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The proper development of the hypothalasmitwitary-gonadal (HPG) axiss essential for
normal reproductive competence. Misfunctions in the axis that impairs GnRH synthesis or
function result in GnRH deficiency. Idiopathic congenital hypogonadotropicdoyamlism
(CHH) is a rare reproductive disorder, with significant heterogeneity of geinétritance,

that is primarily caused by gonadotropeieasing hormone (GnRH) deficiendglinically,

the disorder is characterized by an absence of puberty amilityfeln approximately 50% of
cases, CHH patients also suffer from a reduced or deficient sense of smell (hyposmia or
anosmia, respectively). In this case, the disorder is termed Kallmann syndroman@s)
results froma failure orincomplete embryonienigration of GnRHproducingneurons The
significance to elucidate the genetic causes of CHH is related to the relativepehigintage
(about 50%) of patients that are still considddkdpathic. It is known from the literature that
Notch signaling hasa role in the migration of neurons in the developing cortex and that it is
expressed in the olfactory system of many species, so we would like to understand if Notch
signaling has a role in the migration of GhnRH neurons in the olfactory system. Heriej the

of my PhD was to understantly if Notch signaling molecules are expressed along the GnRH
migratory pathway in human fetal and adult postrtem brain sections; 2) if Notch plays a

role in the establishment of the correct GnRH migratory process oH@xBnal targeting to

the hypothalamic regions, usiagbrafish agnin vivo model 3) to address whether patients
affected by CHH present mutations in the Notch signaling pathway; 4) to functionally

validate the eventual mutations using an immortalizeRI& cell line (GN11).

We explored by multiplex fluorescemt situ hybridizationand immunohistochemical assays
the expression of bothAG1, NOTCHL andNOTCH2in coronal human fetal sections of the
nasal compartmenand nasal/forebrain junctionm early developmental stagesThese

experiments revealed thdAGl NOTCH1 and NOTCH2 are expressed along the GnRH

migratory pathway during human fetal development, suggesting a paracrine and/or autocrine
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mechanism. Wthen useaebrafish agn vivomodel to investigate the involvementjaglin
GnRH3neurons development and migratiéiirstly, we have demonstrated the expression of
jagla jaglb notchlaand GnRH3in the olfactoryplacodeof zebrafish embryos, revealing a
possible collaboration beten these factors in tHt@nRH3 neurons developmentTaking
advantage of the zebrafish transgenic lineGtgRH3EGFP) we demonstratedthat
downregulation oflaglb but notjagla strongly affects the development of t@RH3
neurons at 48 and 72hpfreament oftg(GNRH3EGFP) embryos witlthe Notch inhibitor,

D A P T-se(retase inhibitorphenocopied the morpholino experiments, further supporting a
role for notchl/jaglin the development oGNRH3 neurons Additionally, we performed
migration assay on immortalized GnRH celsid we observe that JAG1 act as a repellent

factor for the motility of these cells.

Based on the human and zebrafish data and considering thkek#henotype of oujaglb
morphantswe next sughtin our cohort of CHH/KS patients for possible mutatiodAG1
geneand four rare missense variants in tdAG1 gene were identified (R117G, F206Y,
Y931l, 1160N).Overexpres®n of all JAG1 variantsin GN11 cell linecoupled withan
immunofuorescence assagvealedhat only the JAG1 variant D1160N was mislocalized and
retained into the cytoplasm. The functionality was evaluated through the Luciferase assay,
and D1160N variantdid not activate the transcription of the Notch Responsive Elme
promoter.Combining morphological analysis vivo (in human and zebrafish), together with
genetic and pharmacological manipulation in zebrafish, and human genetic analysis, we
provide compelling evidence that Notchl/Jagl signaling has a role in te®p®ent of
GnRH neurons/olfactory system amdtlicate thatNotchl/Jaglsignaling insufficiencymay

contribute to thgpathogenesis of CHH in humans.

15



Introduction

CHAPTER 1
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PHYSIOLOGY OF HYPOTALAMUSPITUITARY-GONADS (HPG) AXIS

The HPG axis plays a pivotal role in all vertebrates controlling many complex functions
including growth, reproduction, osmoregulation, stress and metabdlisenphysiological
function of the HPG axiss based on the pulsatile release of gomadotropirreleasing
hormone(GnRH) by the GnRH-secretingneuronswhich arelocated ina specific area of the
hypothalamusOnce secreted, GnRé&frives to the pituitary gland through tharculation of

the hypophyseal portal systerihere, GRH hormonestimulate a specific compartment of
the adenohypophysis represented by the gonadotropic cell via the interactidts wfiticific
receptor, theGnRH receptor (GnRHR)which isexpressed on the membrane surface of the
gonadotrops. Stimulation of gonadotropsecreting cells of the anteripituitary, is resulting

in the stimulaion of both synthesis and secretion of tho gonadotropins: luteinizing
hormone (LH) and folliclestimulating hormone (FSH). The two gonadotropins are then
moved through the peripheral circulation to the gonads, whkey interact with specific
membrane rotein coupled receptors, the LH receptor (LHR) and the FSH receptor
(FSHR), which are expressed on the gonadal cells #mely stimulate either the
steroidogenesis (estrogen, progesterone, and androgens) or the gametogenesis (oocytes anc
spermatozoa). The gonadal steroids, in turn, througbgativefeedback mechanism, adto
regulate their own secretion at the hypothalasiisitary level, decreasing the GnRH and
gonadotropin secretion (Wierman, Kiselgkssiliades et al. 2011). Hence, the HPG axis is
controlled by homeostatic factoitke gonadal steroids and metabolic horm®nleat act as a
negative feedback that directly controls the GnRH neuagtigity. Furthermorein the last

two decades it beme evident the contribution of otheeurondocatedin the hypothalamic
arcuate nucleushat has been demonstrated to playmajor role in the control of GnRH
secretion [ig. 2). In fact,it was demonstrated that the kisspegdieurokinin BDynorphin

(KNDy) neurons of the infundibular (in humans)/arcuate nucleus (in rodents) influence the

17



activity of GnRH malag direct contatwith GnRH cell bodies and dendrites in humans and
projecing to the median eminence in rode(ksajewski et al. 2005; Ciofi, Leroy, and Tramu
2006) KNDy cells act synergistically to produce coordinated and pulsatile GnRH secretion
by controlling the ruroactivity of other KNDy cells. In fact, the expression of neurokinin B
receptors and the receptor for dynorphin is evident within the KNDy cells, excepted for the
kisspeptin receptor, which is only expressed by GnRH neufidregewski et al. 2005;
Navaro et al. 2009; Herbison et al. 2010)

This implies the stimulatory role of neurokinin B and the inhibitory action of dynorphin auto
synaptically coordinate the pulsatile release of kisspeptin, which in turn drives the pulsatile
secretion of GnRH and LKNavarro et al. 2009)

Kisspeptinmediated GnRH stimulation is also regulated by the levels of circulating sex
steroids, in fact estrogen and progesterone modulate kisspeptin activity at both the AVPV

nucleus and the arcuate/infundibular nucleus througlsteesid receptors~g. 1).
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GONADOTROPIN RELEASING HORMONE

Gonadotropirreleasing hormone (GnRH) is a decapeptide neurohormone that plays a key
role in the activation/regulation of the hypothalarpitsitary gonadal axis and thus in the
control of reproduction. Until now, 14 variants of GnRH have been describeall in
vertebratesThe GnRH sequence through vertebrates varies mainly at amino acid positions 5,
7 and 8, differently, the residues419 and 10 are highly conserv@cdethimonier et al. 2004)

In all vertebrates, two or three GnRidoforms have been regaized, with different
localizations: GnRH1 is primarily located in the fptic-Area (POA) andhypothalamus

and it has the hypophysiotropic function, namely, it induces the releasing of gonadotrophins;
GnRH2 is found in the midbrain and tegmentum ant ibelieved to have a role in the
reproductive behavior and or control of appetite and metaba(isemple, Millar, and
Rissman 2003; Barnett et al. 2006nRH3is located in the terminal nerve but its function is

not clear yet, even if there are hypotkesuggesting its possible involvement in the
reproductive behavigiOgawa et al. 2006)

In the zebrafishanimal model only gnrh2 andGnRH3were identified. Gnrh2 is observed in
midbrain and tegmentum, whilenRH3is detected in terminal verve, hypothalamus, POA,
recapitulating the function of the mammalian GNRH1, probably missed during evolution
(Kuo et al. 2005)

GnRH is secreted by specif hypothalamic neurons, called GnRidcreting neurons,
characterized by a unique morphology since they project one or both long dendrites to the
median eminence, where they break up into short axon terminals to enable secretion of GhnRH
into the portal vasulature(Herde et al. 2013Fig. 2).

These projections are dendritike because they receive synaptic inputs, but also afideal
because thegonduct action potentials to the GnRH neurosecretory terminals in the median

eminence, for these reasoneth o per at e (Harde eball 2003 r ons 6
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median eminence where they form many small axon terminals that release GnRH into the median

eminence portal system (Herbison 2016).
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ORIGIN AND MIGRATION OF GnRH NEURONS IN VERTEBRATE

THE DEVELOPMENT OF THE OLFACTORY PLACODE

To understand the development of hypothalamic, terminal nerve and midbrain GnRH cells is
important to understand the complex movement of these cells during the development. The
sensory structures in the head of vertebrate, including zebrafish, originateth&sensory
placodes that is an ectodermal and nexatmdermal thickening that will give rise the
olfactory and sensory epithelium, the adenohypophysis (also called anterior pituitary), lens of
eye, part of cranial nerves and optic sensory epitheliune Vertebrate nervous system
originates from the neural ectoderm that will develop a neural plate and subsequently the

neural tube.

The cells that will develop the olfactory placod€égy. 3, in red)are flanked posteriorly by
nonneural ectoderm(Fig. 3, in violet) and anteriorly bycells that will generatehe
adenohypophysis (anterior pituitar§ig. 3, in orange)Cellsin violet will give rise to neural
crest cells thatwill move rostrallyduring the developmerfFig. 3C) andfinally converge to
the neurohypophysi§posterior pituitary)(Fig. 3D) in close position to the hypothalamus.
Additionally, neural crest cells will migrate with the olfactory/nasal placode ,cells
surrounding the OFF(g. 3D), collaborating in the development e olfactory placodeHig.

3).
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Fig. 3. Development of the neural tube, olfactory placodes, pituitary and neural crest in the vertebrate
embryo. Orange=anterior pituitary (adenohypophysis), red=olfactory placode cells, purple=neural
crest cells. (A) Neal plate stage showing domain lying at the interface of neural andnearal
ectoderm that will give rise neural crest and sensory placodes. (B) The neural plate forms a neural
tube and cells at the edge become localized to the dorsal side. (C) CelgltHarm the olfactory
placodes (red arrow) and cranial neural crest derivatives (purple arrows) migrate rostrally. E=eye.
(D) Olfactory placodes are formed and surrounded by neural crest cells as the anterior pituitary
(Rathkes pouch) migrates caudaltyrange arrow) to fuse with the posterior pituitary (Whitlock et al.
2006).

Hence, the olfactory organ is composed by the sensory epithelium surrounded by neural crest
cell. The olfactory placode originates different cellular type including Olfactory Sensory
Neurons (OSNs) (both sense odor neurons and sense pheromones neulRHsheGmons

and Olfactory Ensheating Cells (OECs). During the development, the nasal placode
invaginates creating the OE and VNO, from which GnRH neurons will give rise and migrate
to the brain attached to tloffactory nerve fibers, surrounded by OE@gray 2002) In mice

the development of the OP starts from the E9.5 when OP forms as an epithelial sheet. At
E10.5 this epithelial sheet invaginate to form the nasal pit which is the beginning of the nasal
cavity. At E11.5 the nasal pit deepens to finally faha nostrils. In the nasal pit both neural

and nonneural structures are detected, hence, it will generate sensory and respiratory

epithelium. The respiratory epithelium resides in the rostral region and its boundaries are

23



defined by the expression of BMRand Fgf8. The sensory epithelium differently is in the
caudal region within the invaginating OP and contains sensory neusastentacular
supporingcellsand mucupr oduci ng Bowmanés gl and. OECs
under the basal membranedahey start to surround olfactory axoR®llowing invagination,

GnRH neurons delaminate from the OE and migrate with immature neurons attached to the

olfactory nerve, supported in the migration by the OBts. ).

B o é S 4Brain
OECs @

® Axon outgrowth
Anosmin-1

SDF-1

. p75

o\(‘ CCK

HGF

OECs affect both GnRH
migration and axon outgrowth Actin/MTs
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Actomyosin Prok2
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ECM Adhesion GABA
Reelin NELF
Anosmin-1

Lactosamine
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Fig. 4. Schematic showing an®H neuron (blue) along the olfactory axon bundles (green), which are
ensheathed by OECs (beige). Categories of axon outgrowth cues (green box), migration attraction
gradients cues (red box) and ECM adhesion molecules (blue box) are indicated. Actinfoierot
interactions and actomyosin contractions (pink boxes) occur at the leading process and the trailing
process of the migrating GnRH neuron (Cho et al. 2019).

Proceeding with the development, the OE givesribe VNO from its ventral region, and
from the VNO pheromone receptor cells project their axons to the accessory OB. The OE also
originates theurbinateof the mainOE (mOE) from which odor receptor project their axons

to the main OBKig. 5). Modification in one of these steps could results in an ett&nRH
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neurons specificatioandbr migrationprocesseswith possible consequences on their correct
function and consequently, for the reasons above mentioned, leatbriormalities in the

reproduction oinimals.

3
&
4
o
£

Fig. 5. (BiE) X-Gal staining on nasal sections of EOE31.5 neural crest reporter mouse
(Wntl1Cre/RLacZ) showing Wntl expression (blue) in cells within the invaginating olfactory pit (OP,
arrowheads), olfactory epithelium (OEyomeronasal organ (VNO) and throughout the nasal
mesenchyme (NM) and respiratory epithelium (RE). F Immunocytochemistry staining of E11.5 OE
showing GnRH neurons (brown) located at the border between the RE and developing VNO (Cho et
al. 2019).

In the OEthe stages of development can be identified looking at specific marker in the
progenitorsoé cell s. These progenitorsd cel
region of the epithelium, but later they are restricted only in its basal ragiahich it is
possible to observe two different population of cefte horizontal and the globose basal
cells. From the horizontal basal cells derive neural andneonal cells, differently, globose

basal cells are actively dividing cells that originasurons(Schwob et al. 2017)Several

transcriptional factors have been identified as key regulator in this process. The first one is
25



PAXE6 that is required for the placodal initial fate establishment. InRP#cX6 and SOX2 are

the main regulator in thdfactory neurogenesis holding the progenitors in an undifferentiated
state and preventing the OSNs developn{Baickard, Lin, and Schwob 201@&ccordingly,

the Pax6énull mice do not develop eyes or nasal placode, hence, this null mouse do not
develop GnRHnheurons. Another factor involved in the OE development is FOXG1 that is
expressed in the ventral progenitor of the developing OE and its null mice results in a
reduction of the OE without neuronal differentiati@uggan et al. 2008)The intermediate
neuonal progenitor of the OE, differently, expressed the transcriptional factor MASH1, also
named ASCL1, that has a central role in the development of OSNs in both EO and VNO.
MASH1 orchestrate the Notch pathway that is essential for the neuronal difféeoentiathe

OE, and deletion of MASH1 results in an altered neurogenesis but normal OP or OE. The role
of MASH1 in the neurogenesis is highlighted by its ability to regulate a huge number of
downstream targets like Neurogetdirwhich is expressed in bagsalls (Ma et al. 1997}hat

give rise daughter cells that exit from the cell cycle to become an immature OSNSs. In fact,
Neurogeninl activates the expression of NEURODL1 that is a marker for-rpibstic

immature OSNgCau et al. 1997(Fig. 6).

G

Globose Basal Cells Immature ok
ature
Progenitors  Intermediate Neuronal Sensory N
Neuron eurons
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mash1  Nent Newrc |
NCAM
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Fig.6.Schematic of olfactory neurogenesi s. Cel | t
speciyec factor s, whi ch direct cell s t o remai

differentiation to form sensory and/or GnRH neurons (Cho €Ml9).

When the olfactory progenitors finally commit to the olfactory lineage, they differentiate
becoming bipolar neurons and thstart to migrate away from the basal layer expressing
marker like NCAM (Calof and Chikaraishi 1989), DCX (Francis et al99)9 HuC/D
(Fornaro et al. 2001), GAR3 (Pellier et al. 1994)When they reach maturation OSNs project
their cilia into the nasal cavity reaching the apical surface in order to detect tlaatgdand

they extend their axons, wrapped by OECs, to the(lKBvauchi et al. 2009Mature OSNs
express molecules such as TYDEk Carlos, LopeMascaraque, and Valverde 1998)ClII

(Wong et al. 2000and OMP(Margolis 1972)

HYPOTHESIS ABOUT THE ORIGIN OF GnRH NEURONS

There are several hypotheses regardingotiggn of GnRH neurons as we can see from the
Figure below Fig. 7).
A C

Progenitor cells/Nose and OP

! |

Newborn GnRH neurons/Nose and OP Newborn GnRH neurons
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Fig. 7. Hypotheses on the embryonic origin(s) of hypophysiotropic GhRH neurons (Duan and Allard
2020).

