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Abstract

This thesis focuses on the study of H6 homeobox 1 (HMX1) gene, a homeobox-containing
transcription factor involved in sensory organ and eye development and responsible for the
oculo-auricular syndrome of Schorderet-Munier-Franceschetti. The purpose of my PhD thesis is
to better understand the mechanism and role of this transcription factor. My thesis is divided
into three parts. The first part proposes a predictive promoter model approach to identify new
HMX1 target gene. The second part concerns an animal model of Hmx1 mutation, the dumbo
mouse model, and brings a new insight into lethal craniofacial defects. The third part concerns
the characterization of the visual capacity of the dumbo mice and a description of a new pattern

of vision-linked defects.

In the first part of this PhD thesis we propose a predictive promoter model approach based on
transcriptomic analysis of post-natal day 15 mouse retina from dumbo and wild type mouse.
This method revealed that Sgcg, Tshz2 and Slc6a9 were Hmx1 targets in the mouse retina. Ptpro,
Sema3f, and Epha6 belong to the retinal axon guidance pathway and play an important role in
retinotopic mapping. Significant enrichment of HMX1 binding site confirmed this pathway and

we validated the transcriptional activity of Hmx1 on Ptpro, Sema3f and Sgcg by Luciferase assay.

In the second part of this PhD thesis we investigate the dumbo mouse model, carrying a stop
codon in Hmx1, and representing the first animal model for the oculo-auricular syndrome of

dmbo s 3 semi-lethal mutation and

Schorderet-Munier-Franceschetti. The homozygous Hmx1
stillborns present severe craniofacial defects, including cleft palate, chest defect and bone

hypoplasia of maxilla, zygomatic process, mandible and frontal.

In the third part of this PhD thesis we provide a complete description of the vision in dumbo
mouse. Despite a normal retinal phenotype, the vision of this mouse is completely impaired. We
demonstrate that this was caused by abnormal retinotopic mapping and optic nerve hypoplasia.
In dumbo mice the retinal ganglion cells axon projections failed to target the visual output,
namely the dorsal lateral geniculate nucleus and the superior colliculus, and present abnormal

patterning.

Keywords : HMX1, dumbo, oculo-auricular syndrome, EphA6, Sema3f, Ptpro, Sgcg, craniofacial,

cleft palate, retinotopic mapping, microphthalmia, cataract, optic nerve hypoplasia, vision



Résumeé

Cette thése se concentre sur I'étude du gene H6 homeobox 1 (HMX1), un facteur de
transcription a homéo-domaine impliqué dans le développement des organes sensoriels et de
I’ceil et responsable du syndrome oculo-auriculaire de Schorderet-Munier-Franceschetti. Le but
de mon étude est d’améliorer notre compréhension du mécanisme et du role de ce facteur de
transcription. Ma these est divisée en trois parties. La premiere partie propose un modéle
d’approche de prévision de promoteur pour identifier des nouveaux genes cibles de HMX1. La
deuxieme partie concerne le modele animal de la mutation de Hmx1, le modéle de souris
dumbo, et apporte un nouvel apercu sur des défauts craniofaciaux létaux. La troisieme partie
concerne la caractérisation des compétences visuelles de la souris modéle dumbo et la

description d’un nouveau panel de déficits visuels.

Dans la premiere partie nous proposons un modele d’approche de prévision de promoteur basé
sur I'analyse du transcriptome de la rétine de souris sauvage et dumbo a 15 jours postnatal.
Cette méthode a révélé que Sgcg, Tshz2 and Slc6a9, sont des cibles de Hmx1 dans la rétine de
souris. Ptpro, Sema3f, et Epha6 appartiennent a la voie de guidage des axones de la rétine et
jouent un réle important dans la configuration rétinotopique. Un enrichissement significatif des
sites de lien de HMX1 a confirmé cette voie et nous avons validé I'activité transcriptionelle de

Hmx1 sur Ptpro, Sema3f et Sgcg par essai luciférase.

Dans la deuxieme partie du projet nous examinons le modele de souris dumbo, qui porte un
codon stop dans Hmx1, et représente le premier modéle animal du syndrome oculo-auriculaire

dmbo ot semi létale et les

de Schorderet-Munier-Franceschetti. La mutation homozygote Hmx1
mort-nés présentent de séveére anomalie craniofaciale, incluant des fentes palatines, des
malformations du torse and des hypoplasies de la maxilla, le processus zygomatique, la

mandibule et I'os frontal.

Dans la troisieme partie de la thése nous fournissons une description compléte de la vision de la
souris dumbo. Malgré un phénotype rétinien normal, la vision de la souris est complétement
détériorée. Nous démontrons que cela est causé par une configuration rétinotopique anormale
et une hypoplasie du nerf optique. Chez la souris dumbo les projections axonales des cellules
ganglionnaires rétiniennes ne réussissent pas a cibler le bon destinataire visuel, pour les
nommer le noyau du corps genouillé latéral et le colliculus supérieur, et présentent une

configuration anormale.

Mot-clé : HMX1, dumbo, syndrome oculo-auriculaire, EphA6, Sema3f, Ptpro, Sgcg, craniofaciale,
fente palatine, configuration rétinotopique, microphtalmie, cataracte, hypoplasie du nerf

optique, vision.
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1. Introduction

My thesis is based on the study of the H6 family homeobox 1 (HMX1), a transcription factor
involved in the oculo-auricular syndrome of Schorderet-Munier-Francescetti (OAS-SMF) and
mutated in the dumbo mouse model. | will start with a general introduction on eye anatomy,
development, function, concerning both human and mouse, and then focus on the mouse
retinotopic mapping and craniofacial development. After these sections, | will present the HMX1
gene in details, and in between also briefly introduce the others genes involved in this HMX1
studies: EphA6, an ephrin receptor, Sema3f, a signalling molecule, and Ptpro, a regulator of

ephrin expression.
1.1. The anatomy of the eye

The vertebrate eye is a globe formed by three basic layers. Taken successively, the outer
protective corneo-scleral envelope and the middle vascular layer also called the uveal tract,

providing crucial vegetative support to the innermost layer, the neural retina.
1.1.1. The corneo-scleral layer

The corneo-scleral layer is a solid envelope protecting and supporting the inner ocular tissues.
All extraocular muscles enabling eye movement are attached to it. This fibrous layer is composed
of three distinct elements. The cornea, at the anterior part of the eye, is a transparent stratified
epithelial layer which permits the transmission of visible light. The second element of the fibrous
layer is the sclera, composing the major part of this later. The sclera acts as a protection and
partially elastic envelope maintaining the eye shape upon intraocular pressure variation. Outside
of this layer and surrounding the cornea, a loose tissue, the conjunctiva, covers the ocular
surface of the globe. The conjunctiva is highly vascularised and is part of the lymphoid system.
The third element is the junction region of the corneo-scleral layer, the limbus, where the
conjunctival surface vessels terminate, leaving the cornea an avascular structure. The limbus is
multifunctional, providing nourishment, wound healing and immunosurveillance of the ocular
surface and cornea. Finally it contains the pathways of aqueous humour outflow, thus playing a

role in the regulation of the intraocular pressure (figure 1.1).
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Figure 1.1: Detailed schematic diagram of the human eye (Forrester, Dick, McMenamin; Lee, 2002).

1.1.2. The vascular layer

The vascular layer or uvea is a pigmented layer composed by the iris, ciliary body and choroid.
They are contiguous one to another with two opening, anteriorly the pupil and posteriorly the
optic nerve canal. At the anterior side, the iris is a contractile and heavily pigmented disk
surrounding the pupil opening. The iris regulates the size of the pupil and thus the amount of
light entering the eye. It also separates the anterior chamber, situated behind the cornea, and
the posterior chamber, which lies on front of the lens. The ciliary body is a wide ring extending
from the sclera anteriorly to the ora serrata posteriorly, the transition site to neural retina. The
ciliary body ensures various functions, including the accommodation of the lens via the ciliary
muscle. It also produces the aqueous humour, lens zonules (suspensory ligaments holding the
lens), vitreal collagen, and vitreal hyaluronic acid. The choroid is the posterior section of the
middle vascular envelope of the eye. It is a thin, vascular and highly pigmented connective
tissue, whose major function is to nourish the outer layer of the retina (figure 1.1). It also

prevents unwanted light to reflect back by absorption by choroidal pigment.
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1.1.3. The neural retina

The third layer is the neural retina. The task of the retina is to convert the light information from
the environment into neural signals that are transmitted to the brain. It can be divided into two
parts, the inner neurosensory layer and the outer retinal pigment epithelium (RPE). In humans,
the retina possesses several distinct regions. The optic disc is a blind spot where all axons from
the ganglion cell converge to form the optic nerve head: there are no retinal cell layers here.
Also emerging from the optic disc, the blood vessels spread across the whole retina except over
the fovea. The fovea is a thin region responsible for the sharp visual acuity due to a high density
of cone photoreceptors. It is comprised in a larger region called the macula located in the centre
of the retina. The macula possesses a majority of cone and several layers of ganglion cells,

whereas the peripheral retina is mostly rod-dominated and contains one layer of ganglion cells.

In detail, the retina is composed of seven layers of various cell types and the RPE on the external
side. Composing those layers, one can find six neuronal and three glial cell’'s types. The
photoreceptor layer is, as its name implies, composed of the outer segments (OS) of the rod and
cone photoreceptors. Their nuclei are located beneath the outer limiting membrane and
compose the outer nuclear layer (ONL). The synapse between the photoreceptors, the bipolar
and the horizontal cells form the outer plexiform layer (OPL). The inner nuclear layer (INL) is
composed of the nuclei of the horizontal and bipolar cells, plus the amacrine and glial Miiller cell
nuclei. Notice that there is a spatial distribution of the nuclei, with bipolar homogeneously
present over the INL, horizontal cells at the boundary of OPL, and the amacrine at the boundary
with the inner plexiform layer (IPL). The IPL is thus composed of synapses connecting the INL and
the ganglion cell layer (GCL). The innermost layer is the optic fiber layer (OFL), where the

ganglion cells and their axons target the optic disc (figure 1.2).
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Figure 1.2: functional circuitry of the retina. R: rod, C: cone, B: bipolar cells, H: horizontal cells, M: Miiller

glia, A: amacrine cells, G: ganglion cells. (Swaroop et al., 2010).

1.1.3.1 Photoreceptors

The photoreceptors are present in two forms, the rods and cones, named after their outer
segment’s shape. These are the cell type responsible for the light absorption and transformation
into a nerve impulse. Humans have about 6.5 million cones and 115 million rods
heterogeneously spread over the retina. They are three types of cones in human: blue, green
and red, also termed short, medium and long-wavelength. The cones react in bright light and
allow colour vision, with fine and spatial resolution. The rods allow vision in the dark or dim light.
They do not detect colours but sense contrast, brightness and motion. They contain the
photopigment rhodopsin, which is sensitive to blue-green light. As mentioned above, in the
fovea there is a majority of red and green cone, whereas in the peripheral retina there are more

blue cones and rods.

Photoreceptors are composed of synapses, a cell body with nucleus, an inner segment, and an
outer segment in contact with RPE. The inner segment contains the metabolic organelles, such
as the endoplasmic reticulum (ER), Golgi apparatus and mitochondria. The outer segment is a
stack of disks containing either the opsins or rhodopsin, and chromophores, and it is the place
where phototransduction occurs. Unlike cones, rod discs are made of individual stacks

surrounded by a plasma membrane unconnected to the ciliary plasma membrane and are
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constantly phagocytised by the RPE once used. Cone outer segments (OS) are phagocytised in a

less extent due to lower shedding rates (Kevany et al., 2010).

1.1.3.2 Bipolar cells

Bipolar cells transfer the electric signal from photoreceptors to ganglion and amacrine cells.
They exist in various subtypes, depending on their synaptic partners and functions. In the foveal
area, the ratio is equivalent with cones and ganglion cells, whereas in the peripheral retina they

can receive input from up to 100 rods.

1.1.3.3 Retinal ganglion cells

Retinal ganglion cells (RGC) collect all signals from bipolar and amacrine cells. Their axons
converge on the optic disc to form the optic nerve and transmit the visual information to the
visual output of the brain, the lateral geniculate nucleus (LGN) and the superior colliculus. Upon

exiting through the lamina cribrosa, the RGC axons become myelinated with oligodendrocytes.

A subfamily of RGCs, the intrinsically photosensitive retinal ganglion cells (ipRGC) are responsible
for the phototrainment of the circadian system and the pupillary light reflex through non-visual

photosensitivity of the melanopsin photopigment.

1.1.3.4 Amacrine cells

Amacrine cells modulate the signals conveyed by bipolar cells to ganglion cells. They display a
wide range of morphological diversity, and are composed of 25 different types at least. They also
vary in neurotransmitter types; some are GABAergic, other dopaminergic or can release

acetylcholine.

1.1.3.5 Horizontal cells

Horizontal cells are three distinct morphological varieties in the retina, based on the type of
contact to the cones and to a lesser extent to the rods. They have an integrative role in retinal
processing and give a negative feedback signal to the photoreceptors through inhibitory

neurotransmitters, which allows the visual system to adjust to light contrast and intensity.

1.1.3.6 Miiller cells

Miller cells are the principal supporting glial cells of the retina. They extend through the entire
retina from the inner surface up to the photoreceptors. They maintain the homeostasis of the
retinal space, nourish the retina, degrade excitotoxic glutamate, and secrete neurotrophic

factors and antioxydants.
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1.1.3.7 Astrocytes

Asctrocytes are secondary glia in the retina, and predominantly located in the GCL and IPL. Their
role is to isolate the receptive surface of neurones in the retina thus preventing unwanted

signals or secondary effects in neighbouring neurones.

1.1.3.8 Microglia

Microglias from the retina play an analogue role as in the brain. They become activated upon
injury and assure wandering phagocytosis. Their process spread through the whole retina with

exception of the photoreceptor location.

1.1.39 Retinal pigment epithelium

The RPE is a continuous monolayer of cuboidal epithelial cells extending from the margins of the
ora serrata to the optic nerve head. The apical membrane is covered by microvilli and faces the
photoreceptor outer segment (POS); the basolateral membrane faces Bruch’s membrane, which
separates the RPE from the choriocapillaris, thus forming part of the blood-retina barrier. This
layer ensures many crucial functions of the normal visual process such as metabolites transport,
absorption of light by its pigment, phagocytosis of POS, regeneration of all-trans-retinal for the

visual cycle, stabilize ion composition of the subretinal space, and secretion of growth factors.

1.1.4. Internal components of the eye

Three others structures compose the internal part of the eye: the lens, the vitreous and aqueous
humours. The lens is an important component of the optical system of the eye as, like the
cornea, it alters the refractive index of light entering the eye to focus on the retina. This capsule
is a biconvex transparent highly organized system of specialized cells that has the ability to
change shape under the influence of the ciliary muscle. The vitreous humour lies in the largest
cavity of the eye; it is a transparent viscous gel mainly constituted by collagen fibres types Il and
IX, and hyaluronic acid. Finally, the aqueous humour fills both the anterior and posterior
chambers; it is continuously produced by the ciliary process of the ciliary body. Its two major
roles are to provide metabolites to the avascular lens and cornea, and to remove toxic

metabolites produced by the cornea and iris.
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1.2. The mouse eye

Mice are an animal model widely use in scientific research due to the ability to create transgenic
animals and the relative ease of breeding. But the degree to which the findings can be

extrapolated to humans is often a question of critical importance.

1.2.1. Anatomy

The anatomy of the mouse eye is comparable to the human one. All three surrounding layers

and internal components are found (figure 1.3).

C d

Figure 1.3 : A comparison of the mouse (c) and human (a) fundus, (b) histological picture of human
maculae and mouse retina (d).F: fovea, OD: optic disc, M: macula. (Adapted from Ramkumar et al., 2010,

only normal human and mouse panel are shown).

It is a small organ, about 3.4 mm size, with a much bigger lens than in humans constituting, with
the cornea, about 60% of the total length of the eye (figure 1.4). As a nocturnal animal, the

vision is not the most important sense and therefore there are some differences in the light

processing.
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Figure 1.4: A diagram of the mouse eye. (Watson, Paxinos, Puelles, 2012).

1.2.2. Differences between mice and humans

The photoreceptor layer of the mouse is mostly composed of rods rather than cones; the ratio is
about 30 to 1. Therefore the mouse has neither the macula nor the fovea. Moreover, mice
possess only two types of cones: blue and green ones (figure 1.5). They have a dichromic vision

instead of the human trichromic.

More precisely, in the mouse cones are scattered throughout the retina, with M-cones (green)
predominating in the dorsal retina and S-cones (blue) predominating in the ventral retina in
response to a gradient of thyroid hormone (TH). As mentioned previously, this differs from the

human retina and its spatial arrangement of rods and cone (figure 1.5).
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Figurel.5: Distribution of cones and opsin expression in mouse (A,B) and human retina(C) and fovea (D).
(Hennig et al., 2008).

Finally in terms of development, even if the scale is much more reduced in a mouse, which is a
clear advantage for research, we can find a certain homology with human. But it is important to
mention that the end of rod differentiation in mice happens at the eye opening day, around P12,
which is not the day of birth (figure 1.6).
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Figure 1.6: Photoreceptors maturation in mice and humans. (Swaroop et al., 2010).
1.3. Vision

The process of vision can be classified into three steps: the refraction of light, the neural

processing by the retina and the integration towards the central visual pathway.
1.3.1. Refraction

In order to focus correctly onto the retina, the light is deviated by the cornea and the lens. The
refraction of the cornea is constant but the lens has the ability to stretch and therefore

modulate the focus of the light on the retina.
1.3.2. Neural processing by the retina

Neural processing is the most complex process of visual information treatment. It starts with the
photon absorption by photoreceptors. Rods have high sensitivity and to allow very low level of
light detection they can form clusters that synapse to single ganglion cells, leading to the poor
and blurry night vision. In contrast cones have very high intensity thresholds, can decipher
colours and each is related to a single ganglion cell in the fovea, allowing extremely resolved

vision.

Thanks to combinations of stimulations of their three types of opsins (short, medium and long),

humans detect light wavelength from 400 to 700 nm, ranging from purple to red.
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Depending on the type of information two type of ganglion cells are observed: low and slow for
the parvocellular system managing spatial resolution and colour vision at the fovea; large and
fast for magnocellular system managing luminance and motion detection within the rest of the

retina.

The visual cycle is divided into the phototransduction occurring in the photoreceptor and the
retinoid cycle taking place in the RPE. The conversion of light into neural signal occurs in the
photoreceptor through the switching of a photosensitive molecule called the 11-cis retinal, a
vitamin A derivative. It is bound to opsin and upon photon absorption isomerizes into all-trans-
retinal (at-Ral) and detaches from the opsin. The transport of at-Ral from the intradiscal face to
the cytosolic face is performed by the ABCA4 transporter in a combined enzymatic reaction with
NADPH-dependent  all-trans-retinol  dehydrogenase  (RDH). Then the chaperone
interphotoreceptor retinoid binding protein (IRBP) carries the molecule to the RPE where it is
reconverted into 11-cis retinal by three enzymes; lecithin:retinol acyltransferase (LRAT),
isomerhydrolase retinal pigment epithelium-specific protein 65kDa (RPE65) and another RDH

(figure 1.7). Once restored it is transported back by another IRBP to recombine with opsin in the

photoreceptor.
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Figure 1.7: The visual cycle and associated disease (in blue). (Kiser et al., 2012).
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More precisely, concerning the light transduction within the photoreceptor, the release of the
photopigment triggers a cascade of reactions leading to the hyperpolarisation of either the cone
or rod. In the dark, cyclic guanosine monophosphate (cGMP) binds to sodium (Na*) channels in
the outer segment organelle of the photoreceptor, and maintains them open creating a
depolarized state. Thus, Na* continuously enters, resulting in a membrane potential of roughly -
40mV. As in other nerve cells, this current maintain voltage-sensitive calcium (Ca**) channels
open in synaptic termination, allowing photoreceptors to liberate neurotransmitters into
synapses with bipolar cells. Upon absorption of light, the change of conformation of the opsin
will activate transducin, a G-protein coupled receptor subunit, which will in turn exchange the
bound GDP for GTP. In this state transducin activates of the phosphodiesterase (PDE), which
hydrolyzes the cGMP and leads to the closure of the cGMP-gated Na* channels. As potassium
channels of the photoreceptor remain open, a potential of about -65mV is produced and inhibits
neurotransmitter liberation. This process persists until inactivation of PDE and transducin
(Arshavsky et al, 2013).

Sensitivity and saturation are controlled by side reaction, essentially a back loop of guanylate
cyclase and Na® channels affinity to cGMP controlled by calcium concentration. An arrestin
protein also prevents activated opsin to function and the return to initial state occurs when the
retinal achieve the retinoid cycle. Note that the range of sensitivity and the rate of reaction
between photopigment, opsin and rhodopsin, is responsible for the pannel of light and colour

detection.

The basis of light transduction into visual information starts at the level of the photoreceptor
and bipolar cells, with light-linked graded release of glutamate neurotransmitters. An even more
tuned mechanisms offered by ganglion cells, allows the refinement of vision. They manage visual
input of the circular portion of the retina; those receptive fields can be divided into central and
peripheral portion. Ganglion cells are classified in two type; ON-centered and OFF-centered
ganglion cells, depending to their type of reaction to light. ON-centered ganglion cells fire action
potentials when light hits the centre of the receptive field and are inhibited when it occurs at the
periphery. OFF-centered ganglion cells act in opposite. As each part of the retina is covered by
both types of ganglion cells, the brain obtains the necessary information to depict increase and

decrease of luminance.

The decrease of glutamate release by the photoreceptor in response to light will differently
stimulate ON and OFF-centered bipolar cells. ON-centered bipolar cells have metabotropic
glutamate receptors (mGIuR6) coupled to a G-protein. In response to glutamate, cGMP-
depending sodium channels close, hyperpolarizing the cell. In contrast OFF-centered bipolar cells

react through AMPA and kainate receptors and depolarize in response to glutamate. (figure 1.8).
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Figure 1.8: Circuitry responsible for generating receptive field centre responses of RGC. (Purves et al.,

2008).

Finally an adaptive mechanism takes place to regulate action potential firing when both center
and peripheral receptive field are stimulated. This occurs via horizontal cells that depolarize with
glutamate release from the photoreceptor. With a decrease of glutamate horizontal cells could
hyperpolarize the photoreceptor termination with GABA, an inhibitory neurotransmitter. This
mechanism allows a reduction of response to light global illumination and a sensitive reaction to

contrast conditions.

To conclude, when the signal leaves the retina, the regulative process of the neural retina has

already enhanced the light signal.
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1.4. The visual pathway

1.4.1. Human

The visual pathway starts in the retina, where light goes through all the retinal layers to be
transduced into a neural signal by photoreceptors. Then axons from ganglion cells form the optic
nerve at the optic disc and separate at the optic chiasm between the ipsilateral (nasal input) and
contralateral (temporal input) projection. This process allows our sophisticated binocular vision
which is composed of 50/50 contribution from both retinas in humans. The optic tracts then
separate into a lateral root targeting the lateral geniculate nucleus (LGN) and the medial root

targeting the pretectal area and the superior colliculus (SC) (figure 1.9).
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Figure 1.9: Central projection of retinal ganglion cells. (Purves et al., 2008).

The LGN is responsible for conscious visual sensation and the SC is involved in the visual grasp
reflex, the automatic scanning with coordination of head and eye, and visual associations, finally

pretectal regions serve the pupillary light reflex.

The response from neurons to central and peripheral, luminance intensity and separation of
ipsilateral and contraletal inputs is conserved in the LGN. In mammals, there are seven layers in
the SC and retinal output projects into the three most superficial ones. Whereas the retinotopic
mapping is well preserved within the primary visual output, a spatiotemporal tuning occurs in

the primary visual cortex. Cortical neurons combine information from both eyes, enabling our
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binocular vision. The visual signal is transmitted to the striate cortex via optic radiation to

produce dynamic images.

1.4.2. Mouse

Mice also have binocular vision, but unlike in human, only 3% of their RGCs project ipsilaterally,
specifically the one located in the ventrotemporal retina. Whereas the size and location of these
structures vary in mice, RGC outputs remain in the dorsal lateral geniculate nucleus (dLGN) that
conveys information to the visual cortex for the image-forming pathway and in the superior
colliculus (SC), involved in non-image forming visual pathway, such as the control of the head

and eye-movement. In both outputs, ipsilateral and contralateral terminals are segregated.

The development of the eye-specific maps starts when RGCs extend their axon out of the retina
to reach the optic chiasm between E12 and PO and reach the dLGN at E16 and SC from E18. Even
if ipsilateral axons arrive early at the optic chiasm (E12-E17) they innervate and spread within
the dLGN only from PO, the segregation with contralateral axons occurs after P4 and is

completed at P15. A similar process occurs for eye-specific map creation in the SC (figure 1.10).

Eye-specific Map

Retina Retina

Figure 1.10: Retinotopic map in the mouse visual system. ON: optic chiasm; OT: optic tract; vLGN: ventral
lateral geniculate nucleus; dLGN: dorsal lateral geniculate nucleus; IGL: intergeniculate leaflet; SC: superior

colliculus; D: dorsal; N: nasal; V: ventral; T: temporal. (Assali et al., 2014).

Although vision is not a crucial sense in mice, as they are nocturnal and not predators, the
connectivity map of visual cortex is well developed and striates far beyond from primary visual
area (Ackman et al., 2014).
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1.5. The development of the eye and the

retina

1.5.1. Theeye

In mammalian, three embryonic tissues contribute to the formation of the eye: the neural
ectoderm, the surface ectoderm, and the periocular mesenchyme (Heavner et al., 2012) (figure
1.11). The neuroectoderm differentiates into the retina, iris, and optic nerve; the surface
ectoderm gives rise to the lens and the corneal epithelium; the mesoderm differentiates into the
extraocular muscles and the fibrous and vascular coats of the eye. A fourth source, the neural

crest cells, becomes the corneal stroma sclera and corneal endothelium (Harada et al., 2007).
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Figure 1.11: Embryonic lineages contributing to the eye. (Harada et al., 2007).

Both in humans and mice, eye development begins with the separation of the eye field into two
optic primordia and the formation of bilateral evaginations of the ventral forebrain which will
form the optic vesicles. They then induce the surface ectoderm to form the lens primordia and
the lens placode. After contact of the optic vesicles with the lens placode, both tissues
invaginate to form a two-layered optic cup and lens vesicle. As development proceeds, the optic
stalk is formed proximally and the distal part of the optic cup surrounds the forming lens. During
the process, the outer layer of the optic cup forms the retinal pigmented epithelium (RPE) and

the inner layer forms the neural retina that consists of multipotent progenitor cells. Mice and
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humans exhibit similar developmental step of the eye with species adapted timetable (Furimsky
et al., 2006) (figure 1.12).

The development of the eye is controlled by transcription factors whose strict expression
patterns and regulation within defined populations of cells are required for appropriate
patterning. Major transcription factors include; Pax6, Rax, Six3, and Lhx2 constituting a

regulatory network required for eye development (Heavner et al., 2012).

In eye development, Pax6 is the master gene, as it is involved throughout species from flies to
humans. In mice, Pax6 and Pax2 are involved in optic cup and optic stalk formation. The Vax
family of homeodomain transcription factors is also required for appropriate development of the

ventral optic vesicle and optic stalk.
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Figure 1.12: Major time point of eye development.GD: gestational days, OV: optic vesicle, SE: surface
ectoderm, LP: lens placode, RPE: retinal pigment epithelium, OS: optic stalk, I: iris, L: lens, ON: optic nerve,

RET: retina, TVL: tunica vascular lentis (vasculature). (FitzPatrick et al., 2005).

Vax1 is expressed in the optic stalk and ventral optic cup. Vax2 is found in the ventral optic cup
and is required for closure of the optic fissure, determination of eye polarity, and maintenance

of appropriate axon connections to the brain. The secreted morphogen Sonic hedgehog (Shh)
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plays also a role in ocular development. In mice, it initiates the ocular morphogenesis at E8.0
when secreted by the prechordal plate and ventral forebrain. Later, Shh expression by RGC at
E12 signals retinal precursor cells to control cell proliferation, differentiation, and organization.
The downstream effectors of the Shh pathway are the Gli transcription factors, primarily Gli2

and Gli3 in mice (Furimsky et al., 2006).

