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SUMMARY

The morphogen sonic hedgehog (SHH) regulates central patterning processes along the
dorsoventral axis of the emerging forebrain. Secreted from the prechordal plate (PrCP), SHH
targets neuroepithelial cells of the overlying forebrain organizer region in the rostral
diencephalon ventral midline (RDVM), to establish and further specify ventral identity of the
forebrain. Defects in this pathway result in severe developmental forebrain defects including
holoprosencephaly (HPE). Besides the canonical SHH receptor patched 1 (PTCH1), several
additional cell surface proteins have been identified as being essential for SHH signaling in the
neuroepithelium. Jointly, they are referred to as the SHH receptorsome and include LRP2 and
GASL1. Mutations in these co-receptors are the cause of familial forms of HPE and related
phenotypes, such as in Donnai-Barrow syndrome (DBS), corroborating their importance for
SHH-dependent forebrain development in humans. Intriguingly, the structure of SHH co-
receptors is highly diverse and they show spatial and temporal differences in expression
pattern, arguing for distinct functions of each receptor in SHH-dependent developmental
processes. In this thesis, | used human induced pluripotent stem cell (iPSC)-based cell models
to recapitulate early steps in neuroepithelial patterning and to elucidate unique roles for LRP2
and GASL1 in these processes. In the first project, | studied a unique missense mutation in
LRP2 in two siblings with DBS. To do so, | differentiated patient-derived iPSCs into neural
progenitor cells (NPCs) and studied the impact of this mutation on receptor handling of SHH.
| demonstrated that the mutant receptor was unable to discharge its ligand SHH, leading to
enhanced lysosomal degradation of the mutant receptor bound to its ligand. These studies
showed that ligand-induced decay of LRP2 is responsible for the disease phenotype in this
family with DBS. Additionally, the results of this study verified the molecular function of LRP2
as SHH co-receptor as it mediates endocytosis and trafficking of the morphogen in forebrain
neuroepithelial cells, a process essential for SHH signal reception in this cell type. In the
second project, | uncovered a novel function for GAS1 in integrating SHH and NOTCH
signaling during early forebrain development. Performing comparative analyses in GAS1-
deficient mice and genetically engineered GAS1 knockout (KO) iPSC-derived NPCs, | showed
that loss of GAS1 impairs NOTCH-dependent facilitation of SHH signaling and results in a
failure to maintain the SHH activity domain in the rostral ventral neuroepithelium. Thus, besides
its known function as SHH co-receptor, GAS1 also acts as co-receptor for NOTCH1,
enhancing pathway activation which, in turn, promotes maintenance of SHH signaling in the

rostral ventral neuroepithelium during forebrain development.