The hypothesis AKig. 7A) support the idea that hypophysiotropic GnRH neurons are derived
from progenitor cells in the nos#factory placode region. Thidea is sustained by the use of
mutant mice lacking olfactory placode (Dellovade, Pfaff, and Schwdndelda 1998) and

by ablation experiments in the newt (Murakami, Kikuyama, and Arai 1992), in which the
decrease in GnRH neurons is just partial. ThesdtseBave different interpretations. Firstly,

the ablation may have left a few olfactory placode cells to survive, secondly, not all GhRH1

neurons are derived from olfactory placode in these species.

The hypothesis BHig. 7B) carries the idea that progenitor cells originate from both neural
crest and olfactorplacodein mice. In fact, ablation studies in mouse and chiqjeavloE.

Forni et al. 2011; Paolo E. Forni and Wray 204@)port the origin of GhRH precursor ireth
olfactory placode, even if, it is still possible that some GnRH neurons give rise to other
regions. In particular, Whitlock and colleagu@&hitlock et al. 2005)demonstrate that

GnRH3cells derive from Sox2lependent neural crest cells.

Studies in zebffeish have further complicated these hypothe&és. 6C). In fact, from studies
conducted by Abraham and colleagues in 2QEbraham et al. 2010)using the
GnRH3EGFP reporter line, the laser ablation of @r@RH3soma in the nasal area in an early
developmental stage resulted in a loss of olfactory, terminal nerve, preoptic area, and
hypothalamidGnRH3 indicating that th&snRH3neurons originate from the olfactory region
and migrate to the brain in zebrafish. Besides that, Zhao and colleagues i(ZzBaa3t al.
2013)using a different reporter liNnENnRH3EMD demonstrated th&nRH3neurons in the
terminal nerve, which play a role in mating behavior in male zebrafish, may originate from

cranial neural crest cells, while tl@nRH3neurons found in thbBypothalamus and preoptic
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area, with hypophysiotropic function, apparently originate from the adenohypophyseal
placode, that is a nemeural ectoderm derived struct#hao et al. 2013)On the other hand,
Saxena and colleagues in 2013 find an explandtan was able to fuse the previous
hypothesis made by Withlock and Zhoa, demonstrating that some-ergfidssing cranial
neural crest cells migrated to the olfactory placode and formed a capsule surrounding the
placode during the first day of developme8bme of these cranial neural crest cells may
travel to the vicinity of the olfactory placode first and then give rise to GnRH nelfans (

7D) (Saxena, Peng, and Bronner 2013)

Thus, gveral years after the identification of the nasal placode as solufeeRH neurons,

their lineage of origins is still undetermined. Until now, the only way to define a GnRH
neuron is the detected expression the GnRH mRNA/ peptide. For this reason, progenitor cells
cannot be identified. It was recently shown by Aguillowd &olleagues in 2018 that Islet1/2
monoclonal antibody shows immunoreactivity in the olfactory epithelium in the same
temporal window in whictGnRH3 promoterdriven GFP expression in transgenic zebrafish
embryos.This gpen the possibility that the trangational factor Isletl or Islet2 could have a

role in regulating the differentiation @nRH3neurons, providing an earlier marker for these

cells than GnRH expression itséfguillon et al. 2018)
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MIGRATION OF GnRH NEURONS |IN VERTEBTARE: NASAL
COMPARTMENT, NASAL-FOREBRAIN JUNCTIONS AND WITHIN THE

FOREBRAIN

As above mentioned, GnRH neurons originate outside the brain and migrate attached to
olfactory axon to reach their destination: the forebrain. This migration starts in mice at E9.5
and is completat E18.5 and it could be divided in three different steps: the migration from
the nasal compartment to tiNasatForebrain JunctionNFJ); the cross of the Cribriform

Plate (CP) penetrating in the brain in proximity to the OB; caudal turning to thach
forebrain, migrating attached to the VN and olfactory fibers. When they arrive to the
hypothalamus in the ventral forebrain, GhnRH neurons detached from their axonal guide and

project their axons to the median emineri€ig.(8).

GnRH
OECs
OAs

Fig. 8. Schematic of multiple components forming the GnRH migratory bundle in mouse at E14.5.
GnRH neurons (blue) migrate along VNO/terminal nerve axons (black lines) into the forebrain. Other
VNO sensory axons bundle with olfactory sensory axons (green) and OEQse(gerkthe olfactory
bulb (Cho et al. 2019).
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NASAL COMPARTMENT

The specific lineage from which GnRH cells give rise are still unknown and the factors
involved in their migration are not completely understood. Studies in animal model reveal that
the transdptional factor Ebf2 has a role in the GnRH neuron migration in facEtifa’”

mice show an accumulation of GNnRH cells in the nasal compartment with a complete lack of
GnRH cells reaching hypothalamus and projection in the median eminence. Bone
Morphogenic Factor 4 (BMP4), regulated by its antagonist Noggin, are crucial in defining
neuronal versus epidermal fates in the developing (BEd®ni et al. 2013) Alteration in
Noggin/BMP4 signaling alter the neurogenesis of the OE that results in a reduced number of
GnRH neurongForni et al. 2013)Besides transcription factors, also otherlenules have a

role in the GnRH neuron migration. Cytokines and chemokines may act synergically to
promote the exit from the nasal compartment and the navigation in the nasal mesenchyme.
These soluble molecules usually have a pick in their expressidwe ditvte of GnRH cells
migration and decrease when the process is ended. The Leukemia Inhibitory Factors (LIF) is a
cytokine expressed in the nasal mesenchyme and hd@wecently demonstrated that LIF
induce chemotaxis in GN11, that are immortalizedR8nneuronscell line from mice,
activating three different pathway that act on the cellular migration. Another cytokine is
Hepatocyte Growth Factor (HGF) that binds its recepimet that has mitogenic, motogenic

and chemoattractive effect on both neuftoaad nonneuronal cells. HGF, like LIF, is
expressed early in the nasal mesenchyme and studies on GN11 cell line and nasal explant
highlight its importance in the GnRH neurons migrati@iacobini et al. 2007) The
neutralization of HGF through an antilyosnplying in nasal explant, reduce the migration of
GnRH cells and the olfactory axons outgrowth. Both these aspects are rescued treating with
HGF. The chemokine Stromal C&kerived Factor 1 (SDHE) has the same expression

pattern, with low level of cheakine in the vomeronasal organ and high concentration in the
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forebrain junctions, and it acts via its receptor CXCR4. This receptor has an important role in
the GnRH neurons migratipm fact GnRH cells in the null mice for this receptor fail to exit

from the vomeronasal organ.

Migrating GnRH neurons are attached to vomeronasal nerve that express several adhesion
molecules like NCAM, netrin-1 receptor (DCC), the nasal embryonic LHRH factor (NELF),

and TAG1 that are key regulator in the migration proc&s2000 the NELF expression was
detected in the nasal epithelia of mouse but also in GnRH neurons and olfactory axons
(Kramer and Wray 2000)in fact, nelf null mice revea an impaired migration of GnRH
neurons and fertilitQuaynor et al. 2015)in the same way, PSAICAM is expressed in

GnRH neurons, vomeronasal axons and OECs and studies in chicken embryos demonstrate
thatthe removal of PSA from PSNCAM molecule indices a significant reduction of caudal
turning GnRH neurons into forebrafMurakamiet al. 2000) A relatively recent work also
demonstrates the involvement of Eph5A in the axophilic migration of GnRH cells from the
nasal compartment to the forebrain along the vomeronasal and terminal nervéGatobte

et al. 2005) The overexpressionf &ph5Ain mouse slow the migration of GnRH neurons

that, as consequence, create clusters in the nasal compartment. Eph5A has a role in the
adhesiveness between GnRH cells and olfactory axons that are the guide for the GnRH
destination. GnRH clusters ars@observed in thBleurophilin2 knock down miceNpn-2 -

/-), in fact Npn2 is involved in the axonal guidance acting as aeoeptor for class 3
semaphorins(Tamagnone and Comoglio 2004)his null mouse shows clear signs of
infertility and defasciculan of vomeronasal nerve. Another recent finding highlights the

role of cell surface glycoconjugate lactosamine in the GnRH migration, in fact GhnRH cells
strongly express lactosamine at E13.5 when the migration starts, and the expression decrease

at E18.5 when the migration is ended. In addition, in mice lacking lactosamine
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glycosyltransferase there is a significant reduction in the GnRH neurons migration and

alteration in guidance axoiiBless et al. 2006)

All these findings indicate that the GnRHigration into the nasal compartment is affected by
molecules that directly drive the migration and interaction with axons that guide neurons to

their destination.

CRIBRIFORM PLATE/NASAL-FOREBRAIN JUCTIONS

From the nasal mesenchyme, GnRH neurons crossritiform plate (CP) to reach the
forebrain. When they cross the CP most of them direct ventrally to the hypothalamus
following the vomeronasal axons, while only a small number of cells follow axons projecting

to the OB. It was proposed the presence ti lfactors to stimulate the migration through the
hypothalamus and factors to induce a pause before entering the brain, probably because of

maturation.

Histologic examination of human fetus witkallmann syndrome KS), which combine
congenital GnRH defieincy and olfactory defects (see also ChapteaB)oring a mutation in
KAL1/ANOSIgenereveal an arrest of GnRH neurons migration just before the CP:JAis0s
the gene product dfAL1/ANOS1Anos1 is an extracellular matrix protein involved in the
last ¢eps of the olfactory axon guidance to the OB, promoting the axonal branching of OB
neurons. In fact, mutations KAL1/ANOSlare also responsible for OB hypoplasia. A major
limitation in exploiting the role oKALY/ANOS1in the GNnRH neurons migration iset lack of

a mice model because tK&AL1/ANOSImurine homologue is still undetermined. There are
evidence t hat n e ur o tamidohusymei dcdde (GABA) and neuropeptide
Cholecystokinin (CCK) have a role in the crossing of theg(RiReshko, Key, and Wra}Q98;
Giacobini et al. 2004)CCK is expressed in olfactory receptor cells and in fibers guiding the
GnRH neurons migration; differently, CCKR are expressed on GnRH neurons and this

receptor seems important in determining the correct timing for the Gméd3ing of the CP
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(Giacobini et al. 2004) In addition, a subpopulation of GnRH cells (about 30%), olfactory
axons and migrating cells express the neurotransmitters GABA and its receptor GABAAR has
been found in the olfactory axons. Inhibition of iteaptor using an agonist block the cell
migration and GnRH projection so the GABA signaling tend to orientate the migration

(Casoni et al. 2012)

Another important factor that regulatde caudal turning of the vomeronasal nerve to reach
hypothalamus isetrin-1. As expected, the netrihreceptor (DCC) null mice reveal a failure

in the caudal turn of branch and misrouted GnRH neurons to the ¢8cbwarting et al.
2001) Besides, it has been proposed that Reeling, an extracellular matrix protein involved in
the lamination of cerebral and cerebellar coffEssir and Goffinet 2003)could be involved

in this process considering its expression in the olfactory sydterwivo and in vitro
experimend reveal that it has a repulsive effect on the GnRH neurons migration, stimulating

their migration caudally to the hypothalamus.

In conclusion, in this step of GhRH neurons migration, the caudal turning of the vomeronasal
branch alone is not enough to ensure their correct migration, in fact, the presence of repulsive

protein like Reelin prevent the invasion of the OB and cerebracby GnRH neurons.

WITHIN THE FOREBRAIN

Once in the forebrain GnRH neurons detach from their perippesitiive vomeronasal
axonal guide and extend their projection to the median eminence. Recently, it has been
proposed that the FGFR1 signaling isalwed in the GnRH neurons projection to the median
eminence, in fact the dominant negativgfrl mice display a reduction of the 30% in GnRH
fibers in the forebrain with a significant reduction of projections toward the median eminence
(Gill and Tsai 2006) In addition,Anos1 enhancethe FGFRL1 signaling, hence, it has been
proposed thaAnos1 finally regulats the FGFR1 signaling during the olfactory and GnRH

neurons developmef€ariboni, Maggi, and Parnavelas 2007)
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The relevance of all these moleesilhas been confirmed from several null mice nxoitheit
show an impaired GnRH neurons migration and fertility. The following im#&gg. O)

recapitulate all molecules described in this paragraph and the step promoted.

NP NC NFJ BF H ME
HGF/c-met
LIF £l _Rieh,’?
FGFR-1
GABA

_Ephrin A3-S/EphAS_
Npn-2

Lactosamine

Fig. 9. Factors thataffect the migration of gonadotropieleasing hormone (GnRH) neurons through

the three compartments. Cartoon illustrating the movement of GhnRH neurons from their origin in the
nasal placode (NP), through the nasal compartment (NC), and their deflectithe dtvel of the
nasalforebrain junction (NFJ) as they progress toward the basal forebrain (BF). Their migration
finally terminates in the hypothalamusy)Hrom where they project to the median eminence (ME).
Included is a list of factors that have retly been shown to affect GhRH neurons at different stages
of their journey. Anosmid is the only human factor included in this list (*) (Cariboni, Maggi, and
Parnavelas 2007).

35



Introduction

CHAPTER 2

36



NOTCH SIGNALING

The Notch pathway is the most webnserved signaling pathway in animals and it acts
during diverse developmental and physiological processes through juxtacrivie-aml
communication to coordinate developmd@trtavanisTsakonas, Rand, and Lake 1999)
Mammals have four Notch receptors (Notehhland many ligands, including JAGGED1
(JAG1) and JAGGED2 (JAG2) (homologues of serrate), and -lileita(DLL) proteins
(Kopan and |11 agan -Rapellad and \DénBasierz281,0). NdeH and iys

ligandsare singlepass transmembrane, hence, their binding create heterodkigeBl)

Notch ) EGF repeats LIN l .
00 CoCeaeroeroone oney,
RAM PEST
Delta/DU1/DU5 Jagged 1/2
EGF
DSL repeats DSL EGF repeats CR

S-S

C
CSL CSL-Nicd-Mam
complex
RHR-C Mam
RHR-N '
BTD Nicd
MAL MPINFMFM. DNA YA

Fig. 10. A. The mature Notch receptor with EG€&peats 11 and 12 (orange) are essential for ligand
binding. The intracellular portiorconsists of a RAM domain, six ankyrin (Ank) repeats and a C
terminal PEST domain. It also contains nuclear localization signals. B. Notch ligands are
transmembrane proteins that are characterized by aerhinal DSL (Delta, Serrate and LAR
domain thatis essential for interactions with the Notch receptor. The extracellular domains of the
ligands contain varying numbers of epidermal growth factor (EGF)repeats. The ligands are
subdivided into two classes, Delta or Delitee (DIl) and Serrate (Jagged inammals), depending on
the presence or absence of a cysteine rich (CR) domain (Bray 2006).
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The major players in the Notch signaling are Notch receptors (Notchl, Notch2 Notch3 and
Notch4) Fig. 10A), DLS ligands (Delta, DII1, DII2, Jaggedl and Jaggeé&®). (LOB), and

Nuclear factors (CSL DNA binding proteingjig. 10C):

1 Notch receptors also contain lots of domains that keep the receptor in an inactivated
state in the absence of a ligafbpan and llagan 2009; Kovall and Blacklow 2010)
The binding with e ligand results in a double cleavage from the metalloprotease
ADAM1 0 -secretasenediated cleavage of the transmembrane domain of Notch,
and releases of the Notch intracellular domain (NICD) into the cytoplasm. Ligands are
al s o s u-becretasanediated cleavage, but the function of ligand cleavage is
not completely understoof¥amamoto, Charng, and Bellen 2010) the canonical
Notch signaling pathway, NICD moves into the nucleus and, with mastetikend
protein 1 (MAML1), MAML2 or MAMLS3, corverts the recombining binding protein
suppressor of hairless (RBPJ) complex from a transcriptional inhibitor to a
transcriptional activatof(Fig. 11). The most studied Notch targets are the hairy and
enhancer of split related (HESR) genes. NICD can also signal throughcamamical
pathway, presumably through profigimotein interactions and RBddependent

gene activatioriSanalkumar, Dhanesand James 2010)

1 Notch ligands are transmembrane proteins with a huge number of epidermal growth
factor (EGF)Repeats in the Nerminus (extracellular region). The extracellular
domain(C-terminus)of both Notch and its ligands is composed by multiple el
growth factor (EGF) repeats, DSL domain and cysteine rich domain in Jagged 1 and 2

ligands.