As mentioned above, many genes are involved in the development and maturation of the eye
structures. Mutations of those are associated with various defects in humans that have also

been observed and studied in mice (table 1.1).
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Gene MIM Locus Mode MAC phenotype U Syndromic Animal model®

Transcription factors
s0X2 184429 3q26.33 AD A M, CM, C BIU YN M, ZF (MO)
orxz 600037 1aq22 3 AD A, M, CM, C U YN M, ZF (MO)
FOXES 501094 1p32 AR M, CM B M M, ZF(MO)
vsK2 142993 1424 3 AR A, M, CM B Y M, ZF (MO)
RAX 601881 18q71.32 AR A, M B N/Y M, ZF, XP, MK
AD AMC u NSY
PAXE 607108 11p13 AD M,C BIU N M, ZF, R
AR® A M B
PITX3 602669 10q25 ARJAR® M B YN M, ZF(MO), H
SALLF 602219 ldg112 AR o BU N M
SixE" 606326 149231 AD/AR M B M, ZF{MQ)
ATOH7 609875 10q21.3 AR M B N M, ZF
TGF/BMP signaling malecules
BMPY 112262 140222 AD A M Bu Y M
BMF7 112267 Z0q13.31 AD AC B/U ¥iN M
GOFE 601147 Bg22.1 AD AMCM, C B/ YN M, XP{MO], ZF
GDF3 606522 12p13.31 AD M, CM, C B/U ¥iN ZF(MO)
Retinoic acid pathway
ALDHIAZ 500463 15026.3 AR A M, CM, C B NAY M, ZF(MO)
STRAG 610745 15q24.1 AR A, CM B ¥iN M
RARE 180220 3p24.2 AD A M B/U ¥ M
Genes with other or unknown function
SHH 600725 7q36 AD M, CM, € BfU NAY ZF, CH
ABCBSE 605452 235 AD C, CM NS N ZF{MO)
MABZIL? 604357 4g31.3 AD A CM, C B ¥iN M, ZF
AR C, CM B N
CI1Z0i57 615140 12p13.31 AR CM, C B ¥ -
TENMZ (O0Z3) 610083 4g35.1 AR M B ] M, Z(MO)
PXON 505158 20253 AR M B M
YAPL 606608 11g221-q22. 2 AD c B YN -
HMGBF 300193 Xa28 xR cM B ¥ XPIMO)
CRIME 6056189 2p223.p722 AD cM B N M

AD, autosomal dominant; AR, autosomal recessive; XR, X-linked recessive; U, unilateral; B, bilateral; NS, not specified; A, anophthalmia; M,
microphthalmia; CM, colobematows microphthalmig; C, coloboma; Y, syndromic cases cnly; M, no syndromic cases reported; Y/M, Usually syn-
dremic but isolated cases also reported; NJY, Usually non-syndromic, but extra-ocular features occasionally reported.

“Animal medels displaying ccular anomalies (MAC for most, please see text) are listed: M, Mouse; ZF, Zebrmafish; (MO), Morpholine only; XP, Xen-
opus; MK, Medaka; SH, Sheep; R, Rat; CH, Chicken.

BAutecsomal-recessive inheritance of MAC due to compound heterozyeous or homozygous mutations inherited from heterozygous parents affected
with a less severe ocular phenotype.

“Only one affected family has been reported.
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Gene Human® Mouse® Tissue of expression  Mutation Human phenotype Mouse phenotype
B2  4g25 3(68)  Periocular and anterior LOF or missense, Rieger syndrome: Null KO homozygote:
eye mesenchyme, HliorD eye, tooth and early embryo kethality
umbilicus, heart, gut, umbiical anomalies, Heterozygote: Rieger
dental epithelia, imb OGGRBIOHE."y heart and syndrome-fke, incomplete
bud and pituitary indogoniodysgenssis, penetrance, partial LOF
Paters anomaly
FOXC1 6p25 3(20) Neaﬂy ublguitous, but Missense, Hetenorygote: anterior KO heterozygote:
also perocular and deletion (Hsa), segment and ins anteror segment anomaly,
pre-endothekal D, HI, DU anomaly, glaucoma glaucoma and ocular
mesenchyms, sclera, drainage defacts
comea, adult frabecular Homazygote: congenital
meshwork and hyd' us, cardiac
conjunctival epithelum Enomﬂ]ies lethal
EYAT Bgi3 1(10)  Masal placode, kidney, BOR, LOF and Few cases: Petersanomaly, Heterazygote: BOR-like
ear, branchial arches missanse (Hsa) HI, D cataract, nystagmus kidney, hearing anomalies
and eye Eye: missense (Hsa)  Most cases: BOR Homazygote: lethal,
D, KO (Mmu), mild HI, multiple anomalies
savers
MAF  18g23  8i61)  Lens, lens placode, Distant transtocation  Cataract, microphthaimia,  (Off mutant)
lens vesicle and {1 Mb upstream cotoboma, anterior Heterozygote: cataract
cerebellum of MAF), missenss segment dysgenesis Homazygote: microphthalmia,
D {Hsa and Mmu) cataract and other anomalies,
for example, kidney
CHX10 14g24 12(38) Neural retina, brain Missanse (R), Microphthalmia and Alleleocular retardation:
and spinal cord same amino acid cataract reducad tolal eye sze
aftered in two
families but different
nucleotide changes
MITF  3gi41  6(40)  RPE, optic vesicle, LOF \Waardenburg syndrome Microphthalmia, various
-p12.3 neural crast cells, racessive and dominant
brain and heart alleles
PAXZ  10g22 10(43) Optic cup, nerveand stalk, LOR D Renal coloboma syndrome: - Renal coloboma syndrome:
refing, brain, ear and hdney kidney and eye anomalies  kidney and eye anomales
MSX2  5g34 13(32) Optic vesicle, cornea, Missense, nonsense, Cranial malformations Owverexpression: apoptosis
branchial arches, limb, deletion, D, HI including myopia in the optic vesicle
toath and brain or hyperopia
omX1  2pi3 11(12) Optic vesicle, nerve ND ND KO: defects in the visual
and stalk, neural Sense organ
retina, RPE and brain
VSX7?  20p11 2(83) Retina Missense, D Keratoconus, corneal ND
rustrnbi

*Chromosome {centimorgans). BOR, branchio-oto-renal syndrome; CHX10, C. glegans ceh-10 homeodoman-containing homdogue; D, dominant; DU, dupication |dosage
sensitiity]; dvf, dysgenic lens mutant; EYAT, eves absent 1 homologus; FOX, forikhead box; HI, heploinsufficiency; Hea, Homo sspens; KO, fargeted knodk-out; LOF, loss of
funchion; MAF, musculcapensurciic fbrosarcoma oncogenes; MITF, microphthalmia-assocated franscription factor; M, Mus musculus; MSX, meh-like homeobog

MDY, not determined; Of, opague fiecks inlens; OTX1, othodenticie homologue 1; BAX, paired box gene; ATX, pared-ilke homeodomain transcrption factor; B, recessive;
RPE, retinal pigment epithelurm; X, retina and anterior neural fold homeobaoa; SOX2, SRY-bow-containing gene 2; VEXT, visual system homeobox 1 homologue.

Table 1.1: Major genes implicated in developmental eye defect. Note that it does not include crystallins
gene involved in lens development. (First pannel: Reis et al., 2015 and second pannel: modified from Graw,
2003).

1.5.2. The retina

The neural retina arises from the inner layer of the forming optic cup. The cells of this
developing retina generate a range of glia, ganglion neurons, interneurons and light-sensitive
photoreceptor neurons. In humans, retinal differentiation begins around day 47 of gestation,
and cones and rods are distinguishable at week 15 of gestation. Development continues until the

eighth month and the fovea becomes fully functional only after birth (Graw, 2003) (figure 1.13).
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Figure 1.13: Development of human retina. LM: limiting membrane, RPE: retinal pigment epithelium, INBL:
inner neuroblastic layer, TLC: transient layer of Chievitz, ONBL: outer neuroblastic layer, NFL: nerve fiber
layer, GCL: ganglion cell layer, INL: inner nuclear layer, OPL: outer plexiform layer, ONL: outer nuclear

layer. (Forrester, Dick, McMenamin; Lee, 2002).

Throughout neurogenesis retinal progenitor cells undergo symmetric and asymmetric cell
divisions, giving rise to postmitotic neurons as well as progenitor cells. Postmitotic neurons are
translocated to their final layer, either towards the outer neuroblastic layer (photoreceptors and
horizontal cells) or towards the inner neuroblastic layer (ganglion and amacrine cells). These two
layers are separated by the transient layer of Chievitz which is acellular. A first wave of early
neuronal differentiation in the retina is characterized by the production of early-born retinal
neurons: ganglion cells, horizontal interneurons, cone photoreceptors, and amacrine
interneurons. A second differentiation potential of retinal neural progenitor cells leads to the
production of late-born rod photoreceptors, bipolar interneurons, and Mdller glia. In vertebrate,
retinal neural progenitor cells (NPCs) remain multipotent and during the consecutive
developmental stages, or for each cell division, their progenies can assume several different cell

fates. In mice, similar processes occur (figure 1.14).
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Figure 1.14: Temporal progression of retinogenesis in the mouse. (Heavner et al., 2012).
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1.5.3. Opticnerve

The optic stalk expands across the brain establishes the connection with the eye at 47-48 days of
gestation in human or E11.5 in the mouse. The axons from the RGC meet at the optic nerve
head, travel down to the optic stalk and form the optic nerve at E15.5 in the mouse. This
concludes the connections between the eye and the visual centres of the brain. Later in

gestation the axons of the optic nerve become myelinated (Graw et al., 2003).
1.5.4. Retinal cell differentiation

There are four important steps in the process of generating the mature retina from retinal
progenitor cells. Retinal progenitor cells must expand through cell division, exit the cell cycle,
commit to a particular cell fate, and then execute the differentiation program for the committed
cell type. During cell expansion, Hes1 inhibits neuronal differentiation and maintains progenitor
cells. Proliferation of retinal progenitors may also be partly controlled by extrinsic cues such as
ciliary neurotrophic factor (CNTF), bone morphogenetic protein (BMP), and fibroblast growth
factor (FGF) molecules. Retinal development is controlled primarily by transcription factors of
the basic helix-loop—helix (bHLH) and homeobox families. Generally homeodomain factors
regulate layer specificity while bHLH activators determine cell (figure 1.15) (Harada et al., 2007).
Concerning photoreceptor, homeobox genes, OTX2 and CRX, are key regulators of both rod and
cone photoreceptor lineages. As mentioned previously whereas human possesses three types of
cone, mice have only two. TRb2, RORb and RXRg have essential functions in cone differentiation.
The NRL transcription factor, which is expressed preferentially in rods and pineal gland, is a

critical regulator of rod photoreceptor cell fate (Cheng et al., 2011).
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Figure 1.15: Homeobox and bHLH genes determining retinal cell fates. (Harada et al., 2007).

1.6. The retinotopic mapping genesis in

mouse

1.6.1. Spatiotemporal mapping of retinal projection

Spatiotemporal patterns of neural activity, or ‘retinal waves’, govern the development of the
earliest connections made between excitable cells in the developing eye. During waves, RGC fire
bursts of action potentials that propagate across the retina. They play a crucial role in the
development and refinement of synaptic connections between different parts of the visual
system. Many factors and gene are implicated in the highly developed architecture of the retina
and retinal ganglion cell projections (Ackman et al., 2014). The fact that the retinotopic map is
achieved prior to the onset of visual experience implies elements such as cell adhesion and axon
guidance molecules establish the basis of visual circuit connections prior to subsequent

modification upon visual experience (Huberman et al., 2008).
1.6.2. Retinal polarity

In addition to the layering order achieved in the retina, genetic also influences retinal progenitor
cells positional identity (figure 1.16). Although a direct comparison between humans and others

species is difficult, several transcription factors and guidance molecules that establish nasal-
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temporal (N-T) and dorsal-ventral (D-V) retinal polarity, are shared within some species. The N-T
axis is set early in retinal development with expression of the two winged-helix transcription
factors, BF1 and BF2. Then, two homeobox containing genes, SOHol and GH6, are expressed in
high nasal and low temporal pattern. Both SOHo1 and GH6 can repress the expression of EphA3
at later stages. Thereafter, ephrin receptor, EphA5 and EphA6 are expressed in high temporal
and low nasal gradient. D-V polarity develops soon after N-T polarity is established. BMP4
expression in the dorsal retina and Shh and Ventroptin in the ventral retina inhibit one another.
BMP4 activates Tbx5 and represses Vax2 transcription factor. Tbx5 activates ephrin-B1 and
ephrin-B2 and suppresses Vax2 and receptors EphB2 and EphB3. Vax2 promotes the
transcription of EphB2 and EphB3 and represses ephrin-Bs, BMP4, and Tbx5. In contrast, ectopic
expression of Shh results in dorsal inhibition of BMP4 and enhancement of Vax2 (figure 1.16)
(Harada et al., 2007).
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Figure 1.16: Regulation of axial patterning of the retina. (McLaughin et al., 2003).
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1.6.3. Retinal ganglion cells axon guidance

Once retinal polarity is established, RGCs extend axons to the optic nerve head and form the
optic nerve head. RGCs extend their axon out of the retina to reach the optic chiasm between
E12 and PO and reach de dLGN at E16 and the SC at E18 in mice. Complete segregation of
synapse of output according to eye specific domain is achieved at P15. Retinotopic mapping is
preserve in the LGN and in the SC. The process and maturation of the topographic maps include
different steps. First, RGC projections distribute in the entire target, then upon Eph/ephrins
encoded gradient, the proper localization of the termination zone through repulsive
interactions. After that, the axonal arborisation develops within the correct location. Finally, a

last refinement occurs after eye opening (Assali et al., 2014).

RGCs axon growth in the eye is initially controlled by the inhibitory effect of chondroitin sulphate
proteoglycan, targeting extension towards the central optic disc. Crossing decision at the optic
chiasm relies on topographic mapping of the retina and also on regulation event occurring in the
optic stalk. Axon guidance molecules, such as netrin-1, L1 and laminin-1 are also involved in axon
exit at the optic disc. Netrin-1 exerts attractant influence on RGC axons after the eye exit. At the
ventral diencephalon Sema5SA and Slit1/2 exert repulsive action, establishing a corridor for RGC
axon expressing Robo2 and semaphorin receptors (Harada et al.,, 2007) (figure 1.17).
Semaphorins are the largest family of inhibitory axon guidance molecules. Sema6D has been
shown to play a role in contralateral projection (Kuwajiama et al., 2012) and other semaphorins

(class 3 to 6) are found in nerve and retina between E13 and E15 (Oster et al., 2002).
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Figure 1.17: RGC axon guidance (modified from Harada et al., 2007, and Rasband et al., 2003).

Uncrossing decision at the optic chiasm is controlled by ephrin-B2, expressed by glial cells, and
EphB1 expressed by ventrotemporal RGCs. Additionally, Zic2 regulates EphB1 expression in RGCs
(Harada et al., 2007).

Shh, secreted from RGCs, upregulates Vaxl which maintains Pax2 in the optic stalk. Pax2 is
essential for glial cells specification at the optic stalk. Gliogenesis of the optic nerve is performed
by oligodendrocytes which migrate toward the optic nerve upon attractive effect of netrin-1
guidance molecule. Type-1 and type-2 astrocytes also populate the optic nerve, the first glia

being the largest population (Harada et al., 2007).
1.6.4. Topographic mapping of dLGN and SC

Retinogenicular and retinocollicular mapping follow the retinal topography. Upon crossing the
midline, RGC axons project to SC and dLGN. The mapping in visual target occurs orthogonally to
the axes of the retina, N-T axis maps the posterior-anterior (P-A) axis and D-V the lateral-medial
(L-M). Master regulators of those patterns are the repellent ephrin and their recpetors.
Generally Ephrin-As act at the P-A level and Ephrin-Bs at the L-M. In the dLGN ephrin-A2 and
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ephrin-A5 are expressed in ventral-lateral-anterior-high and dorsal-medial-posterior-low
gradients, whereas ephrin-A3 is expressed in small amounts. In the SC, ephrin-A2 and ephrin-A5
follow a P-A gradient. EphA7 shows the strongest P-A gradient of the SC. It is important to
mention that L-M gradient of ephrin-B1 attract EphBs expressing axons in contrast to the ephrin-
B2 at the optic chiasm (figure 1.18) (Harada et al., 2007).
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Figure 1.18: Expression patterns of Ephs and ephrins in the retinocollicular system. (Triplett et al., 2012).

It is also important to mention that as both Ephs and ephrins are cell surface molecules they can

signal in the forward and reverse directions, and complete mechanism of the ephrin signalling is
complex (Triplett et al., 2012).

Table 1.2 and 1.3 depict all the guidance cues and regulatory gene involved in RGC axon
pathfinding.
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Molecule

Expression

Role in retina

Role at chiasm

Role in optic tract/visual targets

CSPGs (Direct
effect or modulation
of other cues?)

EphBs
(reverse signalling)

EphrinAs

EphrinBs

netnn-1

NrCAM

Sema3D

Slits

Wnt3

High peripheral-low
central wave in retina;
bordenng chiasm and
optic tract.

High V-low D

gradient in retina;

Low M—high L gradient
in tectum/SC,

High N—low T gradient
in reting; low A-high P
gradient in tectum/SC;
low M—high L gradient
in LGN,

High D-low V gradient
in reting; chiasmatic
midline; High M—low L
gradient in tectum/SC.

Optic disc

Contralaterally projecting
RGC axons; chiasmatic
midline.

Midline of ventral
diencephalon; Low
M-high L gradient

in tectum.

High central-low
peripheral wave in
retina; midline of CNS
except chiasm.

Lens; inner region of
the retina; bordering
chiasm and tract

Low M—high L
gradient in tectum

Timing and polarity of RGC
outgrowth (r; Brittis et al.,
1992).

Targeting of dorsal RGC
axons to optic disc
(m; Birghauer et al., 2000).

Exit into the optic nerve

(m; Demer etal.,

1997; x: Hiopker et al., 1999).
Promotes growth towards
and out of the optic disc

{c; Zelina et al., 2005),

Promotes growth towards
optic disc (c; Kolpak et al.,
2005).

Polarity of RGC axon
outgrowth (m). Restrict
axons to OFL via inhibitory
(m; Thompson et al,, 2006a)
or attractive (c; Jin et al.,
2003) signalling.

Path followed by RGC
axons (m; Chung et al.,
2000),

Establishment of
binocular visual pathways
(x; Nakagawa et al.,
2000; m; Williams et al.,
2003).

Promotes midline crossing of
late-generated RGC axons
(m; Williams et al., 2006).
Promotes midline crossing and
growth into contralateral optic
tract (z; Sakai and Halloran,
2006).

Inhibits growth: absence from
midline required for crossing
{c; Trousse et al., 2001; m
Torres et al., 1996; z;
Macdonald et al., 1997).
Inhibit outgrowth controlling
position of chiasm and path
followed by RGC axons

(m; Plump et al., 2002).

Inhibit outgrowth restricting
axons to optic tract (c; Ichijo
and Kawabata, 2001),

Mapping slong M-L axis of
tectum (x; Mann et al., 2002).

Mapping along A-P axis of

tectum/SC and L-M axis

of LGN. Organisation of eye
specific layers (e.g. Frisen

et al., 1998; Feldbeim et al.,

1998)

Mapping along M-L axis of
SC (m; Hindges et al., 2002).

Mapping along M-L axis of
tectum (z; Liu et al., 2004).

Inhibit outgrowth restricting
axons to optic tract
(m; Thompson et al., 2006b)

Mapping along M-L axis of
tectum (c; Schmitt et al.,
2006).

A, anterior; D, dorsal; L, lateral: M, medial; N, nasal; P, posterior; T, temporal; V, ventral; ¢, chick: m, mouse; r, rat; x, Xenopus; z, zebrafish.

Table 1.2: Role of specific guidance cues in directing RGC axon pathfinding. (Erskine et al., 2007).

Thalamocortical projections of the dLGN are essential for the relay and processing of visual

information.

The

reciprocal connections are regulated during the activity-independent

mechanism by guidance cues such as Ebf1, a bHLH transcription factor, and DIx1 and DIx2

homeodomain transcription factors. EphA/ephrin-A and neurotrophins are also shown to be
involved (Harada et al., 2007).
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Giene Expreslion Functon

Bmlkb Magonty of RGCs Contmls intnnsic ranscnptional network required for guidanee in retim,
opiic ¢hisem and tract and mappeng in 5C (m; Edoman et al,, 2000)
En-112 Low A-high P gadien m the tectum/SC Contml mapping in the tectum by repulating ephrinA expresaomn

{¢: Friodman and O'Leary, 1996, Rasaks and Nakamum, 1996)

FoxD1 VT guudrant of reting, developing chissmatic region Putterning of retina @nd ventral diencephalon required for normal ¢hizsm
formation (m; Herem et al, 2004) and A-P mapping in techm
(c; Yimsa ot al,, 1996),

FoxGl Nasal RGCs; ventral diencephalon antenar 1o chinsm Patterning of retina and ventral disncephalon underlyimg establishment of
bmoculer visual pathways (m, Prati et ol 2004) gl A-P mappimg in tectum
{¢; Tokohsshi et al , 2003; Yo e al, 1906)

il tgh N-low T gradient m reting stk mapping i fectum by regulating negatively EphA 3 expression

GH6 High N-low T gradient 1 C ks mapping m lecium by regulsting negatively EphA3 exm
(¢ Schulie and Cepko, 2000)

T Subset of cells in RGC layer of retina. Contmls RGC axon fasciculation and gusdance within the retina by regulating
negatively Slhit] expression (c; Jin et ol, 2003)

Tshet 2 Contralgierally progecting RGCs Specification of contmluterally projecting RGCs by repressme Zic? expresion
(m; Pak et al, 2004)

Lhx? Retina; venirul diencephalon including pre-optic area Contmls expression of madance coes in preoptic area of diencephalon required
Tor chinsm formation (z Seth et al., 2006),

Pax2 Proximol region of retina;, glial eells of optic sk, Represies Shh from the chissmatic midling enabling formuton of the crossad

midhine of ventral diencephalon. chiasmatic pmjection (m; Torres et al, 1996; « Macdonald et al., 1997).

SOHo High N-low T gradient m retina Contmls mapping n tecwum by regulating negatively EphAl expression
(¢ Schulie and Cepko, 2000)

Thxs Dorsal rtina Contmls mapping i the tectum by regulating EphB/epbrinB expres@on
(¢; Kosthiba-Tokeuchi et sl 200d).

x| whial cells of optic nerve; CNS midline ontmls expression of attractive guidimee cues requi w growth of RGC

Vix Glial cells of opt (NS midl Contmls exp i attractive guid required for growth of RO(
waond into the brain (ne Beruer et o, 1999

Vax2 Ventral retma Patterning of retma undedying establishment of binocular visual pathways and
mapping in wetumSC (mg Mui et al, 2002; Barbicri et al,, 2000, ¢; Schulie e al,
19499}

L2 Ipslaterally projecting RGCs Specification of i pulaterally projecting RGCs (L m, x; Hemera el al., 2003}

Tl Recading high peripheml — low central gradeent Contmls expression of mhibitory guidance cusis) required for mtrareting] RGO

in the retima axon pathfinding (c; Zhang el al | 200L)

A, smtenior; D, dorsal; N, nasal; P, postenor, T, tempoml; V, ventral; ¢, chick; 1, ferret; m, mouse; x, Xenopus; », sshrafish,

Table 1.3: Regulatory genes controlling RGC axon pathfinding. (Erskine et al., 2007).

1.7. Mouse development

1.7.1. Embryogenesis and branchial arch system

Neurulation is a fundamental process of embryogenesis, it consist in the formation of the neural
tube after progressive infolding of the neural plate. Within the tube regionalization, patterns of
regulatory genes are expressed and will lead embryonic development. Prosomeric modelisation

of the mouse embryo characterizes region based on genetic and morphologic evidences.

The major transitional tissue of embryogenesis is certainly the neural crest. Neural crest cells
arise along the margins of the neural folds at the boundary between the surface and the neural
ectoderm. During neurulation, these cells migrate throughout the body where they, later in
development, will differentiate into a particularly wide range of cell type. It is not long ago that
specific lineage markers allowed scientists to analyze precise origin of precursor cells that
contributes to particular structure development. Neural crest cell lineage marker, Wntl-
Cre/R26R, and mesoderm lineage cell marker, Mesp1-Cre/R26R have allowed great advance in

developmental analysis (McBratney-Owen et al., 2008). Cranial neural crest cells (CNC) migration
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is controlled by a wide range of molecular mechanism, and major signalling pathways manage

their patterning within the branchial arches.

Branchial aches (BA), or pharyngeal arches, are structures found within vertebrate mostly
involved in the development of the face and the neck. BA1 can be subdivided into a maxillar and
mandibular component. BAs expand during embryonic development by proliferation of neural
crest cells from the neural plate: forebrain, midbrain and hindbrain (Minoux et al., 2010). This
migration of CNC cells occurs between the rostral cranial axis and the posterior-anterior cranial
axis and is concomitant with the activation of several homeodomain transcription factors,

including Hox, DIx, Otx and Emx genes (Noden et al., 2005; Matsuo et al.,1995).

Endothelin-1 (Edn1l) is one of the primary signals that establish the identities of neural crest cells
within the mandibular portion of the BA1l. Signaling through its cognate receptor, the
endothelin-A receptor, is critical for patterning the ventral/distal portion of the arch (lower jaw)
and also participates with Hox genes in patterning more posterior arches. Edn1/Ednra signalling

modulates DIx and ephA2 expression (figure 1.19) (Clouthier et al., 2010).
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Figure 1.19: Intrinsic transcriptional programs underlying cranial neural crest cells positional identity in
E10.5 mouse embryo. (Minoux et al., 2010).

Others molecular mechanisms are involved in establishing and maintaining the migration of
segmentally restricted CNC streams into the BAs, such as Erbb4 (v-erb-a erythroblastic leukemia
viral oncogene homologue 4), neuropilin/semaphorin 3 (Nrp/Sema3) and ephrinB2/EphA4 (Eph
receptor A4)/EphB1 (figure 1.20) (Minoux et al., 2010).
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Figure 1.20: Segmental and directional migration of cranial neural crest cells at E10.5. (Minoux et al.,
2010).

1.7.2. Visual area of the brain

In embryo, visual areas are located on bilateral evagination forming optic cup and later

connection between RGC and neurons of the SC occur at E15, their maturation is achieved by P6.

Figure 1.21: A photograph of a coronal section of mouse brain through the middle of the dorsal lateral
geniculate nucleus (stained with acetylcholinesterase). APT: anterior pretectal nucleus, DLG: dorsal lateral
geniculate nucleus, cp: cerebral peduncle. LP: lateral posterior nucleus of the thalamus, opt: optic tract, Po:
posterior complex of the thalamus, PrG:, VPM: ventral posteromedial nucleus, V1: primary visual cortex,

V2L and V2M: visual association cortex, ZI:zona incerta (Watson, Paxinos, Puelles, 2012).
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Refinement of the visual area occurs postnatal in parallel with nervous system maturation (Wilks
et al., 2013). In adult mice, visual related areas are easily recognized along the retinotopic path

(Figure 1.21 and 1.22).

Figure 1.22: A photograph of a coronal section of mouse brain through the middle of the superior colliculus
(stained with acetylcholinesterase). VIM and V1B: primary visual cortex, V2MM and V2L: visual
association areas, TeA: temporal association cortex. The layers of the superior colliculus are labelled a to f.

(Watson, Paxinos, Puelles, 2012).
1.7.3. Craniofacial and skeletal development

The head structure, from the hyoid to the tip of the parietal, emerges from the extension of
branchial arches (BA) 1 to 4. The exact origin of craniofacial element has been well established
during last decade, whether concerning their BAs origins or their cell lineage origin (figure 1.23

and table 1.4).
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Figure 1.23: Contribution of cells lineage during craniofacial development. (Chai et al., 2006).

Table 1: Derivatives of the BAs

Location Cleft Arch Nerve Pouch
First External ear Mandible, muscles of mastication, 5th cranial Trigeminal nerve (V2 and V3) Eustachian tube, tympanic cavity,
canal nerve, malleus, and incus mastoid air cells
Second Cervical sinus Muscles of facial expression, body and lesser Facial nerve (VII) Palatine tonsil
of His horns of hyoid, 7th and 8th cranial nerves,
stapes
Third Cervical sinus Superior constrictor muscles, internal carotid Glossopharyngeal nerve (IX) Inferior parathyroid, thymus,
of His artery, 9th cranial nerve, greater horn, and pyriform fossa
body of hyoid
Fourth Cervical sinus Thyroid and cuneiform cartilages, 10th cranial Vagus nerve (X), superior Superior parathyroid, apex of
of His nerve, aortic arch and right subclavian laryngeal nerve pyriform sinus
artery, part of laryngeal muscles
Fifth and None Portions of the laryngeal muscles and Vagus nerve (X), recurrent Parafollicular "C” cells of thyroid
sixth skeleton, inferior pharyngeal constrictor laryngeal nerve gland

muscles, 11th cranial nerve

Table 1.4: Branchial arch derivatives. (Johnson et al., 2011).

