahon, 2002; Zechner et al., 2@\ versely, lossf-function
studies have shown that deletion ¥Wntl andWnt3aori -cateninin mouse embryos resudt
in the reduction ofthe neural progenitor population and neural tube sizkeya et al., 1997;
Muroyama et al., 2002; Zechner et al., 2008he effects of Wnt signaling on neural
progenitor survival remain largely speculative and seem to depend on the timing of
perturbation and/or analysigllle et al., 2007; Megason & McMahon, 2002; Zechner et al.,
2003; T. Zhao et al., 2014)

Several lines of evidence dispute the contribution of BMP signaling to the regulation
of neural tube growth. Overexpression abnstitutively activetype | BMP receptor b
(BMPR1bor BMP transcriptional effectoMsxlin chick embryos at early stagddH1012)
results ina decreased size of the electroporated neural tube diogether with increased
apoptosis, reduced proliferation and repressed neuronal differentiafdonLiu et al., 2004)
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Interestingly, constitutive activatiofca)of BMPR1hin transgenic mouse embrydi&ewise
induces neural progenitor apoptosis (between EBBR.5),while at later developmental
stages promotes neuronal differentiatiofPanchision et al., 2001)This suggestthat
overactivation of BMP signaling has a negative effect on progenitor survival early in
development (before E11/HH20). Consistent with this, overactivation of BMP signaling
through genetic removal ofhe BMPantagonistsNogginand Chordinin mouse embryos
results ina markedly decreased neural tube size along with increased apoptosis of dorsal
progenitors and neural crest cellsithout reported changes in progenitor proliferation
between E9 and E10(Bnderson et al., 2006; McMahon et al., 1998)

By contrastthe overexpression oBMP7and/or BMP4in chick embryos tabeen
reported to promote cell proliferation at later stages of development (HHABirews et al.,
2017) Transgenic murine expression cABMPR1avas also found to increase progenitor
proliferation rates(Panchision et al., 200Ihlowever, it is difficult to ascertain wheth&MP
directly affects celproliferation as these perturbations can also affect the size of the RP and
Wnt activity; for instance, itaBMPR1a&mbryos, theWntl expressiondomain becomes
acutely expanded@Panchision et al., 2001)

Analysis ofhe effects ofthe removal of individual or multiple BMP ligands has proven
to be challenging. 8etions of single genes coding for individual ligands oftentimes geeerat
negligible phenotypeéSolloway & Robertson, 1999n the other hand, BMP signaling plays
an important regulative role before neurulationConsistent with this simultaneous
disruption ofseveral BMP ligand$Solloway & Robertson, 1999; G. Q. Zhao, 2003)full
knockout ofBmprla causes embryonic lethalitground gastrulation(Mishina et al., 1995)
Later in embryonic developmengdsof BMP signalingpon conditional deletion oBmprla
and concurrent global removal 8mprlbdoes not affectnouseprogenitor survivabr neural
tube growth (Wine-Lee et al., 2002)Similarly, loss oBMP7function in chick and mouse
embryos does not induce apoptosis or change neural tube (keeDreau et al., 2012By
contrast, in the developing mouse cortex, los8oip7results in decreased proliferation and
cell survivalSegklia et al., 2012Thus, the requirement for BMP signalinghe regulation
of neural progenitor survival or differentiation remains elusive and might depend on the
developmental stage or the temporal dynamics of BMP signaling.

1.2.3 Coordinated regulation of neural tube growth by morphogens

The evidence discussed in the previous sections sugffesdtsShh, Wnts and BMPs
can affect neural tube size, howevyeseveralfactors hinderunderstanding ofthe precise
contribution of each of these morphogens. Previous studies analysed how perturbations in
morphogen signaling affect neural tube growth at particular developmental time points
However,it is possible that the effestof morphogens activitiesn progenitorschange over
time, reflecting change celkintrinsic and tissuavide contexs, which could modulatehe
WNB&dLI2yasS O02YLISGSyOSQ 2F AYRAOGARdzZEf OStfaod L
could lead to cell death or neural differentiation depending on the developmental stage or
the duration of the perturbationas observed upon BMP overactivatigRanchision et al.,
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2001) Cellular competence could also be regulated by the sequence in which a cell receives
different signals. It remains to be elucidated whether all progenit@aisrespond to any of

the morphogens irrespective of their DV positian rather dorsalnd ventralcellsinterpret

their respective dorsal or ventrgradientsto regulate tissue growth.

Our understanding of howhe Shh, Wnt and BMP pathways contribute to neural tube
growth is further clouded by evidence of their mutual interactions at different levetheof
signaling cascadd¥llloa & Briscoe, 2007; Ulloa & Marti, 2018hhtranscriptionalactivity
mediated via Gli proteins has been suggestedufwegulate the expression ofTcf3/4
transcription factors, which are required forcatenindependent activation of Wnt target
genes (e.geyclin Dlgene)(AlvarezMedina et al., 2009)In addition, mouse mutant studies
demonstrated that Wnt signaling is reduced $hi“' embryos andcan berescued upon
concurrent deletion ofGli3in Shi!: Glid\ul mutants. Hence, Gli3R has been proposed to
downregulate canonical Wnt signaling, moreavar vitro assays suggest that Gli3R can
directly interact withi -catenin (Ulloa et al., 2007)By contrast,the Wnt canonicali -
catenin/Tcf pathway can antagonize Shh activity throtighupregulation ofGli3expression
(AlvarezMedina et al., 2008)This complementary regulation of expressioray existto
ensure proper DV patterning, bpossiblyalso to establish a uniform rate of cell proliferation
across the tissue. Further research is required to elucidate whethepgitferative and pre
survival roles reportedespectivelyfor Wnt and Shitan be independently controlled by each
of the pathways.

Moreover, a crossegulation betweerthe Wnt and BMP pathways has been proposed
to control the balance between progenitor proliferation and neuronal differentia(ilie et
al., 2007) However, he downstream molecular network which allows individual neural
progenitors to interpret this crostalk is poorly understoodNeverthelessit is possiblehat
the crosstalk between Wnt and BMRelies onthe RA NBE O LIK & & A O-tafenind y i S N
with Smad proteinsvhich has been reporteth the developing telencephalofTheil et al.,
2002) Alternatively, the crossegulation could dependon the interpretation of the
combinatorial effects oflynamic signaling levets/er time.lIt is important to consider that
these regulatory interactionscan be further complicated by mutual transcriptional
upregulation by the other pathway. Overactivation e€ateninwas shown to increase levels
of BMP effectors pSmad1/5/8 andsx1 (llle et al., 2007)while constitutive activation of
BMPR1a/lrauses expansion tiie Wnt signaling componentsxpression domaifChesnutt
et al., 2004; Panchision et al., 200Anhother level ofegulatoryinteractions comes from the
in vitro studies which showed thathe GIli3 repressor form can physically associate with
several Smad protein&. Liu et al., 1998Furthermore,during neural tube patterning, Shh
and BMP activities converge @common gene regulatory networlZagorski et al., 2017)
This allows fothe interpretation of temporally dynamic signaling inputs into stable cell fate
identities through a nonrlinear dynamic mechanisitSagner & Briscoe, 2017) is unclear
whether a similar type of signal integration operates in the context of cell oydell survival
control, or even whether these pathways converge ordaacommon set of downstream
mediators.The existence of feedback and craggulatory interactions between components
of different morphogen signaling pathways éme one hand poses several challengeshie
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investigation of the exact contribution of each pathwayn the other hand it can be
considered advantageous for robust coordination of neural tube growth.

While previous studies suggest a role for morphogens in controlling proliferation or
neuronal differentiation, it is challenging to understand their exact effects as these processes
can be intrinsically controlled through the same mechanisms. Notablyswlieh between
progenitor proliferation and terminal differentiation into postitotic neurons has been
associated withthe lengthening othe entire cell cycle or G1 phag€alegari et al., 2005; Peco
et al., 2012) with changs in the mode of cell divisioiWilcock et al., 2007and altered
expression of particular components te cell cycle machiner{Bonnet et al., 2018;
Lacomme et al., 2012; Lobjois et al., 2008)esemechanisms are not mutually exclusive and
several studies have proposed that they can be linked with signaling activittes $thh, BMP
or Wnt pathwaygMolina & Pituello, 2017)For instanceShh and Wnt signaling have been
implicated inthe regulation of expression levels d&Myc and Dtype cyclins, which can
influence the rate of cell cycle progressighlvarezMedina et al., 2009; Cayuso et al., 2006;
Lobjois et al., 2004Jurthermore, reduction in Shh or BMP signaling levels has been reported
to switch the mode of neural progenitor division from seXpanding symmetric divisions to
neurogenic divisionf_e Dréau et al., 2014; Saade et al., 2013, 20Mahetheless tiremains
unclear whether these activities are sufficient to understand the role of individual morphogen
pathways and to explain tissueide changes in proliferation and differentiation rates over
time.

Further studies into the molecular targets of Shh, Wnt and BMP pathways within the
cell cycle progression and cell survival machinery could reveal whether these morphogens
share downstream mediators. Ultimately, this would help us to understand hells
integrate the effects of multiple coindialg signals to generate appropriate respossdow
decisions at the level of a single neural precursor cell can be regulated bywgsesignals,
and vice versa, how a sum of these decisions can then dynanuoatipl the overall size of
the tissue. Furthermore, more research is needed to understand how the role of morphogens
in the regulation of neural tube growth is coordinated with their role in cell fate specification.

It is possible that induction of cell death or proliferation helps to ensure robust and
reproducible patterrformation.

1.3. Research projecAims 1 and 2

In bothShiYrPeand Shi'embryos aredudion inneural tube size has been observed
at E9.5 of mouse developme(€hiang et al., 1996; Zagorski et al., 20Hiyh levels of cell
deathwere also shown iShA“"'mutants at the same staggitingtung & Chiang, 2000yhile
no defects in the rate of proliferation have beesported. However, the precise temporal and
spatial requirements for Shh signaling in regulatmeural progenitorproliferation and
survival, as well as the potential contribution of dorsal morphogens that act concurrently in
the same tissue have not been established.

Thus, at the initial stages of this project, we analysed the levels of neural progenitor
proliferation and apoptosis iBhh!YPand Shi'embryos betweerstages=8.5 and E10.5. Our
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preliminary analysis confirmed previous findings and indicated that cell death is also
increased in theneural tubeof ShYP°mutants. We found that high apoptotic activation
seems to occur within a limited time window in development, around E9.5. By contrast, we
did not detect changes ithe rate of proliferation, measured from the fraction of mitotic
progenitors.

These resuls suggest that thechanges in neural tube size observed in Shh signaling
mutants are correlated with increased levels of cell death. Howevenggelation of neural
progenitor survival by Shkhows nommonotonoustemporal dynamics whictcould be
modulated by additional factorsuch as dorsal morphogens.

Therefore, in the first part of this studpim 1), our main goal was to understarbw
Shh signaling regulats cell survivalin chick and mouse spinal cord$¥o this end, we
combinedin vitro approaches with mouse genetiand analged the effects oflteredlevels
of Shh signaling on spatial patterns of cell deatditferent developmental stages.

Next, we aimed to addredsow dorsal morphogens contribute to the regulation of
neural progenitor cell survivalAim 2). We tested the effects of changes in Wnt and BMP
signaling levels on chick neural progenitor survival. Furthermore, we studied how dorsal and
ventral morphogen gradients activities are integrated across the DV axis of the neural tube to
regulate cell surwial.

1.4. Developmental cell death

Cell death is commonly observed and conserved during normal embryonic
development helping to sculpt tissu@glerino et al., 1999)participatngin tissue remodeling
(Roellig et al., 2022kliminating defectiveor misspecifieccells(Hashimoto & Sasaki, 2019;
Sancho et al., 2013nd regulaing cell numbers(Crossman et al., 2018Yhis processs
referred toas programmed cell death (PCD), emphasizing the tight regulatitre spatial
and temporal occurrence of dying ceNafnaguchi & Miura, 20150ne of the bestescribed
examples of PCD during development is the elimination of overproduced postmitotic
neurons, which is controlled by the limited availability of neurotrophic-guovival factors,
thus allowing for robust adaptation of neuronal pools to the sizehdir target tissues
(Oppenheim et al., 1991; Raff et al., 1993)

Different forms of PCD have been characterize®tluding apoptosis, necrosis,
pyroptosis and ferroptosi§Ghose & Shaham, 2020dmong them, apoptosis is the most
prominent and relevant for mammalian neural developmef\foss & Strasser, 2020;
Yamaguchi & Miura, 2015)Apoptotic cells display characteristic rounded andushkr
morphology with condensed chromatimnd initially intact plasma membranes, followed
ultimately by cell fragmentation and formation of the apoptotic bodies (memb+anelosed
components of the dying cel(Kerr et al., 1972)Apoptosis relies orthe activation of
caspases, a broadly conserved family of cystpnogeases, whik act in a proteolytic cascade
andcleavenumeroussubstrates within the ce(lGreen, 2022; Hengartner, 2000wo distinct
pathways initiate apoptosis, eventually converging on the activatiorthef executioner
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caspase8 and 7(Fuchs & Steller, 201(5ig.3A). Inthe sections below, we describe the main
molecular mediators, key triggers and developmental significance proposed for each of these
pathways in mammals, withfocus on neural development.