1 The DNA binding protein CSL is similar to the Rel family of transcription factors.
Excepted for the insertion of a central modifietrefoil domain (BTD) beween the

two Rethomology regions (RHR, RHR-C). RHRN and BTD domains have a key
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role in the DNA binding, additionally, the BTD domain contains a hydrophobic pocket
that is thought to mediate the interaction with the Notch intracellular domain (NICD).
To activate transcription only the DNA biding is not sufficient, in fact, to activate
transcription is required the @xtivator Mastermind (Mam). Mam proteins have an
N-terminal region that forms an extendédhelical domain that contacts the RH\R

and RHRC domains of CSL and the Ank domain of NICD in a trimeric complex

Delta

Notch

Tl S

ADAM10 or| B Y-secretase S e
TACE (S3 cleavage) \
(S2 cleavage)

= i
\ \\\
= G
Mam ~
Target genes Target genes
repressed = active
NI NN Y/ NN N

@CO-R

Fig. 11. The Notch pathway. interaction of the Delta ligand (green) on one cell to the Notch receptor
(purple) on another cell results in two proteolytic cleavages of the receypde by the ADAM10 or
TACE (TNFU-converting enzyme; also known as ADAM17) metalloprotease (yellow) that catalyzes
the S2cleavage andjenerating a substrate for S3 cleavage byaisecretase complex (brown). This
proteolytic cleavage mediates theleasing of the Notch intracellular domain (NICD) in the
cytoplasm, which moves into the nucleus and bind with the-fdihng CSL protein (orange). €o
activator Mastermind (Mam; green) and other transcription factors are recruited to the CSL complex,

wheeas corepressors (Cdr; blue and grey) are released (Bray 2006).
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Additionally, the Notch signaling has three different modes of action: lateral inhibition, binary
cell fate and lateral induction. In lateral inhibition, signaling between Notch ligani atct
receptor on an adjacent cell inhibits ligand production in the receiving cell through a negative

feedback loogBray 1998) Fig. 12).

Delta Notch
L i !
Notch — Delta

time

Fig. 12. Schematic representation of lateral inhibitiFormosaJordan et al. 2013)

During binary cell fate decisions, in contrast, distinct cell fates are determined by asymmetric
distribution of Notch pathway components, such as the cytoplasmic Notch inhibitor Numb,
resulting in different cell fate between neighbor céBaravanamuthuGao, and Zelenka
2009) Finally, in lateral induction, which is the least well described mode of Notch action,
signaling between Notch ligand and Notch receptor on adjacent cells results in a positive
feedback, which promotes ligand expression and amivaif Notch on both cells. This
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mechanism has been suggested to transmit Notch signals through-te-cedll relay
mechanism(Ross and Kadesch 2004fig. 13). These various modes of signaling allow
Notch to perform different functions within the samsstie in a spatially and temporally

regulated manner.

Endothelial Cells

Smooth Muscle

Lateral
Induction

Multi-layered artery wall

Fig. 13. Model of later induction mediated by Notch signaling in the artery wall formdtimglund

Virginia J. and Majesky Mark W. 2012)
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NOTCH SIGNALING IN NEURONAL MIGRATION

Theneuronal migration is fundamental in the developnoéribe brainand it was reported in
several studies that the Notch signaling has a role in this migratory process. For example,
HashimoteTorii and colleagues demonstrate that Notch activity plays datriae in the
Reelinsignatdependent neuronal migration. Reelin signal displays an important role in the
cerebral cortex development, ensuring its correct lamination Hasigewith six layers
distribution of neurongBar, Lambert de Rouvroit, and Gwfét 2000) Additionally, it has a
repulsive effect on the GnRH neurons migration, stimulating their migration caudally, to the

hypothalamus, preventirtge invasion of the OB and cerebral cortex by GnRH neurons.

The activation of the Reelireceptor inducethe release of the intracellular Dabl that has an
active role in preventing the NICD degradation FBW&diated (Suzuki et al. 2008).
Increased or decreased degradation of NICD via proteasome corresponds to increased or
decreased migrationf postmitotic cell in the developing corteln addition, alteration in the

NICD levels result in an alteration of the shape of neu(8nguki et al. 2008underlying the

role of Notch Signaling in the neuronal migration for the correct laminatidmeidéveloping
cerebral cortex. Another example is reported by Silbermann and colleagues, that elucidate the
role of the Asparty(Asparainyl}b-hydroxylase (AAH) in Notch signaling regulation, and, by
consequence, the effect on neuronal migration. AAH lyada the postranslational
hydroxylation of aspartate and asparagine residues onliE&EHomain of protein such as
Notch and Jagge{Monkovic et al. 1992; Dinchuk et al. 2000; 200@verexpression of

AAH results in an enhanced translocation and accatiom NICD into the nucleus with
consequent activation of downstream target genes like Hairly and Enhancer of Split 1 (HES1)
resulting in an increased neuronal motility. In the same way, inhibition of AAH decrease the

NICD nuclear translocation and sigmagi reducing neuronal motility. Interestingly, AAH
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inducedneuronal migration via Notch signaling is only able to affect the motifityeoirons,

without interfering with their ability to create synap&slbermann et al. 2010)

NOTCH SIGNALING IN THE Q.FACTORY SYSTEM

Until now, authors highlight an indirect involvement of the Notch signaling in GnRH neurons
migration regulating the development of OECs, required for the correct GhnRH neurons
migration, or by the repulsive effect of Reeling in the targeth GnRH neurons toward
hypothalamus. Miller and colleagues demonstrated in 2016 that {llagchecessary for the
maturation of OECs, that ensheath bundles of unmyelinated olfactory axons from their
peripheral origin in the olfactory epithelium to thérget in the OBEkberg et al. 2012)
Specifically, they demonstrate that Notths expressed in the olfactory axons, while Jagl in
expressed irsustentaculacells and olfactory receptor neurons in the OE in chicken and
mouseembryos,supporting the idea that Jagl is required on the olfactory epithelium to
activate the Notch signaling in neighbor cells in the olfactory nerve during olfactory system
developmentMiller et al. 2016). The same author also demonstrated the role of Notchl in the
OECs maturation process from Mpasitive OECs precursor to Soxp@sitive immature
OECs (more mature stage) regulating the migration of GnRH ne(lvbiter et al. 2018) In

fact, previously they demonstrate that Notchl activates the expression of Sox10 inducing
OECs maturation and, by consequence, promoting the GnRH neurons migration.
Subsequently, they reported that mutation in Sol@und in about 30% of Kallmann
syndome patient, underling an effect of Sox10, Notchl/Rdmpjvated, in the migration of
GnRH neurons hence in the etiopathology of Congehiygdogonadotropiddypogonadism
(CHH) or KS. Specifically, Rbpj deletion in OECs using Mfze Driver line revealed no

effect in the percentage of GnRH neurons entering in the forebrain, but leadfaldive
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increase in percentage of GnRH neurons located in the lateral region of the olfactory nerve
and OB, rather than in the medial region of olfactory nerve and OB. Tiki®calization of

the GnRH neurons in the olfactory nerve and OB indatteration in the olfactory sense and

fertility.

44



Introduction

CHAPTER 3

45



CONGENITAL HYPOGONADOTROPIC HYPOGONADISM

Congenital hypogonadotropic hypogonadism (CHH) is caused by deficient production,
secretion or action of gonadotropieleasing hormone (GnRHBianco and Kaiser 2009
Bohem et al 2015 The first reported case was in 1849 when Maestre de San Juan first
documented the association of hypogonadism and absence of the olfactory system during the
autopsy of a 4@r-old man(Maestre de San Juan A 1856 Teratologia: Falta total de los
nervios olfactorios con anosmia en un individuo en quien existia una atrofie’ ocitagle los
testiculos y miembro viril. Siglo Medico 3:211221). Approximately a century after Franz
Josef Kallmann discovered the hereditary nature of this disease, Naftolin ascribed
hypogonadism to a gonadotrogigleasing hormone (GnRH) deficien@yaftolin, Harris, and
Bobrow 1971) Thus, the association of CHH with olfactory defect is now named Kallmann
syndrome (KS), while the form with a normal sense of smell normosmic CHH (n@HH

CHH).

Although widely considered to be rare diseases, ascertainofe@HH and KS true
prevalence is influenced by the limited published literature. A French historic study on men
called up for military service gave a male CHH prevalence of 1 in 4415 (Fromantin et al.
1973), but more recently, another retrospective stfdyospital records in Fiahd gave a

lower prevalence (Laitinen et al. 2011).

Historically CHH has been considered to have a male predominancet(¥fateale ratio of

5:1) (Waldstreicher et al. 1996; Quinton et al. 2001), althouwgihe predominance magnly

reflect ascertainment bias, due to a greater likelihood of females being managed empirically
as a functional hypothalamic amenorrhea by office communitybased gynecologists or
primary care physician€Shaw et al. 2011; Hietamaki et al. 2017; Cangi et al, 2020)
Indeed, further analysis suggest that the real sex ratio is closer {@&d et al. 2017;

Bonomi et al. 2018)even if more recent works demonstrate a sex ratio for CHH in families
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with autosomal inheritance close to being equal between males and féRralesou et al.

2016; Maione et al. 2018)

The phenotype for CHH in adult males includes the absence of normal sex steroid levels that
is evidenced by lack of virilization, i.e., pomuscle development, gynoid habitus, sparse
body hair, highpitched voice and undeveloped genitalia. Differently, in adult females, there
are little to no secondary sexual characteristics, i.e., breast development, pubic hair and absent
mensesgrimary amenorrhea).

Additionally, clinical presentation may be accompanied by a variety of highly variable non
reproductive phenotypes such as cleft lip or palate, dental agenesis, ear anomalies, congenital
hearing impairment, renal agenesis/dysgenesis, bimagu&inssis or skeletal anomalies
(CostaBarbosa et al. 2013; Boehm et al. 20Y6ung et al 2019Bonomi et al. 2018

Phenotypes previously described can occur with highly variable rates, thus, patients can
present a spectrum ranging from relatively milé@ms (e.g., CHH and partial puberty) to

more severe syndromic forms of CHH (e.g., KS with complete absence of puberty, unilateral
renal agenesis and cleft lip/palagBpnomi et al, 2014

In terms of basal hormone profil€HH patients present loar undetectable concentrations

of circulating sex steroids and low/normal LH &f@H serum levels, because of the impaired
functionality of HPG axis due to the GnRH deficierfsge also Chapter.1)

Pathogenesisef CHH is so far still largely unknowalthough data from animal models and
familial pedigrees in humans demonstrated a clear and strong genetic background (Cangiano
et al, 2020). Since the discovery ANOS1(formerly KAL1) in the pathogenesis of-hked

KS and thanking to the next generation ssuung techniques nowadagsailable more

genes have been evaluated in relation to CHH (Cangiano B et a), 2020
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GENETIC OF CONGENITAL HYPOGONADOTROPIC HYPOGONADISM

CAUSATIVE GENES

KS was originally described as caused by mutations in a speedicdhosome gend{AL1
(Franco et al. 1991}hat leads t@a defectedargetingof the olfactory axons and consequent
alteration in the GnRH neurons migratiddonetheless, in those years, it was possible to
clearly identify a genetic caeonly in a minaty of CHH patients, thus in most cases their
pat hol ogy was cl| assi f iteedobsangmtioniof thinikalpcasesdon c o .
indicated that CHH retains a highly heterogeneous genetic identity since not onHinkedX

mode of inheritancewas possible, but also both tleitosomal dominanand autosomal
recessive. Hence, the application of conventional linkage studies to investigate the genetic
basis cannot correctly elucidate the basis of the inheritance in the CHH. In gdaitisn
pedigrees tend to be of small size, considering that most patients remain infertile in the
absence of therapeutic treatments.

However, in the last ten years, the knowledge on the pathogenesis of CHH has been
profoundly deepened thanks to theeof animal and cellular models and the application of
modern techniques of genetic investigatiiat brought evidenceof previously unknown
genetic determinants of CHH (batRHH or KS).

These new findings played a significant role in disclosingptinsiological complexities of

the HPG axis, elucidating the physaihdogy of CHH. Some genes are determinant for the
proper embryonic development of the GnReétreting neurons or for encoding the signals
essential for the correct migration of the GnRHinoas from their embryonic origin to the
hypothalamus: the ANOS1/KAL1; the receptigjand pair fibroblast growth factor receptor 1
(Dode et al. 2003; Pitteloud et al. 200&)d fibroblast growth factor 8 (FGFR1/FGF8)
(Falardeau et al. 2008; Trarbach et 2010) the nasal emlgonic LH releasing hormone

factor (NELF) (Xu, Kim et al. 2011); the heparan sulfat®-6ulfotransferasel (HS6HST1)
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(Tornberg et al. 2011 Anti-Mullerian hormone and its receptor (AMH/AMHR@Ylalone et

al. 2019) the ligand receptorcomplex prokineticin 2 and its receptor (PROK2/PROKR?2)
(Dode et al. 2006; Libri et al. 2034)he chromodomain helicase DNA binding protein 7
(CHD7) (Ogata et al. 2006; Balasubramanian et al. 20t class 3 and 7 semaphorins
SEMA3A (Hanchate et al. @®2; Kansakoski et al. 20143EMASE (Cariboni et al. 2015)

and SEMATA (Kansakoski et al. 2014)xhe Sryrelated HMG box factor 10 (SOX10)
(Pingault et al. 2013; Vaaralahti et al. 201#he WD repeatontaining protein 11 (WDR11)

(Kim et al. 2010; Quaynocet al. 2011)the fibroblast growth factors 17 (FGF1(RJiraoui et

al. 2013) the interleukinl7 receptor D (IL17RD)Oakley, Clifton, and Steiner 20Q%he
protein sprouty homolog 4 (SPRY4) (Xu, Kim et al. 2011), the dual specificity phosphatase 6
(DUSP®) (Oakley, Clifton, and Steiner 20Q%he FEZ family zinc finger 1 (FEZFXKotan

et al. 2014pnd Neurorderived neurotrophic Factor (NELF) (Messina et al., 2020)

Other genes encode the elements of upstream signals for the activation of GnRH neurons,
such as the two ligaindeceptor couples formed either by the tachykinin 3 and its receptor
also named neurokinin B, NKB, and/or neurokinin 3 receptor, NK3 (TAC3/TACRS3)
(Topaloglu et al. 2009; Gianetti et al. 201d) the kisspeptinl and its receptor, poersly
known as GPR54 (KISS1/KISS1Rje Roux et al. 2003; Seminara et al. 2003)

Finally, candidate genes for CHH also include the GnRH gene itself (Gn@iddiigand et

al. 2009)and its receptor (GNRHRe Roux et al. 1997From KAL1 in 1991a growing
number ofgenes have been demonstrated as involved in the pathogenesis p&itttéHin
isolated or syndromic forms (Cangiano et al, 2020). Nonetheless, not all genes have an equal
frequency of involvement in the pathogenesisCHH, beingsome of thenmore commonly

and importantly involved Here, it was reported the list of all genes involved in the

etiopathology of CHH and K3-(g. 14).
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More attention is given to the causative gene for CHH and KS, that are reported legiss t
given more explanations about their role in the development of olfactory/GnRH system and

etiopathology for CHH or KS.

Table 1 | Genes implicated in CHH

Gene omMim CcT10 CHH phenotypes Overlapping syndromes
KS CHH CHH CPHD CPHD WS CHARGE HS SHFM DWS MGS PEPNS GHS
reversal +S0D
KALL 300836 / J x v X x x x x x x % X X
(ANOS1)
SEMA3A 614897 4 7 X x X x x X X X % x x x
SO0X10 602229 * v X x X * 4 X X x x b3 * X
OL14RD 606807 Vi J x x X * x x x x x x * x
HESX1 182230 X - % x v 7 x X X X x x x X
FEZF1 613301 x o x x X *® x x x x x X ® x
FGFR1 147950 / 7 7 J J 4 x X J s x x X X
FGF8 612702 / J 7 x 7 % * % % * X * x
CHD7 612370 x 7 J &4 x x x v x X x x X
FGF17 603725 & P T4 x x * X x x X J x x x
HS6ST1 614880 7 7 7 J x x x x £ x x x x
PROK2 610628 / 7 7 x X x * % * X X x X
PROKR2 147950 Vi 7 Vi J 7 x X x x * x J *® X
SEMATA 607961 4 7 7 x X X X x X x X x x x
WDR11 614858 / v v X T % x X X X X X * X
NSMF 614838 7 % 7 J x * x x x X x x x X
AXL 109135 x 7 7 x x x x X x x X x x %
GNRH1 614841 x x v x X x x x x * x x x *
GNRHR 146110 73 x v 7 X x X x X x x x x x
KISS1 614842 * x 7 x X * X x * * x x * x
KISS1R 614837 J x J x X * x x * X X x % X
TAC3 614839 7 x 7 A x * X X X X X X * x
TACR3 614840 I x o J x x X x x x x x x x
LEP 614962 X x J x X x x X X x x x X b
LEPR 614963 x x 7 x X x x x x * x x x X
PCSK1 162150 X X 7 X X X x x X x % x x
NMX1 2 16113 * % o x x x x x x x x X S %
RNF216 609948 x x J x x x X x x x x x x X
arupa 611744 ¥ x o x x x x ¥ ¥ x X ¥ ¥ 7
PNPLAG 603197 x x 7 x X x X x x * x x x J
NROB1 300200 x x J x X > 4 X X x x x x x *
CHH, y ; CHARGE, heart defects. atresia of choanae, retardation of growth and/or development, genital and/ar urinary
defects, ear o deals 1 CPHD, pituitary hormone ; CTO, to D-WS, Dandy 2 GHS, Gordon Holmes syndrome; HS,

OMIN, online & In man; PEPNS, and SHFM,

t " . KS, MGS, Moming Giory
split-hand/foot malformation; SOD, septo-optic WS,

Fig. 14. List of causative genes for CHH/KS and possible association with other syndBoeas et
al. 2015)
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Causative genes for KS:

1 KAL1 or ANOS1was the first gene linked to Kallmann syndrome pathogenesis

(Franco et al. 1991, Legouis et al. 199ANOSlencodes anosmih, a protein with an
important role in the embryogenesis of brain, but also kidneys, respiratory and
digestive systemgTsai and Gill 2006)This extracellular matrix protein binds the cell
membrane stimulating axonal outgrowth and actisgan axonal guidance molecule
for the migration of GnRH neurons, olfactory cells and Purkinje cerebellum neurons

(SoussiYanicostas et al. 2002fFig. 15).