The chondrocranium develops between E11 and E16 in the mouse, beginning with development

of the caudal (occipital) chondrocranium, followed by chondrogenesis rostrally to form the nasal

capsule, and finally fusion of these two parts via the midline central stem and the lateral struts

of the vault cartilages. Neural crest cells contribute to all of the cartilages that form the ethmoid,

presphenoid, and basisphenoid bones with the exception of the hypochiasmatic cartilages. The

basioccipital bone and non-squamous parts of the temporal bones are mesoderm derived
(McBratney 2008) (figure 1.24 and 1.25).
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Figure 1.24: Schematic representation of murine skulls. Elements in yellow are maxillary arch derivatives,
lavender for mandibular and salmon for caudal. Acc, alicochlear commisure; agp, angular process; alat,
anterolateral process of ala temporalis; alf, alisphenoid foramen; alo, ala orbitalis; als, alisphenoid; amx,
alveolus of maxilla; at, ala temporalis; bh, body of hyoid; bMC, body of Meckel’s cartilage; bo,
basioccipital; bs, basisphenoid; btp, basitrabecular process; cdp, condylar process; cna, cupola nasi
anterior of nasal capsule; cpr, crista parotica; cps, caudal process of squamosal; cthy, thyroid cartilage;
dnt, dentary; eo, exoccipital; etm, ectotympanic process; fmx, frontal process of maxilla; fop, orbitonasal
fissure; fr, frontal; ghh, greater horn of the hyoid; gn, gonial; hzl, horizontal lamina; in, incus; ina, incissive
alveolus of dentary; iof, infraorbital foramen of maxilla; ip, interparietal; jg, jugal; la, lacrimal; laat, lamina
ascendens ala temporalis; Ihh, lesser horn of hyoid; LI, lower incisor; lo, lamina obturans; Isq, squamosal
lamina; ma, malleus; moa, molar alveolus of dentary; na, nasal; pc, paraseptal cartilage; pca, pars
canalicularis; pco, pars cochlearis; pl, palatine; pmp, posterior maxillary process; pmx, premaxilla; pnnc,
paries nasi — nasal capsule; pp, parietal plate; ppat, pterygoid process of ala temporalis; ppi (nc),
prominentia pars intermedia (nasal capsule); ppmx, palatal process of maxilla; pppl, palatal process of
palatine; pppx, palatal process of premaxilla; pr, parietal; ps, presphenoid; ptg, pterygoid; roMC, rostral
process of Meckel’s cartilage; rtp, retrotympanic process; so, supraoccipital; sp, styloid process; sq,
squamosal; st, stapes; tbp, trabecular basal plate; tm, taenia marginalis; tp-ns, trabecular basal plate —
nasal septum; Ul, upper incisor; zmx, zygomatic process of maxilla; zps, zygomatic process of squamosal.
(Depew et al., 2005).
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Figure 1.25: Ossification and cartilaginous skeleton of mouse embryon (alcian and alizarin staining). (a)
E16.5, (b) E17.5, (c) E18.5. (Kaufmann, 1998).
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1.8. HMX1

1.8.1. Hmx family and function

The phylogenetically conserved homeobox of Hmx family is a helix-loop-helix-turn-helix type,
and there are two conserved regions, SD1 and SD2, immediately adjacent the 3’ side of the
homeobox (Yoshiura et al., 1998). Hmx family belongs to the NKL subclass of the ANTP class of
homeoboxes, and were firstly named NKX5 family. These genes are known to play role in

developing sensory organs (Wang et al., 2000).

Concerning Hmx family members, both Hmx2 and Hmx3 are required for cell fate determination
and subsequent morphogenesis of the developing inner ear. Loss of both Hmx2 and Hmx3
results in the absence of the entire vestibular system. Hmx family play an important role with
other control genes of the inner ear development (Fgfs, Shh, Wnts, RARs, Hmx1, Hmx2, Hmx3,
and DIx5, etc.) but are differentially active in temporal and spatial domains (Wang et al., 2005)
(table 1.5). Consistent with its expression during inner ear development, Hmx1 plays an essential
role for the survival of neurons in the facio-acoustic ganglia and also the geniculate ganglion
(Wang et al.,, 2005; Quina et al.,, 2012). Moreover Hmx1 is required for the control of
noradrenergic and cholinergic sympathetic neurons diversification via TIx3 and Ret and cell fate
control (Furlan et al.,, 2013). Studies have also proposed that HMX1 may act as a critical
transcriptional switch between neuronal versus glia-melanocyte fate in the ventral neural crest

pathway (Adameyko et al., 2009).

Animal Gene Craniofacial region Nervous system Other
Mouse Hmxl 2nd branchial arch NV ganglion
Dorsolateral mesenchyme NX ganglion
Retina, lens Sympathetic nerve ganglion
Dorsal root ganglion
Mouse Hmx3" Branchial arch (between 2nd and 3rd) Thalamus
(Nkx5.1) Otic vesicle Preoptic area
(day 8.5) Optic cup Mammillary area
Lateral mesenchyme Pons
Medula
Dorsal root ganglia
Peripheral nerve ganglia
Mouse Hmx2" Inner ear Same as Hmx3, except thalamus
(Nkx5.2)
(day 14.5)

Table 1.5: Expression pattern of Hmx gene family in mouse (adapted from Yoshiura et al., 1998).

1.8.2. Characteristics

In contrast to other transcription factors, HMX1 prefers a CAAG(TG) binding site rather than the
usual TAAT. In vitro experiments have shown that NKX2.5 binds to the same site as HMX1 and
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attenuates the repression effect of HMX1. In turn HMX1 is able to antagonize NKX2.5 activation
(Amendt et al., 1999). Despite extensive study, the promoter region of the murine Hmx1 still
remains to be resolved. As there is no usual TATA box or CAAT-like motif, only potential
promoter region was proposed between -416 and -166, but this remains to be fully understood
(Nichini & Schorderet, 2008).

1.8.3. HMX1 gene : Comparison of human and mouse genes

The human H6 homeobox 1, mapped the chromosome 4p16.1 (Stadler et al., 1992) and is
composed of 1047 base pairs coding a 348 amino acid protein. HMX1 gene bears across species
the conserved homeobox-specific amino acids: Arg-5, GIn-12, Leu-16, Tyr-25, Leu-40, Trp-48,
Phe-49, Asn-51 and Arg-53. The murine Hmx1 maps to chromosome 5 (Wang et al., 1997) and is
composed of 999 base pairs coding for 332 amino acids (Yoshiura et al., 1998). There is an 85%
homology at the amino acid level between the human and mice sequence, but no significant
homology in the 5’ and 3’UTR (figure 1.26). Both human and murine genes are formed of two

exons and one intron, with the homeobox located in exon2.

A

N T I T

turn loop

Figure 1.26: Multispecies alignment of HMX1 amino acid sequence. (Gillespie et al., 2015)

1.8.4. Expression pattern in humans and mice

In humans, HMX1 is expressed in the retina in 5 week-old human embryos, in the developing
auricular mesenchymal cells and in the perichondrium of the intrinsic cartilages of the pinna in
20 week-old fetuses (Schorderet et al., 2008).

In mice, Hmx1 expression starts at E9.5 in the trigeminal ganglion and is maintained up to E16.
Expression in the eye, BA2 and dorsal root ganglions (DRG) starts by E10.5. In addition, there is

also expression in the mesenchyme proximally along the caudal margin of BA1, part of the
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mandibular component, and in the faciostatoacoustic ganglion complex near the otic vesicle
(figure 1.27). At E11.5 the pattern in the eye refines to the lens and the neural epithelium which
persist at E13.5, this is followed by a decrease in DRG. At E12.5 Hmx1 is also found in the dorsal-
lateral area of the head mesenchyme. Finally, expression in the sympathetic ganglion, otic
vesicle, and vagal nerve ganglion is observed at E14, as well as in DRG, and by E16 sympathetic
trunk ganglia present Hmx1 expression (Yoshiura et al., 1998; Wang et al., 2000; Munroe et al.,

2009; Quina et al., 2012; Schorderet et al., 2008)

B

mxTG
mnTG

Figure 1.27: Hmx1 expression in developing mouse craniofacial mesenchyme. (Quina et al., 2012b).
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1.9. Oculo-auricular syndrome of

Schorderet-Munier-Franceschetti

The ocular-auricular syndrome of Schorderet-Munier-Franceschetti was first described in 1945 in
a three-year old girl and her six-year old brother presenting a bilateral microphthalmia and

malformation of the external ear. These defects’ association were rare enough to let the authors

speculate of a common origin of these malformations.

A

Figure 1.28: Family tree and eye and ear phenotype of the three members affected. (Schorderet et al.,
2008).
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In 2008, a new member of this family was examined (figure 1.28) and the mutation involved in
this disorder discovered (Schorderet et al., 2008). The mutation consists in a homozygous 26
base pair deletion in exon 1 of HMX1, present in the three patient of this first family (figure
1.29). The mutation created a frameshift and a termination codon, preventing translation of the

homeobox (black box figure 1.29).

Exon 1 Exon 2
|| —
26-nt deletion
GETE s o+ 58 556 ¢ w8 6 55 6 W& 808 § 56900 ¥ 8 GCGCGGG
I\ +/+
N
+/-

Figure 1.29: DNA sequence of HMX1 in control (+/+), and deletion found in heterozygous parent (+/-), and
homozygous proband (-/-). (Schorderet et al., 2008).

In 2015, a second family was described with two children affected. The major features again
were microphthalmia and particular ear lobe malformation (Gillespie et al., 2015) (figure 1.30).
Screening of HMX1 allowed authors to detect a second homozygous mutation in the gene, a

missense mutation within the homeodomain that altered its function.
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Figure 1.30: (C) Family tree, (A) eye and (B) ear phenotype of a member affected in the second family, (D)
chromatogram of the homozygous HMX1 mutation. (Gillespie et al., 2015).

Even if the types of mutations within HMX1 are not the same, they both lead to OAS-SMF.
Patients from both family share common clinical features: microcornea, microphthalmia,
cataract, anterior-segment dysgenesis, optic nerve dysplasia, coloboma, rod-cone dystrophy,

and aberration of the retinal pigment epithelium and an unusual cleft or aplastic ear lobule.

Detailed descriptions of each patient from both families are classified in table 1.6.
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Table 1.6: Description of the phenotypic traits of patient within both families. (Gillespie et al., 2015).
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1.10. Animal model for Hmx1

1.10.1. Dumbo mouse model

For the study of Hmx1 in my thesis, | worked on the dumbo mouse model. The dumbo mouse
originates from a random ENU mutagenesis of proximal mouse chromosome 5 (Wilson et al.,
2005). The Hmx1 dmbo allele involves a nonsense mutation that lies in the amino-terminal side
of the homeodomain, resulting in an undetectable truncated mutant protein. The Hmx1 dmbo

allele is thus considered a functionally null mutation (Munroe et al., 2009) (figure 1.31).

Hmx1 mRNA

1 373 374 999 1508

-\. 2.2kb /_
" C>T ACCGCCTCG

(dumbo) (nm2596)
dul+ AA seqs & domains

1 332
WT

dul/du I

f ‘-‘llf‘ - 64 GIn>stop [l Homeobox
wd ¥ YWY N S /\/\ dumbo [ O sP1/sP2

Figure 1.31: Details of the dmbo mutation. (Adapted from Munroe et al., 2009).

Dumbo mice exhibited enlarged ear pinnae with apparent ventrolateral shift (figure 1.32). Skull
malformations were mild, with only hyperplasia of the gonial bone and irregularities along the
caudal border of the squamous temporal bone. Beside these mild malformations, no vestibular
or hearing defects were observed. Moderate degrees of microphthalmia were reported, 9%
reduction of the eye size at birth, with low grade of keratoconjunctivitis sicca. No retinal
degeneration was detected, whether in young or adult mice (Munroe et al., 2009). Homozygous
dumbo mice were reported to be lighter than their heterozygous littermates between P3 and
P9. Partial perilethality of the dmbo mutation is controversial between the two studies

performed on this model (Munroe et al., 2009; Quina et al., 2012a).

Concerning the development of sensory nervous system, no abnormalities were observed in the
trigeminal system and dorsal root ganglion. But marked defect were observed at the level of the
geniculate ganglion during embryogenesis; its size was decreased and projecting fibers were

disrupted leading to complete atrophy of the ganglion (Quina et al., 2012a).
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Figure 1.32: Heterozygote and homozygote dumbo mice. (Munroe et al., 2009).

1.10.2. Other models

Mouse misplaced ears (mpe) mutant arose spontaneously (Munroe et al., 2009) and generally
displays the same phenotype as the dumbo mouse model. The mutation consists of a deletion of
eight nucleotides appending 171 unrelated amino acids to the HMX1 protein after the 226"

amino acids.

Transgenic model of zebrafish does not exist; a morpholino-based knockdown was done and
shown delayed development of the eye and microphthalmia (Schorderet et al., 2009; Boisset et
al., 2012).

Dumbo rat presents a different type of mutation, as it consists of a deletion of a conserved
regulatory element of Hmxl gene, required for expression in the cranial-crest derived
craniofacial mesenchyme. This leads to a phenotype resembling the dumbo mouse, with

microphthalmia and ear displacement. (Kuramoto et al., 2010; Quina et al., 2012b).

Recently, genetic analysis revealed that the origin of crop ear from Ireland cattle was due to
homozygous mutation in a conserved non-coding element of HMX1, reinforcing its regulatory

role in ear development (Turner & Cox, 2014; Koch et al., 2013).
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1.11. EphA6 / Sema3f / Ptpro

In order to introduce the result chapter of my thesis, | will briefly present 3 genes involved in our

research of HMX1 function and pathway.

A recent study has shown that HMX1 dimer repressed EPHA6 promoter in vitro (Marcelli et al.,
2014). As described in section 1.6, ephrins are crucial guidance cues that regulate topography of
RGC principally via repulsive interaction. EphA6 harbours a particular pattern of expression
within the retina and visual output during retinotopic mapping. And also because, as discussed

in section 1.7, ephrin are involved in CNC patterning and craniofacial morphogenesis.

Ptpro is a negative regulator of Ephrin receptors (Shintani et al., 2006), and is involved in axonal
guidance and cerebellar formation in chicken and zebrafish (Stepanek et al., 2001; Liao et al.,
2013).

Finally, Sema3f is, as described in section 1.7.1, involved in CNC patterning. Knockout mouse
model have shown that Sema3f is a guidance cue for oligodendroglia and retinocollicular map

formation (Spassky et al., 2002; Claudepierre et al., 2008).

Therefore | have mainly focused on ephrin and semaphorin signalling pathway for the dumbo

mice analysis.
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Identification of HMX1 target
genes: A predictive promoter

model approach
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e Experiments shown in figure 6 have been made by me.
e Experiments shown in figures 1 to 5 and 7, have been made by A. Boulling.

e The paper has been written by A. Boulling, myself and D. Schorderet.
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Abstract

A homozygous mutation iRIMX1 is responsible for a new oculoauricular defect ilegd
to eye and auricular developmental abnormalitiesvels as early retinal degeneration
(MIM 612109).HMX1 is expressed in the developing eye, ear and in sihex parts of
the nervous system. It recognizes the CAAGTG caabrbinding sequence. However,
the HMX1 pathway remains poorly understood. To identfivIX1 target genes, we
developed a predictive promoter model (PPM) apgroassing a comparative
transcriptomic analysis in the retina at P15 betwaemouse model lacking functional
Hmx1(dmbomouse) and its respective wild type. This PPM waseld on the hypothesis
that HMX1 binding sites (HMX1-BSs) clusters shoblkel more represented in promoters
of HMX1 target genes. The most differentially expressedegeim the microarray
experiment that contained HMX1-BSs clusters weredu® generate the PPM, which
was then statistically validated. Finally, we deysd two genome-wide target prediction
methods: one that focused on the conservation bf féRtures in both human and mouse
and the other that was based on the co-occurrdnd®X1-BS pairs fitting the PPM, in
human or in mouse, independently. The PPM construcevealed thabgcg Tshz2and
Slc6a9wereHmx1targets in the mouse retina at P15. Moreover, émige-wide target
prediction revealed that mouse genes belongindheorétinal axon guidance pathway
were targeted byimx1, which fits well with our current knowledge of thmele of this
gene. This hypothesis was then validated by Luaserassay.
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Introduction

The HMX (Homeobox) family of transcription factasscharacterized by the presence of
a 60-amino acid homeobox domain. Currently, thmifig contains 4 member$iMX1,
HMX2, HMX3(also known a®\kx5-3 Nkx5-2andNkx5-1, respectively) anéOHo1[1].
Expression oHMX1, HMX2 and HMX3 is highest in the sensory orgamse. eye and
inner ear, and in the peripheral and central nesveystems [2,3]. During mouse
developmentHmx1is expressed in the trigeminal ganglion and ingbeond branchial
arches early as E9.5, and in the dorsal root garaglE10.5. Later on, it is expressed in
the lens, in the neural epithelium of the eyehim $ympathic and vagal nerve ganglia and
in the mesenchyme near the developing ear [4]. Merently, the discovery of ahviX1
loss-of-function mutation responsible for a newloauricular syndrome (MIM 612109)
in a Swiss consanguineous family has prompted usualuate the role of this

transcription factor [5].

In 2009, the description of two mutant mice calf&imbo” and “misplaced ears”
exhibiting microphthalmia, besides ear and cramalformations, was reported. Mapping
and sequencing analyses of these mice revealedsemge mutation in the first exon of
Hmx1in dmboand a frameshift mutation in exon 2 of “misplacedlsé mice [6]. The
absence oHmx1 protein indmbowas further confirmed in a study showing thlhx1
was required for the normal development of somats®s neurons in the geniculate
ganglion [7]. Moreover, @mborat strain with a similar phenotype and a deletiomn
ancient distal putative enhancerHrhx1was described very recently [8]. All these rodent
mutants underline the prominent role x1in eye development and represent good
models. Despite these recent advances, the rolénofl in transcriptional regulation
remains widely unknown. A major challenge in deeiphg theHmx1 pathway involved

in eye development is the identification of targgnes. However, this represents a
difficult task as no HMX1 chromatin immunoprecipitan-grade antibody seems to exist
in the mouse. Therefore, we decided to construgtedictive promoter model (PPM).
This approach is based on the analysis of diffealytco-expressed genes between two
different biological states and represents a pawéobl as was recently shown [9]. In our
case, we used a comparative transcriptomic anabgdigseen retinas at post-natal day 15
(P15) of wild-type (WT) andimbomice. Basically, a promoter model is defined as a

framework of two or more transcription factor bingisites (TFBSs) with a defined
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distance range and strand orientation. In a givempter, a functional pattern involving
multiple TFBSs is calledis+egulatory module (CRM). CRMs represent the nextllef
organization after individual TFBSs and are oftemoived in tissue specific expression
(reviewed in [10] and [11]). The promoter modet&led predictive when it is based on a
functional hypothesis instead of the analysis opesdmentally validated TFBSs. In
theory, the promoter model represents a specifit feexible structures shared by the

promoter of genes belonging to the same pathways.

Despite the lack of knowledge abddinxl some critical information was sufficient to
identify specific features about its target. Intfadmendtet al showed that HMX1 binds
to the canonical CAAGTG sequence and acts as adrgtional antagonist of Nkx2-5, a
well studied transcription factor that recognizesc@sensus sequence TNAAGTG
overlapping HMX1-BSs [12]. The mouse and A&F proximal promoters include two
validated Nkx2-5-BSs involved in transcriptionatiaation. Additional sites are located
in distal enhancer regions upstream of the trapson start site (TSS) [13-15]. Similar
Nkx2-5-BSs clusters have also been observed infliemidlocus of the Drosophila and
the functionality of one of them has been demotedran cardioblasts [16]. This type of
CRM involving multiple similar TFBSs is called hotgpic CRMs, or homotypic clusters
of TFBSs, and is widely represented in proximalnpoters and enhancers of mammals
and invertebrates [17]. This observation is palaidy true for TFBSs of several TFs,
includingNkx2-5

To identify targets oHMX1, we developed a PPM based on HMX1-BSs clusters, by
analogy toNkx2-5and succeeded in constructing and validating a BRsed on the
presence of multiple HMX1-BSs. We report the fisshx1targets in the mouse retina at
P15. Moreover, applying our PPM to mouse and hugeromes allowed us to identify

additional potential target genes that are invoiveithe embryonic eye development.

Materials and Methods

Animals handling and tissue isolation

These studies adhered to the Association for Resear Vision and Ophthalmology

(ARVO) statement for the use of animals in ophthaland vision research and were
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approved by the Veterinary Service of the Stat&ahis (Switzerland). WT C57BL/6J
mice were obtained from Janvier (Janvier, Le GeSesdle, France) andmbomice from
Jackson Laboratory (Jackson Laboratory, Bar HarkdE). Dmbo mice were
backcrossed with C57BL/6JWT mice for 3 additionaéngrations to obtain a
homogeneous genetic background and to removeRtliemutation they unexpectedly
carried. All mice were genotyped by polymerase rhraaction analysis of DNA tails.
Animals were maintained in a 12-hours light/12-Isodark cycle with free access to food
and water. Mice were killed by cervical dislocatianP15 or P60 and their eyes were
enucleated. Retinas were isolated under a micrestmpemove extra retinal tissue and

snap-frozen at -80°C.

RNA extraction and dosage

Total RNA was individually isolated from each whaletina and purified using the
RNeasy minikit as described by the manufacturerARNiantities were assessed by
NanoDrop®ND-1000 spectrophotometer. Four and thaékerent animals for each

condition were used for microarray and RT-PCR rethpely.

Microarray procedure

RNA quality was assessed using RNA 6000 NanoChiph whe Agilent 2100
Bioanalyzer (Agilent, Palo Alto, CA). For each sdeplOOng of total RNA were
amplified using the WT sense strand Target Labgkin (Affymetrix, Santa Clara, CA);
5.5ug of the resulting sense cDNA was fragmented by UDfAcil DNA glycosylase)
and APE 1 (apurinic/apyrimidic endonuclease 1) biatin-labelled with TdT (terminal
deoxynucleotidyltransferase) using the GeneChip® WE&rminal labelling kit
(Affymetrix). Affymetrix Mouse Gene 1.0 ST arrayseme hybridized with 24Q of
biotinylated target for 17 hours at 45°C washed stained according to the protocol
described in Affymetrix GeneChip® Expression An@y#lanual (Fluidics protocol
FS450 _0007). The arrays were scanned using the Ghg® Scanner 3000 7G
(Affymetrix) and raw data were extracted from tlikarsmed images and analyzed with the
Affymetrix Power Tools software package. All stitial analyses were performed using
the free high-level interpreted statistical langaid) and various Bioconductor packages
(http://'www.Bioconductor.org). Hybridization qualitvas assessed using the Expression
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Console software (Affymetrix). Normalized expressisignals were calculated from
Affymetrix CEL files using RMA normalization metho®ifferential hybridized features
were identified using Bioconductor package “limmhbat implements linear models for
microarray data [18]. ThE-values were adjusted for multiple testing with Benini and
Hochberg’s method to control for false discovergr@DR) [19]. Probe sets showing at
least 1.2-fold change and a FDR<0.1 were considgigrificant. Gene expression data
have been deposited in GEO (GSE47002).

Functional annotation of microarray data

Differentially expressed genes (FDR<0.1) were asweot in accordance with the Gene
Ontology (GO) classification system. GO terms waesssified into categories related to
molecular function, cell component and biologicabgess in the aim of assessing the
statistical enrichment of differentially expressgghes in these categories in comparison
with the full mouse genome. Annotation and statadtcalculation were realized using the
DAVID algorithm (http://david.abcc.ncifcrf.gov/homsep) [20,21]. In addition, the
MetaCore software from GeneGo Inc. was used togbton highlight most relevant
GeneGO Process Networks. Each process represepi®-set network of protein
interactions characteristic for the process. FahdAVID and MetaCore enrichment
analyses, only results withRxValue<0.1 were taken into consideration. MetaCamd

DAVID use a hypergeometric model to determine igai§cance of enrichment.

PPM construction and validation

All sequences were collecteda the UCSC Main Table Browser of the online Galaxy
Platform (https://main.g2.bx.psu.edu/). We usedXhly 2007 (NCBI37/mm9) and Feb
2009 (GRCh37/hg19) genome assemblies’ versiongiands absent in the refGene table
were retrieved in Genbank and checked manuallygétfie accession numbers related to
the genes cited in the article are summarized leT&1. [-250;+250] region selection
and motif combinations analyses in the (+) andtr&ning sets were obtained from
Galaxy. The (-)- training set was constituted byd@m selection of 2000 RefSeq gene
promoter sequences. Finally, statistical validatddrthe model was performed with the
Fisher's exact test. PPM specificity and sensitiwtere calculated with MedCalc
(http://www.medcalc.org/). Cell-specific expressitevels of Hmx1, Sgcg Tshz2and
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Slc6a9 were retrieved in the gene expression profile  dedab
(http://www.fmi.ch/roska.data/index.php) [22].

PPM-based genome-wide target predictions

All the [-250,+200] sequences fitting the PPM werdected from human and mouse
RefSeq databases. PPM-based selection focusecearotiserved HMX1-BS pairs was
realized by crossing the human and mouse previooistgined selections. Sequences
containing more than two HMX1-BSs were analyzeddbieve the target genes selection
based on the cooccurrence of HMX1-BS pairs. Axordance pathway enrichment
analysis was based on the KEGG database (http://[gemneme.jp/kegg/kegg2.html) and
performed for the mouse predicted targets seledimained with the PPM co-occurrence
based method. The statistical enrichment was asegminst the full mouse genome by
taking in consideration the 25,504 unique genethefccds table, by means of the Chi-
square with Yates' correction test.

Quantitative Reverse Transcription PCR (qPCR)

Reverse transcription was performed with 500 ng RR& ngfl OligodT, 1 mM each
dNTP, 10 mM dithiothreitol, 2 Wd RNAseBlock and Jul AffinityScript (Agilent) in a
final volume of 20ul at 42°C for 1 hour. Reaction was then kept alC7fr 15 min and
the obtained cDNA was 1:10 diluted. QuantitativeRP@as performed in a 25-
mixture containing 12.pL of FastStart Universal SYBR Green Master (ROXdcRe,
Basel, Switzerland), 1QL of diluted cDNA and 0.3i\M of primer pairs (Table S2). The
PCR program had an initial denaturation at 95°C1f@rmin, followed by 40 cycles of
denaturation at 95°C for 30 s, annealing at 55%ClLfain, and extension at 72°C for 1
min. All PCRs were realized in triplicate. Trangtrlevels were normalized using the
Gapdh housekeeping gene and analyzed by means of theer§®id-test. All gPCR
efficiencies were calculated from the slope ofandard dilution curve to allow relative
comparison of gene mRNA levels.
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Immunohistochemistry

Enucleated eyes were fixed for 45 min at 4°C in g&aformaldehyde. Fixation was
blocked with 30 % sucrose, eyes were then embenid¥dzzula and vertically sliced at
10 um thickness in a cryostat. Sections were washesk ttimes with phosphate-buffered
saline (PBS), treated with blocking buffer (2 %ivatgoat serum containing 0.2% Triton
X-100) at room temperature for 10 min, and left rovght at 4°C with the anti-SGCG
primary antibody (Proteintech) diluted 1:100. Cotgrwere prepared by omitting the
primary antibody during the incubation. The folloi morning, sections were rinsed
three times with PBS, blocked 10 min and incubaitexcom temperature for 1 hour with
Alexa Fluor® 594 goat anti-rabbit IgG (Invitrogefuyg, Switzerland) secondary antibody
diluted 1:1500. After three additional washing,tsets were stained with DAPI diluted
1:1500 for 10 min at room temperature, washed tliraes again and mounted with
Citifluor AF1 (Citifluor Ltd, Leicester, United Kigdom). Stained slides were imaged on
a Zeiss microscope and image analysis was perfousied the ZEN lite 2011 software

(Zeiss, Zurich, Switzerland).

Construction of reporter and expression plasmids

PCR primer pairs used for molecular cloning wersigieed to generate an amplicon
spanning the TSS @&gcg Sema3andPtpro and to carry all the HMX1-BS identified in
the proximal promoter region. All promoter regionsre amplified with thePfuUltra
High-Fidelity DNA Polymerase (Agilent) according tbe manufacturer’'s instructions.
MouseSgcg Sema3fand Ptpro promoter regions were amplified using followingmeir
pairs and annealing temperatures (Ta): 5-gcgcdcgeggacacgtcagcctcag-3' and 5'-
gcgcctcgaggaaacgctgtacctatctgatttaca-3'  Sgcg Ta = 61°C), 5'-
gcgcacgcgtgcaagagtgtatggggaagg-3' and 5'- gcgaptegmcctctcagcaggtg-3Sémadf
Ta = 63°C), 5’-gcgcacgcgtcatggaaatcgttgcttgtg-2l &hRgcgcctcgagcggcegttgtitaatggctaa-
3’ (Ptpro, Ta = 60°C). Amplified DNA fragments were insertedo the pGL3-basic
vector by means of Xhol and Mlul restriction enzwre produce pGL¥gcg pGL3-
Sema3fand pGL3Ptpro reporter constructs. Before the cloning step, tA\GTG site
located just upstream of the multiple cloning sitethe pGL3-basic vector was turned
into TAATCA by site-directed mutagenesis. THmx1mouse cDNA was amplified with
PfuUltra High-Fidelity DNA Polymerase using 5’-atgccggatg@geccg-3° and 5'-
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tcacactagccccggcatc-3' primers (Ta = 60°C), theserted into the pcDNA3.1 vector
(pcDNA3.1-Hmx1) by means of the pcDNA3.1/V5-His TOPTA Expression Kit

(Invitrogen).