A B

INK Anoikis stimuli Pichl Bcl-2 mitochondrial regulators
or oxidative stress

extrinsic
pro-apoptotic signals DNA damage
— BH3-only proteins

clun (e.g. Bid, Puma, Noxa)
p53
Bcl-2 mitochondrial . J.T .
regulators anti-apoptotic
¥ BCL-2 proteins
J-_caSPase 8 Caspase 9 (e.g. Bcl2, Bel-xL, Mcl1)
Smac < MOMP —> cytochrome ¢ J_
Ripk1/3 |, pro-apoptotic
A effectors (Bax/Bak)
poptosome
l XIAP — FRoR e gy < Apafl m
Mikl l
> Caspase 3/7%
Necroptosis Apoptosis

Fig.3. Main apoptotic regulators

A. Two distinctmechanisms cainitiate apoptosisultimately cawergng on the activation ofthe
executionercaspases3 and 7.The etrinsic pathway (blue on the left) is induced by tHeath
receptors and acts through caspase 8. Casjgdsas also been shown to block necroptosis through
interaction with Ripkl and 3 kinases. Alternatively, dependence receptors have been proposed to
activate extrinsic apoptosis (blue on the right). Shh receptor Phas been suggested to activate
caspase 9 in the absence of Shh. Intrinsic apoptotic pathway can be triggered by various signals, for
instance DNA damage or oxidative stress. These signals are integrated by mitochondrial regulators
from the Bcl2 family(B.) Ultimately, preapoptotic Bax/Bak proteins can permeabilize mitochondrial
membrane (MOMP) which results he release of cytochrome ¢ and subsequent formation of the
apoptosome. XIAP can antagonize the apoptosome and caspases 3 and 7, therefore Smac needs to
inhibit XIAP to allow fothe activation of cell deathB. The BcR proteins can be subdivided into 3
classes: the prapoptotic effectorsthe antirapoptotic Bcl2 proteins and the prapoptotic BH2only
proteins. The interactions bet®en members of the BA family are responsible for establishing the
apoptotic threshold and have been proposed to function as a tripartite switch. In staty
conditions, the antapoptotic Bcl2 proteins interact with and inhibit the prapoptotic Ba/Bak and

the BH3only proteins. In response to apoptotic stimuli, the levels and activity ofapaptotic BH3

only proteins can be upregulated which allows either for direct activadid®ax and Bak or inhibition

of the antiapoptotic Bcl2 factors.
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1.5. Regulation and relevance of extrinsic apoptosis

The extrinsic apoptosis pathway is initiated by death receptors binding their
respective ligands dsytheg A § KRNI g £ 2 F RS LISy R&nafsy ofthe OS LJG 2 N
death receptors belong to the Tumor Necrosis Factor receptor (TNFR) family and bind TNF
ligands, of those most widely studieeing theFasL and TRAIL receptdrse bnding of death
ligands by the death receptors leadstte assembly of deatiinduced signaling complexes,
containing receptors, adaptor proteins and initiator caspaseurg] further results in the
cleavage of effector caspases 3 and(Green & Llambi, 2015; Mace & Riedl, 2010)
Alternatively, upon caspase 8 suppression or absence, death receptors can induce another
form of cell deathnecroptosis via Rpk1l/Ripk3/MIkl kinasegFuchs & Steller, 2015; Galluzzi
& Kroemer, 2008While genetic inactivation dtasp8n mouse embryos results in premature
lethality around E10.%Varfolomeev et al., 1998jurther studies with compound mutants of
Casp8and RipKL/3 genes showed thaextrinsicdeath receptorregulated apoptosis is not
essential foembryonicdevelopment as these mice were vialjgillon et al., 2014; Kaiser et
al., 2011) Thus,caspase 8s considered toact primarily to prevent necroptosis(Voss &
Strasser, 2020)

Unbound dependence receptors (DRs) have also been proposed to trigger extrinsic
apoptosis. Thus far, no structural homology has been identified for receptors belonging to
this group, and their only common feature is the fpoptotic function in the absencef
their ligand(Negulescu & Mehlen, 2018jor examplethe proto-oncogene Kitandthe p75
Neurotrophin receptor, but also Ptchl and CD@Mich bind Shjy have been discussed to
act as DRwvith evidence of elevated cell death when thane unliganded DelloyeBourgeois
et al., 2013; Goldschneider & Mehlen, 2010; Thibert et al.,, 2003; H. Wang et al., 2018)
However, the DRs have been predominantly studied for their role as tumour ssgopsand
we have limited insight into their contributiot® embryonic developmentin addition, there
is no clear consensum the apoptosis induction downstream of DR¢egulescu & Mehlen,
2018)

The results from Mehlen and collaborators investigating Ptch1 as DR were of particular
interest for the scope of thistudy (Fombonne et al., 2012; Mille et al., 2009; Thibert et al.,
2003 and they are further discussed at the end of the IntroductiSedtionl.8).

1.6. The mechanisms and importana# intrinsic apoptosis
1.6.1 The Bcl2 family of mitochondrial regulators

The intrinsic pathway is considered the most common apoptosis mechanism in
vertebrates. It can be initiated by a variety of signals, including metabolic or oxidative stress,
loss of adhesion with extracellular matrix (ECM) (terna@aikig, DNA damage or limiting
access to growth factors. These stimuli act through various signaling pathways in the cell and
are ultimately integrated by the mitochondrial regulators from the-Bdamily. The Be2
proteins can be functionally and structusaubdivided intdhree classes: the prapoptotic
effectors (Bax, Bak and Bok), the ampioptotic Bcl2 proteins (e.g., Bel2, Bel, Mcll and
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Bcl2al), and the prapoptotic BH2only proteins (e.g., Bid, Bim, Bad, Puma and Noxa). The
interactions between members of the BZlfamily are responsible for establishing the
apoptotic threshold and have been proposed to function as a tripartite swiB#abotar et

al., 2014)Fig.3B). In steadystate conditions, the arapoptotic Bcl2 proteins interact with

and inhibit the preapoptotic BakBak and the BH8nly proteins. In response to apoptotic
stimuli, the levels and activity of prapoptotic BH2only proteins can be upregulated
transcriptionally or posdranslationally.In this way, BH®nly proteins canovercome the
survival threshold and either activate Bax and Bak directly or antagonize thapapqtotic

Bcl2 factors. Upon activation, Bax/Bak proteins, which are located in the outer mitochondrial
membrane (OMN), form pores in the OMM disrupting its integrity and inducing
mitochondrid outer membrane permeabilization (MOMP) followed by the release of
cytochrome c and other preapoptotic proteins, e.g., second mitochondrial activator of
caspases (Smac, also called DIABC@9botar et al., 2014; Green & Llambi, 2015)

Due to their important role as the main hub for intrinsic apoptotic pathways2Bcl
proteins are tightly regulated by many transcription factors. For example, several of the pro
apoptotic Bcl2 factors Puma, NoxandBaX have been identified as transcriptional targets
of the tumour suppressor protein pgaubrey et al., 2018Dftentimes, Be family members
are also subjected to postanslational modifications, which provide rapid wayo respord
and control the cell fate switch from survival to apoptosis mode. For instance, the activity of
Mcl-1, BcixL, Bim, Bax, Bak or Bok can be dewegulated via the ubiquitifproteasome
system Moldoveanu & Czabotar, 2020; Roberts et al., 2022)

1.6.2 The apoptosome andnhibitor of Apoptosis ProteinslAP9

Once cytochrome: is released to the cytoplasm, it binds to Apoptotic protease
activating factor 1 (Apat) and initiates the assembly of the apoptosome. This allows for the
recruitment and activation of caspase 9, which can subsequently proteolytically cleave the
executimer caspases 3 and(Bratton & Salvesen, 20103macywhich is also released from
the mitochondria, helpgo sustain the activity of the apoptosome by antagonizing the X
linked inhibitor of apoptosis (XIAP), a member of the IAP protein family. While several of the
Inhibitors of Apoptosis ProteinslAP$ can act as EBbiquitin ligases and target active
caspases for prosomal degradation, only XIAP can also directly inhibit processed caspase
9 and the executioner caspasédbexer & Ausserlechner, 2014herefore, for a cell to
undergo apoptosis, XIAP activity has to be antagonized. This provides an additional layer of
regulation or a checkpoint to ensure proper activatiortlod apoptotic machineryFuchs &
Steller, 2015)

1.6.3 Requirement forthe intrinsic pathway in mouse embryonic development

Many studies analysed the effects of reduced or upregulated mitochorap@btosis
in developing mouse embryos. Complete loss of-aptiptotic Bcl2 factors Mcl-1 or BekxL
leads to increased cell death and embryonic lethality at the blastocyst stage (E3.5) or around
E13.5, respectiveliMotoyama et al., 1995; Rinkenberger et al., 200Q)tably, everthe loss
of a singleMcl-1 and a singleBckxL allele results in a high degree of developmental
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abnormalities, indicating that embryonic apoptosis needs to be finely duk@rthermore,
the concurrent loss of a single copy Bfm can completely restore normal development
emphasizinghe sensitivebalance between proand antiapoptotic Bcl2 proteins(Grabow et
al., 2018) Due to high functional redundancy between the faqmoptotic Bcl2 proteins, many
of the single knockout mutants appear developmentally nor(vaiss & Strasser, 202@or
instance, animals lackirigak or Baxfunction do not show developmental anomalies, while
simultaneous globadteletion of Bax and Bak causesmany embryonic abnormalities and
perinatallethality (Lindsten et al., 2000)nterestingly,Bax" Bak“" BoR"'triple mutants
display even more severe phenotypes and die earlier tBar": BaR"“' double mutants,
suggesting that Bok might share overlapping functions with Balk proteingKe et al., 2018)
Gompensatory activation of thalternative forms of PCidas not observed after deletirgax;
Bakand Bokunderliningthe prominent role of the intrinsic apoptotic pathway in embryonic
development.