ZUSAMMENFASSUNG

Das Morphogen sonic hedgehog (SHH) reguliert essenzielle Prozesse der Musterbildung
wahrend der embryonalen Vorderhirnentwicklung. SHH wird von der prachordalen Platte
(PrCP) sezerniert und induziert die Ventralisierung und weitere Spezifizierung
neuroepithelialer Zellen der ventralen Mittellinie. Stérungen im SHH Signalweg sind Ursache
schwerwiegender Entwicklungsstorungen des Vorderhirns, welche als Holoprosenzephalie
(HPE) bezeichnet werden. Neben dem klassischen SHH Rezeptor patched 1 (PTCH1) wurden
weitere Zelloberflachenproteine identifiziert, die ebenfalls SHH binden und die fir die Aktivitat
dieses Signalweges essenziell sind. Hierzu zahlen unter anderen die zwei Proteine LRP2 und
GAS1. Mutationen in Co-Rezeptorengenen filhren ebenfalls zu HPE und verwandten
Entwicklungsstorungen, wie beim Donnai-Barrow Syndrom (DBS). Interessanterweise
unterscheiden sich die einzelnen Co-Rezeptoren sowohl in ihrem strukturellen Aufbau als
auch in ihrem embryonalen Expressionsmuster. Dies deutet auf distinkte Mechanismen hin,
mittels derer einzelne Rezeptorspezies SHH-abhangige Entwicklungsprozesse kontrollieren.
Im Rahmen meiner Doktorarbeit habe ich die Wirkungsweise der beiden SHH Co-Rezeptoren
LRP2 und GAS1 mithilfe humaner induzierter pluripotenter Stammzellen (iPSCs) aufgeklart.
Im ersten Projekt konnte ich mittels iPSC-abgeleiteter Neuroepithelzellen (NPCs) zeigen, dass
eine neuartige Missense-Mutation im LRP2-Gen zweier DBS Patienten die Rezeptorfunktion
insofern beeinflusst, dass LRP2 nicht mehr fahig ist, sich im Endozytoseweg der Zelle von
seinem Liganden SHH zu l6sen. Dies hat zur Folge, dass der Rezeptor zusammen mit dem
gebundenen Liganden in Lysosomen abgebaut wird. Der Liganden-induzierte Verlust an LRP2
Protein ist also die Ursache fir das DBS in den betroffenen Patienten. Grundséatzlich konnte
ich mit dieser Arbeit bestatigen, dass die wesentliche Funktion von LRP2 die eines
Endozytoserezeptors fur SHH ist und dass die LRP2-vermittelte Aufnahme und zellulare
Sortierung von SHH essenziell fiir die Ubermittelung von SHH Signalen im sich entwickelnden
Vorderhirns ist. In einem zweiten Projekt habe ich eine neuartige Funktion von GAS1 als
Modulator in der Interaktion zwischen der Signalmolekile SHH und NOTCH wéhrend der
frihen Vorderhirnentwicklung aufgeklart. So konnte ich mittels eines GAS1-defizienten
Mausmodells und GAS1-defizienter iPSC-abgeleiteter NPCs zeigen, dass GAS1 auch als
NOTCH Co-Rezeptor dient und essentiell ist fiir die Aktivierung des NOTCH Signalwegs im
Neuroepithel. Die GAS1-abhangige Verstarkung der NOTCH Aktivitat ist unabdingbar fur die
NOTCH-vermittelte Aufrechterhaltung der SHH Aktivititsdoméane im ventralen Neuroepithel

des sich entwickelnden Vorderhirns.
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1 INTRODUCTION

1 INTRODUCTION

1.1 Forebrain development

The forebrain arises from a single-layered sheet of neuroectodermal cells at the rostral
end of the neural plate. The interplay of several neural and non-neural signaling centers and
morphogenic factors first induce neural fate in the gastrulating embryo and, subsequently,
regulate the folding of the neural plate during the process of neurulation. Further tissue growth,
patterning, and specification give rise to the forebrain consisting of diencephalon and
telencephalon. These brain centers control complex functions like sensory perception,
emotions, memory, thinking, motor as well as autonomic functions, and the endocrine system.
The general induction and organization of the forebrain are highly conserved in all vertebrates
(Stern and Downs, 2012).

1.1.1 Early forebrain induction

Forebrain development is initiated during the process of gastrulation that generates the
three germ layers ectoderm, mesoderm, and endoderm from the epiblast (Solnica-Krezel and
Sepich, 2012). In the course of gastrulation several so-called gastrula organizers are
established. Their interplay is required for induction and maintenance of anterior neural identity
by expression of agonists and antagonists of different morphogenic signaling pathways that
protect anterior tissue from posteriorizing signals in a gradient-dependent manner
(Andoniadou and Martinez-Barbera, 2013; Wilson and Houart, 2004). While initial anterior
neural induction is promoted by fibroblast growth factors (FGFs), it is inhibited by caudalizing
factors such as proteins of the transforming growth factor beta (TGFf) family including bone
morphogenetic proteins (BMPs) and proteins of the Wingless-related integration site (WNT)
family (Hoch et al., 2009; Kudoh et al., 2004; Streit et al., 2000).

At the onset of mouse gastrulation at embryonic day (E) 5.5, cells of the extra-embryonic
visceral endoderm (VE) at the distal tip of the embryo receive signals from the epiblast
involving Nodal and mitogen-activated protein kinase (MAPK) to induce cells of the anterior
visceral endoderm (AVE) organizer (Fig. 1A) (Brennan et al., 2001; Clements et al., 2011).
These cells migrate anteriorly until they reach the boundary between extra-embryonic
ectoderm and epiblast marking the anterior end of the embryo (Fig. 1B). The AVE primes the
epiblast for anterior neural induction and neural plate formation by promoting the expression
of anterior forebrain markers such as SIX homeobox 3 (SIX3), homeobox expressed in ES
cells 1 (HESX1), orthodenticle homeobox 2 (OTX2), forkhead box A2 (FOXA2) and

transcription factor E2-alpha (TCF3), all harboring anti-caudalizing activity (Andoniadou and



Martinez-Barbera, 2013; Hoch et al., 2009; Kimura et al., 2000; Klingensmith et al., 2010; Yang
and Klingensmith, 2006).