®)

Fnill-3

Cysbo %\

4 ’3-4

Fnill-2

Fig. 15. Anosminl structure (from Hu Y. et al., Trends Endocrinol Metab. 2010).

Anosminl was detected in the olfactory systerh humanfrom week 5 onward
restricted to the olfactory bulb assumed region and later to the primitive olfactory
bulbs. Central insights into the pathology ofidked KS came from the examination
postmortem male 19weeksold human fetus carrying a chromosomal deletion

including the KAL1 gene. In this study, researchers declared that olfactory,
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vomeronasal and terminalis nerve fibers were not in contact with the brain neither
were the GnRH neurons present ny gortion of the brain. Further, they observed an
abnormal accumulation of both nerve fibers and GnRH neurons in the upper nasal
area, where GnRH neurons normally enter in the central nervous g&tbmanzel

Fukuda, Bick, and Pfaff 1989fig. 16).

Fig. 16. GhRH3migration failure in a male fetus mutated for KAL1; CP= cribiform plate;
M= meninges (SchwanzEukuda, Bick, and Pfaff 1989).

These results indicated that the causative defect primarily impairs the migration of
early olfactory axons, which takes placerh the beginning of week @ossy 1980Q)

As consequence of the failed contact between the olfactory axons and the forebrain
during weeks the olfactory bulb differentiation results abnorf@aing and Shipley
1995)

Genetic studies on KS patients reporkgdl1 gene abnormalities including missense
and nonsense mutations, splice site mutations, intragenic deletions and

submicroscopic chromosomal deletions involving the et 1 gene(Bianco and
52



Kaiser 2009) The majority of patients harborindKAL1 mutations present variable
olfactory dysfunction and they often have a more complex phendi@ebach,
Silveira, and Latronico 2007yith a high incidence of renal agenesis and bimanual
synkinesia defects that occurs in 30%0% and 75% of the patients respeeiyv
(Dode et al. 2006)Analysis of familial cases of KS reveal tH&AL1 is mutated in
almost the 60% of these patients, while only 10%8%6 of males mutated for this gene

present sporadic KS, suggesting afirked inheritancgBianco and Kaiser 2009)

HS6STIgene is located on chromosome 2g21 #@rid composed by only 2 exons,

encoding for an enzyme made by Zdrhino acidswhose function is to introduce a

sulfate in the 8D-position of the glucosamine sugar moiety within heparan sulfate

(HS) Fig. 17).

Fig. 17. Chemical structure of HS. The red circle represents the sulfate residue introduced by
HS6ST1 enzynm(@ornberg et al. 2011)

HS polysaccharides are components of the extracellular naixhey arémportant
for neural development due to their control in -¢eltell communicationglnatani et
al. 2003) for the interaction and activation of the FGH&F complexXlbrahimi et al.
2004) and for the interaction between anosminl and the cell mem@Gonzalez

Martinez et al. 2004)Bulow and coworkers, in using C. elegans model, demonstrated
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that overexpression of human KAL1 orthologue in specific worm interneurons induces
axonatbranching alterations, and that thisall gainof-function phenotype is
extinguished by HS ®-sulfotransferase ger{Bulow et al. 2002}kuggesting the role

of HS6ST1in the pathogenesis of CHH/KS. Tornberg and colleagues support this
hypothesis showing that all reported mutation in the coding exons and flanking splice
sites of he geneHS6ST1in a cohort of 338 GnRideficient patients affect residues
that are highly conserved IHS6ST1 In addition, they demonstrated tHdS6ST1
mutations recognized in patients with CHH reduce the enzyme actiwiyro and in

in vivo (Tornberg et al. 2011)Clinically, patients carryingdS6ST 1Imutations could

give a wide spectrum of severity of GNRH deficiency; this variability is also tangibl

in families that share the same genetic alterafibornberg et al. 2011)Because
HS6ST Imutation associated with CHH has not been reported in the homozygous state
and segregates as a complex inheritance patterns, it was suggested that the identified
HS6ST1missense mutations might not be enough to cause disease. Ha4868/ 1

remains an important gene for the neuroendocrine control of human reproduction.

T PROK2 and PROKR2PROK2 and PROK2R are respectively ligand and

receptors belonging to the family of prokineticin, that is composed by two ligands
PROK1 and PROK2 with similar affinities for their two receptors, namely PROKR1
and PROKR2. Receptors operate as molecular lsestto relay extracellular ligand
activation to intracellular heterotrimeric-@oteins and present a high conservation in
their sequence(about 85%). Meanwhile, whilst PROK1 and its receptor PROKR1
expressions are mainly confined to gastrointestinalesysihere they promote gut
motility, PROK2 (locus 3p21.1) and PROKR2 (locus 20p13) reveal a more specific
neuroendocrine profiléLin et al. 2002; Soga et al. 2002npdeed, they are in the

54



arcuate nucleus, olfactory track and suprachiasmatic nucleus. PR@KR member
of the GPCR family, has an extracellulart&minal, an intracellular @rminal
domain and a centr al c or e-helical segneents (BML s e v ¢

TM7) (Soga et al. 2003Fig. 18).
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Fig. 18. a. Peptidesequence of PROK2 (81 amino acids) with the signal peptide (27 amino
acids, shown in light blue). Exon 1 includes the signal peptide and the amino acids shown in
dark blue. Exon 2 is shown in pink and exon 4 in yellow. Exon 3 is not shown. No mutations
hawe been identified in exon. b. Schematic representation of PROKR2(Abreu, Kaiser, and
Latronico 2010).

PROK2 gene encodes the protein Prokineticin 2, a peptide of 81 amino acids with
pro-migratory activity that binds its cognate G protesupled recepto{GPCR)
PROKR2. Their molecular interaction activates the PROKR2 downstream signal
cascade via Gg and G€hen et al. 2005)Prokineticins were demonstrated to be
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involved in several physiological functions in neurogenesis, regulation of circadian
rhythms, metabolism, angiogenesis, muscle contractility, pain perception, immune
response, hematopoiesigiermoregulation,and energy expenditur@Negri et al.
2007; Zhou et al. 2012)Alteration of this system are associated with several
pathological conditionancluding cance(Shojaei et al. 2007; 2008mmunological
responsgJ. Monnier et al. 2008)mood disorder (anxiety/depressiqh), Hu, and

Zhou 2009) and cardiomyopathyAttramadal 2009) Analysis of knockout mice
models for both ligand and recepterealed the role of PROK2 signaling in olfactory
bulb (OB) morphogenesis and sexual maturation, suggesting PROK2 and PROKR2 as
strong candidates for human GnRH deficie(fdatsumotcS, et al. 2006) Indeed, the
homozygous Prokr2 null mouse model results K phenotype, while the
heterozygous mice do not show any important reproductive abnormality. The
involvement of the PROKR2/PROK2 pathway in the pathogenesis of the CHH was
first described in 2006Dode et al. 2006and subsequently reported in severaleot

pat i en t(8astin stalr A0ELsBonomi et al. 2012)espite the absence of a
crystal structure, the knowledge about the prokineticin signaling pathway has been
inferred through pharmacological and biochemical approaches, that demonstrate a
varieble impairment of their expression levels in heterologous cell system and a
reduced activation of the Gqg and -@spendent intracellular pathwdZole et al.

2008; C. Monnier et al. 2009, 200; Libri et al. 201@gnetic analysis of PROKR2
variants showednhat most of them were found in heterozygous state, suggesting an
autosomal dominant mode of inheritance due to either haploinsufficiency or a
dominant negative effect. However, functional studies of selected PROKR2 mutants
to date have failed to show a do@ntnegative effect of these mutatiofs. Monnier

et al. 2009) Currently, oligogenic inheritance is the most plausible explanation for the

phenotypes seen in patients with heterozygous mutations because interaction and
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synergism between multiple genes causing GnRH deficiency has been demonstrated.
Nevertheless, onlyhe patients carrying homozygous mutations are displaying the
most severe and penetrant clinical phenotyjeEsle et al. 2006; Sarfati, Dode, and
Young 2010; Libri et al. 2014)while patients with heterozygous mutations are
presenting a variable expreasy or incomplete penetrance of both the reproductive
and olfactory phenotypes. Moreover, very recently, PROKR2 variants, but not
PROK2, have been also described in patients with combined pituitary hormone
deficits (Raivio et al. 2012; Reynaud et al. 201 2Altogether, these data suggest an
extensive role of PROKR2 in the control of the entire neuroendocrine system.
Notwithstanding knowledge about the precise molecular mechanisms of PROKR2 in
the neuroendocrine axis remains largely unexplored, underlyivag further

investigations are necessary.

FGFR1 gene, also calledkAL2, is a protein receptor that belong to the tyrosine

kinase superfamilyHig. 19).
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Fig. 19. Scheme representing structural domains of FGMRthammadi et al. 1997)
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FGFR1has been shown to play an essential role during embryogenesis, homeostasis,
and wound healing. Fgf8 is expressed at the anterior end of the telencephalon. Using a
CRE/loxP genetic approach to disrupt genes in the telencephalon of mice,
morphological defest are observed at the anterior end of the telencephalon, most
notably, the olfactory bulbs. Examination of the proliferation state of anterior
telencephalic cells supports a model for olfactory bulb formation in which an FGF
dependent decrease in prolifiéoa is required for initial bulb evagination. Moreover,
Fgfrl/ mice transfected with dominant negative FGFR1 mutations exhibited an early
onset together with a 30% decrease of hypothalamic GnRH ne(Hebgrt et al.

2003) In CHH dominant gahof-functon and lossof-function mutations in FGFR1
sources different developmental disorders: premature fusion of skull bone sutures
(craniosynostosis) and failed morphogenesis of the olfactory bulbs (Kallmann
syndrome), respectively. Given the phenotype assatiatith gainof-function
mutation of FGFR1, it is remarkable that delayed closure of calvarial sutures has not
been reported in KS. Heterozygous FGFR1 mutations are found in 10% of KS and in
6% of all CHH individualgBianco and Kaiser 2009Pathogenic w@ants in FGFR1
include an high rate of different kind of mutations, like missense, nonsense, splice
variants and in rare cases deletions and cause both KS and CHH with autosomal
dominant mode of inheritance. This high rate of different mutations is litakiidjhly
variable phenotypes, ranging from isolated hyposmia, delayed puberty to severe form
of CHH with nonreproductive anomalies. The implication of FGFR1 and KAL1 in
the same developmental disease underlines the possible functional interactiom betwee
these gene products, in fact, several arguments suggest that athasnmwolved in

FGF signaling through FGFRL1. First, anosthibinds to HSPG$§SoussiYanicostas

et al. 1996) and HSPGs are important in the dimerization of the binaryi FGFR

complex(Pellegrini 2001) Second, KAL1 and FGFR1 are-empressed at different
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sites during embryonic development. KAL1 is expressed in the presumptive olfactory
bulbs (Hardelin et al. 1999)while FGFR1 expression in the rostral forebrain is

required for initid olfactory bulb evagination in the mou@debert et al. 2003)

FGF8: FGF8 is a potent FGFR1 ligand. The FGF8 expression is observed in the

diencephalon and prospective hypothalamus during embryonic develofWuo&abe

et al. 2011) Specifically, Fgf8 is a key factor in the GnRH neurons specification and
development of all olfactory system. Targeted transgenic mice lacking Fgf8 in the
olfactory placode fail to develop GnRH neurons, underling its relevance in the GnRH
neurons develapent. In humans, more than 1% of CHH cases has a mutation in Fgf8,
with an apparently AD mode of inheritance. Other defects are usually associated with
mutation in Fgf8 in CHH patients, like cleft lip or palate, but also holoprosencephaly,
craniofacial defcts and hypothalanmipituitary dysfunction with a recessive
inheritance (McCabe . 2011). Studies in mice revealed a reduction 68 of

total GnRH neurons in those animals with monogenic heterozygous Fgf8 mutations,
whereas in mice with digenic F@/Fgf8 mutations the reduction in GnRH neurons
numbers is more severe, suggesting a high rate of interaction between these factors in
promoting tropic support for the emergence of GnRH neurons in the olfactory placode

(Chung etal. 2010).

IL17RD: IL17RD is a single transmembrane glycoprotdis. sequence has a high

rate of similarity with the intracellular domain of the interleukin receptor. It works

as antagonist of the FGF signaling pathway, at the level of the FGF receptors,
including FGFR1 and FER2, but also at the level of downstream components of the
Ras ERK1/2 pathway by blocking active MEK and ERK complexes at the Golgi
apparatus and inhibiting their dissociation. IL17RD expression is detected in the mice

olfactory epithelium at E10.5, coirtihg with the timeframe of GnRH neuronal fate
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specification, which is dependent on FGF8, suggesting that it could has a role during
the initial phase of GnRH neuron fate specification (Miraouialet2013).
Additionally, IL17RD appears to be important raly for GnRH neuron ontogeny

but also for the correct development of the auditory system shanits ability to
modulate (inhibit) FGF signaling. Phenotypic expression is likely only in the presence
of biallelic IL17RD mutations or of oligogenicity, rar than from a single allelic

defect (Miraoui etl. 2013).

SEMAS3A SEMASA encodes a class 3 (i.e., interacting with neuropilins as co

receptor for the ligand) semaphorin that is widely observed in the olfactory system as
a secreted protein that is impotant for guidance of vomeronasal (Caribonaket
2011) and olfactory (Pasterkamp akt 1998) axons. Taking advantage from the
Sema3anull mice, deletions, or missense mutations in the binding domain of NRP1
(encoding Sieddiias, ANewopiligdly affect the migration of GnRH
neuron and impair the development of the olfactory system (Hanchete26t.2). In

CHH SEMA3A is foundn missense or heterozygous state; at the beginning mutations
in SEMA3A were considered with an autosomal dominant inherit@vicang et al.

2012; Hanchate et al. 2012)oday, the complex pattern of inharice coupled with
several evidence revealing associated variants in other CHH genes, the oligogenicity
inheritance is easily acceptéidanchate eal. 2012). Semaphor8A and neuropilinl
activate the receptor Plexihl that has a central role in neurorddgvelopment.
PlexinAl is expressed in the olfactory system and the vomeronasal organ and nerve
(Messina and Giacobini 2013fxperiments in mouse have shown that homozygous
gene deletions induce a KiBe phenotype, albeit with incomplete penetrafidarcos

et al. 2017) In the last years, has been reported the synergistic action of another

member of the PLXNA family. Thus, doubRIxnal and PIxna3 knockout mice
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phenocopy the olfactory and GnRH neuron defects observ&enma3anull mice

(Oleari et al. 2019)

CHD7:. CHD7 encodes chromodomain helicase DbiAding protein 7, which is

widely expressed in fetal tissues, including the brain. CHD7 gene alterations are
related with CHH and, most importantly, they are the leading cause for CHARGE
syndrome. CHARGE syndrome is a rare developmental disorder with AD
inheritances, characterized by iris coloboma, genital hypoplasia, choanal atresia,
mental and growth retardation, gmmital heart disease and ear malformations or
deafnesgJongmans et al. 2006FHH occurs in around 2/3 of patients carrying CHD7
mutations (Jongmans at 2006); on the other hand, only 6% of patients CHH (with
or without anosmia) drbor CHD7 mutationg§Kim et al. 2008) This is not surprising
given the overlapping features of olfactory impairment and CHH observed in these
two groups of patients (Jongmansakt 2009). Therefore, while multisystem
involvement and large de novo deletiofs@acterize classical CHARGE syndrome,
CHD7-associated CHH appears to result from inherited point mutations (Kamn et

2008a; Balasubramanianat 2014).