Cell culture and transfection

Mouse neuroblastoma cells (aka Neuro-2a or N2ag weswn in DMEM supplemented
with 10% Fetal Bovin Serum and 1@@/ml Normocin (Invivogen, Toulouse, France).
Twenty-four hours prior transfection, 200 000 delkl were seeded in 12-wells plates.
For one transfection, 900 ng of one pGL3 reportarstruct, 900 ng of pcDNA3.1-Hmx1
or empty pcDNA3.1 and 300 ng of pCMV-Beta-Gal cohplasmid were mixed together
with 4 ul jetPEI (Polyplus, lllkirch, France) and droppedmthe cells.

Luciferase reporter gene assay

Forty-eight hours after transfection, cells wenmeseid with PBS and lysed with 1Q0
potassium phosphate buffer (100mM K2HPO4 pH7.8,%0.2iton X-100). After
centrifugation, 5ul supernatant from each sample were added tol Eirefly luciferase
reagent. In parallel, 1@ supernatant from each sample were added to (lO-
galactosidase reagent. The relative luciferasevigctivas determined by dividing the
luminescence of Firefly luciferase activity by thatthe co-transfectefl-galactosidase
activity. The experiment was performed 3 times &ach reporter construct and
transfections were realized in triplicate for eagperiment. The significance between the
luciferase activity of each reporter construct @nsfected with pcDNA3.1-Hmx1 and

with pcDNA3.1 was then assessed for significancenbgns of the Student’s t-test.

Statistical analysis

Statistical tests used in this study are detailedha end of “microarray procedure”,
“functional annotation of microarray data”, “PPM nstruction and validation”,

“quantitative reverse transcription PCR” and “lecédse reporter gene assay” sections.

74



Results

Comparative transcriptomic analysis

The comparative transcriptomic analysis of the reortetina betweemlimboand WT
C57BL/6J mice was realized at P15 to avoid killprggnantdmbomice and to obtain
sufficient amount of tissue. The retina is stilivd®ping at this age and it is always
expressingdmx1 The analysis showed 146 differentially expressedes (70 up and 76
down) with a false discovery rate (FDR)<0.1 andeaist 1.2-fold change (Figure 1A,
Table S3, Table S4). Thirty of these genes werélhigonfident and had a FDR<0.01
(14 up and 16 down). Analysis of the 146 differalyi expressed genes with the
MetaCore software from GeneGo Inc. showed 10 eaddBeneGO Process Networks
with a P-Value<0.1 (Figure 1B). The first three ranked gsges are the synaptogenesis
(P-Value=0.008879), the visual perceptidValue= 0.009481) and the synaptic contact
(P-Value=0.009713). In another approach, the usé@®IAVID software allowed us to
classify these genes into GO categories, showiag $hof them were significantly
enriched with aP-Value<0.1 in molecular function, 3 in cell compaheand 20 in
biological process categories, respectively (Ta®%). All of the enriched molecular
function categories were related to ion and vitabimding or transmembrane transport,
and all the enriched cell component categories welaged to cell projection terms as
axoneme and cilium. Enriched biological procesegaties were more numerous and

diversified and concerned, for example, organekalization or metal ion homeostasis.

Hmx1 target promoter model construction and valigiat

As explained above, we hypothesized that multiex1sites could form CRMs and act
in synergy, as observed fbikx2-5[17]. In this regard, we postulated that the nundder
motifs could play a role in the transcriptional uegion ofHmx1targets. To elaborate our
predictive promoter model, we used the promoteruseges of the most confident
differentially expressed genes (FDR<0.01 group) tao# into consideration the number
of CAAGTG motif present. We used a screening windawging in size from -250 to
+200 nucleotides (nt) around the TSS. This windaag Wwased on the size of the proximal

promoter and the approximate median size of thamyoke 5’UTR, two regions known to
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be enriched in TFBS [23,24]. The CAAGTG motifs lwzhin the [-250,+200] interval
were counted. Three of the 30 genes contained #sn®tcontained 1 motif, and the last
24 did not contain any motif. The 3 genes contgritrmotifs, considered as theoretical
Hmx1targets, were used to generate a framework (FigaAr8) that should correspond
to a feature specific foHmx1 target promoters. The orientation of the motifs was
disregarded but we took into consideration the sgmetween the two motifs and kept a
distance range spanning from 90 to 190 nt. Unerpégctonly one HMX1-BS infshz2
promoter was strictly conserved between human asusm

It is important to keep in mind that this theoratipromoter model is predictive and
needs to be statistically validated, as it is basedarbitrary criteria. Therefore, we
calculated the enrichment of this particular featibetween the FDR<0.01 group (used as
the positive (+)- training set) and a control groafprandom promoters (used as the
negative (-)-training set). We observed a 22.2-fddnificant enrichment R-
Value=0.0006) of the PPM specific feature in thg-tfaining set compared to the (-)-
training set within the [-250,+200] region (Figu&C). This enrichment was also
observed in the FDR<0.1 group but to a lesser eX@ivalue<0.0091). There was no
significant enrichment when the genes containinigadt 1 motif were considered. From
these data, we concluded that the high enrichmthi® particular feature in the (+)-
training set validated our promoter model and sugpothe idea thagcg Tshz2and
Slc6a9were direcHmx1targets.

To complete our approach, we also tried to buiRP&M with lower specificity and higher
sensitivity. For this, we replaced the canonicguemce CAAGTG by the minimal core
motif CAAG also able to bind HMX1 but with a loweffinity [12]. We generated a low
specific PPM (LS-PPM) and a very low specific PPVL$-PPM) fitting the same

distance and orientation criterias than the iniB&M, but carrying respectively one or
two CAAG in place of the canonical HMX1-BS (Table Both of them retrieved a better
rate of positive genes but showed very low spatyfid.37 and 1.01-fold enrichment for
low and very low PPM respectively). These two PPNhvower specificity were not

reused for next analyses.
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Characterization of Sgcg, Tshz2 and Slc6a9 expassi

To minimize the possibility thaBgcg Tshz2and Sic6a9were false positive targets of
Hmx1, we confirmed their level of deregulation betwesgmes fromdmboand WT mice,
and checked for colocalization witHmx1l The retina is made of many different cell
types with specific expression profiles. We therefassessed the expressionHofx1,
Sgcg Tshz2and Slc6a9by gPCR (Figure 3A) and looked for their precisé sabtype
expression in the mouse retina, according to amergene expression profile database
[22] (Figure 3B). Transcripts quantification comfied thatSgcgand Tshz2were over-
expressed illmboat P15, whereaSlc6a9was under-expressed. This deregulation tended
to disappear at P60 faFshz2and Slc6a9 but remained extremely high f&gcg As
expected, the inspection of a retina specific degalrevealed a strong overlapHyfixl,
Slc6a9and Tshz2expression in the glycinergic amacrine ce8gcgexpression was not
detected in the microarray database probably dubeovery weak level of mRNA, as
shown by gPCR. However, thesarcoglycan protein encoded Bgcgwas detected by
immunohistochemistry in the ganglion cell (GCL)gtimner plexiform (IPL), the inner
nuclear (INL) and the outer plexiform layers (OREjgure 3C), as already shown by
Fort et al [25]. No difference in mRNA or protein expressioh y-sarcoglycan was
observed between WT amtnbosamples (data not shown). The immunohistochemistry
staining was higher in some cells of the INL extiilg a disposition pattern characteristic
of the amacrine cells, at the delimiting bordemizsn the INL and the IPL. This result
was in accordance with colocalizationSgcgandHmx1expression.

PPM-based genome-wide screening for HMX1 putasixgets

Our model was based on a comparative transcriptamatysis realized in mouse retina at
P15. HoweverHmx1is highly expressed in the mouse eye as early 8s5Esliggesting
an important role in development. Assuming thatRF we developed was specific for
HMX1 targets (with 0.45% vs. 10% representation in theafd (+)-training sets,
respectively) we decided to screen the full humaad mouse genomes. Such a global
approach should provide an exhaustive view of aiafve HMX 1 targets, including those
expressed during embryonic eye development. Asstidiep, we used the PPM to screen
both mouse and human RefSeq databasethe Galaxy platform. These two databases

contained a total of 30,490 and 43,695 sequensgectvely, which corresponded to all
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transcripts of reference, including all isoforms aiternative promoters. We considered
for each gene all potential alternative promotersergas all redundant promoter
sequences due to alternative splicing were disdartlee gene accession numbers of all
isoforms corresponding to our predicted genesistiedlin Table S1.

Screening of the full mouse RefSeq database usiagPPM within the [-250,+200]
region retrieved 157 sequences corresponding tpuerprotein-coding genes (Figure 4A,
Table S1). Similarly, the screening of the humamogee retrieved 100 sequences
corresponding to unique protein-coding genes. Surchpproach allowed us to generate
an exhaustive list of all possibleMX1 targets, but the high number of positive hits
resulted in some difficulties with their interpréte. In fact, some of these genes were
probably trueHMX1 targets, but several could also be false-positinggmesenting targets
related to TFs with the same binding sites (fomepde HMX3 or NKX2-5. To improve
the selectivity of the analysis and to focus on riast interesting candidate genes, we
decided to add additional filters.

Initially, we developed a PPM approach based orctimservation of the HMX1-BS pairs
between human and mouse. In fact, comparative gesasione of the usual methods
that aimed at discriminating functional TFBSs fronelevant ones (reviewed in [11]). To
keep a relative flexibility, our method was onlysbd on the presence of an HMX1-BS
pair and did not implicate a strict conservationtloé positions or orientations of the
HMX1-BSs between both species. As already demdesiraraditional approaches, like
phylogenetic footprinting, give good predictionst lawre also likely to miss important
conserved regulatory elements [26]. Crossing thedatasets showed that only 10 genes
contained the PPM features in both species (Figlde These genes were classified
according to the localization of their expression.

In a second phase, we used another PPM approaeti baghe co-occurrence of HMX1-
BS pairs, driven by the basic idea that increasimg number of HMX1-BS in the
promoter region should increase their interactioith wAMX1. Such a phenomenon
should result in a more efficient transcription ukagion. To assess this hypothesis, we
looked at the HMX1- BSs occurrence in all the moaed human promoter sequences
fitting the PPM. We observed that the promoter aegi contained a maximum of 4
HMX1-BSs within the [-250,+200] window. Always irteordance with the PPM criteria,
we determined that 3 sites might form 3 differeamiotypic HMX1-BSs pairs (P1-2,P1-
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3,P2-3), even if it is unlikely that all 3pairscdube considered at the same time due to

the minimum distance range constraint of 90bp (fEdiA).

Similarly, 4 sites might lead to a maximum of 5 donations (P1-2, P1-3,P2-3, P2-4, P3-
4). It is noticeable that a single given site canirvolved in multiple combinations. The
screening of the mouse genome with this methotweid 9 genes with 3 sites allowing 2
different pair combinations, and 1 gertepbag with 4 sites allowing 3 different pair
combinations (Figure 5B). Interestingly, 3 of thd€egenesEphag Ptpro and Sema3f
are expressed in the retina and are involved imaixgrowth repulsion (see Figure 6and
discussion). It represents a 56.6- fold enrichm{@A¥alue<0.0001) in the mouse axon
guidance KEGG pathway (mmu0436Mtpro was incorporated within the pathway
although it was not initially reported in the KEGdatabase, in spite of its role as a
guidance cue in retinal neurons [27,28]. Moreowerdeeper examination dpha6
showed an additional HMX1-BS at position [+245,+P&6d an additional HMX1-BSs
cluster fitting the PPM within the first intron @tire 5C). Among the mouse HMX1-
BSs, two were conserved in the huntEPHAG6proximal promoter. One was unique to the
human gene. With a similar approach, we identifiedenes with 3 sites allowing 2

interactions in the human genome (Figure 5B).

Experimental validation of several predicted taggby luciferase assay

We experimentally validated some of these resyltsitiferase assays performed in N2A
cells. We first assessed the reliability of ourtegs by co-transfecting the pGLSgcg
positive control reporter construct with the pcDNABImx1expression construddmxi1
cotransfection decreased pGEgcgluciferase expression by 63%, which was expected
given thedmbogPCRSgcgresults (Figure 6). Co-transfection of Hmx1 repeelspGL3-

Ptproand pGL3Sema3fuciferase expression by 50 and 66%, respectively.

Discussion

The major goal of this study was to identify targehes oHmx1in the mouse retina.The
integration ofin vitro data from Amentt al and ourin vivo microarray data allowed us

to obtain a clear picture of the typical basic atinee of artHMX1 target promoter [12]. In
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addition, experimental controls concerning traqcamounts, expression co-localization

and luciferase assay strongly supported theseniysdi

The microarray data yielded a first set of inforimiatabout the molecular phenotype of
thedmboretina. The MetaCore analysis underlined that & &cHMX1 protein altered
synaptogenesis and visual perception, two bioldgioacesses occurring at P15 [29]. At
this time, we cannot say whether these observati@mne directly linked tadmx1loss of

activity or if they derived from anterior impairmsroccurring during eye development.

Then, we used the microarray data to construcgh $pecific PPM based on HMX1-BS
clusters. It revealed th&gcg Tshz2andSlc6a9wereHmx1targets in the mouse retina at
P15. Using degenerated binding motifs for PPM aoesibn, such as the minimal CAAG
core motif, led to higher sensitivity but also tery low specificity with no significant
enrichment. Such a low specific PPM cannot be dsedgrediction because it would
probably yield an extremelyhigh number of falseifposs. However, we thought that
Hmx1probably binds degenerate moiifisvivo but no position weight matrix is currently
available to perform a better PPM fdmx1 Moreover, it's important to keep in mind
that the sensitivity of the original PPM is verkdly under-estimated because some of the
differential expressions observed for gene belanpgrthe (+)-training set probably result

from secondary events and are not directly linkedmx1.

The expression oHmx1, Tshz2 Slc6a9 and probablySgcg were observed in the
glycinergic amacrine cells, a cell type which eBthles synaptic contacts with rod-driven
bipolar cells and play an important role in newaosmissionTshz2(Tshirt zinc finger
family member 2) is involved in axonal growth netkdn the mouse retina and is also
expressed in the zebrafish neural retina at 48shpast fertilization [30,31]SIc6a9is
specifically expressed in the glycinergic amacaalls where it plays an important role in
glycine uptake, and also controls N-methyl-D-aspatid receptor coagonist occupancy
in the mouse retina [32]. The role of both theseegein the retina needs to be further
investigated. However, their expression seemeckttotally or partially compensated at
P60, suggesting thadmx1 does not solely regulate them. The positive deeggul of
Sgcgin gPCR was very impressive (about 1000-fold) bualidn’t correlate with a higher
amount of proteins idmboretina. It is likely thaSgcgwas strongly regulated at the level
of translation which would explain why this drangaticrease of transcripts had no effect
on the protein level, as shown for other genedeaél&o cell adhesion [33]. Besides, the
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overexpressed-sarcoglycan could form aggregates which could bgratled in the
endoplasmic reticulum, as supported by the proggslgrocess enrichment in MetaCore
analysis (Figure 1B). Its role in thdmboretinal phenotype remains unclear. Another
finding resulting from the microarray analysis wihsit Hmx1 could actin vivo as a
transcriptional repressor or activator. The finstvitro study done by Amenet al
Showed only a repressor effect, but their work wase in HelLa cells indicating that

cellular context may play a role in mediatiAtyIX1 activity [12].

The second part of our study consisted to use B B screen the genome and discover
other putative targets ofiMX1l More precisely, we focused our attention on the
identification of HMX1 targets that could be involved in eye developm&hts would
help in understanding the bases of the human ocutedar syndrome caused bmx1
mutation [5]. The first method consisted in usihg PPM to screen the RefSeq database
of mouse and human. It retrieved a large but exgestimber of genes despite the short
screening window that was used. Many of these gmmgsented interesting candidates
(See Table S1 for a complete list). In order tariee selective, we crossed human and
mouse selections to keep only genes fitting the BPhbth species. Among the 10 genes
that we retrieved, four have been reported to Ipeessed in the eye, during development
(EPHAG MARCKSand UHRF1), or during adult life $EPT4 [34-37]. In addition,
SH3KBP1was predicted to be a targetkdnxland is highly expressed in Schwann cells,
where it is regulated b$OX10[38]. Interestingly, a recent study showed thatkatce
between SOX10 and HMX1 regulates neuronal versusSchwann cell precursor and
melanocyte fates [39]. Our second method baseti@ondoccurrence of HMX1-BS pairs
retrieved 10 genes in the mouse genome and 8 ihuhe@an genomeEPHAG UHRF1
and SH3KBP1were identified by both methods, increasing thefidence that these 3
targets were true targets. In the mouse Hplea6promoter showed the highest number of
HMX1-BS pairs combinations with 4 sites located hwit [-250,+200]. A wider
examination of the region surrounding its TSS shbwedditional HMX1-BS clusters
fitting the PPM in the proximal promoter and in timst intron. WithPtpro and Sema3f
Epha6 belongs to the retinal axon guidance pathway amyspbn important role in
retinotopic mapping [34,40,27,28,41]. In additidhese three predicted targets occupy
key places as inputs of the axon repulsion sigggbathway, supporting a specific and
effective action oHmx1in this process (see Figure 7 for more details)aly, the strong

and highly significant enrichment of 20 this patiwvirmathe mouse selection obtained with
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HMX1-BS pairs co-occurrence based method underlthedikely role ofHmx1in the
establishment of retinal topography. The luciferasgay results gave some experimental
evidences to validate this hypothesis. As a pasitiontrol, we first showed thatmxl1
can act as a repressor and decrease the activttye@gcgpromoter in the N2A cells.
This result was expected based on the dramati®@aser ofSgcgexpression indmbo
mice. Then, we showed thidinx1represses the activity &ftpro andSema3promoters.

In the future, we will specifically focus our effsron the functional study dpha6,all
the more so as the Ephrin pathway was already derexi by Schorderett al.to be a
putative target oHmx1 [5]. We also noted that the human selection corthia new
interesting gene expressed in the é&§®XP1[42], in addition toUHRF1 and EPHAG
Finally, some of the remaining predicted targetselated to the eye could be potential
HMX1, NKX2-50r HMX3 targets in other tissues and will need further stigation.

Several recurrent questions about TFBSs identiinaarose from our study. The first
concerns the conservation of CRMs between humanmande. In fact, we observed a
poor conservation of our PPM between both spewbgreas numerous studies showed
that evolutionary conserved regions overlap fumaiaegulatory elements (reviewed in
[11]). Actually, approaches integrating comparatgenomics data succeed to identify
CRMs with a high positive predictive value but deek CRMs specific for a given
species. Single-genome bioinformatic approachesnawses convenient to solve this
problem. In this manner, a study based on empipotgntial energy of TFs revealed that
CRMs occur in conserved and nonconserved regiomsabout 55% of them have a poor
conservation score [43]. In particular, this stuthderlined that the less well-conserved
CRMs concern genes related to neural activityoltld be explained by the fact that the
nervous system function is specific for species, coptrast with more fundamental
processes as transcription for example. Predictfareural specific TFBSs appears to be
harder than others; fortunately it has been shothatl homotypic CRMs are a good
predictor of regulatory elements, especially fagéh genes related to TFs involved in
neural development [17]. In a general way, homatyfiRMs are strongly associated with
the region surrounding the TSS and the developrhemiaancers, with no systematic
phylogenetic conservation. These observationsalize the results we obtained with a
singlegenome approach and the PPM-based methodedcon the co-occurrence of
HMX1-BS pairs, in particular with the mouse axonidgunce pathway enrichment.

Finally, we think that adding a distance range taist to the PPM gave more accurate
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results than simply count the TFBSs in the scregnimdow. Actually, optimal distances
for interactions are supposed to be specific fgivan TF and including this parameter in

the model should give more specific results [26].

In conclusion, our strategy was successful in ifigng HMX1 targets because the PPM
we constructed based on the P15 microarray dataley,a posteriorj an important
pathway involved in retinal developmenite(. axon repulsion during retinal axon
guidance) in addition to the first three target®,(Sgcg Tshz2 and Slc639 These
subsequent outcomes brought an additional protifeofobustness of our PPM approach,
and open new opportunities to focus experimentadstigations on this specific aspect of

theHmx1pathway.
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Legends and figures

Figure 1 Summary of microarray results. A) Up and down regulated genes with a
foldchange>1.2 and a FDR<0.1 or <0.01. B) MetaCBeneGO Process Networks

enrichment analysis of the FDR<O0.1 group of diffeialy expressed genes.
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Figure 2 Elaboration and statistical validation ofan Hmx1 PPM. A) Flowchart of the
PPM construction. #see (B) for details. B) DetaifsSgcg Tshz2and Slc6a9promoter
structure. Forward (CAAGTG) and reverse (CACTTG) KMBSs are symbolized by
black and white triangles respectively. The H leittelicates an HMX1-BS that is strictly
conserved in human. C) Statistical validation oé tRPM. Columns represent the
percentage of promoters carrying at least 1 HMX1eB$tting the PPM in each group.
Promoter count details are indicated for the FDR<@roup and the (+)-training set

(FDR<0.01 group). P-Value<0.01, *P-Value<0.001.
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Figure 3 Characterization of Sgcg, Tshz2 and Slc6a9 expression.A) gPCR analysis of
Sgcg Tshz2and Sic6a9expression in WT, heterozygous (HT) as@ibowhole retina at
P15 and P60. The significance of the differenceasvéen WT and HT odmbomean
MRNA expression levels are determined by three paddent experiments done in
triplicate. All gPCR efficiencies are above 1.9@&hwa Pearson’s r above 0.99. mRNA
levels are expressed as a ratio of Hmax1l WT level, in P15 and P60 experiments,
independently. Bars, SD;PWValue<0.01, *P-Value<0.05, ***P-Value<0.001. AU,
arbitrary units. B) Heatmap representationHonx1, Sgcg Tshz2and Slc6a9expression
in the different cell types of the mouse retinacading to the gene expression profile
database [22]. C) ImmunostainingySarcoglycan in WT andmboretina at P15. White
arrows indicate an accumulationyBarcoglycan at the border delimitating the INL and
the IPL. DAPI, DAPI staining; Merge, overlap betwdBAPI andy-SG immunostaining.
ONL, Outer nuclear layer; OPL, Outer plexiformlay#dL, Inner nuclear layer; IPL,

Inner plexiform layer; GCL, Ganglion cell layer.
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Figure 4 PPM-based genome-wide target selection fesed on the conserved HMX1-
BS pairs. A) Flowchart of the PPM-based genome-wide targéécten. B) Venn
diagram illustrating the overlap between human @mogdise target selections. Expression
localization in the eye is indicated for genesyiag an HMX1-BS pair in both species.
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Figure 5 PPM-based genome-wide target selection imged on the co-occurrence of
HMX1-BS pairs. A) Simultaneous possible combinations of HMX1-B&pallowed by
the PPM with 3 or 4 HMX1-BSs. Pairs are identifeextording to HMX1-BSs numbers.
B) Flowchart of the mouse and human PPM-based tsmiscfiltering according to
HMX1-BS pairs counting. #see Figure 4 for detadgarding the PPM-based selection
process. Expression localization in the retinangdidated for genes carrying multiple
HMX1-BS pairs. Significant enrichment in axon guida pathway is also indicated (see
text). C) Details of human and mouB®HAG structure in the region surrounding the
TSS. Forward (CAAGTG) and reverse (CACTTG) HMX1-B%se symbolized
respectively by black and white triangles. Distangep) between HMX1-BSs are

indicated in red.
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Figure 6 Transcriptional repression of predicted taiget genes byHmx1. The pGL3-
Sgcg (positive control), pGL3™ema3fand pGL3Ptpro reporter plasmids were co-
transfected with the empty pcDNA3.1 or the pcDNABIhx1 expression vectors into
the N2A cells. For each gene, the activities amvghrelative to the pGL3 constructs co-
transfected with the control empty pcDNA3.1. Fiyefluciferase activities were
normalized against the co-transfecfedalactosidase activity. Bars, SDP-Value<0.01,

*** P-Value<0.001. AU, arbitrary units.
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Figure 7 Mouse axon guidance pathway mapAdaptated from the mmu04360 KEGG
pathway. EphA6, Sema3F and PTPRO are localizeckdnim the pathway. Note that
PTPRO was originally absent from the map. Outpliespbrin and semaphorin pathways
are underlined with red dotted lines. See KEGG webdor legend details
(http://www.genome.jp/kegg/document/help _pathwayljhtm
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Table 1 Specificity of PPM-based selection method$.S-PPM, Low specific PPM;

VLS-PPM, Very low specific PPM. 95% CI, 95% confibe interval.