1.6.4 The role of p53 signaling in embryonic development

The p53 tumour suppressor protein is one of the key signaling centers integrating
various types of stress signals and controlling the cellular response. p53 is a transcription
factor and in normal conditions, it is maintained at low levels due to the quiciover
mediated by Mdm2and 4 ubiquitin ligasegHaupt et al., 1997)In response to different
cellular stresses, such as DNA damage or aberrant activation of oncogenes, p53 becomes
stabilized and can activatthe relevant cellular mechanispe.g. arrest cell cyclenduce
apoptosisor DNA repair(Kastenhuber & Lowe, 2017\s a transcription factor, p53 can
upregulate the expression of key papoptotic mediators such adoxaand Puma Baxor
Apafl (Brady & Attardi, 2010)In addition, p53 can directly activate the mitochondrial
apoptotic pathway through inhibitory interaction with the argtpoptotic Bcl2 regulators
(Mihara et al., 2003)Due to its role age master regulator of cell survival programs, changes
in p53 levels have been associated with a number of developmental abnormalities, including
neural tube defectgBowen & Attardi, 2019)For example, deletion dfldm2 or Mdm4 and
the resultingdecreased degradation of p53 causes embryonic lethality by E5.5 and ES8.5,
respectively de Oca Luna et al., 1995; Parant et al., 306Lrthermore humerous studies
suggestp53 can elicit different effects depending on tls¢&ress type orcellular context
(Bowen et al., 2019; Rinon et al., 20IMhe understanding of p53 role during development is
further complicated by its functional redundancy shared with structurally similar p63 and p73
proteinsat early pregastrulation stages of mouse developmé@t Wang et al., 2017)

In addition to its role in stress response, p53 has been proposed to act in cell
competition processes, which leado ad St SOGA2Y 2F Y2NB WFAIQ
uniform moderate p53 upregulation does not result in developmental defects, however,
mosaic mild activation op53 in individual cells causes their eabmpetition by the
neighbouringwild-type (WT)cells and growth disadvantage at the level of mosaic embryos
compared to the WT littermategZhang et al., 2017)Whether different downstream
mechanisms are triggered by p53 in the context of cell competitiequires further
investigation
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1.7. The role for apoptosis in neuralbe closure

Several developmental processes require apoptosis to occur, subk &@mation of
digits. However, the precise contribution of apoptosis to neural tube morphogenesis has
remained elusive. Highly abundant apoptotic cells have been observed at the ridges of the
neural folds during and after neural tube closure in mouse and chick emfassa et al.,
2009; Well et al., 1997; Yamaguchi et al., 20Mgny mouse mutants of prapoptotic genes,
such as components of the apoptosonfgpafIN! or CaspdU!) or the executioner caspases
(Casp38u"' Casp, show reduced cell death and displdgfects duringheural tube closure
(Cecconi et al., 1998; Kuida et al., 1998; Lakhani et al., 20@@)sistent with this, early
treatment of chick embryos with pacaspase inhibitor zZVAfnk (zVAD)was shown to
prevent neural tube closur@Neil et al., 1997)These results supported the hypothesis that
apoptosis is required for neural tube clos|fMassa et al., 2009However, two other studies
reported evidencehat contess this hypothesis. Although apoptotic cells are present during
neuroepithelial fusion in developing mouse embryos, neural tube closure can occur normally
upon pharmacological inhibition of cell death using caspase inhibité&Dor p53 inhibitor
LIA T A ((Mabkh gt al.h 2009While speciespecific properties could explain differences in
thesefindings, a recent study in chick embryos found that inhibition of caspases with another
caspaseinhibitor (QVDOph) perturbs bending of the neural epithelium but does not
completely prevent neural tube closu(®oellig et al., 2022)This work also proposethat
rather than being required for tissue fusion, apoptotic cells participatdé@remodeling of
the neuroepithelial tissue during the bilateral bending of the dorsolateral hinge pgRasillig
et al., 2022)

1.8. The interactiors between Shh signalingpathway and the cell survival machinery

Shh signaling has been implicated in the regulation of cell survival in different
developing tissues. For example, in the developing mouse forebrain and adjacent
mesenchyme, altered levels of Shh signaling affect cell death and cell proliferasating
in abnormal tissue siz@oto & Trainor, 2015)0n the other handthe loss ofshhfunction in
zebrafish embryos causes an increase in apoptosis in the developing retina and neural tube
(Prykhozhij, 2010Nonetheless, the mechanism underlying Shh role in cell survival regulation
is not fully understood and remains under discussion.

Ptchl has been proposed to act as a DR in the absence of Shh (independent of
canonical Gli regulators). Initial work showed that overexpressiéfi 6HInducesapoptosis
in the developing chickeuraltube and in HEK293T ce([§hibert et al., 2003)Mehlen and
collaborators laterelucidated that in the absence of Shh, Ptchl recruits DRAL, caspase
adaptor protein TUCAN and caspase @itectlyactivate apoptosis through effector caspases
(X. L. Chen etal., 2014; Fombonne et al., 2012; Mille et al., . 200®gver, this later research
was primarily conducted inn vitro cultured cell linesand the in vivo validation, using
overexpression of dominant negative constructsDdiRAland CASP in chick embryosonly
confirmed the involvement ofcaspase Mille et al., 2009) Caspase 9 can also become
activated through apoptosomdependent mechanismsmportantly, the Ptchidependent
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DR mechanism is difficult to reconcile with the rescue of cell survival observed in the neural
tube of ShhandGli3compound losf-functionembryos(Litingtung & Chiang, 20000 these
mutants Ptchlis expressed at higher levels than in ®eA“'mutants along which further
contests the role of unliganded Ptchl in the induction of neural progenitor cell death.
Furthermore, in chick neural tube reduction of Shh signaling through overactivation of the
GLI3repressor promotes apoptosis, while overexpression of domiuaative GLIconstruct

can rescue Ptchilependent increased cell deatfCayuso et al., 2006 Altogether, these
results strongly suggest that Shh transcriptionally regulates cell survival.

Several cell survival regulators have been suggested as candidate mediators of Shh
activity. Anti-apoptotic Ble2 has beendentified as alirect target ofShh signalingPeterson
et al., 2012)and overexpression dcl2 partially rescue$GLBR or dominant activePTCH-
induced apoptosigCayuso et al.2006) Furthermore, overactivation oKIAPhas been
reported to restore cell survival upon concomitdt CH overexpression in the chick neural
tube (Aoto & Trainor, 2015)p53 has been proposed to act downstream of Shh in the
regulation of cell survival in the developing zebrafish retfRaykhozhij, 201Q)whereas
deletion of Bax/Bakmitochondrial regulators restores cell survival in the developing limb in
the absence of Sh{d. Zhu et al., 2022WWhether p53 or Bax/Bak protediare also mediating
Shh activity in the neural tube remains to be elucidatédirther investigation of Gli3
transcriptional targets as well as characterizationtié activity of different apoptotic
pathwaysare necessary to establish how cells interpret Shh signaling to control their survival.

1.9. Research projecAim 3

In the last part of this study, we aimed timderstand the molecular mediators of Shh
activity on cell survivalAim 3). First we analysed cell death levels and neural tube size in
Shivl GlidW double mutants Then, we combined immunostainings and mouse genetics to
validate theinvolvement of the main apoptotic pathwaydownstream of Shh. In parallel, we
analysedchanges in transcriptomesf chick and mouse spinal cord progenitors in conditions
where Shh activity is reduced and cell death is activated. Lastly, we perfqgyrabchinary
validation of the most promising candidate mechanisms.
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Chapter 2. Regulation of neural progenitor survival by Shh

2.1. Shh regulates cell survival in chick neural tube explants in a concentration
dependentmanner

As described in the Introductiorggction 1.2.1), Shh has been previously reported to
regulate cell survival in mice and chick spinal cords. Prior studies showed that neural
progenitor cell death is induced in the absence of S@harrier et al., 2001; Litingtung &
Chiang, 2000; Thibert et al., 2008Jowever, it remains unknown whether Shh has a simply
permissive role in controlling neural progenitor survival or whether the concentration of Shh
is instructive for the overall levels of apoptosis.

To test this, waisedchick naive neural plate explants (see Method®&ssaud et al.,
2007; Zagorski et al., 20379 measure the response to a range of defined concentrations of
Shh.The presence afleaved caspase 3 (CG8n hallmark oapoptosis and can be detected
in cells actively undergoing apoptosis and cell body fragmentation. Thereftee 24 hours
of culture, weestimated the levelof CC3in immunostained explants by measuring the
fractional area of the explant in maximum projections that has a CC3 positive signal above a
threshold valugMethods) (Fig.4A).To validate the activitypf Shhwe checked the expression
of Shh target IKX.2 in the explants. In agreement with previous studjgagorski et al.,
2017) we found that MX.2 was expressed at lower levels in explants cultured with the
addition of £2nM Shh, whilaiponexposure to 4nM Shralmost all cells in thexplantwere
positive for NKX.2 Fig.4B).

Control explants culturedor 24hin the absence of Shh showdtigh levels ofcell
death, with CC3signal detected above threshold levéls70% +£ 21.2%o0f the explant area
(Fig.40). Treatment with Shhsignificantlyimproved cell survival in the explants as shown by
the decreased mean fraction of CC3+ areg, far 2nM Shh 16.5%+/ 7.4%and for 4nM Shh
¢ 30.3% + 17.4% Fig.40. Thus, compared to the control sample within each experiment,
Shh treatment increased cell survival in a concentratiependent mannerKig.4D). While
we did not detecta significant difference in cell survival fda'5nM Shh concentrationsabove
0.5nM and upto 2nM Shhincrease cell survival approximately lineamith R2 = 0.9) (Fig.
4D). The maximuns;3.5fold, increase in cell survival was observed for 2nM &kposure to
higher concentrations of Shh (3nM to 10nk)sulted ina nearlyconstant 2fold increasen
cell survivalFig.4D).

Previous studies havehownthat the highestconcentration of Shithat induces the
most ventral progenitor types B.2+ and FOXA2+) isapproximately4nM (Briscoe et al.,
2000; Jessell, 2000).51nM Shh induces IO@ expression, while lower Shh concentrations
are associated with the specificationinfermediate anddorsal progenitor subtype&agorski
et al., 2017)Therefore, our explastresults implythat Shh could act as a piurvival factor
in the ventral neural tube, while the witype concentrations of Shh in the dorsal neural tube
would have minimal or no effect on cell survivll. wild-type mouse embryagsthere is a
slightly higherapoptotic index (Al)n the pl domain at &5, however collectivelycell death
levelsare very low and do not contribute significantly to the overall changes in neural tube
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size(Kicheva et al., 2014Thissuggests thaShhis notthe sole regulator of cell survival and
that additionalsignas or mechanismensurecell survival in dorsal and intermediate neural
progenitors.
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Fig.4. Shh regulates cell survival in chick neural tube explants coacentration-dependent
manner

A and B Representativenaximum projectiongor evaluation of A) cell death levels (immunostaining
against cleaved caspase 3, CC3), DAPI (marking the nuclds) &kck.2 expressiorfor the indicated
Shh concentrations. Scale bar 50MQuantifications of the mean fraction of explant area positive
for CC3 relative to the DAPI+ area in a range of Shh concentrations. The box plot marks 768 25
percentile of the data, mean (red strip@yedian (black stripe). Whiskers represent the highest/lowest
data points (excluding outlierslp. Quantifications of the normalized mean cell survivattesmean

of fractions of the normalized CC3+ explant area across all experiments for each condition over the
mean for controls, followed by inversion of these mean fractidrse aldition of Shh of 1nM and in
higher concentration significantly improves cell survival in a-m@motonic manner. The blue line
connectsthe means. Error bars, mean-+6EM C and DFor sample sizes and the number of
experiments, sedablel.
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2.2. Shh signalingregulates cell survival and neural tube size in a dosgependent
mannerin mouseembryos

Our results in chick explants suggest that the overall concentration of Shh in the tissue
should have a proportional effect on cell survived further investigate the relationship
between the overall levels of Shh and neural progenitor surivaivo,we analysed spinal
cords of wildtype (WT) mouse embryos and mutamisnvhichShh signaling perturbed to a
varying degreeEmbryos homozygous f8hI¥ exhibit hypomorphiphenotype with respct
to Shh signalingSht¥?9 (Chamberlain et al., 2008yvhile ShA' embryos lackShhgene
function (Chiang et al., 1996Previousstudies have reported that the spinal cord size is
reduced in these mutants at embryonic day 9.5 (EF®.%A) (Chiang et al., 1996; Zagorski
et al., 2017) To obtain a more detailed description of changes in neural tube size in Shh
mutants, we measured the dorsoventral (DV) lengthhe neural tubgFig.5B)and the size
of the Sox2+ progenitor pool imansversesections Fig.5C).At E9.5 the DV length of the
neural tube is decreased I88.6 +/- 4.9> Y 0 { (i dZRe&,p&0wDE in BhHYP embryos
compared tocontrol littermates, whereas irShA"“' embryos it is reduced b§9.9+/- 2.4> Y
(p<0.001) Fig.5BQ I Y R p . QQ ThisbuBespaiRi§oliaDW Brigéh that i85% (for
ShhYP9 and75% (forShi'! of thecontrollength(Fig.5. Q Qddsistentvith this, the number
of Sox2+ progenitors watecreased tB2%in ShHYP°embryosand 71% inShA"!" embryos
compared tocontrols(p<0.M1) (Fig.5Cx¥V)Q Q

The observeddecreasein the DV lengthof the neural tubeand neural progenitor
number at E9.5 could result from decreased proliferation rate or increased cell death.
Becauseneuronal differentiation begins after E9.®%Kicheva et al., 2014changes irthe
differentiation rateare unlikely tcaccount for the differences in neural tube size at this stage.
To evaluate cell proliferation in th8hh!YP° and ShA' embryos, wemeasuredthe mitotic
index (MI) as the fraction of phospHuostone HZlabeled (pH3+) Sox2+ progenitatsE9 and
E9.5 stages'he Ml is not significantly different between the mutant and control embeyab
averages at around 050for E9 and 0.04 for E9.5 stage0.05 for all comparisons tmntrol)
(Fig.5D)Qc@nsistentwith previousmeasurements in the lapAnna Kichevaunpublishey
By contrast, the apoptotic index (Al), calculated as a fraction of CC3+ celta@mamber of
Sox2+ progenitors, is increased in both mutant conditiang9 and E9.Stages(Fig.5EXQ)Q Q
Specificallyat E9.5 stagethe Alis increased Hold in ShiYPS, and 10-fold in the Shi'Y!
embryos compared tocontrols (Fig.5Q QTRease resultindicatethat the total levels of Shh
signalingcorrelate withthe overall levels of cell survival. The data implies that the decrease
in neural tube size in Shh mutantssultsfrom the increasen Al.
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Fig.5. Neural tube size is decreased and cell death is increased in Shh mouse mutants
A.Transverse spinal cord sections franitd-type, ShiY*°and Shi'"' embryosimmunostained for Sox2
and CCat E9.5. Scale bar, 50um® and CQuantifications of the DV lengtB)(and number of Sox2+
nuclei per sectionQ) for allcrosssections inYCTRL (poole?&' T and ShhGFP/} and ShiY°, and @
WT andShA"“"embryos at E9.5. In the Shh signaling mutants the DV leargttSox2 progenitor pool
aresignificantly decrease@@omparison of ratios of mutant over respective control for the DV length
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and Sox2+ progenitor number shows significantly stronger deficBhiit! than in Shi»*°embryos.