WD11: WD Repeat Domain 11 is a transcriptional factor hence it shuttles between

nucleus and cytoplasm to activate transcription (Kiral.e2010). WD11 is strongly
expressed during the development of central nervous system (CNS), but its expression
is remarkablén the region from which GnRH neurons will give rise (Kinakt2010).

In later phases, WD11 is observed in olfactory structubegpocampus,and
cerebellum. In 2010, Kim and colleagues reported several missense heterozygous
variants in WDR11. All thesenew variants occur in protéiprotein interaction

domain, and the clinical phenotype associate with both KS and CHH (Kah et
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2010), alone or associated with mutations in other known genes (Kim and Layman

2011), indicating the chance of oligogenic or p&tern of inheritance.

I SOX10:S0X10 is a transcription factor that has a role in the early development of

neural crest cells, that are a population of multipotent precursor cells arising from the
neural tube and that differentiate into several linedgeks. Mutations in SOX10 are
normally related with Waardenburg syndrome, that is a rare disorder characterized by
sensorineural congenital hearing loss and altered pigmentation of the haigneye

skin (Pingault etal. 2010). Remarkably, loss-funcion mutations in SOX10 were
additionally found in about 40% of KS patients in which the classical KS phenotype
was associated with hearing deféPingault et al. 2013)SOX10 mutations were
shown to affect olfactory ensheatg cells during early embryonic development of the
peripheral olfactory system in mouse models, leading to developmental alteration in
the olfactory neurons and migration of GnRH neurons, thus supporting the KS

phenotype (Pingault etl. 2013).

Causativaegenes for CHH:

1 KISS1/KISS1RKISS1gene is located on chromosome 1932 and encodes fora 145
amino acid kisspeptin 1. This precursor is cleaved in four products: kisspeptin 54 or
metastatin the longest ®nino acid peptide, and three minor products of 14, 13 and

10 residues called respealy kisspeptin 14, kisspeptin 13 and kisspeptin Big.(

126 68 - 121 145
Kisspeptin-145, precursor |- T TN T T "1 154kDa
NH2 COOH
68 121
Kisspeplin-54, metastatin [ 5 9kDa
108 121
Kisspeptin-14 | 1.7kDa
109 121 _
Kisspeptin-13 ] 1.6kDa
112 121
Kisspeptin-10 r——ﬁ 1.3kDa
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Fig. 20. Relative size and cleavage points of Kisspeptin. Kisspeptin peptides of 145, 54, 14,
13, and 10 amino acids in length are resolved. SP: signal peptide within théXprecursor

peptide Adapted frorkrig.ure published by (Roseweir et al. 2009).

All products showed the same affinity for receptor KISS1R; this leads to the
hypothesis that is the -@rminal portion of the peptide the important region for
binding and subsequent activation of the receptd&S1R previously known as
GPR54 was mapped to chromosome 19p13.3. Translation of its sequence generates a

398 amino acids G protetoupled receptor of 75KD@otani et al. 2001jFig. 21).
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Fig. 21. Structure of the GPR54 showing the location of the currently known mutations in
human. The 6X6 indicates the STOP codon ( Gi

Expression analysis showed that while KISS1R is expressed in both the hypothalamus
and pituitary, differently, KISS1 is restricted to hypothalaniistani et al. 2001)
Studies condued onKisslrknockout mice demonstrate that Kissrl only affects the
releasing of GnRH hormone, but not the GnRH neuronal migré8eminara et al.

2003; Messager et al. 2005Both Kissl and GPR54deficient mouse models

presented a similar CHH phenotype as observed in the human population. The male
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mice had small testes, while the females had delayed vaginal opening and absence of
follicular maturation. Both sexes showed responsiveness to exoggmuagotrophins

and GnRH administratio(Messager et al. 2005These findings support the role of
KISS1 as a tiny regulator of puberty and HPG akig.(22). Indeed, its increased
expression have been proposed to be one of the effector mechanisms rat pube
(Rance 2009)vhile downregulation mediates the HPG suppression observed in severe
nutritional deprivationgCastellano et al. 2009Moreover, KISS1 neurons are highly
responsive to estrogens, and were demonstrated to be implicated in both positive and
negative central feedback of sex steroids to GnRH produ(@astellano et al. 2009)

The role of KISS1/KISS1R was supported by observations of GnRH deficiency and
failure to initiate or progress through puberty in CHH patients, carrying mutations in
these geneglLippincott, True, and Seminara 2018)activation of mutations in KISS1

and KISS1R shows an autosomal recessive pattern of inheritance.

T | Koe | | Kiss-1
Kiss-1 @'@
T KISS-1 mRNA e
+ 5 Kisspeptin 3
g §
’ -
| £
g \\GPRS4 §.
g _{_,l. Grl}RH f \
f | <___¥ nedfon \
Feedback P Feedback
Castration Castration
Ovariectomy Ovariectomy

Fig. 22. Positive and negative feedback of Kisseurons. The positive (red) and negative
(green) fedback loops of the Kissneurons on the AVPV and ARC are illustrated within the

rodent hypothalamus with intact HPG axis. The effects of ovariectomy/castration are also
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depicted. GPR54: G protein coupled receptor 54; HPG: Hypothalamic Pituitary Gonadal;
GnRH: Gonadotrophin Releasing Hormone; ARC: Arcuate nucleus; AVPV: Anteroventral
Periventricular nucleus; FSH: follicle stimulating hormone; LH: luteinizing hormone (Dedes
2012).

TAC3/TAC3RTAC3Ror tachykinin receptors 3 gene is located abmomosome

4925. It encodes for NK3R, a GPCR primarily expressed in the central nervous system
that is activated when bound with its ligand Neurokinin B (NKB). NKB is a member
of the tachykinin superfamily of neuropeptides, located on chromosome 11213
g218. NKB expression is highest in the arcuate nucleus, whereltoadizes with
estrogen receptor alpha (Era) and dynorphin, implicated in progesterone feedback to
GnRH secretion, with some differences between humans and rq@&otsipskaite,

George, and\nderson 2014jFig. 23).

65



RODENT HUMAN

EAVPV‘ ' Arcuate ' ‘POAI Infundibular |
Nucleus — Nucleus

_LERu ® LERa (.
[PR € _LPR @
@ ® <\ “
Kisspeptin KNDy Kisspeptin KNDy
neurcne neurone \ neurone neurone
PO
el Infundibular|
POA nucleus
(1551 Kiss KiSS1 Kisst
\,' ® ( @ [ Gorr
\ J neurane
Kiss1 N\ Kiss1 KiSS1 ; / KISS1
® 7 l‘ <® ® l N O
ME | [ me |
" ERe PR *
GnRH {sex s%r0id receptor) GnRH
v v
f KKBIR "
P'“‘_'tal, ‘Nuuvx')’:‘:"l‘[‘fwrrrll'l; [ﬂl,‘"aw
v .
LH/FSH LH/FSH
| KssIniSS1R
v (Kisspeptin roceptcr)
Gonads i Gonads |
S — oR L a——<
- | Sex SlBrOIdS | = — — (Kopps opid moapsor) Sﬂx S(elO)dS }

Fig. 23. Schematic diagram showing the neuroanatomy of the kisspepfH pathway and

the relationship between KNDy neurons and GnRH neurons in humans and rodents.
Kisspeptin signals directly to th&nRH neurons, which express kisspeptin receptor. The
location of kisspeptin neuron populations within the hypothalamus is species specific, residing
within the anteroventral periventricular nucleus (AVPV) and the arcuate nucleus in rodents,
and within thepreoptic area (POA) and the infundibular nucleus in humans. Kisspeptin
neurons in the infundibular (humans)/arcuate (rodents) nucletexpaess neurokinin B and
dynorphin (KNDy neurones), which via neurokinin B receptor and kappa opioid peptide
receptor aito-synaptically regulate pulsatile kisspeptin secretion, with neurokinin B being
stimulatory and dynorphin inhibitory. Negative (red) and positive (green) sex steroid feedback
is mediated via distinct kisspeptin populations in rodents, via the AVPV andrtiiate
nucleus, respectively. In humans KNDy neurons in the infundibular nucleus relay both
negative (red) and positive (green) feedback. The role of the POA kisspeptin population in
mediating sex steroid feedback in humans is incompletely exploreandéian eminence; +,
stimul atory,; T, inhibitory; ERU, estrogen
Kiss1/KiSS1, kisspeptin; NKB, neurokinin B; Dyn, dynorfl8korupskaite, George, and
Anderson 2014)
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Nevertheless, NK3R and NKB are also expressed in peripheral organs including
ovaries and uterugPatak et al. 2003)so additional peripheral effects cannot be
formally excluded. Despite the overlapping expression of neurokinin B and kisspeptin
in the arcate nucleus in humans, studies conducted in animal models reveals different
functions, in fact, experiments conducted in various species underline different ability
between KISS and NKB in the stimulation of release of GnRkspeptin can
stimulate GnRH elease in almost all species, differently, NKB cannot. Moreover,
observation of KO mice folNkb or Kiss revealed distinct phenotypes, witkb KO

mice with a normal fertility, wherea&iss KO mice displayed a CHH classic
phenotype (Chawla et al. 1997; Sawdl-Guzman and Rance 2004). Clinical studies
on humans revealed a strictly association between mutation of TAC3R and
microphallus and less association with cryptorchidism phenotypes in male patients,
because phallic growth is strongly influenced by thegrity of the in utero activity of

the HPG axis in late gestatiofHerman et al. 2000)this consistent presence of
microphallus suggests that NKB stimulated signaling plays an important role as a
driver of GnRH secretory activity during this critical window of development,

demonstrating the importance of NKB/NK3R system for normal fetadotrophin

secretionTopaloglu et al. 2009)

GNRH1Z Gonadotropirreleasing hormone (GnRH) is located on chromosome-8p21

11.2 and it is encoded by tHteNRH1 gene. Composed by four exons and three
introns, the translation of GnRH1 sequence generateam®® acids prgro-protein
(pre-pro-GnRH), including 23 amino acids as signal sequence followed by two serine
residues, the GnRH decapeptide, a GKR sequence and GAP 6-&sBtiated
peptide(Limonta and Manea 2013}k plays a crucial role in the HPG axiregulating

the reproductive physiology. GnRH was first identified as the hypothalamic
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decapeptideKig. 24), that plays a key role in the control of the reproductive functions

(Schally et al. 1971; Limonta et al. 2012)

1 2 3 4 5 6 7 8 9 10
GnRH! pGlu His Trp Ser Tyr Gly Leu Arg Pro Gly-NH2

Fig. 24. Structures of GnRH. The-tdrminal amino acids (pGluiHis2 -Trp3-Ser4 ) and €
terminal amino acids (Pro9Gly10-NH2) of the decapeptide ligands are highly conserved
over 600 million years of the chordate evolution and are important for ligand binding and
receptor activation.

It is synthesized in a small number of hypothalamic neurons and released in a pulsatile
manner into the hypophyseal portal circulation through which it reaches the anterior
pituitary. By binding to specific receptors (GnH®$) on pititary gonadotropes, the
decapeptide stimulates the synthesis and the release of the two gonadotropins, LH and
FSH, that in turn, regulate gonadal steroidogenesis in both $Brelsl KO mice
exhibited anomalous tooth maturation and mineralization antlyt@thsent GnRH
hormone that leadto infertility, failing in sexual maturatiofTiong, Locastro, and

Wray 2007; Limonta et al. 201.2However, introduction of functiondbnRH gene

into the genome of mutant mice completely reversed the reproductive digfiagon

et al. 1986) Same was observed in humans where pulsatile GnRH administration
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reverted the delayed puberty phenotype in a male patient and his sister with
homozygous mutation, affecting the peptide precursepprénRH (Bouligand et al.

2009)

GNRHR GNRHR is the receptor of GNRH1. Its sequence is mapped on

chromosome 4q21.2 and generates ad@dto acid GPCR of 60 KDa. This receptor
belongs to the family of rhodopslike G protein coupled receptors (GPCR)
containing seven transmembrane domaing an extracellular 3@mino acid amine
terminal domain with two putative glycosylation sitd@smonta and Manea 2013)

(Fig. 25).

Fig. 25. The human GnRH receptor. Counterclockwise orientation of a prototypic G protein
coupled receptor from transmembrane domains (URgairre et al. 2004).

After the binding with its ligand, GnRH1 stimulates in the pituitary gonadotrdfse ce
the beta isoform of Phosphoinositide phospholipase C, which mobilizes calcium and
protein kinase, resulting ultimately in the activation of proteins involved in the
synthesis and secretion of the gonadotropins LH and FSH.GHner KO mouse

model recajpulates clinical phenotype of CHH syndror{feask et al. 2005; Wu et al.
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2010) displaying reduced size of sexual organs (penis, preputial gland, uterus, vagina,
testis, and ovary), low gonadotropins and sex steroid levels, infertility, failure of
sexual naturation and inability to respond to exogenous GnRH administration.
Several human GNRHR loss of function mutations were described in CHH patients in
the last 15 year@e Roux et al. 1997Clinically, the phenotype of these individuals
spans a wide speam of defects ranging from fertile eunuch syndrome to the
complete form of GnRH resistance, characterized by micropenis, cryptorchidism, very
low gonadotropins levels and the absence of pubertal development. GNRHR
mutations have been described in aboutt®% of familial CHH cases, and in round

17% of sporadic CHHValdesSocin et al. 2014)

CRITICAL ASPECTS IN CHH PHENOMICS AND GENOMICS

CHH was classically divided into two distinct clinical groups: KS and CHH. However, such
separate classiycation has been guestione
manifestations may exist in different relatives within unique familial settinggosting the

idea that they may represent variable phenotypic manifestations of a common genetic defects
(Pitteloud et al. 2006Bonomi et al, 2014 Thus, a novel vision about CHH considers this
disease as a complex genetic disorder characterized bpleagigressivity, penetrance, and
modes of inheritance in which the inability to go through puberty represents the major
manifestationMany heterozygous variants were previously believed to have a dominant (or
incompletely penetrant) transmission, howeweatly the most disrupting ones have a true AD
inheritance and, in thenajority of cases, CHH is more likely to arise from genetic
hemizygosity ANOS), homozygosity, compound heterozygosity, or oligogenicity.
Additionally, as in multifactorial complex demses, the pathogenesis of CHH can be

elucidated by environmental factors, but also the concurrent involvement of SNPs or other
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genetic defects in two or multiple interacting genes challenging thehleldgview of a
strictly monogenic disordeThe overlgp between KS, CHHgcombined pituitary hormone
deficits CPHD), adultonset hypogonadotropic hypogonadiskiHH) and hypothalamic
amenorrheanHA) in fact further complicates the scenario making it even more essential to
deploy NGS analyses using eweider panels of candidate genes (Raivioakt2012;
Jayakody eal. 2012).In conclusion, oligogenicity may partially account for the phenotypic
variability of isolated GnRHileficiency However, these advances in genomics come at a cost,
with NGS allowing simubneous screening of a vast number of genes, great numbers of
variants of unknown clinicasignificance(VUS) are necessarily thrown up. The challenge

now is to more cheaplyapidly, and reliably identify those variants that are truly pathogenic

OPENISSUES

The genetic analysis of all the so far known causative genes allows to identify a genetic cause
in ~50% of the analyzed pati e(Boehmethle2045i n g
Cangiano et al, 2020Thus, new strategical and methodabtadjadvances are needed to cover

this gap. Moreover, the recent demonstration of oligogenicity as cause for the etiopathology
of CHH open the question regarding how these genes interact determining this complex

clinical phenotype. The use of specific anlrmodels might be helpful in this respect.
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ZEBRAFISH AS MODEL FOR GENETIC INVESTIGATION

Native to Southeast Asia, zebrafidbafio rerio) has become a popular model in biomedical
research due to his properties.

Advantages and limitations of zebrafish models in biomedical research and their relevance to
neuroscience have been provided in recent literdiakieff, Stewart, and Gerlai 2014and

are briefly summarized.

Model advantages:

1 An in vivo vertebrate model with common conserved cell types, organs, and

physiological systems (e.g., stress endocrineEgi26)

Brain Periphery

Hypothalamus

Pituitary
Inter-renal

gland Cortisol

vV uvmX -

Fig. 26. Acutestress evokes fast and robust cortisol responses with similar time dynamics in both
humans and zebrafish (bottom row); also note that zebrafish and humans both use cortisol as their

main stress hormone, unlike rodents which use corticosterone (Egar2ed9).
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. medul pallium (MI")

Fig. 27. Schematic drawing illustrating topological correspondences between Teleostei (zebrafish)
and Ma mmal i ands ( mTher gebrafish ttedehcephator |5 hcharacoterized by two
massive lobes covered by a dorsédigated Fshaped ventricle. The mouse telencephalon, in contrast,
consists of two bilateral hemispheres surrounding centrally located ventricles. The topology of the
zebrafish pallium is similar to the one in mouse and can be explained through topograplitsaof

its constituting pallial divisions during a complex outward folding process. The zebrafish pallium, like
its mammalian counterpart, consists mainly of four pallial divisions: a medial pallium (MP)
homologous to the mammalian hippocampus (H#)dorsal pallial division (DP) topologically
corresponding to the mammalian isocortex (Ctx), and ventral (VP) and lateral (LP) pallial divisions
homologous to the mammalian pallial (basolateral) amygdala (BLA) and piriform cortex (pirCtx)

respectively.