PEM (2 HMX1-8S) LS-PPM (1 HMX1-BS + 1 CAAG)
Pmﬂﬂm i';";“" - 0.45 1465
= o -
Fm\mlﬁ 22.22: 0.0006 137
Sensitivity 10.00% (95% CI: 2.23% - 26.56%) 20.00% (95% CI: 7.76% - 38.58%)
Specificity 99.55% (95%C: 99.15% - 99.79%) 85.35% (95% CI: 83.72 % - 86.57 %)
VLS-PPM (2 CAAG)
59.25
63.33
0.01

63.33% (95% CI- 43.86% - 80.05 %)

40.75% (95% CL 38.59 % - 42.94 %)
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Table S1 Official gene symbols and gene accessiammbers of all predicted targets

Gens accession number Official symbol
NM_025904 1600012F0SRIK
WM_025487 1700011A15RIK
NM_026625 1700067P10RIK
NM_02557T 2810428115Rik
NM_001033799 4930428018RIK
NM_D01204504 4830558K0ZRIK
NM_177213 ABCA1S
NM_0D01252508 AC152451 1
NM_175324 Acadi1
WM_001042542 AKAPY
NM_011921 ALDH1AT
NM_021710 AP451
NM_009700 AQP4
NM_0D1162423 ARHGAPY
NM_DD1162424 ARHGAP4
NM_138630 ARHGAP4
NM_019824 ARPC3
NM_025338 AURKAIP1
NM_023057 BZ230120HZIRIK
NM_DD1170858 BCO6G281
NM_173416 BCOGB281
NM_013483 BTN1A1
NM_175938 BTNZAZ
NM_007576 C4BP
NM_198663 CA7459
NM_027062 CBG
NM_145575 CALD1
NM_001008420 CDH12
NM_009881 CDYL
NM_007739 CcoLBA1
NM_D01033851 CPHNES
NM_025815 CPHES
NM_009910 CXCR3
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NM_001048227
NM_007838
NM_007868
NM_019872
NM_013504
NM_007894
NM_053113
NM_007895
NM_019398
NM_001033464
NM_207685
NM_001252666
NM_007938
NM_029310
NM_033146
NM_001164739
NM_010216
NM_008035
NM_177863
NM_001081454
NM_001037716
NM_177571
NM_001085531
NM_001198988
NM_001198987
NM_001081648
NM_001114400
NM_001122735
NM_001195672
NM_001033407
NM_001038703
NM_032399
NM_029095
NM_008354

DBENDDZ2
DDOST
DMD
DMRTB1
DSCH
EAR1
EAR11
EARZ
EARS
EFCAB4E
ELAVLYZ
EFB49
EPHAG
FABF12
FAM1584
FamdTa-ps
FIGF
FOLR2
FREM1
FURIN
Gm10439
GM13103
GM13283
GM15080
GM15097
GM15107
GM15127
GM15127
GM221
Gma15
GPR146
GPRE7
HHATL
IL12REB2



NM_008372
NM_001163637
NM_001158354
MNM_153004
NM_001089301
NM_001154885
NM_146245
NM_001113379
NM_001136071
NM_001114383
NM_010758
NM_013779
NM_022012
NM_003538
NM_001114179
NM_029730
NM_203452
NM_010834
NM_010858
NM_008651
NM_016743
NM_025953
NM_023409
NM_008733
NM_193059
NM_173748
NM_026950
NM_147068
NM_001001808
NM_001011733
NM_146347
NM_146346
NM_146305
NM_ 146266

IL7TR
JAKMIFP2
KCNJ1
KLRB1F
LCN14
LPINZ
LRIT1
LRRC32
LsP1
LUZP4
MAG
MAGEL2
MAP3KT1
MARCKS
MCARTE
MOSPD2
MRGPRG
MSTM
NDUFSE
NEFM
NELLZ
NKAINT
NPC2
NREAF
NRAP
NUDCD3
OClaD2
OLFR166
OLFR2Z21
OLFR238
OLFR350
OLFR397
OLFR420
OLFRTT2

NM_207008
NM_146827
NM_024289
NM_008769
NM_001122734
NM_011022
NM_001081050
NM_020264
NM_D53121
NM_008888
NM_027153
NM_011125
NM_025901
NM_001205188
NM_028032
NM_D01164199
NM_025532
NM_001164058
WNM_008930
NM_001195673
NM_001164401
NM_011216
NM_030554
NM_207246
NM_D01081013
NM_019642
NM_012052
NM_001025364
NM_177652
NM_023248
NM_013657
MNM_011349
NM_011129
NM_177920
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OLFRTT3
OLFRS83
OsBPLY
oTC

oTT

oTT
PARDB
PATE4
PCDHBG
PHOX2B
PIR

PLTP
POLR3K
PPP2R2ZA
PPP2R2A
PREACB
PRLZE1
PRLTA1
PRLTA1
PRR22
PTPRO
PTPRO
RAB2ZTB
RASGRP3
RLF
RPM2
RPS3
RTN2
RYR3
SBDS
SEMA3C
SEMA3F
SEPT4
SERPINAT



NM_023134 SFTPA1

NM_011892 SGCG
NM_021389 SHIKBP1
NM_D30683 SLC14A2
NM_207651 SLC14A2
NM_026244 SLC39A9
NM_022025 SLC5AT
NM_D08135 SLCEAY
NM_D11474 SPRR2H
NM_054103 STK33
NM_D01252578 SULF2
NM_133670 SULT1A1
NM_022027 SYNE1
NM_D01159751 TCEA1
NM_D01253862 TCF12
NM_D01114140 TCF20
NM_D13836 TCF20
NM_D09443 TGOLN1
NM_DO01161355 TIMD2
NM_031880 TNK1
NM_080455 TSHZ2
NM_178897 TYW1
NM_177823 UBASH3A
NM_001111079 UHRF1
NM_D10831 UHRF1
NM_DO01104644 VMNZR53
NM_D01081449 VMN2RS54
NM_DO01104645 VMNZR55
NM_D01105180 VMN2RE5
NM_DO01102580 VMN2RT6
NM_007701 VSX2
NM_177697 VWA3A
NM_D01127376 WISP3
NM_D01081016 ZC3IHTB

NM_019747 ZFF113
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Official full name

RIKEN cDNA 1600012F09 gene

RIKEN cDNA 1700011A15 gene

RIKEN cDNA 1700067P10 gene

RIKEN cDNA 2810428115 gene

RIKEN cDNA 4930428D18 gene

RIKEN cDNA 4930558K02 gene

ATP-binding cassette, sub-family A (ABC1), member 15
uncharacterized protein LOC268595 [Source:RefSeq peptide
acyt-Coenzyme A dehydrogenase family, member 11
A kinase (PRKA) anchor protein 4

aldehyde dehydrogenase family 1, subfamily A7
adaptor-related protein complex AP-4, sigma 1
aquaporin 4

Rho GTPase activating protein 4

Rho GTPase activating protein 4

Rho GTPase activating protein 4

actin related protein 2/3 complex, subunit 3
aurora kinase A interacting protein 1

RIKEN cDNA B230120H23 gene

cDNA sequence BCD68281

cDNA sequence BCDG68281

butyrophilin, subfamily 1, member A1
butyrophilin, subfamily 2, member A2
complement component 4 binding protein
expressed sequence Ca7499

complement component 8, gamma polypeptide
caldesmon 1

cadherin 12

chromodomain protein, Y chromosome-like
collagen, type VI, alpha 1

copine Vil

copine Vil

chemokine (C-X-C motif) receptor 3
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dyshindin (dystrobrevin binding protein 1) domain containing 2
dofichyl-di-phosphooligosaccharide-protein glycotransferase
dystrophin, muscular dystrophy

DMRT-like family B with proline-rich C-terminal, 1
desmocollin 1

eosinophil-associated, nbonuclease A famity, member 1
egsinophil-associated, ribonuclease A family, member 11
eosinophil-associated, ribonuclease A family, member 2
eosinophil-associated, ribonuclease A family, member 5
EF-hand cakcium binding domain 48

ELAV {embryonic lethal, abnormal vision, Drosophila)}-ike 2 (Hu antigen B)
erythrocyte protein band 4.9

Eph receptor AG

fatty acid binding protein 12

family with sequence similarity 158, member A

family with sequence similarity 47, member A pssudogene
c-fos induced growth factor

Mus musculus folate receptor 2 (fetal)

Fras1 related extraceliular matrix protein 1

furin (paired basic amino acid cleaving enzyme)

predicted gene 10439

predicted gene 13103

predicted gene 13283

predicted gene 15080

predicted gene 15097

predicted gene 15107

predicted gene 15127

predicted gene 15127

predicted gene 221

predicted gene 815

G protein-coupled receptor 146

G protein-coupled receptor 87

hedgehog acyltransferase-like

interleukin 12 receptor, beta 2
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interleukin 7 receptor

janus kinase and microtubule interacting protein 2
potassium inwardhy-rectifying channel, subfamily J, member 1
killer cell lectin-like receptor subfamily B member 1F
lipocalin 14

lipin 2

leucine-rich repeat, immunoglobulin-like and transmembrane domains 1
leucine rich repeat containing 32

lymphocyte specific 1

leucine zipper protein 4

myelin-associated glycoprotein

melanoma antigen, family L, 2

mitogen-activated protein kinase kinase Kinase 11
myristoyliated alanine rich protein kinase C substrate
mitochondrial carrier triple repeat 6

motile sperm domain containing 2

MAS-related GPR, member G

myostatin

MADH dehydrogenase (ubiquinone) Fe-3 protein 6
neurofilament, medium polypeptide

MNEL-like 2 (chicken)

MNa+/K+ transporting ATPase interacting 1

Miemann Pick type C2

nebulin-related anchoring protein

nebulin-related anchoring protein

MudC domain containing 3

OCIA domain containing 2

olfactory receptor 166

olfactory receptor 221

olfactory receptor 288

olfactory receptor 3590

olfactory receptor 397

olfactory receptor 420

olfactory receptor 772
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olfactory receptor 773

olfactory receptor 983

oxysterol binding protein-like 5

omithine transcarbamylase

predicted gene 15093

predicted gene 15093

par-3 partitioning defective 3 homolog B (C. elegans)

prostate and testis expressed 4

protocadherin beta 6

paired-ilke homeobox 2b

pifin

phospholipid transfer protein

polymerase (RNA) |Il (DNA directed) polypeptide K

protein phosphatase 2 (formerly 2A), regulatory subunit B (PR 52), alpha isoform
protein phosphatase 2 (formerty 2A), reguilatory subunit B (PR 52), alpha isoform
protein kinase, cAMP dependent, catalytic, beta

prolactin family 2. subfamily b, member 1

prolactin family 7, subfamily a, member 1

prolactin family 7, subfamily a, member 1

proline rich 22

protein tyrosine phosphatase, recepior type, O

protein tyrosine phosphatase, receptor type, O

RAB2Th, member RAS oncogene family

RAS, guanyl releasing protein 3

rearranged L-myc fusion sequence

ribophorin 1|

ribosomal protein S3

reticulon 2 (Z-band associated protein)

ryanodine receptor 3

Shwachman-Bodian-Diamond syndrome homolog (human)

sema domain, immunoglobulin domain (lg), short basic domain, secreted, (semaphorn) 3C
sema domain, immunoglobulin domain (1g), short basic domain, secreted, (semaphorin) 3F
seplin 4

senne (or cysteine) peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsing, member 7
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surfactant associated protein A1

sarcoglycan, gamma (dystrophin-associated glycoprotein)
SH3-domain kinase binding protedn 1

solute carmier family 14 (urea transporter), member 2
solule camier family 14 (urea transporter), member 2
solute camer family 39 (zinc transporter), member 9
solute carrier family 5 (chaoline transporter), member 7
solute cammier family 6 (neurctransmitter transporter, glycine), member 9
small profine-rich protein 2H

serine/threonine kinase 313

sulfatase 2

sulfotransferase family 1A, phenol-prefeming, member 1
Nesprin-1 [Source:UniProtKBrSwiss-Prot

transcription elongation factor A (Sll) 1

transcription factor 12

transcription factor 20

transcription factor 20

trans-golgi network protedn

T cell immunogiobulin and mucin domain containing 2
tyrosine kinase, non-receptor, 1

teashirt zinc finger family member 2

IRNA-YW synthesizing protein 1 homolog (S. cerevisiae)
ubiquitin associated and SH3 domain containing, A
ubiquitin-iike, containing PHD and RING finger domains, 1
ubiquitin-like, containing PHD and RING finger domains, 1
vomeronasal 2, receptor 53

vomeronasal 2, receptor 54

vomeronasal 2, receptor 55

vomeronasal 2, receptor 65

vomeronasal 2, receptor 76

visual system homeobox 2

von Wilkebrand factor A domain containing 3A

WNT1 inducible signaling pathway protein 3

zinc finger CCCH type containing 78

zinc finger protein 113
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Gene accession number Official symbol
MM_133446 AGAP4
MM_00107 7686 AGAPE
MM_D01142445 AMEK1

MM _0204T8 AME
MM_020480 ANK1
MM_D01242814 AMNKRDE
MM_001001666 ANOT
MM_001001891 AMNOT
MM_014715 ARHGAP32
MM_001113738 ARL1TA
MM_D01128149 ATXNT
MM_D01170719 BCAR1
NM_001001342 BLOC152
MM_024588 C100ri68
MM_174806 C10RF162
MM_1B2584 C20orf203
NM_001738 CALA
MM_D01014435 CAT
MM_2015T0 CACNB2
MM_D01033952 CALCA
NM_001033953 CALCA
MM_D01741 CALCA
MM_153038 CCDC140
MM_032065 CCL15
MM_D01025158 cD74
MM_D01025159 cDhT4
MM_004355 CDT4
MM_DDG536 CLCAZ
MM_0D6580 CLDN16
MM_D01025233 CLLuUA

MM _000634 CXCR1
MNM_144970 CXORF38
MNM_001010969 CYPaAZZ
MM_004228 CYTH2
MM_017457 CYTHZ2
MM_015345 DAAMZ
MM_198063 DHX5T
MM_033067 DMRTB1
MM_004548 DSC1
MM_024421 DSC1
MM_D01256304 DOTNE
MM_024007 EBF1
MM_D01080448 EPHAG
MM_207582 ERVFRD-1
MM_D01122646 FAM17EB
MM_015864 FAMESE
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NM_031950
NM_001244816
NM_001018071
NM_001007122
NM_001242628
NM_002075
NM_001145639
NM_005319
NM_004133
NM_001161772
NM_000596
NM_002188
NM_001024660
NM_003947
NM_002235
NM_023930
NM_015925
NM_205834
NM_205835
NM_024871
NM_002356
NM_001040179
NM_032503
NM_152513
NM_001135863
NM_001145450
NM_005372
NM_005953
NM_D14342
NM_001171631
NM_024844
NM_001001920
NM_013340
NM_001197219
NM_001018109
NM_003662
NM_001242920
NM_006227
NM_182676
NM_001256569
NM_001197098
NM_000316
NM_198964
NM_198966
NM_020336
NM_182665
NM_001166283

FGFBPF2
FOXA
FRMPD2
Fs02
GFODA
GMNB3
GPSM1
HISTIHIC
HMF4G
HTR3A
IGFBP1
IL13
KALRN
KALRN
KCHNAS
KCTD14
LSR

LSR

LSR
MAPED
MARCKS
MCHR2
MCHR2
MEI1
METTL20
MORN2
MOS
MT2A
MTCH2
NOSTRIN
NUP85
OR4C15
PCDHB1
POELD
PIR

FIR
PLTP
PLTP
PLTP
PPFIBP2

PTHIR
RALGAPB

RASSFS
RGMA



NM_002922
NM_014139
NM_D04574
NM_D01024666
NM_197965
MNM_152527
NM_D01171170
NM_D30631
NM_145282
NM_D0E516
NM_D01252148
NM_D01252150
NM_018375
NM_001080537
NM_D01012415
NM_D01101677
NM_001014291
NM_006415
MNM_178324
NM_206861
NM_206862
NM_005134
NM_D01168215
NM_003842
NM_147187
NM_D16372
NM_013282
NM_130776
NM_130775
NK_D01080412
NM_014T17

RGS1
SCN11A
SEFT4
SH3KBP1
SLC10AG
SLC16A14
SLC25AM
SLC25A1
SLC25A48
SLC2AT
SLC30AG
SLC3%9A9
SLC30A9
SNTN
SOHLH1
S0OHLH1
SPRR2G
SPTLCA
SPTLC
TACC2
TACC2
TMEMS0B
TMEMS2
TNFRSF10B
TNFRSF10B
TPRA1
UHRF1
XAGE3
XAGES
ZBTE3S
ZNF536
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Official full name

AMfGAP with GTPase domain, ankyrin repeat and PH domain 4
AMfGAP with GTPase domain, ankyrin repeat and PH domain 8
ankyrin 1, enythrocytic

ankynn 1, erythrocytic

ankyrin 1, enythrocytic

ankynn repeat domain 6

anoctamin 7

anoctamin 7

Rho GTPase activating protein 32

ADP-ribosylation factor-like 17A

ataxin 7

breast cancer anti-estrogen resistance 1

biogenesis of lysosomal crganelles complex-1, subunit 2
chromaosome 10 open reading frame 68

chromasome 1 open reading frame 162

chromasome 20 open reading frame 203

carbonic anhydrase VA, mitochondrial

carbonic anhydrass VIl

calcium channel, voltage-dependent, beta 2 subunit
calcitonin-related polypeptide alpha

calcitonin-related polypeptide alpha

calcitonin-related polypeptide alpha

coiled-coll domain containing 140

chemokine {C-C motif) ligand 15

CD74 molecule, major histocompatibility complex, class Il invanant chain
CD74 molecule, major histocompatibility complex, class Il invariant chain
CD74 molecule, major histocompatibility complex, class Il invanant chain
chloride channel accessony 2

claudin 16

chronic iymphocytic leukemia up-regulated 1

chemokine (C-X-C motif) receptor 1

chromasome X open reading frame 38

cytochrome P450, family 4, subfamily A, polypeptide 22
cytohesin 2

cytohesin 2

dishevelled associated activator of morphogenesis 2

DEAH (Asp-Glu-Ala-AspfHis) box polypeptide 57

DMRT-like family B with proline-rich C-terminal, 1

desmaocollin 1

desmaocollin 1

dystrobrevin, beta

early B-cell factor 1

EPH receptor AG

endogenous retrovirus group FRD, member 1

family with sequence similarity 178, member B

family with sequence similarity 65, member B
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fibroblast growth factor binding protein 2

forkhead box P1

FERM and PDZ domain containing 2

fibronectin type Il and SPRY domain containing 2
glucose-fructose oxidoreductase domain containing 1
guanine nucleotide binding protein (G protein), beta polypeptide 3
z-protein signaling modulator 1

histone cluster 1, Hic

hepatocyte nuclear factor 4, gamma

S-hydroxytryptamine (serotonin) receptor 3A, lonotropic
insulin-like growth factor binding protein 1

interieukin 13

kalirin, RhoGEF kinase

kalirin, RhoGEF kinase

potassium voltage-gated channel, shaker-related subfamily, member 6
potassium channel tetramerisation domain containing 14
lipolysis stimulated lipoprotein receplor

lipotysis stimulated lipoprotein receplor

lipotysis stimulated lipoprotein receptor

MAPG domain containing 1

myristoylated alanine-rich protein kinase C substrate
melanin-concentrating hormone receptor 2
melanin-concentrating hormone receptor 2

meiosis inhibitor 1

methyltransferase like 20

MORN repeat containing 2

v-mos Moioney murine sarcoma viral oncogene homaoicg
metallothicnein 24

mitochondrial camrier 2

nitric oxide synthase trafficker

nucleoporin 85kDa

olfactory recepior, family 4, subfamily C, member 15
protocadhernin beta 1

phosphodiesterase 40, cAMP-specific

iron-hinding nuclear protein

pirin (iron-binding nuclear protein)

phospholipid transfer protein

phospholipid transfer protein

phospholipid transfer protein

PTPRF interacting protein, binding protein 2 (liprin beta 2)
protease, serins, 3

parathyroid homaone 1 receptor

parathyroid hormone-like hormone

parathyroid hormone-like hormone

Ral GTPase activating protein, beta subunit (non-catalytic)
Ras association (RalGDS/AF-6) domain family member 5
RGM domain family, member A
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regulator of G-protein signaling 1

sodium channel, voltage-gated, type X, alpha subunit

septin 4

SH3-domain kinase binding protein 1

solute carrier family 10 (sodium/bile acid cotransporter family), member 6
solute carrier family 16, member 14 (monocarhoxylic acid transporter 14)
solute carrier family 25 (mitochondrial oxoadipate carrier), member 21
solute carrier family 25 (mitochondrial oxoadipate carrier), member 21
solute carrier family 25, member 48

solute carrier family 2 (facilitated glucose transporter), member 1
solute carrier family 39 (zinc transporter), member 9

solute carrier family 39 (zinc transporter), member 9

solute carrier family 39 (zinc transporter), member 9

sentan, cilia apical structure protein

spermatogeneasis and oogenesis specific hasic helix-loop-helix 1
spermatogenasis and oogenesis specific basic helix-loop-helix 1
small proline-rich protein 2G

serine palmitoyltransferase, long chain base subunit 1

serine palmitoyltransferase, long chain base subunit 1

transforming, acidic coiled-coil containing protein 2

transforming, acidic coiled-coil containing protein 2

transmembrane protein 508

transmembrane protein 92

tumar necrosis factor receptor superfamily, member 10b

tumor necrosis factor receptor superfamily, member 10b
transmembrane protein, adipocyte asscociated 1

ubiquitin-like with PHD and ring finger domains 1

X antigen familty, member 3

X antigen family, member 5

zinc finger and BTB domain containing 38

zinc finger protein 536
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Table S2 Sequences and amplicon sizes of qPCR prinpairs used in this study

Gene gPCR Primer  Seguence Exon Product Size (bp)

Gapdh  Forward gaggccogtoctgagtatgt 3 288
Reverse gotpocagigatogcatoga 3

Himue ! Forward ggctacggaggtggtctaag 1 242
Reverse gtgegegteticitoctg 2

Sgeg Foreard gocatectegtigtoastet 2 148
Reverse cittggcatacageggaaat 3

Tahz2 Forward atgccaaggaggasacage 1 146
Reverse gtotcattgetgetetggtg 2

SlcBa?  Forward aaggcactgaacgeaagagt 2 146
Reverse cotgtgaggtictogtectt 3

Table S3 Up-regulated genes with a FDR<0.1 and allechange>1.2 #Orientation of
HMX1-BSs are indicated; F, forward strand (CAAGT®);reverse strand (CACTTG).
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Table S4 Down-regulated genes with a FDR<0.1 andfald-change>1.2 #Orientation
of HMX1-BSs are indicated; F, forward strand (CAAG) R, reverse strand

(CACTTG).
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Table S5 Gene functional classification of FDR<O.d#ifferentially expressed genes
according to DAVID software

Cell component

Category Term Count % PYalue
GOTERM_CC_ALL GO:0005930~axoneme 3 024979184 0.02488712
GOTERM_CC_ALL GO:0005929~cilium 4 0.333055787 0.060501552
GOTERM_CC_ALL GO:0042995~cell projection 8 0666111574 0087134173
Molecular function

Category Term P\Value
GOTERM_MF_ALL GO:0022892~substrate-specific transg 11 0915903414 0.040841631
GOTERM_MF_ALL GO:001954 2~vitamin binding B 0.333055787 0.0415745953
GOTERM_MF_ALL GO:0022891~substrate-specific tranar 10 0.832639467 0.043879413
GOTERM_MF_ALL GO:0043167~ion binding M 2830974188 0044126502
GOTERM_MF_ALL GO:0046872~metal ion binding i3 2747710241 0.053438211
GOTERM_MF_ALL GO:0043169~cation binding 3 2747710241 0.059530551
GOTERM_MF_ALL GO:0005372~water transporter activit 2 0166527893 0.073753738
GOTERM_MF_ALL GO:002285T~transmeambrane transpo 10 0832630467 0.0TE445386
GOTERM _MF_ALL GO:0008324~cation transmembrane t 7 D.582B4T627 0.050200532
Biological process

Category Term P\Value
GOTERM_BP_ALL GO:0051656~establishment of organe 4 0.333055787 0.001443265
GOTERM BP_AlLL GO:0051640~organelie localization 4 0333055787 0.00543827
GOTERM_BP_ALL GO:0007263~nitric oxide mediated sig 2 0.166527893 0.01317a504
GOTERM _BP_ALL GO:001027 3~detoxificabon of copper 2 0.166527893 0019703173
GOTERM_BP_ALL GO;0030001~metal ion transport 8 0.666111574 0.027040781
GOTERM_BP_ALL GO:0006882~callular zinc ion homeos 2 0.166527893 0.045377764
GOTERM_BP_ALL GO-0046558~response o copper ion 2 0166527893 0045377764
GOTERM_BP_ALL GO:0055069~zinc lon homeostasis 2 0.166527893 0.051691759
GOTERM_BP_ALL GO:0006812~cation transport 8 0666111574 0.054146939
GOTERM_BP_ALL GO:0051234~establishment of localiz: 23 1915070774 0.054561691
GOTERM_BP_ALL GO:0007059~chromosome segregatic 3 024979184 0.066951758
GOTERM_BP_ALL GO:0002087~regulation of respiratory 2 0.166527893 0.076537201
GOTERM_BP_ALL GO:0044065-regulation of respiratory 2 01665278493 0.076537201
GOTERM BP _AlL GO0 204 4~fuad transport 2 0.186527893 0.076537201
GOTERM_BP_ALL GO 0006833~water transport 2 0.16652TE93 0.07653721
GOTERM_BP_ALL GO:0051850--establishment of vesicle 2 0.166527893 0.076537201
GOTERM_BP_ALL GO:0015674~di-, tri-valent inorganic c 4 0.333055787 0.090851462
GOTERM_BP_ALL GO:0051648~vesicle localization 2 0.166527893 0.094747618
GOTERM_BP_ALL GO-0006836~neurctransmitter franspc 3 0.24979154 0.098170576
GOTERM_BP_ALL GO:0006811~ion transport ] 0.74937552 0.098468846
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ABSTRACT

The H6 homeobox 1HMX1) gene encodes a transcription factor from Hi@X/NKX5
family. Hmx1 is expressed in the developing sensory nengysiem, retina and
craniofacial mesenchyme. Mutations at HiX1 locus lead to mild craniofacial defects
restricted to the ear and neighbouring structurefiumans, rats, cows and mice. In
humans, mutations iIHMX1 are responsible for the oculo-auricular syndronie o
Schorderet-Munier-Franceschetti (OAS-SMF), a dgualental defect causing multiple
ophthalmic anomalies, microphthalmia, retinal degehon and external ear
malformations. The mouse model feimx1 loss-of-function mutation, called dumbo
(HmxT™9 also exposes ear deformities and exhibits 50%natal lethality. In the
dumbo mouse embryo, Hmx1 is expressed in the demig mesenchyme in specific
regions of the ® branchial arch, the developing eye, otic vesicid & the posterior
mesenchyme. Dumbo mice show general growth retardatand persistence of
microphthalmia in adulthood, but without the OAS gghenotype. Here we introduce a
new perspective through detailed analysis of tlamiofacial defects present in stillborn
dumbo pups. The death ratio of newborn homozygodwiduals confirms the perinatal
lethality of the mutation. Unlike their survivingttermates, dumbo stillborns present
critical craniofacial and chest deformities, suchcteft palate and bone hypoplasia of
premaxilla, maxilla, palate, zygomatic processnfab and mandible. In some cases,
thoracic cage malformations were also observedsd hethal deformities provide a new
explanation for the lethality of the mutated midéey also highlight a new HMX1

pathway in craniofacial morphogenesis.
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INTRODUCTION

Transcription factors from the homeobox gefanily were first described in the
Drosophila melanogasteand later identified in most mammals and birds IfL human,

a 60-amino acid homeobox domain defines the HMX émox family of transcription
factors, previously known as NKX5 family. Homeobgenes are known to play critical
roles in organ development, and deregulation of fiiecess has morphological
consequences [1-2]. Within this family, the H6 feniiomeobox 1 KIMX1) gene (MIM
142992), located on human chromosome 4, is exmtessé¢he retina in 5 week-old
human embryos, in the developing auricular meseneahgells and in the perichondrium
of the intrinsic cartilages of the pinna in 20 wex#t fetuses [3]. In the developing
mouse, Hmx1 is expressed in the peripheral nerngystem, the otic vesicle and in
cranial neural crest derived cells: the develogpeg, the trigeminal ganglion, and tH¥ 2
branchial arch [4,5]. To date, mutations at H&X1 locus have been linked to mild
craniofacial defects restricted to the ear andhéighbouring structures in cows, rats and
mice [4,6,7,8]. In human, homozygous mutationslMX1 are responsible for the oculo-
auricular syndrome of Schorderet-Munier-Francesc{&AS-SMF) (MIM : 612109)
[3,9,10]. This syndrome is characterized by sevdeatures including ophthalmic
anomalies (microcornea, microphthalmia, catarachtersor-segment dysgenesis,
coloboma, rod-cone dystrophy, and retinal pigmepithelial modifications) and an
unusual cleft earlobe. In this study, we focusedhendumbo mouse originating from a
random ENU mutagenesis of proximal mouse chromosofiié]. TheHmx1dmbo allele
involves a nonsense mutation that lies in the artenminal side of the homeodomain,
resulting in an undetectable truncated mutant prot€éhe Hmx1 dmbo allele is thus
considered a functionally null mutation [5]. Dumboce exhibited enlarged ear pinnae
with apparent ventrolateral shift. Skull malfornoets were mild, with only hyperplasia of
the gonial bone and irregularities along the cabdadler of the squamous temporal bone.
Only moderate degrees of microphthalmia were repiodnd no retinal degeneration was
detected, whether in young or adult mice [4]. Despecent studies, tHéMX1 pathway
remains incompletely understood and the dumbo mehsald represent a good model

for further investigation

In the study of craniofacial birth defects, mousedels have enabled progress in the
understanding of evolution and regulation of bottanofacial development and

syndromes [12]. The molecular mechanisms underlyatg determination of cranial
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neural crest (CNC) cells, which eventually formnsodacial structures such as bone,
cartilage, teeth, nerves and muscle, are complek rammerous. Several pathways,
including Endothelin, Ephrin and other members bgiog to the transforming growth
factors family (such asBmp4 or Fgf8) have already been shown to be critical
[12,13,14,15].

Like humans [10], dumbo mice exhibit some crani@flamalformations. Since cells
expressing Hmxare found in the CNC-derived progenitor site frofiak most of the
craniofacial skeleton and cartilage originates 1I6,(Fig. 1), we decided to investigate
the potential implications dfimx1in craniofacial development. This study also amhs
providing a new explanation for the semi-lethalitydumbo mice and suggesting new

potential roles foHMX1.
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RESULTS
Perinatal lethal mutation of Hmx1

For this study we obtained dumbo mice bearingHhexl dmbaallele Hmx2™™9 strain
C57BL/6;C3HeB/FeJ-HmyXAoRWICsIKIN from  Jackson Laboratories (Stock #008677).
Mice were then backcrossed to C57BL/6J for 5 gdimera to eliminate the rdl
phenotype due to a mutationfae6h also located on chromosome 5 (Meerials and
methods

To decipher unrevealed impact of Hmx1 mutation weniored 4 mixed crossings of
Hmx20mPordmbayith Hmx 19" mice, and 6 crossings of heterozygblmx1'™°* parental
mice. Pregnancy of females was recorded by daiighteneasurements in the morning,
which allowed detection of premature loss of Igté®1 Figure), and precise counting of
litters at birth, including the number of stillbo(ifable 1). We observed an increased
level of perinatal death compared to control C58Lrhice, generating 30 stillborn over
77 births in dumbo breeding (39% of total birthpble 1). Z-Test of proportion (lower

tailed test, p = 0.05) confirmed that the occuresnf the Hmx1™**4mP°

genotype in
heterozygous crossings as well as in mixed crossings lower than the expected
Mendelian proportion. In heterozygous crossing€haSquare Test of Independence (p

= 0.05), confirmed thatmx™™P@M°haq reduced chances of survival compared to

fmbo/+ 1+/+

Hmx and Hmx newborns. It is important to mention that the ollehegh

perinatal mortality also observed in hon-homozygpups could be due to the stress of
the dams induced by the daily weighting during peegy. Nevertheless this bias was the
same for all members of the breeding experimengé 3itillborns were genotyped and

further analyzed.
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Table 1: Breeding statistics in Dumbo strain

Genotype Mendelian # # # Observed
proportion | Individuals | Individuals | Individuals | proportion
total alive dead
HmMx1°™** crossHmx 19MPo*
Hmx1" 0.25 14 7 7 0.33
Hmx2m°™* | 0.5 23 17 6 0.53
Hmximbe/dmbol g 55 6 1 5 0.14

Hmx19MP%"* crossHmx2mpo/dmbo

Hmx1®™°* | 0.5 24 21 3 0.71

Hmxembo/dmbol g g 10 1 9 0.29

Finally, as with the data found for the dumbo nbeekcrossed with C57BL/6N [5], we
did not detect exencephaly in the collected stiljpups, this being only observed in the
Dmbo Rwmice. Our results confirm the previous hypothdékat this phenotype arises

from interactions with other alleles associatedhtvor 6N genetic backgrounds [4,11].