D. Quantifications of mitotic indefraction of pH3+ relative to all Sox2+ progenitdreyn mutants

and control littermates atE9 (5 Xand E9.5(5 $how no significant change in proliferatioNo
differences were also observed when we compared the ratios efdwvilover respective controls

(5 @ E&.Quantifications of the mean apoptotic index as the fraction of CC3+ progenitors relative to
Sox2+ progenitors from mutant and control sectionE8¢{EQandE9.5(K).(Cell death is significantly
higher in Shh signaling mutantal ratio over control shows af2ld increase of cell death iBhA™
embryos compared th&hH»*° mutants E&XXBox plots iB, C D and E Mean (red stripe). 25-75"
percentile of the data (box), median (black stripe). Highest/lowest data points (excluding outliers)
(whiskers). Asterisks, DoukdeA RS R { tedtR @ y<0.054 ** $<0.01, *** p<0.001). nsnot
significant. For sample sizes, Seable2.

Taken together, the analysis of Shh signaling mouse mutants sgapditpothesis
whereby the probability of cell survival in the neural tube depsrmh the concentration of
Shh. This implies that in th8hHYP° and ShiU!" apoptosis could be spatially biased/non
uniform. To test whether this is the case, wabtained spatial profiles of cell deatfCC3
fluorescent intensityin the spinal cords ddhh mutanembryos and their control littermates
and plotted the quantification as heatmap ofthe meanintensity for a set of neural tube
sections at E9.fmore details inFig.6 legend andMethods). These quantificationsrevealed
that in the WT embryos apoptosisiow across the DV axis, withséightly increased density
of apoptotic cells at the dorsahost positions of the neural tube. By contrast Shh signaling
mutants dying cells are preferentially localized within discreet domainsShifiY*° mice
apoptosis is enriched in the middend dorsal positionsin ShA' embryos the levels of
apoptosis are elevated throughout the DV axis, with the highest incrieatfe ventraland
dorsal most portion®f the spinal cordFig.6A). Theoveralllevel of CC3 intensity was higher
in the SNU"than in theShHYP°mutantsand in theWTwhich was in line with our previous
observation that total levels of cell death correlate with the concentration of the Shh.
Furthermore, our results show that the decline in Shh signalmgvivo affects the
intermediate and dorsal regions of the neural tube.

Shh alters the DV patterning of the neural tube, hence the same relative DV positions
could correspond to different cell identities. To test whether the patterns of cell death in Shh
mutants are restricted to specific domaings assesedthe expression of patterningnarkers
dorsalprogenitors markePax3(pD, domains pd®5), motor progenitors marker Olig2 (pMN)
ventral progenitors markelNkx61 (pV, domains p@2, pMN and p3and roof platemarker
Lmxla (RP){g.6B and H)We designated the domainegative for theexpression of Pax3
and Nkx6.1 as intermediate progenitor domain (pb.identify the domains corresponding to
regions of increased cell death, we measured #i¥solute DV length and DVboundary
positionsof each domaimelative tothe total DVlengthat E9.5 Fig.6GG and )1

We found thatin ShiYPeand ShA' mutants the DV length (DVL) thfe RP domairis
not signficantly longer in the absolute unitgig.6C) butisrelatively expanded in th&hHA!
embryos(9.9% relDVL) compared to WT (7.7% rel@40.001, Ftest) (Fig.6J) The relative
sizes of pl and pD domains are progressively more expandstfitfoand Shi' mutants
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(53.6%32% and 68.4%19%DVL, respctively) compared to the WT embryos (4886%).
However, in absolute units of DV length, pl and pD domains are only larger Bhthi¢
embryos and inShh"YP°embryos pl domain is actually smal{€ig.6D and  Conversely, the
pVand pMNdomairs are reducedin both absolute and relative units in tfghhYP°embryos
(Fig.6F, G and)Jwhile inShi“'mutants they are not specified

We then compared the boundary positionsf the domainswith CC3 profilegFig.6l
and J) and in addition we plotted the mean CC3 level for each domain inAfie's Shh
mutants(Fig.6K) This analysis showetat within the pVand pMNdomairs, the level ofcell
survival in the WT and ®hi"YP°embryoswas simila. Increased apoptosis inoth the ShiiyPe
and ShA'"is located withirthe pl, pDand RP domainsvith the highest levels noted for the
RP We also noted that cell death levels vary within the pD domain in Shh mutants. Thus, we
analysed it in more detail by splitting the domain length into three biveslooked at the RP
domain together with the most dorsal pd1l dom&iRP region)then pd2 to pd4 and pdb
domains As the specificatioand marker®f these domains remain poorly understood at this
developmental stage, we relied on an estimated even split of the pD domain into 6
subdomairs. In this way, we detected that cell death is most increased in the pl and most
dorsallyadjacent pd56 domains with pd2t domains maintaining high levels of calrvival
(Fig.6K). Furthermore,the levels of apoptosis within eaatf these domaingvere higher in
the ShAU' than in the ShHYP2. We also plotted mean CC3 intensity profiles relative to the
absolute DV lengthligned at the most dorsal positiamith the meanabsoluteDV length for
each domainillustrated below for referencdFig.6L-N). Thiscomparison showed that the
ranges of the two apoptotic peaks located within pl/pD domains and within the RP region
largely overlapetweenShhYPeand ShiUembryos Overall, his indicates that the reduction
of Shh function affects the intermediate and dorsal neural tube, where the endogenous levels
of Shh signaling are below the detection sensitivity of the-GBB reporte(Balaskas et al.,
2012)and are therefore thought to be very low. Nevertheless, this observation is consistent
with a dosagesensitivity of cell survival to Shh.

Our data indicates that within the pD domgexcluding the RRegion), the Al in the
Shh mutants is not spatially uniform, but the highest in the6d®gion This region, together
with the pl, may also be slightly more prone to cell deatWifembryos(Kicheva et al., 2014)
A possible explanation for this observation could be that, besides Shh signaling, cell survival
also depends on a dorsal gradient of a{gtovival factor. Thus, theorsal factor would have
the highest presurvival effect in the dorsahost parts of the pD, while the pei and pl
regions will be exposed to a lower concentration of this factor and will therefore be more
prone to apoptosis in the absence of Shh sigrgalVe investigate the involvement of dorsal
morphogens in the regulation of cell survivalGhapter 3 An alternative explanation could
be that the lower levels of cell death in the pV and gddomains compared to pl and p@b
are dependent on the trargsiption factor code that defines these cell identities. However,
there is no evidence that the pl and p@5domains are specified differently (either in terms
of the cell identities or the temporal dynamics of the specification) inSh&*°compared
to wild-type, therefore this explanation seems unlikely.
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A striking result from our analysis is that thel@§ionundergoes progressively higher
levels of cell death in th&hh!P° and ShAY! mutants. This suggests that Shh signaling has
longrange effects that extend all the way to the RP. Because the RP itself is a signaling center
that secretes ligands such as BMPs and Whnts, it is possible that the signaling environment
within the RP is perturbed in Shh mutants. We test this possibili@hepter 4

Altogether, our results suggest that vivg similar to explants, cell survival is sensitive
to the concentration of Shh in the tissue, and this is particularly obvious in the pl aré pd5
domains. In contrast to explants, however, we observed thatatyeivalent to 0.51nM Shh
confers maximum cell survival (there is no benefit to increasing Shh concentrations even
further). Furthermore, our results indicate that the pd domains are less sensitive to the
level of Shh signaling, which raises the possibility that a dorsal factor may be involved in the
regulation of cell survival in the neural tube in addition to Shh.
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Fig.6. Cell death is increased in phd pd5-6 domainsand the RPregionin Shh signaling
mutant embryos

A.Heatmaps of mean CC3 intensity obtained from superimposed immunostained neural tube sections
of WT, Shi»° and ShA"" embryos at E9.5 show that cell death is spatially biased. Individual
immunostained transverse sections of E9.5 neural tubes were superimposed. Heatmaps were
normalized to the number of sections and processed with.UT, the color bar is shown on the left.
Bright orange corresponds titie high activation of CC3he dashed line marks the outline of the
spinal cord. Scale bar, 50um. Representative E9.5 transverse sections stained against progenitor
domain markers: Pax3 and Nkx6.1 (red) for pD and pV domains, Olig2 (green) for the pMN domain.
The PaxdNkx6.1- domain entails pl intermediate progenitors. Scale bar, 50@1D, E, F and G.
Comparison of mean dorsoventral lengths (DVL) of indicated progenitor domains quantified from
individual sections o8hH»°, Shi“' and WT littermatesRP absolute DVL is notariged in the Shh
mutants.TheDVL of pD and plomairs are expanded irShi"“'embryos in absolute unit¥he pV and

pMN domains are shorter iBhiY*°and not specified ishH"" embryos.H. Schematic representation

of a crosssection ofthe embryonic spinal cord. Morphogens are produced in the floor plate (FP) and
the roof plate (RP). The @xpression of transcription factors establishes distinct neural progenitor
domains (pdipd6 (pD); p&l (pl); p2, pMN, p3 (pV)) along the DV axis. Edthese domains is
characterized by the expression of specific transcription factors (boxes on the Vigght)se this color

code in the following panels showing proportions between the domains in relatigeabsolute units.

I. Comparison of the mean CC3 intensity profiles, measured from two halves of heatmaps generated
for each embryo along the ventral midline, plotted against the relative DV length. Profiles were
normalized to the mean maximum value noted for the WT condifidre shaded region corresponds

to 0.95 confidence interval (Cl) The DVL anBV boundary positions of indicated progenitor domains
relative tothe total DV length measured from individual sections at E9.5. Note the expansion of
relative sizes oRP pD and pl domains in Shh signaling mutaResl whiskers mark SEM.Mean CC3
intensity plotted for indicated domainsError bars; SEM. pMN and pV domains are protected from
apoptosis.Cell death levels are not spatially uniform within the pD domain, adong increase in
pd5-6 domains and low cell death in pd2domainsL.and M. Comparison of the mean CC3 intensity
profiles relative to the absolute DV length aligned to the most dorsal positiofean absolute
domain DVLRed whiskers mark SEMox plotsin C, D, E, F and ®lean (ed stripe), 2%-75"
percentile of the data (box), median (black stripe), highest/lowest data points (excluding outliers)
(whiskers) Asterisks, Doubld A RS R { tetR @ p<0.05 ** $<0.01, *** p<0.001). nsnot
significant.For sample sizes, sdable3.

2.3. Shh regulates cell survival in a concentratioiependent manner in chick embryos

While the Shh mouse mutants suggest that cell survival depends devbks of Shh
signaling, they have the disadvantage that the level of Shh signaling cannot be manipulated
to a defined degree at a controlled time. Therefore, used chick embryoex ovoculture
(early chick (EC) cultu(€hapman et al., 200)tp further investigate theonnection between
cell fate specification and cell survival levels in response to Shh. Firsgxpesel chick
embryos to defined concentrations of Smoothened antagogisgclopamine to perturb Shh
signaling atan early developmental stagéHamburger and Hamilton stag89 (HH89)),
corresponding to stage EBin mouse developmental timeline. Teenbryos were cultured
for 24 hoursin the presence2 ¥ pemn > @clopamine Treatment with 0.1% DMSO
served as the control condliin. To measurehe profiles ofapoptasis we generated heatmaps
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of mean CC3 intensity fronransverse sections obtainedfrom several independent
experiments Fig.7A).