1 physiologically complex and with high homology to humaig (27)

1 High genetic homology to humans; fully sequenced genome that can be easily
manipulated with several genetic toolse.( KnockDown gene expression through
morpholino microinjection or Knoekut gene expression through CrispR/Cas9 or
TALENS) (Ata, Clark, and Ekker 2016)

1 Quick and abundant eggs production per mating (e.g., a single female lays several

hundred eggs each week)

74



1 Rapid development: somitogenesis begins at about 9 hpf, at 24 gifahdryo has
already formed all the major tissues and many organ precursors, such as a beating
heart at 23hpf, circulating blood, nervous system, eyes and ears, all of which can be
readily observed under a simple dissecting microscope. Larvae hatchuty?abdpf
and they are swimming and feeding biy65dpf (Kimmel et al. 1995; Lawson and

Weinstein 2002)(Fig. 28).

Fertilization Hatching Larvae Juvenile Adult fish Aging Death
0 3 dpf 30dpf 90 dpf — 2 years 4-5 years
Embryonic Free swimming Neurodegeneration
development CNS development v Cognitive decline
" Motor deficits
Larval zebrafish Adult zebrafish

Fig. 28. The zebrafish life cycle, from embryoni¢ 7@ hpf) stage to larval {29 dpf), juvenile (30
89 dpf), adult (90 djpR years), and aged zebrafish (>2 years).

1 Embryos and larvae are optically clear, allowing for direct and-imeamsive
observation or experimental manipulation at all stages of their early development,
such as whole mount in situ hybridization analysis (MJI®f gene expression
patterns with extraordinarily high resolutiviogel and Weinstein 2000)

1 The externally developing embryos are readily accessible to experimental
manipulation by techniques such as microinjection of biologically active molecules
(RNA, DNA or antisense oligonucleotides), cell transplantation, fate mapping and cell
lineage tracingHolder and Xu 1999)

1 External development of embryos that can be exposed to various environmental
factors neonatally outside of the maternal organism, in ae nuontrollable
environment

1 High space/costfficiency and excellent potential for highroughput screens
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1 Availability of several zebrafish strains, with over 1000 transgenic and mutant
zebrafish lines

1 Adherence, as a lower vertebrate, to the 3R princifleglacement, refinement,
reduction)

1 Smaller brains which can be better assessed using the newest imaging techniques

Model limitations:

1 Duplication of genome, in fact, some zebrafish genes have two copies instead of one
as in mammals and often just oreeg the ancestral function, while the other acquire a
subfunction or new functian

1 Not as many weltharacterized inbred strains as mice have, in fact, must be note that
zebrafish, differently from rodents, do not tolerate inbreeding and rapidly lodigyferti
with inbreeding

1 The administration of not watasoluble drugs can be problematic, but the use of
solvents as well as other routes can easily overcome this problem

1 Species differences in blobiorain barrier (BBB): zebrafish develop the BBB like that
of humans, however, species differences exist in the permeability for certain drugs

1 Some complex behaviors are developed only in the adult stage (e.g. social behaviors
are not prominent in larval fish)

{1 Parental care is not known/characterized

1 Certain brain geas are not as developed as in mammasdortex), and some CNS
structures in zebrafish are still difficult to map to their mammalian counterparts (this

knowledge gap may complicate the interpretation of circusepavior interplay)
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HPG AXIS INZEBRAFISH

HPG axis of zf exhibits rmhigh similarity compared with more evolved vertebrates like
mammals, preserving all the most central reproductive cells and hormones. In humans the
HPG axis cascade take place from the hypothalamus through the GnR&bdgopin
releasing hormone) and kisspeptin (Kiss1) secreting nexaslry and Seong 2014jwo

forms of the kiss geneis] kiss? and their respective receptor genkisq1r, kiss2r) have

been identified in the nervous system ofRBiran, BenDor, and LevawSivan 2008; Servili

et al. 2011) Studies in adult zf showed thidiss1 neurons are in the habenula, while Kiss2
neurons are in the dorsal and ventral hypothala(@gawa and Paar 2013)where it is
possible to observe a huge number GhRH3 neurons. Despite its location, it was
demonstrated that treatment with kiss1, but not kiss2, increase the number of hypothalamic
GnRH3 neurons, underling the relevance of kissl in the dewstop of these neurons
involved in the reproductive ax{ghao et al. 2014)

Despite these differences through more and less evolved vertebrate, both in human and zf
Kisspeptin and GnRH hormones producedhssetwo neuronal populati@are essential for

the release and fine regulation of the follicle stimulating hormone FSH (also called GTH

zf) and luteinizing hormone, LH (GTHII iaf) by gonadotropic cells in the pituitafliu, Lin,

and Ge 2011)The zf gonadotropins GTFHand GHTFIl are producedn response to the
stimulation of the GnRH hormon@lessager et al. 200%@nd stimulate gametogenesis and
steroidogenesis. FSH/GTFHis responsible for spermatogenesis in male and folliculogenesis

in female, while LH/GTHII stimulate steroidogenesis in maleting on the Leydig cell in the

testis and in oocyte maturation and groglowles 2000)Fig. 29).
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Fig. 29. HPG axis in human (right) and zebrafish (left). In both organisms, Kiss neurons regulate
GnRH neurons in the hypothalamus. In zf there are two populations of Kiss neurons: kissl neurons
(triangle in theFig.ure) are localized in the habenular nucleus (Hhile kiss2 (square) are more

widely scattered in the hypothalamus (Hy) and preoptic area (POA)

The HPG axis architecture in zf revealed a different model for the delivegn&fH3
hormone, in fact, in Teleostei, a true median eminence has not beefiedemtstead, direct
innervation of the endocrine cells has been proposed as the predominant pathway by which
the hypothalamus interacts with the gonadotropic cells. Nevertheless, taking advantage of
FSH: EGFP and LH: mCherry nd8banarddiLe/dvBivan 2018)p or t e
it was observed thasnRH3fibers formed multiple boutons upon reaching the pituitary, but
most of these structures were located in the neurohypophysis rather than adjacent to
gonadotroph cellsTheseGnRH3boutons are sirtar to the GnRH varicosities found in the
mammalian median eminence from the structural point of view and are considered as the
release sites of this peptide in mamn{@gda, Lomniczi, and Sandau 20@8)d in fish(Oka

and Ichikawa 1992)In addition, they found a close association between FSH cells and
GnRH3boutons, but only a fifth of the LH cells were in contact wthRH3 axons. These

data suggest a more direct regulation of FSH cells rather than LH cells and a combination of
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neurogandular and neurovascular delivery modeGfRH3 hormone in zf(Golan et al.

2015)

THE OLFACTORY PLACODE DEVELOPMENT IN ZEBRAFISH AND
HYPOTHESIS ABOUT THE NEUROGENESIS O6nRH3 NEURONS IN

ZEBRAFISH

In all vertebrate, including zf, the olfactory placodégmates in the same way as it was
previously describedn fact, also in zf, the olfactory placodes are composed by a mixture of
sensory and neural crest cells deriving from the neural anen@aral ectoderm. Two
different hypotheses about the origin®@hRH neurons are proposed, and both are reported
and analyzed in this thesi$he first hypothesis supports the idea that olfactory placodes
develop olfactory sensory neurons and their supporting cells, but also neuroendocrine GnRH
neurons. In zebrafisihe development aig(GhnRH3EGFP) transgenic line by Zohar group
allowed to study in details the embryonic origins@iRH3 neurons and their structures
during zf embryogenesis. Using this transgenic reporter line, they observed that the first
fluorescentsignal is detectable at 24 hpf in olfactory regions (Abraham et al. 2008). Axons
elongation begins at 26 hpf extending fr@nRH3 perikarya clusters, located in olfactory
placodes, towards the pallium. This process continues in the following and betvi€dn 32
hpf these projections develop multiple additional branches and meet caudally at midline to
form the first commissure in the subpallium. New fibers arise fromGhBRH3 perikaria
around 40 hpf and elongate caudoventrally along the anterior and theaptigissures, to
innervate the eyes, in fact, it is known t&tRH3has also a role in the development of eye,
innervating the retina (Corchuelo et al. 2017). By 48 hpf doesmlally axons finish their

route at the midline creating a second commissutkdrpallium. Four distindbnRH3fibers

tracts are notable at this developmental stage (48 hpf) in the brain: in the pallium, in the
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subpallium, along the optic tract to the eyes and in the direction of the hypothgkigus

30).

GnRH3 Pallium
soma commissure

Anterior Optic
commissure chiasm

Hypothalamic
innervation

Fig. 30. Representative illustration of zebrafi&dnRH3fibers at 48 hpf. Four structures can
be recognized at this developmental stage: pallium commissure, anterior commissure, optic

chiasm,and bilateralprolongatiors that reach hypothalamus (HyfAbraham et al. 2008)

Outside of the brainGnRH3 fibers were observed in the retina, in the perikarya of the
trigeminal ganglia and bilaterally to the trunk, along the spinal ¢Gwbinath, Andrew
Tseng, and Whitlock 2@0). The hypothesis about th@nRH3 origin from the olfactory
placodes is also supported by the observation on the perikaria migration from the olfactory
region through the TN ganglion and from ventral telencephalon to the ventral hypothalamus
among the prexisting vomeronasderminal nerves (VNN/TN) fibers as a scaffold. In fact,
starting from 3dpf to 5dpfGnRH3 perikaria reacks the terminal nerve and the ventral
hypothalamus at-12dpf. The pick in the perikaria migration is observed between 4 and 5dpf,
reaching approximately 1um{braham et al. 2008}inally, these results are reinforced by
studies on laser ablation GMRH3neurons soma in the nasal area during early development

that resulted in a complete lack of olfactory, terminal nerve, preoptic area, and hypothalamic
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GnRH3 neurons (Abraham et al. 2010). Taking together these findings, it was plausible to
hypothesize @ommon embryonic origin for both olfactory bulb (G®8yminal nerves (TN)

and preoptic area (POM)ypothalamic GnRH neuronal populations (Palevitch et al. 2007).

I n 2016 Zohar 0 <SGnRHB azebmafislglieentteatr harboes @ dedetion of 62 bp in
the GhnRH3gene (Spicer et al. 2016). Surprisingly, aside from an increasing of mMRNA levels
of pituitary gonadotropin genes (fshb, Ihb, and cga) only during initial development, no
GnRH3neurogenesis or reproductive defects were observed inGnuiRK3knodkout line in

both sexes. Indeed, characterization of key components of the HPG axis downstream of
GnRH3 performed inGnRH3/ zf, indicates a normal gametogenesis and reproductive
performance, also in this case, for both sexes (Spicer et al. 2016).iF res&treme contrast

with previous experiments whe@RH3expressing cells laser ablation in the early phase of
zebrafish development (8 dpf) leads to infertility (Abraham et al. 2010), thus, the
discussion about GnRH established role as key reprioducegulator in all species of

vertebrates is still open, especially in zebrafish.

Nevertheless, data published in the past yéabsaham et al. 2008)lemonstrate that the
correct development and migration of tMRH3 neurons remain fundamental to their
appropriate function in zf, as previously demonstrated in humfangexplain the absence of
phenotype observed in tH8nRH3/" zf model, they postulated that gene knockout could
trigger a compensatory mechanism whichn@ activated by gene knockdown or cells

ablation due to different timing or duration of the elimination (Spicer et al. 2016).

The second hypothesis about the origin of GnRH neurons is supported by Whitlock and
coworkers that demonstrate in 2006 a midtiprigin for GnRH3 neurons in zebrafish:
GnRH3neurons located in the terminal nerve originate from the neural crestwdalis the

hypophysiotropic population give rise to the pituitary placode (Whitlock et al. 2006).
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The region from which OPs givesg in zf surround the developing anterior pituitary placode.

It has been demonstrated that the loss of the pituitary does not affeGnhRid3 in the
terminal nerve area. In fact, the zebrafish mutant linetgoand detour does not develop the
anterior ptuitary (adenohypophysishut OPs develop normally and, by consequence, also the
GnRH3development in terminal nerve area is not affected. The same result is also observed
in mice, where yodoo and detour homologue double mutant for gli@nd gliZ/- show a
completely pituitary ablation, but normal GnRH1 neurons in terminal nerve area (Metz and
Wray 2010). This theory is partially supported by the observation of a new zebrafish
transgenic lineGNRH3EMD that allow the visualization of three differentbgopulation of
GnRH3neurons during the zebrafish embryonic development. The first population appear at
17-25hpf, bilaterally, that are the trigemin@hRH3that project caudally to the spinal cord

and anterior to the head. The sec@mRH3population ases at 20hpf in the terminal nerve
area and they increase their number and project to the pallium and subpallium creating the
anterior commissure. The last one is the hypothalaBn&RH3 population from which,

starting from 30hpfGnRH3neurons start to migte to the POAZhao et al. 2013)Fig. 31).
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Fig. 31. Comparison of the two hypotheses on the origin and migratioBn&H3 fibers during
zebrafish early developmental stagesFig.ure 1AC the source of hypophysiotrogBnRH3neurons

is the olfactory region. Intg(GnRH3EGFP) zebrafish line, somas are observed only in terminal
nerves regions (Tn) around 24 hpf where theydserojection to form at 48 hpf the five distinctive
networksdescribed in the text. Ifig.ure 1D-F different GhRH3 somas populations arise during
zebrafish development. Observations in@rRH3EMD) line evidence the present at 20 hpf of two
distinctive population of GhRH3 neurons, one in the terminal nerves (Tn), that begin to send
projections, and one in the hypothalamus (HYP&)later stages of development, a signal was also
recognizable in the preoptic district, probably due to a migration procésg/mothalamicGnRH3

somas to this region (Zhao et al. 2013).

The lack of a unique hypothesis about the origi®@oRH3neurons underline the importance
to better elucidate the development of these neurons. In this regard, the transparency of the
zebrafish embryos, external fertilization, the rapid development, and the disposal of several

reporter line make zebrafish a gbonodel for this investigationrOn the other hand, the
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difference in the fertility between the GNRH1 mice model (infertile) and th&nRH3/
zebrafish model (fertile) open several questions about the use of zebrafish as model to study

the reproduction.

HYPOPHYSIOTROPIC FORM OF GnRH IN ZEBRAFISH

In vitro andin vivo experiments revealed how hypophysiotropic neurons are dispersed in a
loose continuum from olfactory region to hypothalamus. In most vertebrate, GnRHL1 is
synthetized by a group of neuronsdted in the POA and hypothalamus, but zebrafish
genome missed the mammalian ortholo@reRH1and possesses only two form of GNRH
gene:gnrh2 and GnRH3 Gnrh2 gene is expressed in midbrain tegmentum, like in human
counterpart, while foGnRH3is more widely observed in forebrain areas of terminal nerve,
ventral telencephalon, POA, and hypothalambgy.(32). This expression in POA and
hypothalamus, presenting the same expression pattern to the mam@ldkdtl and the

high sequence homology thihuman GNRH1 (80%) highlight that the zebrafiShRH3is

the main regulator of gonadotropins releasifigis hypothesis was confirmed by its ability to
increase the mRNA level of the luteinizing hormone beta (Ihb) in cultured primary pituitary
cells. Tobetter reveal the hypophysiotropic role of BeRH3in zebrafish, it was tested their
response to kisspeptin stimulation, considering that kisspeptin is a neuropeptide that
stimulates puberty and fertility through its action@iRH neurons. Treating enmyos with
100nM of kisspeptin theGnRH3 in the terminal nerve develop an electrophysiological
respons€Zhao et al. 2013)Hence, it is possible to conclude that th&mnRH3neurons have

an hypophysiotropic function.
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Fig. 32 Representative confocal images (ventral view) of the-Ofric Area (POA) and
hypothalamus (HYPO). Red arrows shGwRH3EMD neurons migrating from hypothalamus toward
the POA between 30 and 44 hpf. Scale bar: 50um (Zhao et al. 2013).