Craniofacial and chest deformities in dumbo stillbon

As many dumbo mice were stillborn, or died withime tfirst few days of life, we
investigated their craniofacial and chest phenaype detail and compared them to
surviving dumbo mice. Because of its particularc#peexpression in the otic vesicle and
developing eyeHmx1 has mainly been studied for its role in the depeient of these
organs [4]. However, Hmx1 is also present in CN@wvael cells and in the"2 branchial
arch, these giving rise to most of the cartilage bones of the skull, facial and branchial
skeletons [18] (Fig. 1). To characterize bone molpdy, control C57BL/6J newborns
from P1 to P3 were euthanized by decapitationlb®tihs from dumbo breeding, being

either from control genotypesHmxI”* and HmxT™°" or homozygous genotype
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(Hmxmboldmbe = \vere collected after birth. Genotypes were assksby Hmx1
sequencing. Among the dumbo crosses, craniofagiachest malformations were
observed in 8 out of 1HmMx™*°™° 1 oyt of 10HMXT™* and 0 out of HmxI"*
mice. There is a significant predominance of criu@l malformation in homozygote
dumbo stillborn compared to heterozygote stillo¢frtest: p = 0.05). Two out of 8
C57BL/6J control mice also showed some craniofatgdibrmity, i.e., hyperplasia of the

tympanic bullae that was never observed in the dumice.

Fixed skeletal whole mounts were stained with alizaed and alcian blue to directly
visualize bone and cartilage (Fig. 2-5). In additimicroCT scans of several specimens
were taken (Fig. 6). Both types of analysis conidhtraniofacial and chest deformities
in dumbo homozygous stillborn mice. As previousiparted [4,11], surviving dumbo
homozygotes present phenotypic variations of aes&lehature: laterally-protruding ears,
hyperplasia of the gonial bone, deformation ofltbeder of the squamous temporal bone
and enlargement of its retrotympanic process. Iditath, we showed that stillborn
homozygotes presented critical craniofacial andstldeformities, such as cleft palate,
bone hypoplasia of premaxilla, maxilla, palate, @ygtic process, orbital region and
mandible (Fig. 2-6). At birth, the maxillary andlgtine processes converged toward the
midline in wild-type mice (Fig. 2A). IHmx1mPdMostilhorn mice, palatal deformity
was observed. The maxillary and palatine processgs absent (Fig. 2B,C and 6B,F),
thus forming a cleft palate and exposing the voametr the presphenoid. The maxilla was
the most impacted bone of the craniofacial strgctim 6/11 of the affected specimens,
we observed maxilla hypoplasia (Supporting tableThe ocular globe develops between
the supportive orbitosphenoid bone and the zygamatocess; in dumbo mice both

structures were altereddmximPo/dmbo

stillborn mice presented hypoplasia of the
orbitosphenoid and an incomplete closure of theraortethmoid foramen rising from the
frontal bone in 2/11 of the cases (Fig. 3B,C and. @8@oreover, the zygomatic process
failed to form (Fig. 6D,H), with hypoplasia of thegal and the zygomatic process of the
squamosal and maxilla in 3/11 of the cases (Supywptdble 1). Mandibles were afflicted
to a lesser extent. In general, only the dentalctire failed to form and the lower
incisors were missing (Fig. 4C,D). One exceptiors whserved in an animal presenting
massive malformations with a large part of both diales missing (Fig. 4B), with no

possible doubt of damaged inflicted by maternalngatis the skin was not affected.
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Although not derived from cranial neural crest cptbgenitors, bones of the chest
presented deformities in 5/11 of the cases (S2€)ablwo types of malformations were
observed: either an asymmetric fusion of the rdasscng an asymmetric deformity of the
stenebrae (Fig. 5B and 6l), or an axial segmemat6 the &' stenebra and the

xiphisternum (Fig. 5C,D,E).

The remainder of the skeleton and the limbs appleacemal (data not shown) despite
their smaller size according to the growth curvehomozygous mice (see below). We
conclude that a lack of Hmx1 specifically affedte tgrowth of craniofacial and sternal

bones. A summary of the affected cranial bonesimtab mice is detailed in Fig. 7.

Eye phenotype in dumbo mice

As suggested by the name of the mutation, dumbe eMbibit a marked displacement of
the pinna, visible both in adults [4,19] and in bews [6]. Additionally to the ear,
microphthalmia has been quantitatively associatedewborn dumbo homozygotes with
a reduction of 9% of the eye diameter [6]. In thhespent study, measurements of the
enucleated eye diameter in homozygotes comparetieterozygotes revealed that
microphthalmia was conserved until adulthood withogular diameter at 2 months of
3.02 + 0.15 mm compared to 3.32 £ 0.09 mm for thiedozygotes (p< 0.0001). We also
observed in several dumbo homozygote mice an agswctiof blepharophimosis with
microphthalmia (data not shown).

Decreased body mass in dumbo mice

Dumbo homozygote mice were reported to have a esHbody mass between P3 and
P10 [4]. To further investigate whether a catchplyenomenon was taking place during
growth, mice from both intercrosses of homozygaotegether or homozygotes and
heterozygotes were weighed once a week from weék week 26. Both males and

females weighed around 15% less than heterozygetés 6 months (Fig. 8).

DISCUSSION

The dumbo mouse is an interesting model to stdiohk1 The fact that stillborn exhibit

unexpected craniofacial and chest deformities coetpdo all previously published
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phenotypes [4,6,11] brings a new perspective tmlts The skeletal structure deformities
in dumbo mice observed in our study were not resili to the pinna, but were also
observed in the following bones at various degreesxilla, squamous, palate, jugal,
frontal, orbitosphenoid, mandible and stenebrae.

Expression patterns ofHmx1 and craniofacial development

It has previously been shown thdmx1 was expressed in craniofacial mesenchyme
originating from both neural crest and mesodernivddrprogenitors [5]. It is therefore
interesting to focus on the connection betweenetluadls and craniofacial development.
The head structure, from the hyoid to the tip @& farietal, emerges from the extension
of branchial arches (BA) 1 to 4. BAs expand duriaghbryonic development by
proliferation of neural crest cells from the neyskdte: forebrain, midbrain and hindbrain
[20]. This migration of CNC cells occurs betweere ttostral cranial axis and the
posterior-anterior cranial axis and is concomitamth the activation of several

homeodomain transcription factors, includidgx, DIx, Otx andEmxgenes [18,21].

We previously showed th&tpro, a negative regulator of Ephrin receptors [E)hag
andSema3kxpressions were regulated by Hmx1 [23,24]. Bothations reported so far
in the OAS-SMF syndrome abolished HMX1 ability egulate EPHA6Sema3fand
Ptpro [10,24]. In mice, Neuropilin 2 receptor is expessin migrating CNC cells
targeting BA1 and BA2 and its ligand Sema3f is st in the caudal midbrain. They
synergistically prevent intermingling of the CNClisestream between BA1l and BAZ2,

and are essential for CNC cells migration and gl ganglion condensation [25].

Later in development, craniofacial skeletal elermefdrmation is driven by two
structures: BA mesoderm and mesenchyme on one d@hdheural crest progenitors on
the other hand [18,20,26,27]. Ad4mx1 is not expressed in the bone precursor cells
located at the sites of malformation between Elén8 E13.5 [4,5], it would be
interesting to analyze expression patterns at &tdryonic stages, for example when the
palatal process development occurs between E1H3E46.5 [12]. Taken together, this
indicates that Hmx1 may play a regulatory role wigirihe segregation of the migrating
CNC cells. Therefore, absence of Hmx1 in dumbo nmught either affect the fate
determination of CNC cells, and/or influence Eplraimd Semaphorin signaling, resulting

in the observed craniofacial malformations. Thugneif Hmx1is not expressed in the
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maxillary process of BAL, its location along thedimain could potentially interact with
the maxillary and frontal development. In this stuek essentially focused on the skeletal
derivatives, and it remains to be determined ih@anerve and muscle derivatives are

also affected by the absence of Hmx1 in the dumbos@& model.

Cleft palate, frontal and maxilla hypoplasia & ches deformities

The fate of CNC cells does not solely rely on aninsic program, but also depends on
several growth factor signaling pathways that axpressed by the ectoderm and
endoderm. The mandible originates from the mandibptocess of BA1l and relies on
two major signaling pathways: Fgf at the proximaltpand Bmp at the distal part.
Specifically, loss of Bmp signaling can lead toes#$ of the distal region or a completely
missing mandible [28]. Bmp4 is also responsibletii@r development of incisors from the
mandibular ectoderm. In this study we only obsemmtlification impacting the lower
incisor, while molar development could not be assédsas these teeth are not observable
at birth.

Palate development is a multistep process inclugaigtal shelf growth and elevation,
fusion of the shelves and disappearance of theimaiépithelium. This process starts at
E11.5 and terminates around E16.5. In most modedteti palate, gene mutations result
in the failure of cell proliferation that occurs warious areas of palate growth, depending
on the gene mutated [12]. Interestingly, in oudgtthe palatine cleft and the failure of
bone closure from each shelf are concordant withiphication failure of the embryonic
craniofacial mesenchymal cells, as observed in Badm 2 Bncd null mice [29,30]. In
this model, all palatogenesis processes occur rlyrrap to elevation at E15.5, but
growth insufficiency of the palatal processes letds cleft at birth. We observed the
same feature in the dumbo mice, where palatal peaseof palate and maxilla are present
but very reduced (Fig. 2). However, unlike wiBmc2", we did not observe calvarial
defects. This suggests that Hmx1 might act on th#iphcation of mesenchymal cells
and be restricted to specific bones. Another mauseel that exhibits several of the
features observed in dumbo is the Ephrin-B1 nulliseo During development, Ephrin-B1
binds to EphB2 and EphB3 receptors, and its compéests of function results in variable
degrees of cleft palate, malformation of the tympamg and rib pairing defects [31].
The rib defects resemble those of dumbo mice (Big. Compound heterozygous
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mutations inEphB2andEphB3also lead to a cleft palate phenotype [32]. Thelication
of EphB1 and EphB2 in the development of the caWdrone [33], a structure not
deficient in dmbo mice, would suggest that they ravetargets of Hmx1. The potential
interaction of Hmx1 on EphB3 remains open.

In our study, the maxilla was one of the most fergly impacted bones (Fig. 6B,D,H).
Suture of the frontal and the maxillary bone ochgveen E19 and PO and is crucial for
the support of the eye. Malformation of the palg@acess is a common pattern in cleft
palate and elucidates part of the observed pheaoiyp dumbo mice. However,
concerning the hypoplasia of the rostral part ef tiaxilla including the suture with the
frontal and the zygomatic processes (Fig. 6D,H), faieed to find a similar mouse
phenotype in the literature. A potential explanatould be thaEphAgG a direct target of
Hmx1 [24] and a gene expressed in the maxillancese at E12.5 [32], is dysregulated

during this process. However, this remains to lwavsh

Concerning the optic area, an interesting mouseeinwith selective modulation ¢¥gf8
expression presented comparable malformations efofttic capsule with maxilla, ala
orbitalis, alisphenoid and orbitosphenoid defe@4].[ However, theFgf8 mutant also

exhibits complete midline cleft, which was not ttese in dumbo mice.

The dumbo mouse is a model for craniofacial morphagnesis defect

Until now, it was suggested that, with the excaptod humans, Hmx1 was restricted to
the developmental pathway of pinna morphogenesis Héwever, our current data

indicate that craniofacial malformations are a prant feature of dumbo stillborn mice

and that Hmx1 contributes to the development oletéie structures such as maxilla,

squamous, palate, jugal frontal, orbitosphenoidhditde and stenebrae. Interestingly, the
phenotype observed in humans with OAS-SMF seenitsetmore restricted to the eye
[3,10]. This difference might be explained by tHesence of data concerning neonatal
cases of lethality in this syndrome. In the fututeyill be interesting to study the eye

phenotype of stillborn dumbo mice. Moreover, ouseatvations did not allow us to

exclude intrauterine death or embryonic developalemétardation, as the overall

Mendelian ratio was lower than expected even wieemiing dead animals (Table 1). It

is possible that some pups may have been unaccbimtdecause the dams ate them
before the first inspection. It may be interestiogvaluate this further.
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To conclude, our data suggest an important impéinabf Hmx1 in the branchial arch
patterning and craniofacial morphogenesis. Sevpathways mimicking the dumbo
phenotype are key targets for further studies. Amplegasis on Semaphorin and Ephrin

pathways should be given in regard to the latestitio studies performed on Hmx1
[10,23,24].
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MATERIALS AND METHODS
Mice and genotyping

Hmx1 mice bearing themboallele Hmx1"™"9 strain C57BL/6;C3HeB/FeJ-
Hmx19mPoRwiesIKinyare obtained from Jackson Laboratories (Stocl86@0). The
Hmx2™°allele was induced by ENU mutagenesis of C57BLISéd mice. By routine
genetic control of the strain we detected a mutatichePde6bgene, also located on the
chromosome 5, leading to the rd1 phenotype, chenaet by early retinal degeneration.
To eliminate the latter mutation we backcrossedtiee to C57BL/6J for 2-5
generations prior to the aforementioned experiméise were housed at our animal
facility in 1284L Eurostandard type Il L cages frdrechniplast (Indulab AG, Gams,
Switzerland) fitted with Lignocel select (J. Retteaier & SOhne, Rosenberg, Germany)
under a 12/12 hr light/dark cycle. All animals hadestricted access to tap water and
food (pellet standard diet, Provimi-Kliba SA, Kaigegst, Switzerland). Couples were
put together until pregnancy was obvious, then malere separated. Analyzing all the
pups, including stillborn, helped comply with thies3 The studies adhered to the
Association for Research in Vision and Ophthalmglp§RVO) Statement for the Use of
Animals in Ophthalmic and Vision Research and vegneroved by the Veterinary
Service of the State of Valais (Switzerland). C57&Lmice were obtained from Janvier

(Le Genest St Isle, France).

Genotypes were determined by PCR of ear punch gerldNA in the case of living
individuals and of tail genomic DNA in the casestifiborn and sacrificed individuals.
Genotyping of thedmx2®™°and wild-typeHmx1 (Hmx1') alleles were performed by
PCR using oligonucleotide primers surroundingdh@gomutation (forward primer: 5'-
GCGCTCAACCCAGGGCGATG -3, reverse primer: 5'-
ACCACCTCCGTAGCCGCCGTGCAC-3’). The amplicon obtaineds then sequenced
and analyzed by Sanger methods using the forwamtepto decipher wild-type,

homozygous and heterozygous dumbo mice.
Skeletal analysis

Newborns, from P1 to P3, from control group (C57&l)/ were sacrificed by
decapitation. Stillborn from dumbo breeding, eitbentrols HmxI"" and HMxL™°™* or
homozygote KImx2™*° ™9 mice were collected after birth. Alcian blue aaitarin red

staining was performed on pups’ skeleton accordangrior published methods [35].
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Images were acquired on a dissecting microscopgpeeg with a digital camera (Leica
DFC 310 FX).

MicroCT imaging, data processing and analysis

CT scans were performed with a small rodent micr¢€dyscan 1076, Bruker microCT,
Kontich, Belgium) to assess the bone structurehef head and chest skeletal part of
newborn mice from the control (C57BL/6J) and hongmtg HmxL™ ™ groups.
Scanning of the homozygotes was done after aldia@ &nd alizarin red staining. The
skeletal parts were initially stored in 1:1 glydezthanol solution and transferred to 1.5
ml Eppendorf tubes filled with pure ethanol for mgag. All skeletal parts were
separated with paraffin films to avoid contact bedw the different samples. The
scanning parameters were the following: no filteojtage 40 kV, current 25QA,
exposure time 750 ms and rotation step 0.5°. Th@apesolution was set to 9un. A
reconstruction of the projection images was dorté WiRecon Server (Bruker microCT,
Kontich, Belgium) using a ring artefact correctiohl5 and a dynamic range for image
conversion extending from 0.005 to 0.07. Stacksro$s-sections in 8-bit bitmap format
were received as reconstruction output. The datasere segmented and visualized

manually with the Amira software (FEI Visualizati®tiences Group, Mérignac, France).

Survey of lethality in dumbo mice

]Ejmbo/dmbo fmbo/+

4 mixed crossings ofHmx with  Hmx mice and 6 crossings of

heterozygousHmx1mP°’*

parental mice were observed daily for mating amesy of
pregnancy. Females were weighed each day durirdp$8 to assess the progression of
the pregnancy and detect premature loss of ligembirth, newborn and stillborn were
counted, and the later ones removed for furthelyaisa All individuals were genotyped
(seeMice and genotyping and statistical analysis was performed on thepgntion of

each genotype among the litter and on the death(fEdble 1).

Measurement of microphthalmia

fmbo/dmbo ]Ejmbo/+

Hmx and Hmx mice were sacrificed at 2 months-of-age by cervical
dislocation, eyes were extracted and the measuteaiegye diameter was performed
perpendicularly to the optic nerve axis under aestmicroscope with a graduated

objective.
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Weighing of mice

10 HMx2™™P**and 10HmMxL™*"Pdnice were weighed once a week from 4 weeks to 6

months-of-age.
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FIGURE LEGENDS

Fig. 1. Schematic drawing of the CNC and paraxial msoderm fate.Purple represent
mesoderm-derived cells, pink represent CNC-derivedlls (modified from
[12,17,20,36,37,38]). A) Side view of an E10.5 now@snbryo. Red represents Hmx1
expression pattern [4,5]. Hmx1 expression is |laealiin the caudal dorsal and ventral
part of BA1 encompassing the mnTG, in the caudat p& BA2, in the posterior
mesenchyme including part of the spinal cord anthés in the caudal drg. The pink
areas represent the repartition of the CNC-derpnadt$ after migration from the rostral
brain region source. In BA1 and BA2, dotted purglaw means that the mesoderm-
derived cells are present in the centre of the arwh are overall surrounded by CNC-
derived cells. B) Schematic drawing of a newborruseoskull. C) Schematic drawing of
an adult mouse skull (adapted from [20,36]). BAfanehial arch 1, BA2: branchial arch
2, drg: dorsal root ganglia, FSAG: faciostatoadouganglion complex, mn: mandibular
process, mnTG: mandibular lobe of the trigeminahgli@n, mx: maxillary process,
mxTG: maxillary lobe of the trigeminal ganglion,:agptic vesicle, ov: otic vesicle, as:
alisphenoid, bo: basisoccipital, bs: basisphenexd,exooccipital, ft: frontal, g: gonal, i
incus, ip: interparietal, jg: jugal, la: lacrymab, malleus, md: mandible, mx: maxilla, na:
nasal, nc: nasal capsule (ethmoid), ob: otic bwa,orbitosphenoid, pa: parietal, pmx:
premaxilla, pl: palate, ps: presphenoid, pt. ptergg s: stape, sq: squamosal, so:
supraoccipital, ty: tympanic ring, vo: vomer, *:tanor ethmoid foramen, **. optic

foramen.
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Fig. 2. Palatal deformities in stillborn Dumbo mice Newborn mice from the control
group and stillborn from the dumbo group were ®diwith alcian blue/alizarin red and
cleared with KOH. Inferior view of the palatal stture after removal of the mandible.
(A) Control P1 C57BL/6J mouse. Note the correcttgonng of the bone highlighted by
the red dotted line. The maxillary and palatinecpsses have converged toward the
midline. (B-C) HmxX™4MPstillhorn mouse. Numbers refer to mouse case nuraber
table S1. Note that the maxillary and palatine psses are absent (red arrow) thus
forming a cleft palate (red star) and exposing Woener and the presphenoid. As:
alisphenoid, bs: basisphenoid, cl pl*: cleft palatex: maxilla, pl: palate, pmx:

premaxilla, ps: presphenoid, pt: pterygoid, vo: ¥om

Control # 21 dmbo/dmbo #26 dmbo/dmbo

ps clpl* vo
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Fig. 3. Orbital deformities in stillborn dumbo mice. Newborn mice from the control
group and stillborn from the dumbo group were ®diwith alcian blue/alizarin red and
cleared with KOH. Lateral view of the skull. (A) &wol P1 C57BL/6J mouse. Note the
correct place of the suture line between orbital araxilla bone (red dotted line), the
starting ossification of the orbitosphenoid and twmplete closure of the anterior

imboldmboggillhorn mouse. Numbers refer to mouse case

ethmoid foramen. (B-CHmx
number of table S1. Note the hypoplasia of the thlbband orbitosphenoid and the
incomplete closure of the anterior ethmoid foram@s: alisphenoid, aef: anterior

ethmoid foramen, ft: frontal, mx: maxilla, os: ddsphenoid.

ight dmbo/dmbo
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Fig. 4. Mandible deformities in stillborn dumbo mice. Left and right mandibles from
newborn mice from the control group and stillboroni the dumbo group were stained
with alcian blue/alizarin red and cleared with KO{A) Control P1 C57BL/6J mouse.
Wild-type mandible structure. (BYmx1™**?™%tillhorn mouse. Large hypoplasia of the
mandible up to the dentary, cartilaginous strugurere surrounding the edge of the
malformed mandible (red arrow). (C-BmxI™* M Sstilhorn mouse. Numbers refer to
mouse case number of table S1. The lower incisladfé#o develop (dotted circle) and a
local hypoplasia of the dentary (red star) occurdegp: angular process, cdp: condylar
process, crp: coronoid process, dnt: dentarypwek incisor, t*: tooth missing.

A , Control B #30 dmbo/dmbo

e S

4

.........

D #22 dmbo/dmbo
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Fig. 5. Chest deformities in stillborn dumbo mice.Newborn mice from the control
group and stillborn from the dumbo group were ®diwith alcian blue/alizarin red and
cleared with KOH. Front view of the chest. (A) Caft P1 C57BL/6J mouse.
Morphology of wild-type mouse chest. (B-B)mx1™*4™°stillborn mouse. Numbers
refer to the case number in table S1. (B) Asymmdtrsion of the rib and asymmetric
deformity of the stenebrae 1 to 4. (C) Axial segtagan of the sternum between
stenebra 4 and xiphisternum (yellow dotted lind)) (Axial segmentation of the
xiphisternum and absence of xiphoid cartilage Oyell dotted line). (E) Axial

segmentation of the xiphisternum and hypoplasithef4” stenebra. Ma: manubrium, st:

stenebra, xi: xiphisternum, xi c: xiphoid cartilage
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Fig. 6. Skeletal abnormalities in stillborn dumbo nice. MicroCT 3D reconstruction of
the skull from a control mouse and of the skull @hdst from a dumbo mouse. Notice
that the bone porosity of the homozygote appeaosiger due to the alizarin and alcian
staining procedure. The bone of interest is highéd by a red dotted line. (A, C, E, G)
Control P1 C57BL/6J mouse exhibiting a normal bateucture. (B, D, F, H, I)
Hmx20mPodmbastilihorn mouse. Numbers refer to mouse case nuwitable S1. (B) Note
that the maxillary and palatine processes are apdgers forming a cleft palate (red star)
and exposing the vomer and the presphenoid bobesH) The zygomatic process is
underdeveloped due to hypoplasia of the jugal ag@matic processes of the squamosal
and maxilla (red stars). (D) The frontal bone faite form completely (red star) and the
anterior ethmoid foramen is absent. (F) The mayilend palatine processes have failed
to converge toward the midline, leading to a cpedtate (red star). (H) Absence of the
lower incisor (red dotted circle). (I) Asymmetriasion of the rib and asymmetric
deformity of the stenebrae 1 to 4. As: alisphenbal,basal occipital, bs: basisphenoid, cl
pl*: cleft palate, ft: frontal, hy: hyoid, jg: jugdo: lamina obturans, ma: manubrium, mx:
maxilla, na: nasal, os: orbitosphenoid, pl: palgi®x: premaxilla, ps: presphenoid, pt:
pterygoid, sq: squamosal, st: stenebra, t*: toosimg, vo: vomer, Xi: xiphisternum, Xxi
c: xiphoid cartilage, zpmx: zygomatic process @ thaxilla, zps: zygoamtic process of

the squamosal.
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Fig. 7. Schematic representation of the craniofacialefect in stillborn dumbo mice.
Schematic drawing of a newborn mouse skull. A) Reehs represent BA1 and BA2
skeletal derivatives at birth [36,37] concomitanttmHmMx1 expression pattern at E10.5
[4,5]. B) Summary of all skeletal elements affectedstillborn Dumbo mice. As:
alisphenoid, bo: basisoccipital, bs: basispheneid,exooccipital, ft: frontal, g: gonal, i:
incus, ip: interparietal, jg: jugal, la: lacrymab, malleus, md: mandible, mx: maxilla, na:
nasal, os: orbitosphenoid, pa: parietal, pmx: preltaa pl: palate, ps: presphenoid, pt:
pterygoid, s: stape, sq: squamosal, so: suprad&gipy: tympanic ring, vo: vomer, *:
anterior ethmoid foramen, **: optic foramen.

A

Fig. 8. Body mass of dumbo mice from weaning to atthood. Weight of Hmx1mP°"*

and Hmx2MP/4Mo for hoth male and female subjects, was assesse2bfweeks, (n=10
mice for each group). The homozygous mice wereifsgntly lighter. (ANOVA:
p<0.0001, errors bars show S.D).
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Supporting fig. 1. Survey of tody mass of dumbo females during breeding

Body mass measurements of females from the 10iogssdVeight was taken each ¢
during 83 days, allowmn detection of premature loss of litwhich corresponds to a dri
of weight back to normal before the 21 days of afest (symbolized by red arrov.

Genotypes of both female and male of each crosdemeribed in the legend fnel, pink
arrows represd birth ever.
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Supporting table 1: Assignment of the craniofaciabnd chest malformations.

Case nf

Hmx1 allele
maxilla
Zygomatic procesq
orbitosphenoid
cleft palate
mandible
teeth
xiphisternum
stenebrae
xiphoid cartilage
tympanic bulla

+/+

+/+

+/+ yes
+/+
+/+
++ ye%
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C57BL/6J

+/+

Ol N0 | W|IDN]| -

+/+

[
o

+/+

=
-

+/+
dmbo/+
dmbo/+

dmbo/+
dmbo/+
dmbo/+
dmbo/+
dmbo/+ yeq yes|
dmbo/+
dmbo/+
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dmbo/dmbqgyes|Y€S yes|
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Listing of newborns of the indicated genotypes franmsses of C57BL/6J mice and from
crosses oHmxI™™°* parental mice or mixed crossingsHx®MPAMP%yith Hmx PO

(n = 32 mice), note that not all the dead pups ftabile 1 were analyzed either due to
partial eating by the dams or because they were imgeothers studies. All analyzed PO
to P1 newborns were either stillborn or died ndlyfter 1 day, except for 5 out of 8 PO
newborn C57BL/6J mice that were sacrificed. Altdt animals bare a case number to
identify them within skeletal analysis figures. Ttveo wild-type mice from the control
group harbour a tympanic bulla hyperplasia that weser observed in the stillborn

dumbo mice: (data not shown).
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o HmxmPoMdmb9nice have impaired visual acuity not related tinedtphenotype.

e HmxpmoMmbomice share microphthalmia and optic nerve hypoalasienotype
of the oculo-auricular syndrome of Schorderet-MtHiieanceschetti.