We found that in the 0.1% DMSO condition, cell death was low and randomly
distributed. By contrast, in cyclopamiAgeated embryosthere were higher levels of cell
death. Theincrease in cell death correlated with the concentratiorcgélopamingFig.7A).
Thehighest density otellsundergoing apoptosigvas observedn the middle of the spinal
cordand in the RP regioConsistent with increased cell death levatsgyclopamingreated
embryos the absolute DV length is decreased by 3% >a 6 LJ¥F n ®n-pmin >lay R ¢i
cyclopamine (p<0.001) compared to the contiéigy7C).

To validate the domakspecific localisationof apoptosis in chick embryos, we
immunostained neural tube sections fpatterning markergFig.7B) and measured absolute
DVL and DV boundary positions for pD, pV and pMN domains relative to totefFip\VD+F).
We estimated thdength of pl domain from the mean boundaries of pV and pD domains. In
cyclopaminetreated embryos,the absolute and relative sizes pD and pl domains are
progressivelymore expanded(41% 28%relative DVLwith p > and 49%/31%relative DVL
gAGK wmn>a )Yeénarad ltdl conlrolIE%/23%relative DVL)(Fig. 7D and I) The
ventral domairs (oMN and pVarespecified, albeit shifted ventrallfrheabsolute and relative
5+[ 2F GKS Llab R2YIFAYy A& 2yfeé NBRHEER Ay M.
Treatment with cyclopamine causesconcentrationdependent decrease of thgV domain
DVL, whichsrespectivelyl.3- and 2fold smallerthan inthe control condition(absolute and
relative DVL{Fig.7F and 1) This is becausin contrast toShi'mutants, there is endogenous
Shh activity priorto the cyclopamine treatment, which accounts for the specification of
NKX61+ progenitorsDue toalack of commercially available chisgecific antibodies against
RP markers, we could not measure the boundary of the RP domain in chick emiuyos
based on our previous quantifications in mice we estimated that the RP domain DVL amounts
to around 10% of the relative DVL at this developmental stégeinthe analysis of Shh
mutants, we also designated 3 subregions within the pD domain: the RP region (RP+pd1l), pd2
4 and pd56 domainspyaccordingly splitting the total pD domaatbsolute and relative DVLs

We then compared the absolute and relative boundary positions with CC3 profiles
(Fig.7H-L) and we plotted the mean CC3 level for each don@pdl, pd24, pd56, pl,
pMN and pV)n the 0.1% DMSO and cyclopamitreated embryoqFig.7G). We found that
the NKX6.1+ pVdomain ha the lowest level of cell death, whichre comparable to control
embryos.In the pMN domain apoptosis levedse moderately increasedVe detected that
the region of high activation of apoptosis corresponds to pl pd&-6 domainsandto a
smaller extenthe RRegion(Fig.7G) Even in thé.1% DMS@he cell death levels are slightly
increased irpD and RBomains.In contrast to Shh mice mutants, apoptosis was higher in the
pl and pD domains than in the R&yion Furthermore, the CC3 intensity plotted relative to
the absolute DV length and aligned at the dorsal pole showed us that the sasfgevo
apoptotic peaks in cyclopamirtecated embryos (within pl/pD and RP domaispatially
coincide(Fig.7)LY F RRAUGA2Y S AY SYO0NE 2a thé hghdstle@e® & A ( K
of CC3 are localized between pl and pD domain, which would correspond 16 golfains.
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Overall, these results confirm the observations in mouse Shh muthatspl and pd56
domainsare the most sensitive to changes in Shh concentration and most prone to cell death
in its absencerhs data alssuggests that the Shh activity prior to the cyclopamine treatment
or the expression of ventral genes, suciNKS6.1, prevent cell death ithe pV domainThese
results are consistent with the observations froBhi"?° mice, where Shh signaling is
reduced but a smaller than wildype Nkx6.1* domain is nevertheless specified.
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A. Heatmaps of mean CC3 intensity from superimposed immunostained neural tube sections from
HH1516 chick embryos, cultured fohe LINA 2 NJ vn K2 dzZNA 6AGK nodm> 5a{h 3
(cyclo) The dashed line marks the outline of the spinal cord. Color bar on the left. Scale bar,BOum.
RepresentativdHH15transverse sections stained against progenitor domain marke&X3 Pred) for

pD domain andOLI@ (green) for the pMN domairin separate sectionswve also assessethe
expression of KX6.1 for the pvdomain.Scale bar, 50unC. Mean DVL is significantly decreased in
cyclopaminetreated embryos in a concentratietlependent mannerD, E,and E Comparison of
mean dorsoventral lengths (DVL) of indicated progenitor domains quantified from individual sections
of chick embryos treated with DMSO or cyclopamip® domain is expanded in the presence of
cyclopamine. pMN domain is moderately enlarged in 5uM cyclopamine, but shorter in 10uM
cyclopamine. The absoluteVLof the pV domain is reduced progressivalycyclopamingreated
embryos G.Mean CC3 intensiflotted for indicated domains. Error bagSEM. pMN and pV domains

are protected from apopqisis. Cell death is strongly upregulated in the gg-f domainsandat lower

levels in the pd2t andRP-pdldomainsH. Comparison of the mean CC3 intensity profiles, measured
from two halves of heatmaps generated for each embryo along the ventral midline, plotted against
the relative DV lengthi-or this analysis, we quantified the mean profiles from heatmaps generated
for each experiment independently and normalized the intensities to the maximum value measured
for the DMSO controlThe shaded region aasponds to 0.95 confidence interval (Clihe total
amount of apoptosis depends on the concentration of Shh inhiditdthe DVL and DV boundary
positions of indicated progenitor domaimotted as a function of relativBV length measured from
individual sections atiH1516. The color code as in Fig¢RP anpD domains(shades oblue), pl

(red), pV and pMN (bright and dark greeiihe pD domain was evenly split into 6 subdomains and
binned to obtain 3 subregions (RP+pdl, #d2d56). The size and position of the pl domairre
estimated from the mean DV boundaries of pD and pV domalat the expansion of relative sizes

of pD and pl domains ityclopaminetreated embryos Red whiskers mark SEB&and K Comparison

of the mean CC3 intensity profiles relative to the absolute DV length aligned to the most dorsal
position. Note the overlap between two peaks of apoptasishe cyclopamine conditiond. Mean
absolute domain DVIRed whiskers mark SEBlox plotsin C, D, Eand FE Mean (red stripe), 25-75"
percentile of the data (box), median (black stripe), highest/lowest data points (excluding outliers)
(whiskers).Asterisks, Doubld A RS R { deiR § y<D.0% ** $<0.01, *** p<0.001). Asot
signifcant. For sample sizeseeTable4.

2.4. Shhregulates cell survival in a temporal manner

In order to testwhether early exposure to Shh can ensure cell survival within the pV
domain we treated chick embryos witikh 1 >gyclopamine prior to the head fold stage (at
HH67) to inhibit Shh signaling activity at the stageentit is first initiated [Fig.8A). Wethen
cultured the embryos fo24 hoursuntil HH13) or 31h (until HA5). Wecompasedthe results
to the conditions in whiclkembryos were treatedavith cyclopamindrom developmental stage
HH89 for 24h until HA5 (Fig.8A).

Strikingly, we observed thah the HHBHH13condition, cell death levelacross the
DV axiswvere similar to the control. By contrast the HHBHH15 condition cell death was
increasedthroughout the DV length of the embryd@his observation contrasted with our
previous data from the HHBIH15 condition, where the apoptotic cells were not present
the pV domain These results suggest that &arly exposure toShh signaling prevest
apoptosisof the ventral domain, 2gell death only occurred arourttie HH15 stage and not
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earlier, even if the duration of the perturbation remained the sarh&y (8B, compare HH6
HH13 and HH8IH15).This indicates that the inhibition of Shh signaling has a delayed effect
on celldeath.

To address whether the survival of the ventral progenit@crrelates withthe
expression of the ventral patterning genege assessedhe expressionf NKX6.1 and QIR
in embryos treated with cyclopamine from HHKgig.8C). Weconfirmed that NKX61 and
OLI@ are not expressedr expressed ira few cellsin the ventral spinal cord upon early
inhibition with cyclopamine.Upon later inhibition at stage HH&KX61 and QIR are
expressed at lower levels and in a more restricted domain than in the coelall, in all
experimental conditionsthe DV length of the neural tube is reduced upon treatment with
cyclopamingFig.8D).

We then checked the DVL and DV boundary positions of progenitor domains to
analysethe differences caused by the early inhibition of SFine absolute DVL of the pD is
expandedto a similardegree (reachinga mean of~60c y > Wi all cyclopamindreated
embryos irrespective of thestage of inhibition(Fig.8E) but in relative unitsit is ~1.3fold
larger in HHEHH13 and HH6IH15 conditions compared to HH#8115(Fig.8H). Asthe pV
domain is almost entirely absent in the embrytosated with cyclopamine at HH@ig.8F),
the pl domain occupies the most ventral positions in the neural tube in these em[(3266
rel DVL in HH6IH13, 38% rel DVL in HH6115)(Fig.8H). We detected that the region of
increased cell deatin the HHBHH15 condition likely corresponds pband pdb-6 domains
(normally marked by Dbx1/2 expressjoithis result was reminiscent of tighh" embryos,
wherethe pV domain is not specifiethe CC3 intensity profile followssimilar shape and the
domain proportions are shiftedimilarly (compareFig.8G and Fig.6l). Comparison of mean
CCa3 intensity for each domain showed that in dg-p, pd24 and RRpdldomainscell death
is upregulatedto a similar extent in HH&H15 and HH8IH15 conditiongFig.8l), with the
max values localized within the pdbdomainsEven in the 0.1% DMSO condition cell death
is slightly elevated in the R€rucially, we found thah the pMN domain, though smallecell
death is only moderately increasedtime HH6HH15 condition and remains low the HH&
HH15 conditior(Fig.8l).

Therefore, tiis possible thathe expression of domakuspecific markers established by
Shh signaling (e.8dK>6.1), can ensure cell survival within ventral domains. Alternatively, cell
survival is maintained independently from these factors and the only requirement is early
exposure to Shh. Further experimental validation is needed to elucidate this. For example,
investigating whether overexpression &fK>X6.1 can rescue neural progenitor survival at
HH15 upon concurrent inhibition of Shh from stage HH6thAtsame time, intermediate
progenitors(pl and pds6 domaing are sensitive tdhe levels of Shiat both early and late
times. This suggests thahdy either require Shh continuously to directly maintain their
survival ortheir specification is altered upon Shh inhibition.
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Fig.8. Shh regulates cell survival in chick neural tube in a tidependent manner

A. Strategy for treatment oéx ovoO dzf 4 dzZNS R OKA O1 SY 0 NE BiHeatmaiskf mn > a
mean CC3 intensity, obtained from superimposed neural tube sections from embryos colleated at
indicated stage, show differences in cell death localization and intensity along the DV axis. Cell death
is increased in the cyclopamhteeated embryos only at HH15. Upon early inhibition at HH6, cell death
is also apparent in most ventral domains. Thetdal lines mark the outlines of the spinal cords. Color
bar on the left, Scale bar 50un@.Representative transverse sections magnifytimgventral half of

the neural tube immunostained against progenitor domaiarkers NK6.1 (red) and QI (green).