ZEBRAFISH AS MODEL FOR CHH

The sequencing of the zf genome has demonstrated a partial genome duplication occurred
during evolution in the rafin fish lineage, prior to the teleost radiation. After this divergence,

the zebrafish genome has been resolving back to a dipld&l ajain, but this process was
incomplete, and many orthologues are retained in a double (bbgyer and Schartl 1999)

As result, zf often presents two orthologues for the corresponding human gene. Despite this
huge difference the analysis of the genoenealed tha?1.4% of human genes has at least

one zebrafish orthologue (Howe et al. 2013). Additionally, the 82% of human potential
diseaseaelated genes can be associated to at least one zebrafish orthologue, making zebrafish
one of the most attractiveadels for understanding the biological activity of human disease
related genes (Ardouin et al. 2000). Due to this strong genome and, in this case, also a
relevant anatomical conservation between structures, zf was used as a model for studying
genes involved in CHH. For example, genes suchkad_ 1, KISS1/KISS1RFGF8 PROKR2
present two orthologues in zebrafish but just one of them keep the ancestral role, differently,

the other one acquires new subfunctions.
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kalla/kallb

Two orthologs of humaKAL1 gene were identified in zf genome and cakatlaandkallh

They present an homology in the amino acids sequences with hdAldinof 75.5% and
66.5%, respectively. Both proteins shared the same structural domain with huraanngino

that consist in a cysteirmech region at Nterminal followed by a whey acidic protelike
(WAP), four fibronectin type Il domains, and at€minal histidinerich region excepted for
anosminlb (kallb), where the last domain is missigrdouin & al. 2000) From in situ
hybridization experiments it was observed that the signal for kalla transcript appears at 38 hpf
in the olfactory bulbs, and with a lower expression, in midbrain, tectum, cerebellum, retina
and spinal cord@Ardouin et al. 2000)Differently, kallbmRNA seems to be expressed at later
developmental stages, starting from 48 hpf, in the olfactory epithelium, in the rostral
telencephalic area, the cerebral lobes and pronephric ducts. The downreguldiadthaof
transcript affects propeaxon fasciculation of olfactory neurons, and their terminal targeting
at the olfactory bulbs. On GnRH systekalla knockdown abolishes in the hypothalamus
GnRHimmunoreactive cells, while fd@llbonly a limited reduction iiscnRH3neurons was
observed(Ardouin et al. 200Q) suggesting a more specific role fkalla gene in the

development of the GnRH system in zebrafish embryos.

kiss1/kiss2.

The neuropeptide Kisspeptinl (product of Ki&S1gene) is a key regulator on puberty onset
and fertility by regulating the gonadotropieleasing hormone (GnRH) neuronal system in
mammals. Inactivating mutations kisslandKisslr(also calledsPR54 are associated with
pubertal failure and infertility. In zf there are two kiss gemessland its paralogu&iss2

Using transgenic zebrafish mod@hRH3EGFP, it was investigated the role of kisspeptins on
GnRH neuronal embryogenesis and on electrical activity during adulthood. Quantitative PCR

revealed that both kissl and kiss2 mRNA are detectable starting Z4bwpf, increasing
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throughout embryonic and larval development. Early treatment with Kissl or Kiss2 showed
that both treatments stimulated proliferation of trigemi@alRH3 neurons located in the
peripheral nervous system. However, only Kissl, but not Kigd20 stimulated the
hypothalamic populations ocBnRH3 neurons in the central nervous systé€fmao et al.

2013) In addition, immunohistochemical analysis of synaptic vesicle protein 2 (SV2)
suggested that Kiss1, but not Kiss2, increased synaptic cootettis cell body and along the
terminal nerveGNRH3 neuronal processes during embryogenesis. Finglych clamp
analysis revealed that, while kissl increases spike frequency and depolarizes membrane
potential, kiss2 exercises the opposite effect supprgspike frequency and hyperpolarizing
membrane potential, demonstrating a regulatory role of kiss1 on GnRH neurons. We conclude
that in zebrafish, Kissl is the primary stimulator @iRH3 neuronal development in the
embryo and an activator of stimulaiitnypophysiotropic neuron activities in the adult, while
Kiss2 plays an additional role in stimulating embryonic development of the trigeminal

neuronal populatiofArdouin et al. 2000)

fgf8a/fgf8b

the role of FGF signaling during formation of th@rebrain commissures has also been
conserved in the zebrafish. Zebrafish have two orthologues of FG§iRlla@ndfgfrlb) and

two orthologues of FGF&df8a andfgf8b) (Reifers F et al., 200Q) For example the fgf8a

nul I mut ant zebbafliaho),nadiespliaaycetrlee consp
together with several prominent forebrain defesisch as fewer olfactory axonal
condensations at the anterior telencephatbhsturbedORNSs differentiation in the olfactory
epithelium, variable failue in the establishment of the anterior commissure (&@j is
interesing thatsome axonal projections from both olfactory and GnRH neyponigctions

follow the AC during their developmefiVhitlock KE et al., 2004). As consequence, these

defects couldontribute to a failure in coordination of the olfactory and GnRH systems
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prokr2

Prokineticin receptors (PROKR1 and PROKR2) are G prateupled receptors which
control human central and peripheral reproductive processes. Importantly, \ahgicts of
PROKR2in humans are associated with altered migration of GnRH neurons, resulting in
congenital hypogonadotropic hypogonadism (Ckbéminata et al.,, 1998; Bohem et al.,
2015) Although this association is established in humans, murine modkdd ta fully
recapitulate the reproductive and olfactory phenotyjpedeterozygous state)bserved in
patients harboring PROKR2 mutatiogassi and colleaguetaking advantage of zebrafish
model demonstratedhat prokrlb (ortholog of humafPROKR2 spatialttemporal expression

is consistent withGnRH3 (Bassi | et al., 2020)Moreover, knockdown and knockout
of prokrlbaltered the correct development of GnRH3 fiberssuggesting
thatprokrlbregulates the development of the GnRH3 systemebrafish.However analysis

of gonads development and mating experimesuggestthatprokrlbis not required for
fertility in zebrafishsupporing the thesis of a divergent evolution in the control of vertebrate

reproductionBassi | et al., 2020).
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Materials and Methods
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PATIENTS

The largest biobank of Italian patients affected by CHH (n=846) was created thanks to the
ANet wor k I'taliano | pogonadilsy:m®8ocieta@ dtaliana adi e 0
Endocrinologia (SIE), Societa Italiana di Andrologia e Medicina della Sess(@lAMS)
and Societa Italiana di Endocrinologia e Diabetologia Pediatrica (SIED@)institutional
Ethic Committee approved the study, and all patients gave their informed consent for the

genetic investigations.

GENETIC ANALYSIS

DNA PURIFICATION FROM WHOLE BLOOD

3 ml of blood from CHH patients were processed to extract the Genomic Bfter the
addition of EDTA, according to Gentra® Puregene® Kit Qiagen® protocol. After extraction,

the DNA was diluted to reach the final concentration of 25ng/pl and stor2@°& until use.

NGS

The Ampliseq Custom DNA panel (lllumina) designedhaxt included also all the coding
exons and flanking splice sites of genes derived from microarray analysis (CHD7, LEP,
NROB1, DUSP6, LEPR, FSHB, FEZF1, NSMF, LHB, FGF17, PROK2, FGF8, PROKR2,
FGFR1, SEMA3A, FLRT3, SEMA3E, GNRH1, SEMA7A, GNRH2, SOX10, GNRHR,
SOX2, HS6ST1,SPRY4, IL17RD, TAC3, KAL1, TACRS3, KISS1, WDR11, KISSI1R,
TBX3). Primers were designed using BaseSpace, DesignStudio Sequencing (lllumina). The
total coverage of the target genes by the designed amplicons was 100%. Library was prepared
using ezymatic DNA fragmentation, with 50 ng of total gDNA, quantified with Quant

PicoGreen (Thermo Fisher Scientific). We followed the Nextera Rapid Capture Enrichment
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protocol (lllumina) to tagment gDNA, amplify tagmented gDNA, hybridize probes, capture
hybridized probes, library capture and amplification. The library was then loaded onto the

reagent cartridge (lllumina) and sequencing was performed on a NextSeq 500 (lllumina).

BIOINFORMATIC ANALYSIS

After sequencing, reads were analyzed to identify simgleleotide variants and small
insertions/deletions. The first steps of the bioinformatic analysis (including base calling and
demultiplexing) have been performed using MiSeq provided software (Real Time Analysis
RTA v.1.18.54 and Casava v.1.8.2, lllumingastQ files for each sample, containing mate
pairedend reads after demultiplexing and adapter removal, have been used as input for MiSeq
pipeline. Briefly, FastQ files have been processed with MiSeq Reporter v2.0.26 using the
Custom Amplicon workflow. Ths anal yti cal met hod required
containing information about the sequences of primer pairs, the expected sequence of the
amplicons and the coordinates of the reference genome (Homo sapiens, hgl9, build 37.2) as
input. Each rea@air has been aligned using the MEM algorithm of the BWA software. Local
Indel realignment and base recalibration step were performed using the software GATK. The
realigned and recalibrated BAM file were used as input to GATK Unified Genotyper thus
generéing a VCFv4.2 file for each sample. Quality control of sequencing data was performed
directly on FastQ files using the FastQC software. Reads were also filtered based on quality
mapping and reads with quality mapping < 20 were removed. Moreover, geagtinty
showing a PHredScore lower than 20 were filtered. The genetic variants were finally
annotated using Annovar software (Yang et al. 2015) and then classified as rare variants if
resulting unknown or with a minor frequency allele (MAF) <0.01 in gnond&iabase (ver.

2.1.1). Rare variants were also classified by interrogating the VarSome database (Kopanos et

al. 2018). Identified rare variants were confirmed using Sanger sequencing.
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SANGER SEQUENCING

Variants identified by N.G.S. analysis were confidriey Sanger sequencing. This reaction

consists in 4 steps:
1. Amplification of interested gene by PCR.

2. Electrophoresis on agarose gel loading amplified PCR fragment.

3. Purification of PCR products.

4. Sequencing reaction.

5. Analysis through automad DNA-sequencer.

The amplification of the gene by PCR for each gene was performed using the following the

reaction mix and the following protocol:

Template DNA 100ng
Buffer 5X 5.0ul
Primer Forward (10pmol) 1.25pl
Primer Reverse (10pmol) 1.25pl
dNTPs mix (10Mm each) 0.5ul

Go Taq PromegakE 0.25pl
DDW Up to 25ul

Fragment were amplified in a Thermal Cycler.
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ELECTROFORESIS ON AGAROSE GEL

PCR products were checked on 3% agarose gel to obtain a proper separation of DNA
fragments between 100 and 1000 base pair. Gels were prepared with TAE 1X Buffer (0.04M
Tris-acetate, 0.002M EDTA) and amended with the intercalating agent Midori Green
(Bulldog Bi o) . 5¢l of each sample were | oaded
applying a 130mV voltage for around 30 minutes. In order to check PCR products, the gel is
located into an UV transilluminator to make the bands visible; the molecular weigbtcan

compared with molecular weight Marker 100bp DNA Ladder (Euroclone).
PURIFICATION OF AMPLIFIED FRAGMENTS

To purify enzymes, nucleotidesnd salts from the PCR reaction, it was performed a
purification of the remaining 20ul of volume of PCR by Amersham Biosciences, GFXTM
PCRi1 DNA and Gel Band Purification Kit. Purification protocol was performed as suggested

by the datasheet of the kit.

SEQUENCING REACTION

The Sanger sequencing is settled on the selective incorporation/addition efechamating
nucleotides by DNA polymerase during the DNA replication. The sequencing reaction
requires a single strand DNA as template, just one DNA pyiamel Big Dye Terminator mix

3.1 (Perkin Elmer) containing Amplitag DNA Polymerase, MgCl2, dNTPs, and modified
dideoxynucleotidetriphosphates (ddNTPs). The ddNTPs nucleotides terminate DNA
amplification because they miss the-CB1 group necessary for théormation of a
phosphodiester bond between nucleotides; in addition, ddNTP are fluorescently labeled with

different colors:
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Adenine HEK green

Cytosine FAM blue
Guanine NED black
Thymine ROX red

Amplitag DNA Polymerase is characterized by two mutations, the first one in the active
domain, that enables it to incorporate ddNTP in the DNA structure, and the second one in the

N-t er mi nus domai n /5 éw heixcohn uecllienaisnea taecst i3vhi t vy .

Sequencingreactions of gene fragments were performed with both sense and antisense
primers, to ensure to sequence the full length of the fragments. Then, after the sequencing
reaction, products are purified by ddNTPs and salts using CESERI Spin Columns

(Princebn Separations).
ANALYSIS BY AUTOMATED DNA-SEQUENCER

The principle of automated DN#equencer is based on capillary electrophoresis, where
molecules of DNA with different size migrate in solution under the influence of an electric
field. The shorter the rdgments are the fastest one and they are absorbed on the
chromatographic column; after, the fragments are hit by a laser that will excite the fluorescent
molecule bound to the ddNTP. As result of the excitation a signal that will be detected by the
analyzr according to the four different colors. The analysis of the signals detected by the
analyzer was performed by the software ABI PRISM® 310 Genetic Analyzer (Perkin Elmer
Applied Biosystem, Foster City, USA) and sequence analysis was done by Sequencing
Analysis Navigator (Perkin Elmer Applied Biosystem, Foster City, USA). The output
obtained is an electropherogram, a profile of peaks of different color and height and identify

the four DNA bases.
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JAG1 IN VITRO ANALYSIS

CREATION OF THE PLASMID

JAG1 varians (p.R117G, p.F206Y, p.T931l, p.D1160N) were obtained by mutagenesis of the
Ul'ti mateE ORF Clone containing the human clI
Technologie5") by using GeneArt® Sit®irected Mutagenesis PLUS System (Invitrogen,

Life Techndogies™) (T et al. 2016) These JAG1 clones were then stbned into a
mammalian expression vector of pcDNA3.2MEST plasmid (Invitrogen, Life
Technologie5") by Gateway® LR Clonase® Il enzyme mix (Invitrogen, Life

Technologie§"). Each variant was confirmed by direct sequegcin

tR1 Cm® ttR2 VS !
,» atiR2 V5 epitope [

Fig. 33. Jagl plasmidT et al. 2016)
MUTAGENESIS PCR

Plasmids containing the 4 variants of JAG1 gene were generated by mutagenesis PCR of
Ul'ti mateE ORF Clone containing the human clI

Technologie5"). DNA polymerase, which has a high proofreading activity, amplifieth
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strands starting from synthetic oligonucleotides, of which one contains the mutation of
interest. Primer pairs were 40 [ffable below)and designed to have same Tm. The sense
primer carries the mutation at half of the total length and can bindfispkg to the target
sequence. The antisense primer is always WT and has a@@bap with the coupled sense
primer. The PCR products were checked by |
6X and run applying a constant voltage of 130 Volt300 0 . Ge l was then p
transilluminator and the interest band was identified by comparison with molecular weight

1kb DNA Ladder (Invitrogen).

R11/G F AGCCGCGGCAACGACGGCAACCGCATCGTGCTGC

R117G Rv TGCCGTCGTTGCCGCGGCTGGCCTTGAGGTTGAAGG

F206Y F TGCOGCCCCAGAGATGACTACTTTGGACACTATGCCTGTGACC
F206Y Rwv AGTAGTCATCTCTGGGGCGGCAGAACTTATTGCAGCCAAAGCC
T931I F AGTGCTTCGTCCACCCCTGCATTGGTGTGGGCGAGTGTCGG
T931l Rw ACCAATGCAGGGGTGGACGAAGCACTGGTCGTCCAGGATGG
D1160N F TGAAGTAGAAGAGGACAACATGGACAAACACCAGCAGAAAGC
D1160N Rwv TGTTGTCCTCTTCTACTTCAGAATTGTGTGTCCTTATTTTAGAC

ENZYMATIC DIGESTION

PCR products were then digested with Dpn | (New England Biolabs) which, binding
methylated sequence Gm6ATC, degrades WT templatekeirregaction (E. coli DNA is

indeed methylated) and leaves /&y nt het i zed DNA that <contain
of PCR products are digested for 2 hours a
NEB 4 buffer (50mM Potassium acetate; 20mM Fcetate; 10mM Magnesium acetate;

1mM DTT pH=7,9 at 25 °C) (New England Biolabs).
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TRANSFORMATION OF BACTERIAL CELLS

One Shot® TOP10 (Invitrogen), E. coli competent cells, were transformed as recommended

by the manufacturer.

PCR ON COLONIES FROM PLATES

At least 10 colonies were selected from LB agar plates. The growth occurs in LB plates with
ampicillin 50mg/ml for 5 hours at 37°C, at 170 rpm. The clones were then identified by

sequencing to verify if further mutations were inserted by random mutagengssDiNA.