A

AVE

AVE
ANR

PrCP
AF
AN

ADE/AME NG

Figure 1 Early forebrain induction during mouse gastrulation. Schematized illustration of early
anterior neural induction in the gastrulating mouse embryo. (A) At embryonic day (E) 5.5 the extra-
embryonic visceral endoderm (VE) receives signals from the epiblast to induce the anterior VE (AVE,
orange) at the distal tip of the embryo. (B) Between E6.0 to E6.5 the AVE migrates anteriorly and
promotes anterior neural ectoderm (AN, light blue) formation by secreting anti-caudalizing signals to
counteract BMP signaling (grey dots). The primitive streak (PS, turquoise) forms at the proximal
posterior end establishing the anterior-posterior axis of the embryo. (C) At E7.0 the PS elongates
towards the distal tip where it gives rise to the node (N, purple) at the most anterior part. Similar to
the AVE the node secretes factors antagonizing BMP signaling. Anterior definitive endoderm (ADE)
and anterior axial mesoderm (AME, red) originate in the node and move towards the anterior tip of
embryo followed by the notochord (NC, green). (D) By E7.5 ADE/AME displace the AVE towards
extraembryonic tissues, express anti-caudalizing factors and, additionally, induce the anterior neural
ridge (ANR, yellow). AME gives rise to the prechordal plate (PrCP, red) which promotes formation of
the anterior forebrain primordium (AF, dark blue) by secreting SHH as well as BMP antagonists. EX,
extraembryonic tissue; a, anterior; p, posterior; pr, proximal; di, distal. Adapted from Andoniadou and
Martinez-Barbera, 2013, and Yang and Klingensmith, 2006; created with BioRender.com.

Subsequently at E6.5 the primitive streak forms at the posterior proximal end of the
embryo establishing the anterior-posterior (AP) axis (Fig. 1B). The primitive streak elongates

towards the distal tip of the embryo and gives rise to the organizer at the most anterior tip, in



mice termed the node (Fig. 1C). The node comprises precursor cells of mesodermal and
endodermal derivatives. AVE and node express antagonists of TGFf signaling, including
Leftyl, Chordin, Noggin and Follistatin as well as WNT signaling such as Cerberus 1 (CER1)
and Dickkopf-related protein 1 (DKK1) (Bachiller et al., 2000; del Barco Barrantes et al., 2003;
Belo et al., 1997; Khokha et al., 2005; Mukhopadhyay et al., 2001; Robb and Tam, 2004; Yang
and Klingensmith, 2006). The two organizers cooperate to prevent caudalization of the anterior
neuroectoderm by TGFB and WNT signaling enabling the anterior neural tissue to form the
forebrain primordium (Andoniadou and Martinez-Barbera, 2013).

Further morphogenic tissue rearrangements initiate the migration of the anterior definitive
endoderm (ADE) and the anterior axial mesendoderm (AME), originating in the node, to its
destination underlying the rostral neuroectoderm (Fig. 1C and D). Similar to the AVE, ADE and
AME also express and secrete inhibitors of TGFB and Wnt signaling (Andoniadou and
Martinez-Barbera, 2013; Wilson and Houart, 2004; Yang and Klingensmith, 2006). At the most
rostral end of the induced anterior neuroectoderm at the junction to non-neural surface
ectoderm, ADE/AME induce cells from the anterior neural ridge (ANR) to express FGF3 and
FGF8 that promote expression of telencephalic genes as well as growth, specification, and
regionalization of the telencephalon (Meyers et al., 1998; Raible and Brand, 2001; Shimamura
and Rubenstein, 1997; Ye et al., 1998). While the ADE gives rise to anterior foregut precursors
and derivatives, the AME generates the prechordal plate (PrCP) consisting of endodermal and
mesenchymal cells underlying the neuroepithelium of the prospective telencephalon, anterior
hypothalamus, and eye field. Additionally, ADE/AME are followed by migrating cells forming
the notochord that is established caudally from the PrCP (Fig. 1D) (Andoniadou and Martinez-
Barbera, 2013). Besides anti-caudalizing signals, PrCP and notochord express Nodal and
sonic hedgehog (SHH) that are essential for ventral midline specification (Chiang et al., 1996;
Ohkubo et al., 2002).