Note the absence of signal upon cyclopamine treatmerthatHH6 stage. Scale bar 50puBr Mean

DVL is significantly decreased in all cyclopanrieated (cyc)embryos.E and FComparison of mean
dorsoventral lengths (DVL) pD and p\progenitor domains quantified from individual sections of
chick embryos treated with DMSO or cyclopamingc)and collected athe indicated stageThe
absoluteDVL otthe pD domainis largerin the presence of cyclopaminghereasthe pV domain is
absent in embryos exposed to cyclopamine at HEi&€omparison of the mean CC3 intensity profiles,
measured from two halves of heatmaps generated for each embryo along the ventral midline, plotted
against the relative DV lengtithe mean profiles were quantififrom heatmaps generated for each
experiment independently and normalized the intensities to the maximum value measured for the
control 0.1% DMSO condition. The shaded region corresponds to 0.95 confidence inten@el(Cl).
death is increased in the ventral of the neural tubehe HH6HH15 conditionH. The DVL and DV
boundary positions of indicated progenitor domains plotted as a function of relative DV length
measured from individual sections e indicated stageThe size and position of the pl domaiene
estimated from the mean DV boundariestbé pD and pV domaindlote the expansion of relative
sizes of pD and pl domaiaad the absence dhe pV domainn cyclopaminetreated HH6HH13 and
HHE6HH15 embryos compared the HH8HH15 conditionWhiskers mark SEM.Mean CC3 intensity
plotted for indicated domainslhe pD domain was evenly split into 6 subdomains and binned to obtain
3 subregions (RP+pdl, pd2 pd56). Error bars¢ SEM.If specified,pV domainis protected from
apoptosis. Cell death is strongly upregulated in the @@, pd24 and RPpdldomains The highest
levels of apoptosis are present in the intermediate domains (pl andgpdB3ox plotsin D, E and F:
Mean (red stripe), 25-75" percentile of the data (box), median (black stripe), highest/lowest data
points (excluding outliers) (whisker#ysterisks, Doubld A RS R { {edER(Spk0.a5,&* p¢0.01,

*** n<0.001). ns not significantFor sample sizes, s@able4.

We then askedvhether this timedependent characteristiof cell survivategulation
can also be observed mouse embryosToanswerthis question, we measured the Al from
the spinal cord sections ebntrol (CTRLBhHYP°and ShiYembryos between E8.25 and E10
(Fig.9). Initially, at E&5 (10 somites stagethe respectivefractions of the apoptotic cellsn
the ShAYPe and ShiY! mutant spinal cords remain lowaf lessthan 0.0l) and are not
significantly different from thecontrol litermates. In ShiYP° and ShiY" embryos, the Al
values increase until E9.5, reaching a maximum with the me@r®®fnd 006, respectively.
Interestingly, also in theontrol mice the Al is at its highest at E9.5 (with a mear®01).
This is consistent with previously published dathich showed that Al isransiently and
moderatelyincreasedup to 0.016 in the wild-type embryosat ~E9.5(40-50h postheadfold
stage (Kicheva et al2014) After this peak, the Ain the Shhmutants decreaseandreturns
to alevel smilar to thecontrol embryog~0.001)at E10This data further supports that during
spinal cord development cell survival is tightly regulated and at around E9.5 cells that were
not exposed to Shh signaling undergo cell death. It is possible that ewdld-type embryos,
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a low number of progenitors activates cell death as part of the regular neural tube
development. Nonetheless, the question of when mouse progenitors require Shh activity to
ensure their survival remained open.

0.14 4
A ® CTRL

0.12 ® Shiteo
0.14 ® Shphul

0.08 4
0.06 4

apoptotic index

0.04 4
0.02 4

£8.25 £9 E9.5 E10

Fig.9. Shh regulates cell survival in mouse neural tube in a thaependent manner

A. Comparison ofapoptotic index measured as the fraction of CC3+ progenitors over Sox2+
progenitors in transverse sections fro8hH"Y?°, Shi'mutants and control littermates at different
developmental stage<Cell death shows a striking increase around E9.5. MeaBE# For sample
sizes, sed@able2.

To address this, we inhibiteShh signaling usingyclopamine at diffexnt stages of
neural tubedevelopment inwild-type mouse embryoscultured ex utero(Whole Mouse
Embryo Culture, WMEGseeMethodsand (Garcia et al., 2011)We inhibited Shh signaling
with a high concentration of cyclopamine (i) either at an early developmental time point
around E8 (corresponding tihe 2-6ss stage) or later at stage E8.51¢&s), and then we
collected the embryos at E9 or E9Supplementary figured). We observed substantial
variation ofup to 3fold in the levels of cell death in the control treatment with 0.1% DMSO,
which might reflect a timesensitivity in the robustness of embryos to WMEC or low sample
size. To compare cell death increase between the different conditions, we normalized the Al
for cyclomminetreated embryos to their respective DMSO contr@sigplementary figures
1). We found that apoptosis is significantly increased when Shh signaling is inhibited at stage
E8, while the increase is smaller when inhibition starts at a later stage (E8.5). This result is
reminiscent of the data from Shh mutanits vivo(Fig.9A). InShi"embryos, Shh ligand is
constitutively absen{Chiang et al., 199@)nd the Al is the highest, whereas$hHY?° Shh
signaling levels are reduced but not absent and this mutant has lower levels of apoptosis than
the Shi! (Zagorski et al., 2017 our embryo culture experiment, cyclopamine treatment
at E8 is more similar to a complete constitutive inhibition of Shh signaling, while the later
inhibition at E8.5 is more similar to a constitutive reduction in Shh signaling. Nevertheless,
these resllts differ from the analogous experiments in chick. In particular, we do not see an
early developmental stage at which apoptosis does not occur (similar to the HH13 in chick).
The most likely explanation for this is that the timing of the experimenh@mouse is not
precisely matched to the chick, so that E9, the earliest stage at which we measuréhé\l in
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mouse, corresponds to a later time point th&lH13 inthe chick. This explanation is also
supported by the data from Shh mutants where cell death begins to increase already at E9.
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Chapter 3. Dorsal signals involved irthe regulation of neural progenitor
survival

3.1. BMP7 promote<cell survival in chick neural tubexplants

The data described in the previous sections indicated besides Shipther signals
are likely to contribute tadhe regulation of dorsal neural progenitor survival. Therefore, we
usal the chick neural platexplant system to investigate candidate signaling molecwésch
have been suggested regulate cell survivah other tissuegAkieda et al., 2019; Crossman
et al., 2018; Montero et al., 2001; Shum et al., 1999; Suzuki et al., 2003; Y. Wang et al., 2019)
dorsal morphogens produced in the RP (BMPs and \Wass)wvell asretinoic acid (RA),
fibroblast and epidermalgrowth factos (FGF and EBFAs described inSection2.1, we
isolated the neural plate explantsultured them with designated concentrations fafctors
for 24 hours then immunostained them and measured ti&C3+ area relative to DAPI. We
did not observe changes in mean cell survival for treatment with WrEgaJ{0A and C). Of
note, we also testedhite smalmolecule Wnt agonist CHIR99021 (QHiRd, surprisingly,
explants cultured with CHIR showed improvement in cell sun@wgglementary figureg).
This discrepancy might arise from the inhibitory action of CHIR omglyigogen synthase
kinaseo | eoD {w¥ich could result in the upregulation of Shh signaling as was previously
reported by Kim et al(Kim et al., 2009\We observedhat FGHat 10ng/ml concentration)
does not promote cell survivalwhereas RA and EGF showed -guovival effects
(Supplementary figureg).

We cultured the explants with a range of BMi®ncentrations (0.0510nM) ¢
concentrations between 0.05 and 2nM were previously showrspecify dorsal neural
progenitors, whereas concentrations above 2nihMiuce specification of neural crest cells
(Zagorski et al., 2017)Strikingly our result showedhat BMP7significantly enhancesell
survival in chick neural tube explan(tag.10B). This effect depenslon the concentration of
BMPF7 in a normonotonic manner. The addition of BMP e concentration range between
0.05 to 3nM resulied in a significant approximately 1.5old, increase incell survival
compared to control explant§Fig.10B and D. By contrast treatment with 10nM BMP7
causea a strong~2.5fold increase in apoptosisompared to contral

Altogether, our results indicate that BMP7 can strongly enhadheeurvival of neural
progenitors within a broad concentration range that is physiologically relevant for dorsal
neural tube patterning. Nevertheless, too high levels of BMP have the opposite effect and
induce cell death
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Fig.10. Concentrationrdependent improvement of cell survival in chick neural tube explants
by BMP7, and not by Wnt3a

A and B.Quantifications of the mean fraction of explant area positive for CC3 in a raga\dit3a
and B. BMP7 concentrations. Box plots: Mean (red stripe)"-25" percentile of the data (box),
median (black stripe). Highest/lowest data points (excluding outliers) (whiske@yantifications of
GKS y2NXIFfAT SR YSIy OStf &adzNWA G| The @dtidkdotwniga y 3 S
does not affectell survival. Error bars, mean--8EMD. Quantifications of the normalized mean cell
survival forplotted against log10 values afrange of BMP7 concentrations between 0 afidhM.
Note that even low concentratiamof BMP can significantly improve celhgual Cell survival remains
constant at around B-fold improvementbetween 0.05and 3nM concentrationand markedly
decreases aa very high concentration of 10nM BMP7. Error bars, mearstM E.Representative
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maximum projectiongor evaluation of cell death levels (immunostaining against cleaved caspase 3,
CC3), DAPI (marking the nucfei) the indicatedBMP7concentrations. Scale bar 50ufror sample
sizes and the number of experiments, Sesblel.

3.2. Dorsal and intermediate progenitors require BMP signaling for their survival

The dependence of cell survival in explants on BMP suggests that inhibition of BMP
signalingin vivomay promote cell deathTo test this we perturbed BMP signaling ifeG
cultured chick embryos usingDN193189 (LDN)a small moleculenhibitor of the BMP
receptor type (Cuny et al., 2008yVe treated HH& chick embryos with three concentrations
of LDN¢ 100nM, 300nM and 3M- for 24 hours until they reachetthe HH1516 stage. Next,
we measuredapoptosis in spinal cord sectiohgimmunostaining against CG8low number
of dying cells was sparsely distributed in the spinal cords of the cdni® DMS@©ondition.

By contrast, w detected elevated levels of cell death in the dorsal and intermediate regions
of the spinal cords of the LDikeated embryos(Fig. 11A). Consistent with the increased
apoptosis in LDifeated embryos, their neural tubes hatgnificantlydecreased DV lengths
compared to controembryos(Fig.11B). The spatial profiles of CC3 intenditglicatedthat,

while the overall mean levels of cell death correlated with the concentration of the inhibitor,
the regionwith the highestlevelsof apoptosis remained similar between conditicarsd was
locatedbetween 0.4 and 0.8 relative DV lendfig.11A and J)We also detected that these
regions largely overlapped when we plotted CC3 intensity relative to the absolute distance
from the dorsal pole of the neural tubh&ig.11M).

To measure to what extent BMP signaling activity was decreased in embryos treated
with LDN, we anabed the expression of phosphorylateM8D1/5/8 (pSMAD) (Fig.11F). We
detected changes in amplitude and the maximum range of tHdAlSgradient(Fig.11G).
Treatment with 100nM LDN had little effect onAD levels, whereas 300nM and>
showed?2-fold decreased amplitudes of pBAD profilesandshortenedabsolute range of the
pPSMAD expression Kig.11H and I).Comparison between CC3 spatial profilEgy(11) and
pSmadprofiles Fig.11G)revealed thatthe survival oimost dorsaheuralprogenitorswhere
the pSmad activitywas the highestwas less affected by the LDN treatment, whereas the
regions of low pSmad activity had the highest increase in cell death

In order to directly compare the profiles of cell death with the positions of gene
expression domainsve quantified the mean DV boundaries dfF+ (pD) OLIR+ (pMN)
and NKX6.1+(pV)domains(Fig.11GE) Thisanalysis showethat the pD domain is smaller,
while pl and (MN domainsbecome larger in LDNeated embryos Strikingly, pl2-4, pd56
and pl domainsexhibit high apoptosisn all embryos cultured with LDRFig. 11}L). By
contrast, the levels of apoptosis within the ventragiors (pMN and p\vere comparable to
control levelg(Fig.11JL) Thus, in agreement with our previous observations, ventral neural
progenitorsexpressing K>6.1, which are exposed to higher levels of Shh compared to the pl
and pD regions, were protected from apoptosis. Onlyli# LDN conditionwe sawa
moderate increasef apoptosiseven in the ventral positiondHowever, we did not analyse
NKX6.1 levelsin 1I>M LDN samplestherefore we cannotbe certain aboutthe correct
specification of pV domain in these embryos.
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We also detecteédbundantapoptotic cells in the RP region in all conditions, including
the control (Fig. 11L) Importantly, the levels ofCC3in the RP which were comparable
between all LDMreated samples and theontrol condition, were 23-fold lower thanin the
pd2-4, pd56 and pldomainsof LDNtreated embryos Thissuggessthat the RPcells maybe
less sensitive to reduction in BMP signaling that the progenitors within pl and pD domains.