Primers used for the different reactions are the following:

hJAG1_check_1Fw CTGCGAGCCAAGGTGTGT
hJAG1_check_2Fw ATGGGCCCCGAATGTAACAG
hJAG1_check_3Fw GAGTGTGAGTGTTCCCCAGG
hJAG1_check_4Fw CGCTGTATCTGTCCACCTGG
hJAG1_check_5Fw AAGTGCAAGAGTCAGTCGGG
hJAG1_check_6Fw AATGACTGCAGCCCTCATCC
hJAG1_check_7Fw CTGAATGGACGGATCGCCTG
hJAG1_check_8Fw TGTTCCCTTGCTGAGCTCTG
hJAG1_check_1Rev CGCGGGACTGATACTCCTTG
hJAG1_check_2Rev GGCACACACACTTAAATCCGT
hJAG1_check_3Rev TGGAAGCCATGGCCACTGTG
hJAG1_check_4Rev TCCTTGATCGGGTTCCCATC
hJAG1_check 5Rev CCTCTTCTACTTCAGAATTGTG
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MAXI PREP

To obtain the highest yield of plasmidic DNA of the selected clone, it was performed a
plasmidic DNA extraction using PureYiél Plasmid Maxprep System (Promega),
foll owing the manufacturerds datasheet. P

quantified by spectrophotometer.
CELL COLTURE

GN11, GT17 and Cos/ cells were grown in monolayer at 37°C under 5% @ODMEM
(Invitrogen, Caisbad CA, USA) containing 1mM Pyruvate, 2mMGQGlutamine (Invitrogen,
Carlsbad CA, USA), 100 pg/ml streptomycin, 100 U/ml penicillin and 9 mg/ml glucose (MP
Biomedicals, Santa Ana CA, USA), supplemented with 10% foetal bovine serum (complete
medium). Cellsvere maintained below full confluence by trypsinization and seeding onto 10

cmz dishes.
TRASFECTION PROTOCOL

Protocol for6 well plates:

Plate 2,5x1C cell/well and transfect 24h later. Cells were transfected with Lipofectamine
3000 Reagent (Thermo Scientific, L3000015) according to the datasheet, using 1 pg of
plasmid. Before the transfection replace the growing medium with the Serum Free medium

and relace it with growing medium 5h after transfection.
Protocol for 10cm dish:

Plate cells and transfect 24h after with at least a 70% of confluency. Cells were transfected
with Lipofectamine 3000 Reagent (Thermo Scientific, L3000015) according to theeakttash
using 5 pg of plasmid. Before the transfection replace the growing medium with the Serum
Free medium and replace it with growing medium 5h after transfection.
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WESTERN BLOT

Western Blot is used to detect specific proteins in a sample of tissue homeogeeatract.
Proteirs were extracted from cells using the RIPA buffer (10mM -HGI pH 7.5, 500 mM

NaCl, 0,1% SDS, 1% NP40, 1% sodium deoxycholate, 2 mM EDTA, 2 mM Na2v0O4, 2 mM
Na4P207, 2mM NaF)GN11 cells were plated (1 x }pin 35 mm Petri dishes dn
transfected with 1 ug of DNA. Fortgight hours after transfection, cells were washed with
PBS and suspended in 200 ul of RIPA Buffer (10 mMiTHi&l pH 7.2, 150 mM NaCl, 0.1%

SDS, 1% Triton X100, 1% sodium deoxycholate, 5 mM EDTA) supplemented wittepse
inhibitors and lysed using a syringe with a small gauge needle. Homogenates were
centrifuged at 4000 x g for 10 min at 4°C to remove cell debris. Protein content was assayed
by the BCA protein Assay Kit (Pierce, Rockford, IL 61101 USA). Total preteuere
fractionated by SDS electrophoresis on NuP&dge% BisTris gel (Life Technologies) and
electrotransferred onto nitrocellulose membranes (Hylorsdiper, Amersham Biosciences,
Bucks HP97 9NA, UK). After blocking with TBS supplemented with 5%-fatrdry milk

and 0.1% Tween 20, membranes were incubated overnight at 4°C with mAb Jaggedl (28H8)
Rabbit (cell signaling #2620), and aatitine (#A5313 AB_476743, Sigrfddrich) as
internal control. After three washings in TBSL% Tween solution, membranegere
incubated for 1 h at room temperature with a 1:10000 dilution of peroxedagded goat
antrmouse antibody. Antibodyrotein complexes were then detected using the Novex ECL
Chemiluminescent substrate reagent kit (Life Technologies, Carlsbad, &), followed by
autoradiography. For deglycosylation reactions withglytosidase F (PNGaseF), the
manufacturer's instructions were followed (New England Biolabs, Westburg, Leusden, The

Netherlands).
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QUANTITATIVE PCR ON GN11 and GT-¥ CELL LINES

RNA extraction on GN11 and GTFZX cell lines was performed using the E.Z.N.A. Total Rna

Kit Il (Omega Biotek, R693402) according to the protocol and the cDNA were reverse
transcribed using SuperScript ® (Life technologies, Carlsbad CA, USA) following the
recommendd procedures. Redime OCR was carried out on Applied Biosystem 7900HT
FasT Real Time PCR System using espanspecific TagMan® Gene Expression Assay
(Applied Biosystems, Carlsbad CA, USA). Following probes are used: Notchl
(Mm00627185_m1); Jagl (Mm098202_m1l); Actb (Mm00607939) as housekeeping.
Amperase activation was achieved by heating at 50°C for 2 minutes, before denaturing at
95°C for 20 seconds, followed by 40 cycles of 1second 95°C with 20 seconds of extension
time at 60°C. Gene expression datare analyzed using SDS 2.4.1 and Data Assist 3.0.1

software (Applied Biosystems, Carlsbad CA, USA).

LUCIFERASE ASSAY

For the luciferase assay, GN11 cells were plated (1°k di® 35 mm Petri dishes and-co
trandected with: 1ug of the hJAG1l constructsJAG1L WT or hJAG1 muts) or
pcDNA3.2/V5DEST empty vector as negative control; 0.5 ug of the firefly luciferase
construct driven by six tandem copies of the RBPesponse element (pGa98)and 20 ug

of the Renilla pRETK Vector (Promega) as an internalntl. Fortyeight hours after
transfection Luciferases activity was measured with fBla® Luciferase Assay System
(Promega) following manufacturerods instruct

the Fluoroskan Ascent FL multiplate reader. Siepehdent experiments were performed.
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IMMUNOFLUORESCENCE IN VITRO ASSAY

IF was performed on two different samples: GN11 cells were growthwell§ plates and
transfected according to transfection protocols previous described and human fetus section,

obtained by crysectioning 9.5 gestation weeks old embryos.

For immunofluorescence assay on GN11 cells were used théagitilC4 Rabbit mAb (Cell
Signaling) as primary antibody and Aiiouse 1gG whole molecuil&ITC produced in goat

assecondary antibodyictures of microscope slides were taken using Nikon C2+®.

GN11 cells were plated (1 x 30on sterile coverslips placed in 35 mm Petri dishes and
transfected with 1 pug of DNA. Twentpur hours after transfection, cells were washed with
PBS, fixed with BS containing 3% paraformaldehyde (SigA&drich St. Louis, MO, USA)

for 10 min at room temperature and rinsed twice with PBS. Cells were permeabilized with
0.1% Triton %100 (SigmaAldrich, St. Louis, MO, USA), blocked with 5% goat serum
(Invitrogen, Auckand, NZ), incubated with primary antibodjaggedl (1C4fRabbit mAb
#2155 ell Signaling)1:100 andin goat serum (4G2) overnight at 4°C and incubated with the
appropriate secondary antibodies (Alexa Fluor 488 goatnamiise 1gG, LifeTechnologies,
Carlsbad, CA, USA) 1:1000 for 1 h at room temperatume a Phalloidin conjugated (Sigma
Aldrich, P2141, 50 pg/ml) was used to stain filopodia incubating 40 mins room temperature
Finally, cells were mounted with SlowFade Gold antifade redageith Dapi (Life
Technologies, Carlsbad, CA, USA). Images were acquired by using a laser scanning confocal
system installed on a Nikon Eclipse Ti microscope with a 60x oil immersion objective. Alexa
Fluor 488 was excited with a 488n argon laser and deted with a 526550-nm band pass

filter.
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MIGRATION ASSAY

Transwel | chambers were wused according t
GN11 cellsgrown in complete medium until stdonfluence and rsuspended in SFM. Cells
were seeded50.000 cells/transwell)on the upper side of 8 mm pore membranes and
incubatedfor 12 hs with SFM, SFM plushumanrecombinantJAG1 (rhJaggedIChimera,
Cat Num 127G, R&D systempr with DMEM supplemented with 10% fetal bovine serum
for chemeattractive assayDifferently, JAG1 was placed on the upper chamber of the
transwellwith GN11 cells, in SFMto checkits possible chemoepulsive effect on GN11
cells migration GN11 cells were incubated both cases ipresence of recombinadAG1

(50 ng/mland 100ng/mjl 12 hrs after €lls on the upper side of the filters were mechanically
removed and cells on the lower side fixedniethanolfor 30 mirs at £C before nuclei
labelling with DAPI.Four nonoverlapping regions were imaged per membrane usiejss

20x objective (N.A. 0.8)nounted on a Axio Imager Z2 light microscope (Zeiss), with nuclei
counted using an ImageJ plugiNational Institute of Health, Bethseda) and averaged to

produce an average per wdlhen for eachexperiment is detailed imé Fig.ure legends.

EXPRESSIONAL ASSAY ON HUMAN TISSUE

IMMUNOFLUORESCECEASSAY

Human tissues were cngectioned (Leica Cryostat) at 18 um. Sections were thawed at room
temperature and boiled at-80°C in the Citrate buffer (9ml Citric Acid buffer 0.1M + 41ml

Sodium Citrate buffer 0.1M + water to 1L) for the antigen retrieval until the temperature

o

reached40°C. Slides were washed 3 times in PBS1X and incubated for three days in the

primary antibody solution (PBS1X, 0.3% Trytor1¥0, 2% Normal Donkey Serum) at 4°C.
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slides were rinsed 3 times in PBS1X and incubated in the secondary antibody solution

(PBS1X,0.3% Tryton %100, 2% Normal Donkey Serum) 1h at room temperature.

Primary antibody Secondary antibody

Anti DLL1 Rabbit (abcam) Alexaf | uor E 56 8 -Habbit Hg&

(Invitrogen)

Anti Jag1l Rabbit (Cell Signaling) Alexaf | uor E 5 6 &nti-Aabbit K&

(Invitrogen)

Anti TAG1 Goat (R&D SYSTEMS) Alexaf | uor E 488 -Gaoatn kg@

(Invitrogen)

Anti GnRH Guinea Pig #1018 (created by E| AlexaF | u o r E -conjeightéd  AffiniPure
Hrabovszky) Donkey AntiGuinea Pig 1gG (Jackson immu

researh)

After 3 additional rinsing the counterstain nuclei Hoescht 33528 was performed. It was
diluted 1:1000 in KO, for 5 min, room temperature, protected from light. Slides were rinsed
again before mounting with Mowiol. Pictures of the slides were takiegy #&£1SS LSM 710

AiryScan Confocal microscope.

RNA SCOPE

The RNAScope® Assays use a novel and proprietary method of in situ hybridi@&tirto
visualize single RNA molecules per cell in samples mounted on slidesasthgs are based
on the patented signal amplification and background suppressonnology. Proprietary
RNA-specific probes (RNAScope® Probes; available separately)hybridized to target
RNA and are then bound to a cascade of signal amplificataacules culminating in sigih

detection(Fig. 34).
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Fig. 34. Four fundamental steps in RNAScope® technology.

Single molecule fluoreentin situ hybridization was performed on frozen human embryonic
head (GW 10) using theRNAScope® Multiplex Fluorescent Kiv2 according to
ma n u f a cprotocok ISgeaific probes were used to detect Jagl (#546181), GnRH1

(#562591), Notchl (#3118612), and 3PlexPositive (#320861) as human positive control.

JAG1 IN VIVO ANALYSIS
FISH MAINTENANCE AND BREEDING

Zebrafish (Danio rerio) embryos obtained from natural spawning were raised and maintained
following established techniqué®vesterfiled, The Zebrafish Book, 200&gcording to EU
regulations on laboratory animals (Directive 2010/63/EU). All experimemtabgols were
carried out in accordance with relevant guidelines and regulations of Good Animal Practice
approved by the institutional and licensing committee IACUC (Institutional Animal Care and
Use Committee) and University of Milan by the Italian DecoéeMarch 4th, 2014, n.26.

Embryos were staged according to morphological cri{&immel et al., 1995)From epiboly
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stage (around the 6 hoypsst fertilization, hpf) embryos were cultured in fish water
containing 0.003% PTU {phenyt2-thiourea; SigmiAldrich, Saint Louis, MO) to prevent
pigmentation and 0.01% methylene blue to prevent fungal griMigisterfiled, The Zebrafish

Book, 2007).

The zebrafistg(GNnRH3EGFP) line used in the present study was obtained by the Gothilf
Lab (Tel Aviv University,Israel). As previously described, thg(GNnRH3EGFP) line, in
which GnRH3 neurons express the fluorescent reporter, allemvsvivo study of the
development and function of the forebrain gonadotropieasing hormone neuronal system

in fish (Abraham, 2009)The zebrafishtg(GNRH3EGFR12xnre:mCherry)is a double
reporter line obtain crossing theg(GNRH3EGFP and thetg(12xnre:mCherry) gently
provided by the Prof. Tiso Natascia (University of Padua, Italy). This reporter line was firstly
generated atg(12xNRE:EGFP) created by injection of a construct composed of six copies of
the EpsteirBarr Virus Tpl enhancer, each taiming two RbpJk binding sites, for a total of

12 Notchresponsive elements, placed in front of a murine-ketiain basal promoter driving
EGFP Parsons et al., 20D9This reporter, which consists of 12 repeats of No&gdponsive
elements driving EGFP expression (Moro et al., 2013), is specifically responsive to Notch
signaling, as manifested by its dea$ependent downregulation in response to DAPT
treatment Subsegently, the same group credtdetg(12xnre:mCherry) but the daleve not

been published yet.
QUANTITATIVE PCR

QuantitativePolymerase Chain ReactiogRCR) was performed on total RNA prepared from

20 zebrafish embryos at differedevelopmental stages using TRI2bl(Thermo Fisher
Scientific), and treated with DNasBINase free (Roche, Basel, Switzerland) to avoid possible
contamination from genomic DNA. RNA concentrations and quality were determined using a

NanoDrop ND1000 spectrphotometer (NanoDrop Technologies Inc., Wilmington, USA).
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Total RNA (1 pg) was reverse transcribed to produce cDNA using GoScriptTM Reverse
Transcription System (Promega), foll owing

reverse transcriptase ratye control was used to test for genomic DNA contamination.

Quantitative Real Time PCR (qPCR) analysis was performed by ABI PRISMTM 7900HT
Fast Reallime PCR System) using SYBRGreen MasterMix (Invitrogen). The PCR reaction
comprised an initial denaturah step at 95°C for 30s, followed by 40 cycles at 95°C for 5s,
60°C for 15s, and 72°C for 45s. The dissociation curve was used to check the specificity of

PCR products.

For each developmental stage and for each tissue 50ng of cDNA were used. Theoelongati
factorlalphal (eEFlal) gene was used as endogenous control. The quantification of target
genes was normalized using the comparative
after ensuring that the targets and endogenous control had similar orehglatuivalent

PCR efficiencies. Each experiment was conducted as a triplicate and repeated three times.

List of gPCR primers:

eeflaFw 506 CTGGTGTCCTCAAGCCI
eeflaRw 56 ACTTGACCTCAGTGGTI
hoxA7aFw 566CTGGCGATCTCTGTAAAC(
hoxA7aRw 56 TTTTGATGGTAGCCCCI
hoxA10bRw 50 GAGCTAAGGGGGTCCAC(
hoxA10bRw 56 CACTTTGGAATCTCCT(
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CLONING ANTISENSE PROBES

To produce antisense probes used in this study, a fragmé&mRii3 jagla jaglb, notchla
notchlh notch2 andnotch3has been generated by PCR starting from a sample of zebrafish

genomic DNA, using the following primer sequences:

GnRH3Fw 50 AGCATGGBALAGGAAG 3
GnRH3Rw 5606 AGCCCATCTGTTCCTT(
Jagla Fw 50 ATGGGAAGGAGCAACG]T
Jagla Rw 50 AAGGTGAAGGTGACGT]
Jaglb Fw 50 GAGTGTCAGTCTTCTC(
Jaglb Rw 5606 TCAGTTTTGGGGCTT G(
Notchla Fw 5 AGTAACGGCGGCGTGTGTCAS3 6
Notchla Rw 5 @GATGCCACTGAAGCCCGCA3 6
Notchlb Fw 5 GATCACGCCGGCTCCTAAGGT3 0
Notchlb Rw 5 OTGCAGAGCCGCCGAACAGTT3 0
Notch2 Fw 5 -GATAACGGCCGCTGTGACCCAS3 6
Notch2 Rw 5 OTCCGTGTTGCAGCCCTGGTR 6
Notch3 Fw 5 -GAGCCCATCCTGCAGCCAACAS3 6
Notch3 Rw 5 OGGCTGTGAAGTTGCTGCGE3 6

The PCR products were cloned into the pGEWI@&asy Vector (Promega), following the
manufacturerso i ndcloningsystem prevides Tinearizeg pBaEnicEwith
covalently attachedopoisomerase | for the fast insertion and ligation of any PCR product
(Fig. 35). Vectors containing the different DNA of interest were introduced in backeaali

cells (One Shot® TOP10 Chemically Competent E.coli, Life Technologies) using the heat
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