At the end of the gastrulation period at E7.5 anti-caudalizing signals provided by
antagonists of the TGFB and WNT signaling pathways have established the formation of the
AP axis, have induced anterior neural ectoderm including the anterior forebrain primordium,
and then maintain anterior neural identity to assure further growth and development
(Andoniadou and Martinez-Barbera, 2013).

1.1.2 Neurulation

After gastrulation, the neural plate is transformed into an elongated hollow tubular
structure, the neural tube. To do so, the flat neural plate evaginates, undergoes bending to
form neural groove and bilateral neural folds, which elevate, appose, and finally fuse along the

dorsal midline (Fig. 2). This multistep process of neurulation is coordinated by many



morphogenetic events, including changes in cell shape, migration, and proliferation. It requires
the integration of various signaling pathways, actomyosin dynamics and cell-cell interactions
(Nikolopoulou et al., 2017). Disruptions of these processes lead to neural tube closure defects

including spina bifida, craniorachischisis and anencephaly (Lee and Gleeson, 2020).

Figure 2 Neural tube closure. Neurulation is a multifactorial process involving the elevation (left) and
bending (middle) of the neural folds. These processes start at the median hinge point (MHP), induced by
the underlying notochord (NC), followed by the paired dorsolateral hinge points (DLHP). It is completed by
the fusion of the neural fold tips at the dorsal midline (right). Cells of the MHP and DLHP undergo apica
constriction and become wedge-shaped, driving the process of bending. Additionally, neural tube closure is
supported by the pushing and pulling forces resulting from the expansion of the surrounding nonneural
ectoderm (NNE) and paraxial mesoderm (PM). Tissue remodeling separates the inner neuroepithelium (NE)
from the outer NNE which gives rise to the surface ectoderm of future epidermis. Adapted from Nikolopoulot
etal., 2017.

Neural tube closure is initiated by convergent extension. The neural plate narrows along
the mediolateral axis (convergence) while it elongates along the rostrocaudal body axis
(extension) (Keller et al., 2000). Convergent extension is mainly driven by polarized cell
rearrangements that are controlled by the non-canonical WNT/planar cell polarity (PCP)
pathway (Curtin et al., 2003; Hamblet et al., 2002; Kibar et al., 2001; Montcouquiol et al., 2003;
Murdoch et al., 2001, 2003). Mouse models deficient for components of the PCP pathway,
such as Vangl2, Celsrl, Dishevelled 1 (Dvll) and 2 (DvI2) as well as Frizzled 3 (Fz3) and 6
(Fz6), develop neural tube closure defects. These defects include craniorachischisis due to
failed convergent extension, leading to a short and widened neural plate and thus preventing
the apposition and fusion of the neural folds (Curtin et al., 2003; Kibar et al., 2001; Murdoch et
al., 2001, 2003; Wallingford and Harland, 2001, 2002; Wang et al., 2006).

Bending of the neural plate happens at different so-called hinge points (Fig. 2). Following
shaping, the underlying PrCP/notochord induces the formation of the medial hinge point (MHP)
through SHH (Smith and Schoenwolf, 1989). Cells within the MHP undergo apical constriction
and become wedge-shaped, leading to the first bending event and the formation of the neural
folds and neural grooves. Intrinsic cell movements and mediolateral cell proliferation drive
elevation of the neural folds. Induced by integrative signals from BMP, secreted by the non-
neural ectoderm, from PrCP/notochord-derived SHH as well as chordin and noggin, the
bilateral dorsolateral hinge points (DLHPs) form (Ybot-Gonzalez et al., 2002, 2007). Similar to

the MHP, cells within the DLHPs constrict apically and become wedge-shaped supporting