Taken together, our data from chick explants andcEl@ured chick embryos implies
that BMP signalingenhancescell survival withina large concentration range, which
corresponds tdhe dorsal(pd2-4) and intermediate(pd5-6 and plyrogenitor domains. BMP
activity acts in a prsurvival manner within aoptimal range of concentratits of up tol0nM
and above this range exerts the opposite effantl promotes cell death
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A.Heatmaps of mean CC3 intensity created from superimposed immunostained neural tube sections
fromHH15Mc OKA O]l SYOoNE2a Odz G§dzZNBER 6 A K-198881:DNB a { h
for 24 hours. The dashed line marks the outline of the spinal cord. Color bar on the left. Scale bar
50um.B. Mean DVL is significantly decreasealinLDNtreated embryosC,D and E.Comparison of

mean dorsoventral lengths (DVL) of indicated progenitor domains quantified from individual sections
of chick embryos treated witDMSO otDN pD domain ishorterin embryos exposed to LDMN
domain isexpanded in a LDN concentratiomlependent mannerThe absolute DVL of the pV domain

is reducedin 100nM and 300nM LDN conditions. The mean pV DV boundary positions were not
YSI adz2NBR T .2FNRepveseatatiyadHiStransverse sectiongmmunostained against BMP
transcriptional reaebut pSMADL/5/8 (pSMAD]grayscale). Scale bar 50p@Mean pSIADintensity
profiles plotted against the relative DV length and normalized to the maximum value noted for the
control samplesThe shaded region corresponds to 0.95 confidence intervaHOWean amplitudes

of pMAD profiles showa slight effect of 200nMLDN and strong downregulation of BMP signaling
dzLl2y GNBFGYSyld 6A0GK onnya | YR ImMean pBBbidenSyNNE NA
profiles plotted against the absolute distance from the dorsal pole. The shaded region corresponds to
0.95 confidence interval (CNlote changes ithe absolute range of @8ADin all three LDMNreated
experimental conditions].Comparison of the mean CC3 intensity profiles, measured from two halves
of heatmaps generated for each embryo along the ventral midline, plotted against the relative DV
length. Profiles were normalized to the mean maximum value noted for the control OMI%0OD
condition. The shaded region corresponds to 0.95 confidence interval KCThe DV positions of
indicated progenitor domains plotted as a function of relative DV length measured from individual
sections at HH1A6. The color code as in Fig; BD (RP+pd1, pd2, pd56) (shades ablue), pl (red),

pV and pMN (bright and dark greeifhe pD domain was evenly split into 6 subdomains and binned
to obtain 3 subregionsThe size and position of the pl domaimrre estimated from the mean DV
boundaries of pD and pV domairi®ed whiskers mark SEMMean CC3 intensitgiotted for indicated
domains. Error bargsSEM. pMN and pV domains are protected from apopi@siseptfor amoderate
increase irm > a [ Gelbdeath is strongly upregulated in theapd pd56 domains and to a lesser
extent in pd24 domains We also detected increased apoptosis in the RP refgistimated as the
region occupying the most dorsal 10% of the D¥ajvever it was not different from the higher levels
observed in the control conditioM. Comparison of the mean CC3 intensity profiles relative to the
absolute DV length aligned to the most dorsal position. Note the overlap betweznegion of
increased apoptosis the LDNconditionscorresponding to pD and pl domaifi&ox plotsin C, Dand

E Mean (red stripe), 25-75" percentile of the data (box), median (black stripe), highest/lowest data
points (excluding outliers) (whiskeré)sterisks doubled A RS R { {iedER(Sp£@i08,&* p€0.01,

*** n<0.001). ns- not significantFor sample sizes, s@able4.

3.3.  Progenitors from pl and pD domains require continuous input from BMP signaling
to maintain their survival

Our data Section2.4) suggested that neural progenitors interpret the concentration
of Shhto regulate their survivalith a temporal delayThis raises the questioof whether
progenitor cells interpret BMBIignaling activityalso only within a specific time window dr
they continuouslyrespond to the BMP signaling leveWetherefore performed analogous
experiments using chick embryo cultuinhibit the BMP pathway with 300nM LDN at HH6
or HH8 stagesHig. 12A). By quantifyingthe CC3 intensity, we then assessed the spatial
patterns of apoptosis at stages HH13 or HHAi§.12C).
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Similar to previous experiments, in the control treatment with 0.1% DMSO, we
observed slightly elevated CC3+ cells in the RP region. Hré&iBd embryosecell death was
significantly increased in thiatermediate and dorsal regi@of the neural tube in all three
experimental conditionsTo test the efficiency of the LDN inhibitor, we assess&dAIH /5/8
expression and quantified the DV boundaries of its expresdtam 12D) and we found
decreased signal in dlDNtreated conditions

Inhibition of BMP signaling caused changes in the overall DV length of the neural tube
in embryos collected at HH1%i¢.12B) and was accompanied lifie reduction of absolute
sizes of pD and pV domairfad.12E and F)The absolute length of theAX7+ domain was
shorter in all three experimental conditions treated with LDN, witie most pronounced
deficit in the HHEHH13 condition (by %2%0)(Fig.12E) Meanwhile, the absolute size of the pl
domainwas increased in LDN HH#8113 and HH8IH15 conditionsin addition, we observed
changes in the relative proportions patterningdomains.The relative size of the pl domain
was larger in the HHBIH13 condition by around 14% andhe HH6HH15 condition by 7.5%
compared to the control

Quantifications of mean CC3 intensipyofiles showed the region of increased
apoptosis is localized between 0.4 and 0.8 of the relative DV lengtthLDN condition§-ig.
12G). Combined with the measurements of DV boundaries this revealed that high cell death
is primarily restricted within pl angD (pd56 and pd24) domains, irrespective of the
treatment regime (Fig. 12H). We did not detect increask cell death in the RP region
compared to the DMSO contrdFi@.12l). Thus, it is possible thadither the BMP signaling
levels were not strongly affected in the RP regionther reduction in BMP activity is not
relevant for the survival of the RP cellmportantly, we did not observe differences between
the three LDNtreated conditions when we compared the means of CC3 profiles and mean
CCa3 intensity per domaifrig.12G and I). Nonetheless, we observed large variation in these
datasets, with the lowest noted fahe HH8HH15 condition which could be related adater
start of the EC culture, but also @ larger sample sizeThis suggeststhat, unlike their
response to Shidorsal and intermediat@euralprogenitors continuouslyndergo cell death
in response to the decreasdevels of BMP signaling.

Altogether, we found that dorsal neural progenitors continuously require BMP
signaling to maintain their survivalThis observation contrasted with our data for Shh
dependent regulation, where ventral progenitors interpret levels of Shh at an early timepoint
in development to sustain their survival at the later timepoint. Furthermore, thus far we did
not identify evdence that cell death caused by BMP inhibition results in cell death at a specific
developmental timepoint.This suggests thahe two pathwaysmay implement different
strategies to regulate cell survival and interact wadll survival machinery via different
downstream mechanisms.
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Fig.12. Progenitors from pl and p@omains require continuous input from BMP signaling

to maintain their survival

A. Strategy for treatment oex ovocultured chick embryos with 300nM LENDN)to inhibit BMP
signaling B. Mean DVL is not changed in LDN Hi#613 condition andk significantly decreased in
embryos collected at HH1E.Heatmaps of mean CC3 intensity, obtained from superimposed neural
tube sectionsof embryos collected aanindicated stage, show that cell death is highly abundant in
the dorsal spinal cords of tHeDNtreated embryos. The dashed lines mark the outlines of the spinal
cords. Color bar on the left, Scale bar 50[DrRepresentative transverse sections magnifying dorsally
expressedpIMADL/5/8+ (grayscale). Scale bar 50unkE and FComparison of mean dorsoventral
lengths (DVL) of pD and pV progenitor domains quantified from individual sections of chick embryos
treated with DMSO 0800nM LDMNand collected athe indicated stage. The absolute DVLtled pD
domain isshorterin the presence of.DN whereasthe pV domain iexpanded in HH&H13 and
reduced in HH8H15 and HH6IH15 conditionsG. Comparison of the mean CC3 intensity profiles
plotted against the relative DV length. The mean profiles were quantified from heatmaps generated
for each experiment independently and normalized the intensities to the maximum value measured
for the control condition. The shaded region corresponds t®& @@nfidence interval (CIH. The DVL

and DV boundary positions of indicated progenitor domains plotted as a function of relative DV length
measured from individual sections thie indicated stage. The size and position of the pl domaire
estimated fran the mean DV boundaries tife pD and pV domains. Note the expansion of relative
sizes othe pl domainin LDNtreated embryos comparetb control conditions. Whiskers mark SEM.

I. Mean CC3 intensitplotted for indicated domains. Error batgsSEM. pvand pMNdomairs are
protected from apoptosisThe pD domain was evenly split into 6 subdomains and binned to obtain 3
subregions: RP+pdl, pd? pd56. Cell death ismost increased in the pl andd®6 domains
irrespective of the time and duration of BMP inhibitigrd2-4 domains also show elevated apoptosis.
The RP region wastimated aghe most dorsal 10% of the DMCell death in the RP is upregulated in
LDNtreated and control embryos to the same erteBox plotsin B, E and FMean (red stripe), 25

75" percentile of the data (box), median (black stripe), highest/lowest data points (excluding outliers)
(whiskers).Asterisks, Doubld A RS R { destR 8 Y<DQF ** $<0.01, *** p<0.001). Asot
significant.For sample sizes, sd@able4
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Chapter 4. Joint regulation of cell survival by Shh and BMP
4.1. Shh and BMP have an additive effect on cell survivavitro

Thus far, we established that both Shh and BMP are involvedeimegulation of
neural progenitor survivaOur data showedhat Shh appears to have a linear range of cell
survival response vitro, butin vivg the cell survival profiles upon Shh inhibition depend on
the degree of inhibition, the progenitor domain and the developmental stage. For BMP we
found that it promotes cell survival for a broad range of concentrations, but appears to
promote cell death atery high concentrations (above 10nM). Tgatern of cell death upon
BMP inhibition was also domatependent. This prompts several questions:Stth and BMP
cooperateto regulate survival? Could we explain the spatial patterns of apopitosisoby
considering the combined effect of the two pathway&®d at which point withinthe cell
survival regulation cascadid the BMP and Shh signaliimgputs convergé

To address these questionsye first tested how a combination of different
concentrations of Shh and BMP7 affecell survival in chick neural explanisd.13). In our
first regime, we supplemented the explants with 1nM Shh and 1nM BNFR)Z13A). We
observeda significantincrease ircell survivatompared to explants treated with either 1nM
Shhor 1nM BMP7 separatelynterestingly, when we added the same concentration of BMP7
(1nM) together with 2nM Shh, we observeth even stronger additive effect~(g. 13B),
resulting in a 3-fold increasein cell survival compared to 2nM Shh alorigy contrast,
treatment with 4nM Shh and 1nM BMP7 did not lead to further improvement of cell survival
compared to explants cultured only with 4nM Shh, but showesiignificant increasén cell
survival compared to 1nM BMPFig.13C). Altogetherthese results showhat BMP and Shh
act synergistically in promoting cell survivalvitro (Fig.13D). Only in the regime with high
Shh and high BMP concentration, we did not obsersggnificant difference in cell survival
levels compared to high Shh regimBerhapsthis can be explained by the cell fate
specification inthis condition. It has been previousikshown (Zagorski et al., 201hat
explants treated witlahigh concentration of both morphogens contain a mixture of cells with
pDandpVidentities, but not pl identities It is possible that once cells acquire such polarized
identities, they areunresponsive to the input from the other morphogeBy contrast, &
lower concentrationswe expect to find more intermediate progenigrand these cellsould
be responsiveao both gradients to increase therobability of cellsurvival.
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Fig.13. Shh and BMP7 have an additive effect on cell survival in chick explants

A, B and CComparison ofhe normalized mean cell survival for individual versus combined treatment
with Shh and BMP7. Error bars, mean $EM.D. Heatmap representing changes in Logl0 of
normalized mean cell survival for combined and singular treatments with morphogens.b@olon

the right. Error bars, mean +8EM. AsterisksDoubled A RS R { dedtR(Sp<d.@3 5 p&0.01,

*** n<0.001). ns- not significant. For sample sizes and the number of experimentsl sglel.

4.2. Overactivation of Shh or BMP pathway rescues cell survimalivo

The data we obtainedin vitro suggestshat both Shh and BMP can increase the
survival ofneural progenitors early in developmeand that their effect is additiveThis
impliesthat activation ofeither the Shh orthe BMP pathwayshouldrescuecell deathcaused
by the inhibition ofthe otherpathway. Taest this hypothesis, we used chick EC culture and
analysed cell death levels in conditiowkere one pathway is inhibitedhile the other is
overactivaed. Heatmap of CC3 intensity upon Shh overactivation by additiof.®fMV
Smoothened agonigiurmorphamine closely resembled 0.1% DMSO control conditionavith
low and sparse pattern of apoptotic cellsq.14A, B and &£ We did not observe differences
in mean DVL between control and purmophamine (Rtw&jted embryosFig.14D).We did
preliminaryquantifications ofthe DV boundaries of progenitor domains and i@ and pV
domains lengths were also not affected by this treatment, only pMN domain showed
moderate reduction ig.14E, F and GAswe showed in the previous sectigisection3.2),
300nM LDN caused increased cell death in the pl and pD dofagnE4A). The combination
of n ®p pamorphamine with 300nM LDN, rescueal cell survival in the dorsal and
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intermediate neural tubdack to control leveldHg.14A, B and This reduction of cell death
levels was accompanied bbgstored DVLKig.14D) and pD, pMN and pV domain sizes more
closely resembling the control conditioRi¢.14E, F and G).