* Hmx1 mutation causes retinotopic mapping defect resptenof the vision

disorder in mice.
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ABSTRACT

Background: During mouse development, the homeodortranscription factor, H6
family homeobox 1 KImx1) is expressed in the peripheral nervous system, otic
vesicle, the developing eye, the trigeminal gamgland the % branchial arch. In human,
homozygousHMX1 mutations lead to the oculo-auricular syndrome ohdgderet-
Munier-Franceschetti (OAS-SMF). Results: We analy#iee dumbo mouse, a mouse
model of OAS-SMF, bearing null mutation #imx1 allele. Homozygous dumbo mice
showed that the development of the retina and léstrephysiological response were
normal. The eye phenotype was characterized byopiithalmia and cataract. Although,
all the retinal cell types were present, visualitycltas measured by a virtual-reality
optomotor system, was reduced to near blindnessXHHBbteletion also leads to severe
optic nerve atrophy with reduction in diameter wpthe optic chiasm. Retinal axons
failed to reach the lateral geniculate nucleus #rel superior colliculus, resulting in
marked defect of retinotopic mapping. Conclusio@snsidering the known target of
HMX1 we propose thaHMXL1 lies upstream of Ephrin and Semaphorin signalling
pathway and coordinates retinotopic mapping.
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INTRODUCTION

The pattern of synaptic connections in the visuatesm is established via complex
guidance mechanisms. Retinal ganglion cells (R@&)gerated in mice between E11 and
E19, extend their axons to the optic nerve headtéat on the central retina. Then,
controlled by the Sonic hedgehog (Shh), they et globe via the lamina cribrosa to
form the optic nerve in parallel with its gliogeresRGC axons project to their targets
after reaching the optic chiasm by E14. The majdgpuats of RGC in the mouse are the
contralateral superior colliculus (SC) and the calateral dorsal lateral geniculate
nucleus (dLGN). RGC axons outgrowth is presenhen$C by E15 and in the dLGN by
E16. During this first phase, axons extend beytedt termination zones. The refinement
of the retinotopic topography during embryogenesid after birth occurs via complex
sets and gradients of regulators such as Semaphdephrins and Teneurins. On
activation of these molecular cues, axons undeggzidulation, segregation, correct
targeting, and pruning in order to achieve theirrex topography. In mice, the final

retinocolicular map is achieved within the secomdtpatal week prior to eye opening,
first in the SC, then in the dLGN (Wilks et al.,1&) Harada et al., 2007). Among these
regulating signalling pathways, Eph receptors guittias are gradually expressed during
development of the nervous system. Eph/ephrins aitérnatively attract or repulse the
growth cones of the developing axons, whether taey of type A or B. However,

experiments in knockout mouse models have showrthls are not the only masters of

retinotopic mapping (Triplett et al., 2012).

HMX homeobox family members are transcription fastoregulating crucial
developmental processes of sensory organs (Stanhfael., 2005). Study of homeobox
genes first started iBrosophila melanogasteland then homologues were identified in
mammals and birds (Wang et al., 2000). Human Hélyanomeobox 1 KIMX1) gene,
located on chromosome 4, was identified as beisgamesible for the oculo-auricular
syndrome of Schorderet-Munier-Franceschetti (OAS-gFMand two homozygous
mutations have been reported so far (Schorderat @008; Gillespie et al., 2015). The
OAS-SMF phenotype (MIM: 142992) is characterized bghthalmic anomalies
(microcornea, microphthalmia, cataract, anterignsent dysgenesis, optic nerve
dysplasia, coloboma, rod-cone dystrophy, and atenraof the retinal pigment
epithelium) resulting in a decreased visual acwoitypatients and an unusual cleft or

aplastic ear lobule. The time window and patternegpression of HMX1 is clearly
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related to its developmental role in sensory orghmS-week-old human embryddMX1

is expressed in the retina, and later in the 20kvade foetus, in the developing auricular
mesenchymal cells and in the perichondrium of thmeinsic cartilages of the pinna
(Schorderet et al., 2008).

Genetically engineered mice have provided benéificgghts into the pathways involved
in many syndromes including ophthalmic, and moredelyi into the molecular
mechanisms that regulate retinal axon guidanceddate, mutations at themx1 locus
have been linked to defects of the ear with milchoreye phenotype in cows, rats and
mice (Koch et al., 2013, Munroe et al., 2009; Quiaal. 2012b). The dumbo mouse
model harbours an ENU generated nonsense mutatidmkl (Wilson et al. 2005). The
Hmx1 dmbo allele presents a functionally null mutattbat lies in the amino-terminal
side of the homeodomain, resulting in an undetéetiibncated mutant protein (Quina et
al., 2012a). In mouse embryos, HMX1 is detectetheperipheral nervous system, the
otic vesicle and in cranial neural crest derivetiscéhe developing eye, the trigeminal
ganglion and the " branchial arch (Munroe et al., 2009, Quina et 2012a). As
mentioned, dumbo mice principally exhibit enlargeér pinnae with apparent
ventrolateral shift, hence their name. We havenigaefined the phenotype of these
mice and have shown that branchial arch 1 and i&etecranial bones as well as thoracic
bones are malformed in a subset of nonviable neveb@apst-Wicht L, Marcelli F,
Steininger V, Pochon M, Malfroy Camine V, Kettendper U, . Schorderet DF, submitted,
2015).

The initial mouse eye phenotype description regortmmoderate degrees of
microphthalmia, and no retinal degeneration (Murgbal., 2009; Quina et al., 2012b).
To study and better understand the roléibfX1 in the ophthalmic defects of OAS-SMF,
we decided to extensively investigate the ophthakamomalies in dumbo mice, and now

report a new pattern of vision-linked defects duklinx1 mutations.

Results

1dmbo/dmbo

Hmx mice have cataract and microphthalmia

OAS-SMF leads to several eye disorders, includioggenital nystagmus, bilateral

microcornea, posterior synechiae, cataract, irisbmona, microphthalmia, stromal iris
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cyst, irido-corneal adherences and rod-cone dysyr¢Schorderet et al., 2008; Vaclavik

1dmbo/dmbo

et al.,, 2011; Gillespie et al., 2015). In compamisanost Hmx mice are

microphthalmic, with low grade keratoconjunctivisgcca and entropion, but the eyes
show no evidence of microcornea, anterior segmesgehesis, cataract, coloboma,
retinal detachment or retinal degeneration (Muraioal., 2009). For our study, mice were
backcrossed into a C57BI/6J background in ordeemaove theRd1 mutation present in
the C3H strains. Two phenotypes were observed: apithalmia and cataract. Both
phenotypes were very variable, ranging from norey& size and absence of cataract to
severe microphthalmia and total cataract. Microglmila was always associated with
cataract, whereas cataract could occur withoutapltthalmia. These phenotypes were

already present on the day of eye opening (P13daty not shown). To quantify the

fmbo/dmbo

proportions of each phenotype, @8mx mice were classified into three

categories after visual assessment of the eyeasidethe ocular globe opacity: normal

flmbo/dmbo

eye, cataract, and cataract plus microphthalmi& Z8=19) of Hmx mice

presented normal eyes, 23.5% (n=16) cataract, a&%! (n=33) cataract plus

]Ejmbo/

microphthalmia. AllHmx ‘mice presented a normal eye phenotype (N=86) (Fig.

1A).

Hmx 2o dmbomice have visual acuity impairment

OAS-SMF patients suffer from markedly decreasebmiswith rods being more severely
affected than cones (Schorderet et al., 2008; Vackt al., 2011; Gillespie et al., 2015).

To assess whethetmx2 ™™ mice suffered from vision impairment, a virtualdisa

fmbo/dmbo

dmbof mice between one

optomotor system was used on C57BIHgx “andHmx

and six months of age. This system has been wigsdy for visual acuity assessment of

animal models including mice (Cuenca et al., 20D$uglas et al., 2005). Only

1dmbo/dmbo

Hmx mice with normal external eye phenotype were dsethis experiment, as

all mice with cataract and microphthalmia were ctatgly blind (no results for

optometry measurements and unrecordable ERG, datashown). Even with this

1dmbo/dmbo

experimental biaskHimx mice showed very low vision (visual acuity of 0.0-0

cycles per degree (c/d)), wheredmix ™"

mice (0.3-0.4 c¢/d) (Lehmann et al., 2012) (Fig..1B)

mice had a vision comparable to C57BIl/6J
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Electroretinograms of dumbo mice

In order to complement the phenotype, electrorgtimms (ERG) were performed on
two- (Fig. 2, pannel 1) and six- (Fig. 2, pannel Bpnth-old animals of the three
genotypes, in both scotopic (Fig. 2A, C and E) auibtopic (Fig. 2B, D and F)
conditions. As for the virtual-reality optomotoradysis, onlyHmx™*4M 4nice without
cataract were used. No qualitative differences vabserved in the retinal cell responses
between C57BI/6HmMxI™°* and HmxE™PM°mice (Fig. 2, pannel 1). At six months

pmbo/dmbonice (Fig. 2, pannel 2). A-

flmbo/+

of age, the ERG recordings were still normalkionx

wave and b-wave average of both scotopic and plotBRG of Hmx and

1dmbo/dmbo

Hmx mice (Fig. 3) show no significant differences (p=0.1, no stars:

0.9>p>0.1). These experiments indicate that thmaeteems to function normally in

mefmbo/dmbo

mice. This contrasts with OAS-SMF patients whdesufrom early onset
and rapidly degenerating retinal dystrophy affegtiods before cones (Schorderet et al.,

2008; Vaclavik et al., 2011, Gillespie et al., 2p15

fmbo/dmbo

Hmx mice present a normal retinal phenotype

To confirm our findings, histological analysis wasrformed on mice between one and
twelve months of age. Hematoxylin-eosin stainingeeded that all retinal layers were
present, and no degeneration was observed up teetweonths of age (Fig. 4A, B).
Retinal thickness was slightly reducedHmx2™*@™mijce compared to heterozygous
individuals, but this might be due to the geneealuction in eye size observed in these
mice (L. Bapst-Wicht, F. Marcelli, V. Steininger,.NPochon, V. Malfroy Camine, U.
Kettenberger, D.F. Schorderet, submitted; Munroal.e009). We also analyzed retinal
integrity using a non-invasive method. Optical aelnee tomography (OCT) was
performed orHmMxm*mbomice hetween 6 to 8 months of age and compareheio
littermate controlsHmx1®™°") (Fig. 5). Despite the decreased quality of theT@Qe to
cataract in homozygous mice (Fig. 5C,D), we welle &b decipher all retina layers and

observed no alternation (N=3).

Hmx1 is not required for neuronal differentiatianthe retina

Hematoxylin-eosin staining reveals the generalnattstructure, but does not provide
information on the presence or absence of the rdifte cell types. Therefore,

153



immunohistochemistry was performed with antibodagginst several retinal cell types
(Fig. 4 pannel 1 and 2). Rods were stained witbven (Fig. 4C, D), cones with S- and
M-opsin (Fig. 4E, F and G, H, respectively), bipokzells with Pka (Fig. 41, J),

horizontal cells with calbindin (Fig. 4K, L), amauwe cells with glycine (staining only
glycinergicamacrine cells) (Fig. 4M, N), Mdller telwith Gfap (Fig. 40, P), and
ganglion cells with Brn-3 (Fig. 4Q, R). Gangliorl@xons were stained with Thy-1 (Fig.
4S, T). All antibodies presented an identical stajrbetween controls artdmx1?mPo/dmeo

mice, indicating that all retinal cell types wereegent, and confirming the retinal

functionality observed with the ERG.

Defects in axon guidance and atrophy in the HfX1™optic nerve

Processing of vision from the retina to visual errareas requires proper propagation of
information along the optic nerve and across thécaghiasm to the lateral geniculate
nucleus (LGN) and superior colliculus (SC). Theseno clinical data about optic nerve
defect at the optic chiasm in OAS-SMF, but exanmamatof the posterior segment
revealed optic nerve dysplasia in several pati€tborderet et al., 2008; Gillespie et al.,
2015). AsHmx2mPodmbomice experience visual impairment but display ndrre¢inas,
we postulated that the problem occurred in therakmisual pathways: optic nerve, LGN
or SC, contributing to deficits in visual procesgsiithis hypothesis was supported by the
fact that HMX1 repressdsPHAG expression, a gene implicated in retinal axon guig
(Marcelli et al., 2014). To determine whether amak number of axons leaves the retina,
optic nerve thickness was measured at the levéheflamina cribrosa in young (1-2
months) and adult (6-12 months) animals. No sigarit difference was observed
between Hmx™m*°"dM>° mice and controls (N=5, p=0.4, Fig. 6A,B), suggestian
implication of the central visual pathways ratheart the number of RGC axons exiting
the retina. We analyzed optic nerve thickness amdtsires around the optic chiasm and
performed whole brain explants from adult heteratggand homozygote mice from 13
to 26 months of age. Fiviemx1™™°* mice were used as controls. They all presented
normal morphology of the optic chiasm (Fig. 6D).viéwer, 3 out of the #imximpeldmbo
mice analyzed presented obvious changes in opticerend chiasm morphology (Fig.
6E,F). Measurements of the relative size of opgicve thickness and optic chiasm width

from both genotypes confirmed optic nerve hypoplasith a significant reduction of
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diameter (p = 0.002) and significant shrinking bk toptic chiasm (p = 0.007) in
homozygote dumbo mice (Fig. 6A,C).

Normal optic nerves are composed of axon fibers RGC, astrocytes and
oligodentrocytes (Watson et al., 2012, Howell et @007). To further study the
modifications of optic nerves and analyze axonafrphology, cross sections of optic
nerve were imaged. Nissl| staining is an effectivethad to look for nerve modifications
and to identify cells types (Fruttiger et al., 198Escher, 2010, Scudamore, 2014, Gresle
et al.,, 2012, Weimer et al., 2006). On light micamsy the general morphology of cresyl
stained optic nerve appeared well preserved witharaus glial cells surrounding axon
bundles (Fig. 7A). However, the overall number s\ positive bodies detected around
axons appeared to be lower in dumbo mice comparyedontrol animals (Fig. 7B).
Moreover, the decrease of astrocytes around nai® was proportional to the severity
of hypoplasia, concordant with mouse models of copierve deterioration (data not
shown, Mao et al., 2008).

io/dmbo

Retinotopic mapping is abnormal in HNAR mice

To determine whether the visual defect was duestwpted axonal guidance during brain
development in dumbo mouse model, we performedagrade labelling of RGC axons
using fluorescent lipophilic dye (dioctadecyloxdmaryanine perchlorate, DIO and
dioctadecyltetramethylindocarbocyanine, Dil). Aftercubation, the fluorescent dye
allows for whole tracing of the projections alomg toptic tract towards the visual input
(Chan et al.,, 1998, Chung et al., 2000, Conwaylet2®11, Herrera et al., 2004,
Godement et al., 1994). To assess whether the hggapof the optic nerve and optic
chiasm observed in adult dumbo mice was due toceedse in axon numbers in dumbo
mice, we evaluated the average size of axon buratiegposing the optic nerve as it
reached the optic chiasm. Because axon bundlepsemented a certain heterogeneity
(Pearson’s Chi-square test, p<0.01) within hetegoi®y and homozygote dumbo mice,
the analysis of axon bundle led to no significaiffecence in axon bundle area between
the two genotypes (Fig. 7C, D). These results ssigtigt the optic nerve hypoplasia
(ONH) observed in Dumbo mice is not a consequeridiioning of axon bundles, but
rather a decrease in the number of them. Thisnsistent with the general decrease of
cell density observed in cross sections.
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To further address the possibility of abnormalnettbpic mapping, we examined the path
of optic nerve projections along the brain on cafoaryosections. Positions of the
labelled axons were annotated and reported onreofegal path scheme (Fig. 8AA’,I).
The combined observations obtained for the corgrolp (C57BL/6J andHmx1™P™)
and dumbo groupHmx2™4M*§ allowed us to recapitulate the output of RGC axon
Whereas optic projections followed a precise p&hgthe retinofugal path (Fig. 8A,1),
we observed thattmx™™*°“M*°RGC axons did not correctly follow retinotopic mapp
(Fig. 8A’,l). Various abnormal outputs of labell&:C axons were detected throughout
the brain of dumbo mice, contrary to the controbugr. Heterozygote dumbo mice
presented normal retinotopic mapping with projewiof the RGC axons along the optic
tract (Fig. 8D-F), and output in the LGN (Fig. 8F-H/apping of RGC axons between
LGN and SC is somewhat controversial as some maquejsose an internal axon path
ventrally towards LGN (Wilks et al., 2013, Paxinog&anklin, 2013) while others
propose an external path temporal and posteritthredd.GN (Assali et al., 2014). Some of
the projections in heterozygote mice were co-laeaiwith the thalamic nucleus below
the fibrium of the hippocampus (Fig. 8D-E). Thixdtion was more likely to be the
projection of the optic nerve layer of the supedoliculus, which lies tangential to the
hippocampus, and axial variation of our coronaltisacexplained the position switch.
Our data reinforce the ventral path hypothesisgsesting that our observations were the
projections going towards the SC. Homozygote dumice axons targeted the optic
chiasm and, to a lesser extent, followed the op#ct (Fig. 8F',G’), but surprisingly
some outputs were found in the third ventricle (BD’-F’), others in the lateral ventricle
(Fig. 8C’) and the dorsal3ventricle (Fig. 8D’). Failure in the targeting tife optic
axons was not consistent among the mutant mice. @ig While some exhibited
mistargeting, others showed a normal axon tradt pptto the middle of the optic tract
and no observable prolongation to the LGN. Thiedabbservation is consistent with the
fact that dumbo mice showed a tendency to haverfax@ns forming the optic nerve and
projecting to the brain visual cortex.
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Discussion

Hmx1 depletion causes blindness and ONH, a bridgatds OAS-SMF

The first description of the dumbo mouse suppottedview that there was no clear link
between mouse and human ophthalmic phenotype, dpam a prevalence of
microphthalmia (Fig. 1) (Munroe et al., 2009, Quataal., 2012b). Our study presents a
complete analysis of the ophthalmic characterisatsthe dumbo mice and reveals
decreased visual acuity and ONH comparable to OKE-$Schorderet et al., 2008,
Gillespie et al., 2015). Both species share a comwawiability of ONH (Fig. 6), which
was observed during posterior segment examinati@aut of 5 patients (Gillespie et al.,
2015). In human, ONH is a common cause of blindrm@sgisual impairment (Garcia-
Filion & Borchert, 2013). In mice, genetic mutatsonausing ONH are often linked to
axon guidance molecules involved in retinal axoi akthe optic disc, such as netrin-1,
L1 and several EphBs (Harada et al., 2007). In soases, such asL.DH1A3loss-of-
function mutation (Yahyavi et al., 2013), micropditnia is associated with ONH (Kaur
et al., 2013). In the mouse, it is not clear whyHDINas not observable posterior to the
eye until twelve months of age (Fig. 6A). It couted explained by a temporary
inflammation status, an adult onset degenerati@s@lor temporary glial compensation,
but this needs to be further evaluated. It is ateportant to mention that clinical
assessments of children with ONH often reveal higgip or agenesis of the corpus
callosum (Garcia-Filion & Borchert, 2013, Kaur dt, 2013), suggesting that deeper

histological analysis of dumbo mice brain coulde&wother defects.

Hmx1 is crucial for axon guidance in the developimguse brain

Loss of visual acuity in OAS-SMF is likely due tetinal disorder and cataract, whereas

gimbo/dmboice have retinas and ERG comparable to the dogiwop, reinforcing an

Hmx
integrative cause of the visual defect in this nhod&ur observation of the retinal
projections in dumbo mice (Fig. 8) is consisterttvhe embryogenic theory suggesting a
retrograde degeneration of RGC consecutive to abaloroptic chiasm and brain
development (Kaur et al., 2013). Regulator genegetinal neurogenesis could be
excluded from the potential targetskinxl, as we observed no alterations of the neural

retina. However, genes implicated in optic nerveuraion and in retinotopic mapping
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are more likely to be involved. Taken sequentialhe sonic hedgehog (Shh) signalling
pathway plays an important role in establishingnabpic mapping and gliogenesis
when RGC axons start to extend from the optic naeasd. After birth, neurotrophins and
their receptors are involved in the second peribdetinal programmed cell death that
regulates the final number of RGC (Assali et al14£ Harada et al., 2007). It will be

interesting to investigate whether these genesraktmx1 during development.

Retinotopic mapping presents some limitations. éageeven if anterograde tracing is a
well-proven technique for embryo and newborn vissytem analysis (Conway et al.,
2011, Herrera et al., 2004, Godement et al., 18®ing et al., 2000, Chan e al., 1998), to
our knowledge no studies have been performed ift adce. We were able to label parts
of the RGC projections using lipophilic tracer bedntrary to embryos, adults presented a
much longer path for the fluorophore to travel,lexpng the low power of our tracer and
the lower percentage of axons efficiently labellatdernative methods for visual system

analysis, such as MRI (Sun et al., 2011), do éustvere not available for this study.

Hmx1 target genes and their role in axon guidance

Several classes of regulators including SlittRoBphrins and Semaphorins govern
retinocollicular topographic mapping. RGC axon guide is triggered by attractive and
repulsive interactions between expressed signathotecules and their receptors, either
expressed by RGC or target outputs from the didralep (Harada et al., 2007). Whereas
Semaphorins and B class Ephrins are responsibl¢héorcrossing choice at the optic
chiasm (Petros et al., 2008), both A and B Epheorgrol for the axial mapping of retina,

SC and LGN (Erskine et al., 2007). Knockout mouselels have largely been used to
show that perturbation of Ephrin signaling leadsaxon guidance errors (Huberman et
al., 2008).

We previously demonstrated that expressiorPtidro, a negative regulator of Ephrin
receptors (Shintani et al., 2006phag andSema3fvas regulated by HMX1 (Boulling et
al., 2013, Marcelli et al., 2014) and that both atiohs reported so far in OAS-SMF
remove the ability of HMX1 to regulate them (Malicat al., 2014, Gillespie et al.,
2015). The HMX1 dimer complex inhibits the expressiof Epha6 (Marcelli et al.,

2014). This receptor is normally expressed in h&hporal to low nasal gradient in the
retina guiding the axons towards the SC region @iigeir Ephrin A binding partners are
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less expressed (Triplett & Feldheim, 2012). Basedtlwe in vitro studies, similar
comments could be made about the potential interabetween HMX1, PTPRO and the
Ephrin receptor expression. On the basis of own,da suggest that an upregulation and
missexpression of EPHAG6 caused by the absence ofHikl dumbo mouse and in OAS-
SMF could explain the mistargeting and the decitasesrall number of RGC axons
projecting to the LGN and SC.

Interestingly, the predicted promoter model apphnodeveloped by Boulling et al. (2013)
also proposed thgbema3fwas a target gene regulated by HMX1. SEMA3F isua ¢
molecule, involved in central nervous system axandance and retinocollicular
mapping. This repulsive ligand, found in the SQdsito the neuropilin 2 receptor (Nrp),
which is expressed in a nasal-temporal gradieRGC (Sahay et al., 2003, Claudepierre
et al., 2008). SEMA3F/Nrp signalling also contrasanial gangliogenesis and axon
guidance through neural crest cells (Schwarz eR@D8, Gammil et al., 2006). Previous
studies of dumbo mice demonstrated that lack of HMeéGSulted in marked defects in the
geniculate (VII) ganglion (Quina et al., 2012a)ké&ia together, these results suggest that
HMX1 is required for axon guidance in the develgpiatinotectal projection mapping of

the mouse.
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Materials and methods
Animals

Dumbo mice bearing thedmbo allele Hmx1™9 strain C57BL/6; C3HeB/Fel-

H mxldmbo/RW/Jchan

were purchased from Jackson Laboratories (Stod¥86#07). The
Hmx2™° allele was obtained by ENU mutagenesis of C57Bhl§dd mice. By routine
genetic control of the strain we detected a mutailothe Pde6bgene, also located on
chromosome 5, leading to the Rd1 phenotype, craiaetl by early retinal degeneration.
The mice were therefore backcrossed in C57BL/6d-tyibe animals for 2-5 generations
in order to eliminate the Rd1 mutation. The studielthered to the Association for
Research in Vision and Ophthalmology (ARVO) Statetrfer the Use of Animals in
Ophthalmic and Vision Research and were approvethbyeterinary Service of the
State of Valais (Switzerland). C57BL/6J mice webtamed from Janvier (Le Genest St

Isle, France).

Mouse genotyping was performed by PCR on ear pgeciomic DNA in the case of
living individuals, and on tail genomic DNA in thease of stillborn and euthanized
individuals. Amplifications of theHmx2™° and wild-typeHmx1 (Hmx1') alleles were
done by PCR using oligonucleotide primers surrongdhe dmbo mutation (forward
primer: 5- GCG CTC AAC CCA GGG CGA TG -3, reverpeimer: 5- ACC ACC
TCC GTA GCC GCC GTG CAC-3’). The amplicon obtaineds then sequenced using
the forward primer to determine wild-type, homozyg@nd heterozygous dumbo mice.

Eye phenotype analysis

86 HmxI™°* and 68 HmxIM*°dmo mice between 1 and 12 months of age were
examined. Eyes were illuminated and visually cfessiinto three categories: normal,
cataract, or cataract and microphthalmia.

Hematoxylin and eosin staining

Hematoxylin and eosin staining was performed adngrtb standard protocols on 10-um
cryosections fixed with 4% paraformaldehyde (PFAY @mbedded in Yazzulla (30%
albumin, 3% gelatine in diD) from retina of mice between 1 and 12 monthsg#. a
Slides were analyzed with an Olympus BX61 microscayith the Cell software

(Olympus).
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Immunohistochemistry and antibodies

Immunohistochemistry staining was performed acemydo standard protocols on 10-pm
cryosections fixed with 4% PFA and embedded in Yddazrom retina of mice between
1 and 12 months of age. The following antibodied ditutions were used: Rho 1D4,
1/100, (courtesy of Prof. R.S. Molday (UBC)), Rabti-Opsin, blue, 1/500, AB5407
(Chemicon International), Rabbit Anti-Opsin, redgn, 1/1000, AB5405 (Chemicon
International), PKCa (H-7), 1/500, sc-8393 (Santa Cruz Biotechnolodyabbit anti-
Calbindin D- 28K, 1/1500, AB1778 (Chemicon Inteinoatl), Rabbit Antibody to
Glycine, 1/10000, IG1001 (ImmunoSolution), Anti-@&lFibrillary Acidic Protein, 1/400,
Z 0334 (DakoCytomation), Brn-3 (C-13), 1/100, s@6(@Santa Cruz Biotechnology) and
Thy-1 (H-110), 1/100, sc-9163 (Santa Cruz Biotetbgyw). The slides were analyzed
with an Olympus BX61 microscope with the Cedloftware (Olympus).

Virtual-reality optomotor system

The virtual-reality optomotor system was used ascdieed in Marcelli et al, 2012.
Briefly, mice of each genotype were analyzed betwe and 6 months of age, each eye
counted individually (number of eyes per genotypetten for each measurement).
Mouse were taken out of the cage and gently deposetie platform of the optomoter
system. Virtual projection of a rotating cylindevvered with a vertical sine wave was
started and “testing” mode chosen on the softwangtoKdotry version 1.7.7
(CerebralMechanics). This mode avoids a bias inatedysis by the experimentator as
the spatial frequency (how often the gratings repeaunit of distance in cycles/degree)
used for the test is not known to him. The systeop@sed random spatial frequencies
and experimentator assesses the optokinetic r¢figxclicking “yes” or “no”) of the
mouse by visualizing it on a screen. The softwaleutates the number of repetitions of
each frequency needed to set a significant reswisoial acuity. Thus the experiment

duration can vary between animals.
Electroretinogram

The day before the ERG, mice of the desired agegemibtype were placed into total
darkness. Until the end of the scotopic ERG, ordy tight was used. Mice were
anesthetized with 1@l/g of mouse of anaesthesia “ON” solution (6050 mg/mi

ketamine solution (12%), 500 1 mg/ml medetomidine solution (10%), 3.9 ml 0.9%
NaCl), by intraperitoneal injection. Pupils werdated using 0.5% tropicamide and 10%
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phenylephrin hydrochloride. Scotopic and photopiRG@ were recorded with an
OcusciencB"HMSERG on 4 Hmx™mPoldmbe gng 4 Hmx 2™ heterozygous mice.
Scotopic ERGs were recorded at 100, 300, 1000,,30W000 and 25’000 mcd*secfm
four flashes each 10 sec (0.10 Hz). Photopic ER&® waken after 10 minutes of bright
light illumination and recorded at 10, 30, 100, 30@00, 3000, 10'000 and 25’000
mcd*sec/n, 32 flashes each 0.5 sec (2.00 Hz). After measemésn10-15./g of mouse
of anaesthesia “OFF” solution (125 atipamezole 5 mg/ml solution, 6 ml 0.9% NacCl)
was given by intraperitoneal injection and the nptaced on a heating pad until waking.
Data were analyzed with the ERGView 4.350 softw@eusciencg”).