The converseexperiment in which BMP signaling was activated with 1nM BMP7,
while the Shh pathway was inhibited with 3 cyclopamineproduced analogous results
(Fig.14H). Treatmentonly with 1nM BMP7 resulted in increased mean DVL and reduction of
the pMN domain DV length~{g.14K and M), while the pD and pV domains did not show
significant change compared to DMSO conditiBig.(L4L and N). High levels of apoptosis
pl and pd56 caused by 18M cyclopamine treatment can be rescued by the addition of 1nM
BMP7 Fig.14l and J)In these embryos, mean DVL is also significantly restéigdLdK). We
also detected a small increase of the pV domain DVL upon combined treatment with
cyclopamine and BMAFig.14N). However, only a small sample size was available faehe
guantifications in particularof the pV domain boundaries, therefore further experiments
would help to address the effects 8hh and BMBveractivationon the progenitordomain
boundaries

Altogether, we detectedhat cellsurvivalis regored to control levelsalong the entire
DV axis including the RP region in both>{0 cyclopamine with BMP7 andi ®p > a
purmorphamine with 300nM LDN conditioisig.14C and J)Theseresults stronglysuggest
that Shh and BMihdependently control the cell survival machineifjhe data also implies
that duringthe early stages of spinal cord development neural progenitatdeast in the pl
pDand RRlomains)can respond tdoth Shhand BMP to regulate their survival.
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Fig.14. Overactivation of Shh or BMP pathway rescues cell survival in chick embryos

A and H. Heatmaps of mean CC3 intensity from superimposed neural tube sections show that
overactivation of Shh or BMP pathway rescues cell survival. The dashed lines mark the outlines of the
spinal cords. Color bar on the left, Scale bar 50Brand I. Comparison of the mean CC3 intensity
profiles measured from heatmapgenerated for each independent experimgpibtted against the
relative DV lengthProfiles were normalized to the maximum value noted for the 0.1% DMSO
condition. The shaded regions correspond ta508 CandJ Mean CC3 intensitylotted forindicated
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domairs. The pD domain was evenly split into 6 subdomains and binned to obtain 3 subregions: RP
(10% of most dorsal DVL)+pd1, ptl2pd56. Error barsg 0.95 Cl Cell death isescued in all of the
domains(incl. the RP region)pon overactivation of Shh or BMP signalibgand K.Comparison of

mean DVLNote the increase of the DVL in rescue conditiéh$:, G, L, M and Bomparison of mean

DVL of indicated progenitor domairfpD, pMN, pV)quantified from individual sections of chick
embryos minda low sample siewas availabldor these quantifications oflomainboundaries Box

plots inD, E, F, G, K, L, M and :\Mean (red stripe), 25-75" percentile of the data (box), median
(black stripe), highest/lowest data points (excluding outliers) (whiskétsjerisks, Doublsided

{ ( dzR Stgdlis@ <005, ** p<0.01, *** p<0.001). ARot significantFor sample sizes, s@able4.

To testwhether we can achieve a similar rescue of cell surviv@hh“' mouse
embryos we generated a compound mutant liriteat allowsfor conditional deletionof the
BMP antagonist NoggiiNog) in a ShA"background. Specifically, viired mice so that they
harbor aNog floxedand tamoxifeninducible Sox2CreERTadlleles (Nog""; Sox2CreER)[2
which allowsneuraltube-specific and tire-specific activation of the CréArnold et al., 2011;
Stafford et al., 2011)as well asShi"" allele We induced knockut of Nog in Sox2+
progenitorsat E7.5 andharvested embryos d&95 to evaluateneural tube sizeandapoptotic
and mitoticindexes(Fig.15A). Preliminary data fromseverallitters indicates that the size of
neural progenitor population is not changedNiog'™; Sox2CreERT2mutants(Fig.158 and
C) Furthermore, the poptotic and mitotic indexes are ndignificantly different between
Nog mutants and control embryosln contrast to experiments with BMP overactivation in
chick embryosgeletion ofNogin Shi“'background does not rescue neural tube size or cell
survival(Fig.15B, C and D)rhe size of the Sox2+ progenitor pool is even further reduced in
Shit Nod"!; Sox2CreERT2Mmutants compared tdShR' mutants (Fig.150). We did not
detect differencesin Al and Mibetween Shi" Nod""; Sox2CreERT2&nd Shi' embryos
at E9.5(Fig.15D and E)This suggests thahe smallersize ofthe Sox2+ population might be
caused by changes in cell death and/or proliferation levels at an earlier developmental
timepoint.

Strikingl, while concomitantioss ofNogand Shhfunctionresults inasimilar apoptotic
index toShi“"mutants, the spatial pattern ofipoptosisdiffers. We observed veryigh cell
deathlevelsin the presumptiveRP regionbut rescued cell survival in the ventisdinal cord
Shi Nod"; Sox2CreERT2¢empared taShi'embryos(Fig.15B, D and FWe quantified
the ratio of CC3+ cells localized within theospectiveRP regiorout of all of the CC3+ cells
and found that inShi"" Nod/"; Sox2CreERT2émbryoson averager0 +/-5 % of apoptotic
cellsislocated in the most dorsal pol€ig.15F).We have not analyzed the expression of RP
markers inShh Nogdouble mutants therefore we cannot specify the identity of the dying
cells. But it is likelyghat among the apoptotic cells ar@soneural crestcells as pevious
studies proposed that Nog functiemn neural crest specification, survival and subsequent
migration of neural crest cells from the dorsal pole of the neural tf{/o=lerson et al., 2006)
Furtherexperiments could provide relevant information to address our results. For instance,
systematicanalysis of pSmad levels 8hh Nognutants would be important to understand
how the deletion of Nog affects the BMP signaling. Furthermore, immunostaisiagainst
RP/NC markeras well as quantifications &fl and Mlat earlier developmental stage®uld
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provide insights intdnow these perturbations affect the size or function of the ®R). as the
source of Wnt signaling).
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Fig. 15. Overactivation of BMP signaling does not rescue cell survivaShit“' mouse

embryos

A. Schematic representation of tamoxifénducible deletionof Nogin Sox2+progenitordPregnant

females were injected witBmg of tamoxifer{TMX)at E7.5, embyoswere collected 48 hours later at
E9.5.B. Representative transverse neural tube sections froontrol (Ctrl), Sox2CreERT2/Nod"";
Sox2CreERT2/ShA"" and Shi'"; Nod""; Sox2CreERT 2¢mbryosimmunostained for CC3 (red) and
Sox2blue) at E9.5. Cell death levels are significantly reductebimentral neural tubebut increased
in the RP regiomf ShA""; Nod""; Sox2CreERT2émbryos.Due to the complicated nature of the
breeding, we obtained a low number of embrywdld-type for all of the alleles, therefore we
considered bottWWTandShi“"* embryos as controlScale bar, 50unC. Quantifications of the mean
Sox2+progenitor numbershow that neural tube size is not rescuedshti""; Nod""; Sox2CreERT2/+
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mutants compared t&8hR" mutants at E9.5D. Quantifications of the mean apoptotic index as the
fraction of CC3#progenitors relative to Sox2+ progenitors from mutant and control sections .&t E9
Cell death remains at high levels $hi", Nod"; Sox2CreERT2¢mbryos and is not significantly
different from Shi'" embryos.E. Quantifications of mitotic index (fraction of pH3+ relative to all
Sox2+ progenitors) from mutants and control littermates at E9.5 show no significant change in
proliferation between analysed embryo§. Quantifications othe ratio of CC3+ localized within the

RP region over the total number of CC3+ cells show thahhi": Nod"; Sox2CreERT2¢mbryos
apoptosis occurs primarily within the RP regiBox plots irC D, Eand F Mean (red stripe). 25-75"
percentile of the data (box), median (black stripe). Highest/lowest data points (excluding outliers)
(whiskers). Asterisks, DoukdeA RS R { deiR @ y<.053 ** 1<0.01, *** p<0.001). nsnot
significant.For sample sizes, sd@able5.

4.3. BMPpathwayis upregulated in Shh signaling mouse mutants

Another layer of complexity ithe interpretation of Shh and BMP cooperation in cell
survival regulation is related tthe effects that each pathway exertsn another. We
investigated changein BMP signaling in Shh signaling mouse mutantstdsfing the
expression of pSmad1l/5/at different developmental stageg¢Fig.16A and F. In the WT
embryos, therelative DV range of the pSmad gradient becomes more and more restricted
dorsallyover time (Fig.16B, C and G)while the profile amplitude increases arounedd
over the course of 2 dayFi@.16l). At E8.5 pSmad gradient is slightly expandeghh*°and
ShA mutants when plotted against the relative DV lengtiig.16B), but not in absolute
units compared to the WTFig.16D). The amplitudeof pSmad intensity profiles fahh'yre
and ShA" data isalsoincreased(~1.5 fold)(Fig.16l). At E9.5in ShiYP°embryos pSmad
gradientshowssimilar absoluteangeand amplitudeto the WT(Fig.16Eand 1) However, due
to the overall smaller neural tube DV lengthe range of thggSmadgradient is expanded in
the relative unitg(Fig.16C) By contrastpoth the relative and absolute rangf the pSmad
gradient are significantly expandeih ShA'embryosat E9.5with accompanying 1-%old
increase ofgradientamplitude (Fig.16C, D and I)Notably,pSmad profiles in Shh mutardas
E10.5are restrictedio a DV range comparable with the iHIg.16G and H)whilethe profile
amplitudes becomestronglyreduced(Fig.16l).

We also measured pFADexpression levels in a subsetEE€cultured chick embryos
treated with 0.1% DMSQ5 or 10uM cyclopaminebetween HH8 and HH15(Fig.16J) The
sample sizes were small, therefore we consider these results as preliminarytigatment
with 10uM cyclopaminepSMAD gradientbecomesslightly expandedinto the intermediate
region of the spinal cordvhen plotted against relative DV lengtivhile no differences were
observed with 5uM cyclopamin&ig.16K).We did not detect significant changés pSMAD
gradientamplitude in cyclopaminereated embryos Fig. 16L, Ttest p>0.05. To ensurea
reliable interpretation of Shh influence on BMP signaling and linking BMP levels with RP cell
death in chick embryos, it would be crucial terieasethe samplesize andcompare these
findingsto BMP#reated embryos

Altogether, the dynamics andverall levels oBMP signalingire changed in Shh
signaling mutantso a different degreeln ShiYP%, pSmad expression is increaseampared
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to WTonly at the earliest stage, whereas "' mutants itbecomes upregulated till E9.5
and then sharply decrease¥hese temporal dynamics ofBMP signaling activity could be
related to the increased cell death in the RP regabyservedin both Shh signalingnutants.

It is possible thain these embryos|ocal levels of BMih the RPexceed the threshold
betweenthe pro-survival and preapoptotic switch which triggers cell death ithe RP and
results inthe downregulation of BMP signaling after EQM¥ternatively, because we do not
see increased cell death in the RP of embryos exposed to BMP7 (&ythtselfor together
with cyclopamine)RP cell death could be BMP signalimdependent.To understand this
better, we decided to investigate how the RP sibanges over time in the Shh signaling
mutants.
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Fig.16. BMPsignalingupregulation correlates withthe reduction in Shh signaling

A. Representative transverse sections frd8.5,E9.5and F.E10.5WT, Shi*°and Shh' embryos
immunostained for pSmad1/5/8 (greyscale). The dashed lines mark the outlines of the spinal cords.
Scale bar 50unB, C and GComparison of mean pSmad fluorescence intensity profiles relative to the
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