Optic nerve morphology analysis

Five heterozygote and 4 homozygote dumbo mice fi@mo 26 months of age were
euthanized by cervical dislocation. Mice were tldecapitated and the heads transferred
into an ice-cold DMEM/F12 serum free (Gibco®) fdldetri dish for dissection. Using
fine surgical tools under a binocular microscopk, tlee flesh, muscles and bones
surrounding brain, optic nerve, ocular globe aniaddry bulb were dissected out to
leave these structures completely free with bo@sdlpating and connected to the brain
only by the optic nerve (Fig.5 D-F). Presence ofHDIWas visually assessed under a

dissecting microscope.
Optic nerve thickness measurement

Two types of optic nerve thickness measurementse werformed. Firstly, thickness was
measured on histological sections where the ogligeenexits the retina at choroidal level

(Fig. 6, #1). Measurements were made with a graduabjective on an Olympus BX61

fmbo/+ fmbo/dmbo

microscope. Five optic nerves of 1 to 2-month-glichx and Hmx mice,

fmbo/+ ]Ejmbo/dmbo

and 5 optic nerves of 6 to 12-month-adiinx and Hmx mice were

measured. Thickness of 1 to 2-month-blohx20™°°"*

animals was arbitrarily set to 100,
and other measurements represent percentagesveetatithis value. Secondly, we
measured size of the optic nerve (Fig. 6, #2) gotet @hiasm (Fig. 6, #3) in ratio to the
hypothalamus and assessed occurrence of ONH in @dteé from 13 to 26 month-old.
Images of each brain were acquired on a disseaticgoscope equipped with a digital
camera (Leica DFC 310 FX). Relative sizes (i.exepsize) of the hypothalamus, optic

chiasm and optic nerve were measured using ima®adase (Fig. 6A,C).
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Anterograde labelling of RGC axons

RGC axons of both genotypes were labelled aftentbgohological analysis in newborn
and adult mice from a control group (4 C57BL/6J &rdmx2™°") and a dumbo group
(5 Hmx1'mo"dmb§ - detailed list on panel | from figure 8. Brainpdants were transferred
into DMEM/F12, 10% foetal bovine serum and peniiitreptomycin medium. With the
adult specimens, 2 mm anterior to the optic chia@rl of DiO solution (2mg/ml of
dioctadecyloxacarbocyanine perchlorate in eth&igima-Aldrich, #D4292) was injected
into the optic nerve with a Hamilton syringe underdissecting microscope. With
newborns, and in the contralateral eye of adultem@cl pl of Dil solution (2mg/ml of
dioctadecyltetra methylindocarbocyanine perchlonatethanol (Sigma-Aldrich, #42364)
was injected with a Hamilton syringe under a disegcmicroscope directly into the
vitreous body of the eye. After 72 hours of incidratat 37°C in the dark, brains were
fixed in 4% PFA for 1 week to allow complete migoat of lipophilic tracer. Finally, still
protected from light with aluminium foils, brainseve infused in a 30% sucrose solution

for 2 days and embedded in Yazzulla for cryosection
Retinofugal pathway analysis and optic nerve axamdte analysis

Sequential 20-um thick coronal cryosections of llaldebrains were obtained from the
olfactory lobes to the tip of the cerebellum. Di@daDil tracing of the RGC axon
projections was analyzed under a binocular micnesdbeica MZ16F) with illumination,
and the path recorded slice by slice with a canfeeeca DFC310FX), from the optic
chiasm towards the optic tract, the lateral gemi@ihucleus and the superior colliculus.
Schematic representation of the retinofugal pathcohtrol mice (C57BL/6J and
Hmx2™°") andHmMx1MM°mice was obtained to summarize the observatioigs8)F
Images were then processed with Adobe Photoshop 38ty adjustment replace colour
option. Lightness of the black colour of each image increased by an index of 25 to 35
in order to allow a better view of the fluoresceignal (either in green or red). No

modifications were applied on the fluorescent value

Cryosections were selected at the level of the Difction into the optic nerve for
further morphometric analysis. Images were takeseum microscope (Olympus DP71)

at 40x magnification to allow visualization of inglual axon bundles provided by the

]Ejmbo/+ ]Ejmbo/dmbo

fluorescent labelling. Optic nerve cross sectiohs3 dHmx and 3HmMx
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mice were analyzed with ImageJ software and siagias of eight axons bundles per

slice were measured.
Nissl bodies labelling and counting

20-um thick coronal cryosections of adult mouserbveere selected at the end point of
the optic nerve anterior to the optic chiasm. ®estiwere fixed in 4% PFA for 1 hour,

rehydrated and stained with a solution of cresgletiacetate (0.53 mg/ml in 0.6% acetic
acid, 6 mM sodium acetate, pH 3.5 solution) at 665C30 min. Finally, sections were

dehydrated and mounted with Eukitt. Cresyl staioexss sections of both optic nerves
from 4 HmxT™* (N=8) and 3HmxIM°M°animals (except for one dumbo mouse
where hypoplasia was too severe to obtain a qtisétaection of the nerve, N=5), were
imaged under a light microscope (Olympus DP71).gesawere analyzed with ImageJ
software and Nissl positive bodies counted usingter cell plugins.

Optical coherence tomography (OCT)

Mice were anesthetized with 10/g of anaesthesia “ON” solution (600 50 mg/ml
ketamine solution (12%), 500 1 mg/ml medetomidine solution (10%), 3.9 ml 0.9%
NaCl), injected intraperitoneally. Pupils were thi using 0.5% tropicamide and 10%
phenylephrin hydrochloride. Fundus photography @I analysis were performed with
a Micron Ill system (Phoenix Research Labs, CA, Y®A 3 HmxL ™m0 ang 3
Hmx2™°" heterozygous mice. After measurements, |1/ of anaesthesia “OFF”
solution (125l atipamezole 5 mg/ml solution, 6 ml 0.9% NaCl) weinjected
intraperitoneally and the mice placed on a hegbagd until waking. Data were analyzed
with Stream Pix 6 and Micron OCT V7_2 4 2 (Phoer®esearch Labs, CA,
USA).Statistical analysis

P-values are based on Student t-tests or Pear€inirsquare test as mentioned in the

text.

164



Acknowledgments

Prof. R.S. Molday (University of British Columbigancouver, Canada) for the Rho 1D4
antibody and Ms Susan E. Houghton for editing tla@uscript. This work was supported
by a grant from the Swiss National Science FoundatB1003A_143474). The funders
had no role in study design, data collection andlyas, decision to publish, or

preparation of the manuscript.

References

Assali A, Gaspar P, Rebsam A. 2014. Activity DemaridMechanisms of Visual Map
Formation - From Retinal Waves to Molecular ReguiatSemin Cell Dev Biol 35:136—
46.

Boulling A, Wicht L, & Schorderet DF. 2013. Identiftion of HMX1 target genes: a
predictive promoter model approach. Mol Vis 19: 9794.

Bush JO, Soriano P. 2009. Ephrin-B1 Regulates AZoidance by Reverse Signaling
through a PDZ-Dependent Mechanism. Gene Dev 23:3%86

Chan SO, Wong KF, Chung KY, Yung WH. 1998. Changddorphology and
Behaviour of Retinal Growth Cones before and alt@rssing the Midline of the Mouse
Chiasm - a Confocal Microscopy Study. Eur J Neurb82511-22.

Chung KY, Taylor JS, Shum DK, Chan SO. 2000. Axautitg at the Optic Chiasm
after Enzymatic Removal of Chondroitin Sulfate imbde Embryos. Development
127:2673-83.

Claudepierre T, Koncina E, Pfrieger FW, BagnardDnis D, Reber M. 2008.
Implication of Neuropilin 2 / Semaphorin 3F in Retcollicular Map Formation. Dev
Dyn 237:3394-3403.

Conway CD, Price DJ, Pratt T, Mason JO. 2011. Asialgf Axon Guidance Defects at
the Optic Chiasm in Heparan Sulphate Sulphotraasée€ompound Mutant Mice. J Anat
219:734-42.

Cuenca N, Fernandez-Sanchez L, Sauvé Y, SeguMdrtinez-Navarrete G, Tamarit
JM, Fuentes-Broto L, Sanchez-Cano A, Pinilla I.£0Correlation between SD-OCT,

165



immunocytochemistry and functional findings in amnaal model of retinal degeneration.
Front Neuroanat 8: doi:10.3389/fnana.2014.00151.

Douglas RM, Alam NM, Silver BD, McGill TJ, Tschetté&/W, Prusky GT. 2005.
Independent visual threshold measurements in theefw@s of freely moving rats and

mice using a virtual-reality optokinetic systems\Neurosci 22: 677-684.

Erskine L, Herrera E. 2007. The Retinal Gangliofi 8eon’s Journey: Insights into

Molecular Mechanisms of Axon Guidance. Dev Biol 364 4.

Fruttiger M, Karlsson L, Hall AC, Abramsson A, CahAR, Bostrom H, Willets K,
Bertold C-H, Heath JK, Betsholtz C, Richardson VB99. Defective Oligodendrocyte
Development and Severe Hypomyelination in PDGF-A¢kout Mice. Development
126:457-67.

Gammill LS, Gonzalez C, Bronner-Fraser M. 2006. fdpilin 2 / Semaphorin 3F
Signaling Is Essential for Cranial Neural Crest Migon and Trigeminal Ganglion
Condensation. J Neurobiol 67:47-56.

Garcia-Filion P & Borchert M. 2013. Optic Nerve Hypasia Syndrome : A Review of
the Epidemiology and Clinical Associations. CuredirOptions Neurol. 15:78-89.

Gillespie RL, Urquhart J, Lovell SC, Biswas S, ¥R, Schorderet DF, Lloyd IC,
Clayton-Smith J, Black GC. 2015. Abrogation of HMKainction Causes Rare
Oculoauricular Syndrome Associated With Conger@i@iaract, Anterior Segment
Dysgenesis, and Retinal Dystrophy. Invest OphthaWi®Sci56, 883-891.

Godement P, Wang L-C, Mason CA. 1994. Retinal ARorergence in the Optic
Chiasm: Dynamics of Growth Cone Behavior at thelied J Neurosci 14:7024-39.

Gresle M, Alexandrou A, Wu Q, Egan G, Jokubaitisfyers M, Jonas A, Doherty W,
Friedhuber A, Shaw G, Sendtner M, Emery B, KilgtT, Butzkueven H. 2012.
Leukemia Inhibitory Factor Protects Axons in Expegntal Autoimmune
Encephalomyelitis via an Oligodendrocyte-Independiéechanism. PloS One. 7:e47379.

166



Harada T, Harada C, and Luis F. Parada LF. 200Teddtar Regulation of Visual
System DevelopmentMore than Meets the Eye. Genes Dev 21: 367—78.

Herrera E, Marcus R, Li S, Williams SE, Erskind_gj E, Mason C. 2004. Foxd1 Is
Required for Proper Formation of the Optic ChiaBravelopment 131:5727-39.

Howell GR, Libby RT, Jakobs TC, Smith RS, Phalan Bé&rter JW, Barbay JM,
Marchant JK, Mahesh N, Porciatti V, Whitmore AV, 8f&nd RH, John SWM. 2007.
Axons of Retinal Ganglion Cells Are Insulted in fptic Nerve Early in DBA/2J
Glaucoma. J Cell Biol 179:1523-37.

Huberman AD, Feller MB, Chapman B. 2009. Mechanitmderlying Development of
Visual Maps and Receptive Fields. Annu Rev Neurd%ci479-509.

Kaur S, Jain S, Sodhi HBS, Rastogi A, Kamlesh. 2@i&ic Nerve Hypoplasia. Oman J
Ophthalmol 6:77-82.

Koch CT, Bruggmann R, Tetens J, & Drogemiuller CL2A Non-Coding Genomic
Duplication at the HMX1 Locus Is Associated witho@rEars in Highland Cattle. PLoS
One 8, e77841.

Lehmann K, Schmidt K-F, Lowel S. 2012. Vision anslzal plasticity in ageing mice.
Restor Neurol Neurosci 30: 161-178.

Mao C-A, Wang SW, Pan P, Klein WH. 2008. Rewirihg Retinal Ganglion Cell Gene
Regulatory Network: Neurod1l Promotes Retinal GamgGell Fate in the Absence of
Math5. Development 135:3379-88.

Marcelli F, Escher P, Schorderet DF. 2012. Exploratf the Visual System: Part2: In
Vivo Analysis Methods: Virtual-Reality Optomotor &gm, Fundus Examination, and

Fluorescent Angiography. Curr Protoc Mouse Biol0Z:218.

Marcelli F, Boisset G, & Schorderet DF. 2014. A dimaed HMX1 inhibits
EPHAG6/ephadb in mouse and zebrafish retinas. Plo&s9)e100096.

Mescher AL. 2010. Lange Junqueira Basic Histologgkt and atlas. McGraw-Hill
Professional, New-York, NY.

167



Munroe RJ, Prabhu V, Acland GM, Johnson KR, Ha&s O’Brien TP, Schimenti JC.
2009. Mouse H6 Homeobox 1 (Hmx1) mutations cauaeiar abnormalities and reduced
body mass. BMC Dev Biol. 9, 27.

Paxinos G & Franklin KBJ. 2013. The Mouse BrairBhereotaxic Coordinates. Elsevier,
Oxford, UK.

Petros TJ, Rebsam A, Mason CA. 2008. Retinal Axoow@h at the Optic Chiasm: To
Cross or Not to Cross. Annu Rev Neurosci 31:295-315

Quina LA, Tempest L, Hsu Y-WA, Cox TC, & Turner EF)12a. Hmx1 is required for
the normal development of somatosensory neurotigigeniculate ganglion. Dev Biol
365, 152-163.

Quina LA, Kuramoto T, Luquetti DV, Cox TC, Serikavia& Turner EE. 2012b.
Deletion of a conserved regulatory element requioetHmx1 expression in craniofacial
mesenchyme in the dumbo rat: a newly identifiecseaaf congenital ear malformation.
Dis Model Mech 5, 812-22.

Sahay A, Molliver ME, Ginty DD, Kolodkin AL. 20085emaphorin 3F Is Critical for
Development of Limbic System Circuitry and Is Reqdiin Neurons for Selective CNS
Axon Guidance Events. J Neurosci 23:6671-80.

Schorderet DF, Nichini O, Boisset G, Bozena P, Tiablayeur H, Munier FL. 2008.
Mutation in the Human Homeobox Gene NKX5-3 Cause®eulo-Auricular Syndrome.
Am J Hum Genet 82, 1178-1184.

Schwarz Q, Vieira JM, Howard B, Eickholt BJ, Rumd€. 2008. Neuropilin 1 and 2
Control Cranial Gangliogenesis and Axon Guidanceugh Neural Crest Cells.
Development 136:347-347.

Scudamore CL. 2014. A practical guide to te hagiglof the mouse. Wiley, Hoboken,
NJ.

168



Shintani T, Ihara M, Sakuta H, Takahashi H, Watakial& Noda M. 2006. Eph receptors
are negatively controlled by protein tyrosine phagpse receptor type O. Nat Neurosci
9: 761-9.

Stanfel MN, Moses KA, Schwartz RJ, Zimmer WE. 20RBgulation of organ
development by the NKX-homeodomain factors: an NtGde. Cell Mol Biol 51: 785-
799.

Sun S-W, Campbell B, Lunderville C, Won E, Liang#H2011. Noninvasive Topical
Loading for Manganese-Enhanced MRI of the MousaaliSystem. Invest Ophthalmol
Vis Sci 52:3914-20.

Triplett JW, Feldheim DA. 2012. Eph and Ephrin Siymg in the Formation of
Topographic Maps. Semin Cell Dev Biol 23:7-15.

Vaclavik V, Schorderet DF, Borruat F-X, & Munier FR011. Retinal dystrophy in the
oculo-auricular syndrome due to HMX1 mutation. Oyattinic Genet 32, 114-7.

Wang W, Lo P, Frasch M, & Lufkin T. 2000. Hmx: avoiutionary conserved homeobox
gene family expressed in the developing nervouesys mice and Drosophila. Mech
Dev 99: 123-37.

Watson C, Paxinos G, Puelles L. 2012. The mouseunsrsystem. Elsevier, Oxford, UK.

Weimer JM, Custer AW, Benedict JW, Alexander NAngsley E, Federoff HJ, Cooper
JD, Pearce DA. 2006. Visual Deficit. Neurobiol R{&:284-93.

Wilks TA, Harvey AR, Rodger J. 2013. Seeing withd'tryes: Integration of Binocular
Retinal Projections in the Brain, Functional Brdihapping and the Endeavor to
Understand the Working Brain, Dr. Francesco Sigihiqied.), ISBN: 978-953-51-1160-
3, InTech, DOI: 10.5772/56491.

Wilson L, Ching Y, Farias M, Hartford SA, Howell Ghao H, Schimenti JC. 2005.
Random mutagenesis of proximal mouse chromosonme&vers predominantly

embryonic lethal mutations. Genome Res 15, 109%:110

169



Yahyavi M, Abouzeid H, Gawdat G, de Preux A-S, Xigdardakjian T, Schneider A,
Choi A, Jorgensen E, Baier H, El Sada M, SchordeFetSlavotinek AM. 2013.
ALDH1A3 Loss of Function Causes Bilateral Anophthe/microphthalmia and
Hypoplasia of the Optic Nerve and Optic Chiasm. HUoi Genet 22:3250-58.

170



Figures and legends

Figure 1. Hmx1™**mb%yes and vision.A) Quantification of external eye phenotypes.
68 Hmx1"mPo'dmbogng 86HMxT™* eyes were classified into three categories: ngrmal
cataract, and cataract plus microphthalmi&®) (Measurement of visual acuity.
Hmx2modmbomice with normal eye phenotype presented reduisedivacuity compared
to wild-type or heterozygous mice. ** = P<0.01, ***P<0.0001 (Student’s T-test).
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Figure 2. Pannel 1.Representative electroretinograms on 2-month-alchals. Pannel

2. Representative electroretinograms on 6-month-olidnhals. @A) C57BI/6J traces in

scotopic conditions andBJ in photopic conditions.@) Hmx

]Eimbol+

traces in scotopic

conditions D) and in photopic conditionsE Hmx2™™**4™*%races in scotopic conditions

and (F) in photopic conditions.
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Figure 3. Electroretinograms (ERG) statistics of 2Znonth-old Hmx1?mP°’*

and
HmximPodmbomice A-wave and b-wave amplitude of scotopic and phat&iRG,
number of eyes tested per genotype written on geagph. Difference of amplitude
response between genotypes are not significantp(¥#.1, no star: 0.1<p<0.9, Student’s

T-test).
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Figure 4. Pannel 1 Histological analyses dfimx™*°M*%etinas. Negative controls are
shown in figure S1.A,B) Hematoxylin-eosin staining.C(D) Recoverin, staining rod
photoreceptors.H,F) Opnlsw, staining S-cone photorecepto&H) Opnlmw, staining
M-cone photoreceptors.l,J) Pkar, staining bipolar cells. K;L) Calbindin, staining
horizontal cells. M,N) Glycine, staining glycinergicamacrine cell®,P) Gfap, staining
Muller cells. Q,R Brn-3, staining ganglion cellsS(T) Thy-1, staining axons. Scale bar
in D represents 100um and is valid for all pannBlannel 2. Negative controls of
histological analyses dfiMX1°™PMP%etings. (A,B) Hematoxylin-eosin staining. (C,D)
Recoverin, staining rod photoreceptors. (E,F) Opnlsaining S-cone photoreceptors.
(G,H) Opnlmw, staining M-cone photoreceptors. (PR3, staining bipolar cells. (K,L)
Calbindin, staining horizontal cells. (M,N) Glycinstaining glycinergicamacrine cells.
(O,P) Gfap, staining Miiller cells. (Q,R) Brn-3, istag ganglion cells. (S,T) Thy-1,

staining axons. Scale bar in D represents 100 nisavadid for all pannels.
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Figure 5. Retinal scanning and optical coherence tomogra@@T(. (A, C) Fundus
picture with indicated orientation of cross-secib8D-OCT scans. (B,D) Corresponding

OCT B-scans at the optic nerve head, scale baesept 100um. (A,B) Hmx2™*

gmbo/dmbopuse, notice that the presence of cataract isciieg the

mouse. (C,DHmx
OCT signal response and downscaling B-scan resalited arrow). GC/IPL: Ganglion
cell / Inner plexiform layer, INL: Inner nuclearyler, OPL: Outer plexiform layer, ONL:
Outer nuclear layer, OLM: Outer limiting membral@S: Inner-/outer segment border,

RPE/CC: RPE/Choriocapillary complex.
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Figure 6. Dumbo mice present ONH. (A) Scheme representinddtalization of optic
nerve # 1 and #2 thickness, the optic chiasm #Xieiss and the hypothalamus length
measurementB) Optic nerve thickness at the level of the choinigoung (1-2 months)
and older (6-12 months) animals. Thicknes$ibX1°™*°"* animals was arbitrarily set to
100. Heterozygous and homozygous dumbo mice shaowedifference in optic nerve
thickness from 1 to 12 monthsC)(Optic nerve hypoplasia measurement on dumbo mice
(N=4) compared to control mice (N=5). Relative sifehe optic chiasm (oc) thickness
and optic nerve (on) thickness was normalized diverhypothalamus length to balance
the age and size variation of the brain. ONH in Hdarmice resulted in a significantly
decreased optic chiasm (p<0.007) and optic ner«0.Q02) size compared to
heterozygotes.Y) Representative retinofugal pathway including eygjc nerve, optic
chiasm and hypothalamus (hyp) of a heterozygousbdumouse. E,F) Representative
retinofugal pathway of dumbo mice presenting eithiateral €) or unilateral(F) ONH,
and a thinning of the dense core of the optic chidgertical bars delimit hyp, oc, and on

size. Hd: harderian gland.
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Figure 7. Optic nerve analysis of heterozygote and homozydatabo mice. 4A) Optic
nerve cross sections were stained with cresyl el lliss| bodies. Homozygote mice
present morphological changes due to optic neryaopigasia (i.e., smaller diameter)
(scale bar = 0.02 cm)BJ Despite the apparent decrease of Nissl bodiesy#niance
between bottHmMx2™°* andHmMx1™4MPyere large and the absolute difference is not
significant (p<0.1). €) Optic nerves were filled with Dil or DIO to label the a0 of
RGC neurons and optic nerve bundle areas (greelesjrwere measured on optic nerve
cross sections (scale bar = 0.02 cr))) Histogram displays average area of optic axon
bundles in both genotypes. No difference was oleskerv
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Figure 8: Retinotopic topography is abnormal in dumbo micd) Schematic
representation of the retinotopic map mx®™°* and @’) HMx19"P94M° mice as
observed after Dil or DiO injection. The straiglegment depicts the site of injection of
the fluorescent dye, alternatively injected. Redl)(Rnd green (DiO) paths depict the
observed traces of anterograde labelling along dptc tract. The alphabetic grid

represents the position chosen for representatisgographs of brain cross sections from

fmbo/+ fmbo/dmbo

Hmx and Hmx mice. B-H and B’-F’) Pannels are schematic illustration
representing brain areas as observed and coloderderts depict retinotopic area
labelled after fluorophore injection. Area locatiba was based on the mouse stereotaxis
atlas of Paxinos and Franklin (2013). Fluorescerdiges are representative selections of
brain coronal cross sections lmx™™*°* (B-H) mice andHmx™™*@M°mice @'-H").
Fluorescent signal is emphasized by black arrdlysSummary of results obtained by
retrograde labelling of optic nerve projectionseTable lists all specimens with genotype
and age, and indicates the observation of fluorescén the visual outputs (e.g.: optic
nerve, optic chiasm, lateral geniculate, superiolliaulus) and in aberrant target
(ventricles). Aca: anterior part of anterior comsuie, av: anteroventral thalamic
nucleus, cc: corpus callosum, dg: dentate gyrug, dibrsal lateral geniculate nucleus,
d3v: dorsal ¥ ventricle, ec: external capsule, fi: fimbria ofetthippocampus, hip:
hippocampus, Id: laterodorsal thalamic nucleus)dteral ventricle, on: optic nerve, op:
optic nerve layer of superior colliculus, opt: aptiact, ot: nucleus of the optic tract, vhc:

ventral hippocampal commissure, 3{* &ntricle.
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3. Discussion

When | joined the HMX1 project at the Institute for research in Ophthalmology, the study on the
predictive promoter model (PPM) approach had already started. The goal of the project was to
find target genes of Hmx1 in the mouse retina. And more largely to discover genes involved in

the mouse eye development. These last findings were then involved in my research.

Potential targets of Hmx1 were identified through a detailed transcriptome analysis. This
analysis was based on the repetition of the transcription factor binding site within promoter
regions. What was missing were the in vitro studies validating these in silico results. My work
was then to design and perform the luciferase assay to test the transcriptional activity of Hmx1
over promoter region of the target genes: Sgcg, Ptpro and Sema3f. Sgcg was taken as a positive
control as its expression was dramatically increased in dumbo mice. Ptpro and Sema3f belong to
the retinal axon guidance pathway and play an important role in retinotopic mapping (Shintani
et al., 2006, Stepanek et al., 2001). As related in the previous section, we were able to show the
repressor activity of HMX1 protein over those three promoters. These results focused our
consideration concerning the implication of the ephrin pathway as it was already recognized to

be a putative in vivo target of Hmx1 by Shorderet et al. and Marcelli et al..

The other part of my study concentrated on a detailed analysis of the dumbo mouse model.
Because at first sight this mouse model seems to not hold all the promises that lie in a transgenic
animal model, | decided to go over a wide range of structural analysis of this animal. | look after
various parameters and performed multiple analyses ranging from metabolite analysis of the
circadian system, embryogenesis or breeding ability of homozygous individuals. The crucial
discovery has been achieved after | performed a survey on dumbo breeding. This work allowed
me to uncover the potential of information that were hiding behind all the perinatal death of
pups. Thus the phenotypic analysis led to the promising finding on morphogenesis impairment

observed in homozygous dumbo stillborn.

The craniofacial deformity patterns observed in the stillborn dumbo mice suggested that Hmx1
target are not only involved in the eye development but also in the craniofacial development.
Based on the previous PPM approach results we suggested that there is a potential interaction
of Hmx1 in the cranial neural crest cell migration process toward the regulation of Sema3f. Then
concerning new targets of Hmx1, we proposed that potentially other member of the ephrin
pathway should be tested. Indeed, we already know that EphA6 expression is regulated by
Hmx1, but considering the cleft palate phenotype observed in most of the homozygous stillborn,

EphB3 appears as a very interesting candidate.
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Previous analysis of the visual perception of Hmx19mo/dmbo

mice performed by one of the co-
authors of the paper from section 2, demonstrated that these mice were blind and that this
blindness was not related to retinal defect. The rational was then to analyze central visual
pathway of dumbo in order to understand the cause of this visual impairment. This led us to the

discovery of retinotopic mapping defects.

Unlike human afflicted by a homozygous HMX1 mutation, dumbo mice were not presenting a
retinal degeneration that would explain the vision defect observed. With the qualitative analysis
of the retinotopic mapping in these mice, we brought here a valid cause of this blindness. We
also brought to light the presence of optic nerve hypoplasia (ONH) at adult stage that
corroborates what is observed in OAS-SMF. More generally ONH is often linked to axon guidance
molecules defects and mutation in genes involved in optic nerve development (Garcia-Filion &
Brochert, 2013 and Kaur et al., 2013). An important point to discuss here is the evolution of the
optic nerve status and its projection during dumbo mouse’s life. Our findings didn’t allow at this
point to assess whether the abnormal retinotoppic mapping observed early in the dumbo mouse
is caused by a degenerative process or a failure in axon growth and guidance during
embryogenesis. What we can say is that the optic nerve hypoplasia of the dumbo mouse, which
is only observed in adult and not before 12-month-old, is most likely due to a retrograde
degeneration due to the abnormal mapping of axons. The issue here remains open concerning
the varied aspect of the ONH. We would suggest pursuing here the molecular study of EphA6,
Ptpro, and Sema3f to establish their link with Hmx1 in vivo and their expression variation due to

HMX1 protein depletion.

The results presented in this thesis and throughout the three publications bring a new lighting
on the HMX1 pathway. Homeobox genes are complicated to study because they involve
developmental pathways that crossact with a multitude of partners. But the information we
discovered allowed us to focus on precise potential target genes, partners and pathways where
HMX1 could be involved.

Much remains to be performed concerning HMX1. The main goal of following studies would be
to analyze the presented interaction at a molecular level. Because even if we have established a
new phenotypic trait linked to Hmx1 mutation involving craniofacial malformation, molecular
proof remains to be presented. We still do not know the target genes that mediate those
defects. And we also do not know the pathway involved in bone patterning or growth, affected

in the absence of the HMX1 transcription factor.

Concerning the visual defect, | would highly recommend pursuing the research on ephrin and
semaphorin pathway. It would be very interesting to analyze expression patterns of those
guidance cues in homozygote either adult or stillborn, and find the molecular link between the
lack of HMX1 and the mistargeting of RGC axons. Concerning the eye structure, we didn’t go

through a histological analysis of the stillborn dumbo pups. A control of the layering and
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expression level of major guidance cue would allow orientating the debate in a more precise

direction.

Finally as most of the semaphorin or neuropilin knockout mouse model exhibit a cerebral
patterning defect, it would be interesting to perform histological analysis of adult and stillborn

brain explants.
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