further bending. Additionally, bending and closure of the cranial neural tube is dependent on
the expansion of the surrounding non-neural ectoderm and head mesenchyme, as pushing
and pulling forces result in biconvex shaped neural folds (Alvarez and Schoenwolf, 1992; Chen
and Behringer, 1995; Hackett et al., 1997; Moury and Schoenwolf, 1995; Zhao et al., 1996).
After dorsolateral bending, the generated biconcave neural folds flip and their tips appose
for fusion. The first fusion points are formed by filopodia and lamellipodia, cellular protrusions
extending from the apical cells of the neural folds (Geelen and Langman, 1977, 1979; Rolo et
al., 2016), and this process requires Eph-ephrin signaling (Abdul-Aziz et al., 2009; Holmberg
et al., 2000). Once these fusion points approach each other, they interdigitate at the dorsal
midline and establish the roof plate. Tissue remodeling separates the inner neuroectoderm,

forming the neuroepithelium, from the outer non-
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They will fuse at slightly later timepoints of
development. Failure of anterior neuropore closure
results in anencephaly, while failed posterior
neuropore closure typically causes spina bifida
(Copp, 2005; Copp et al., 2003; Matsumoto et al.,

Figure 3 Multiple neural tube closure sites in
the mouse embryo. Neural tube closure begins at
the hindbrain cervical boundary (Closure 1) and
spreads rostrally and caudally. Independently,
closure follows at the forebrain midbrain boundary
(Closure 2) and at the rostral forebrain (Closure 3).
Neurulation exceeds caudally and rostrally from
these closure sites by zipping, generating anterior
hindbrain, and posterior neuropores, respectively,
These finally close at later developmental stages.

Asterisks mark primary closing sites. Adapted frorr

2002; Wood and Smith, 1984; Yamaguchi and Copp etal., 2003.

Miura, 2013).

1.1.3 Dorsoventral patterning

After the neural tube has closed, the formed brain vesicle expands. Subsequent patterning
along the anterior-posterior as well as dorsal-ventral axis gives rise to different compartments
of the future central nervous system. The most anterior part of the neural tube forms the
forebrain, consisting of telencephalon (future cerebral hemispheres) and diencephalon (future
thalamus), while more caudal regions develop into mesencephalon (midbrain) and

rhombencephalon (hindbrain).



Genetic studies using mouse and zebrafish models have identified key local organizer
regions in the forebrain that are established during neurulation and that are characterized by
the expression and activity of distinct morphogenic signaling pathways regulating forebrain
pattering and supporting the development of region-specific structures. These organizer
regions include the ventral telencephalic midline and hypothalamus, the ANR rostrally as well

P v as the roof plate (RP) dorsally. These organizers
mes

di :
Vg \
BMP \

tel WNT

interact in forming and patterning the forebrain
(Fig. 4) (Hébert and Fishell, 2008).

Dorsal midline cells of the roof plate
differentiate into the choroid plexus which secretes
the cerebrospinal fluid, and into the adjacent
cortical hem that induces the formation of the
hippocampus (Grove et al., 1998; Lee et al., 2000;
Takiguchi-Hayashi et al., 2004; Zhao et al., 2006).

RP cells express BMP2, 4, 5, 6 and 7 (Furuta et

Figure 4 Key forebrain organizer regions in the
developing mouse embryo. Local midline
organizer regions in the mouse prosencephalon at

al., 1997) as well as WNT2b, 3a, 5a and 8b (Grove
et al., 1998; Lee et al., 2000). Treating cultured
explants of the lateral telencephalon with BMP4-
soaked beads induces dorsal midline features

including a reduced rate of proliferation, a higher

E10.5 (frontal view) include the dorsal roof plate
expressing BMP and WNT (red), the anterior
neural ridge rostrally marked by the expression of
FGFs (blue), and the ventral forebrain midline
including hypothalamus and eye field expressing
SHH (green). ba, branchial arch; di, diencephalon;
h, heart; mes, mesencephalon; np, nasal process;
tel, telencephalon. Adapted from Fernandes and
Hébert, 2008.

seen in mouse models doubly deficient for BMP receptor type 1 a (BMPR1a) and b (BMPR1Db)

rate of cell death, and the expression of the dorsal
midline marker Msh homeobox 1 (MSX1) (Furuta
et al., 1997). In turn, disruption of BMP signaling
causes the absence of apoptosis, loss of MSX1

expression, and the lack of the choroid plexus as

(Fernandes et al., 2007; Hébert et al., 2002). The cortical hem induces the development of the
hippocampus via WNT3a. Mouse models lacking WNT3a in the cortical hem show severe
defects in the formation and proliferation of hippocampal structures (Galceran et al., 2000; Lee
et al., 2000). Additionally, BMPs and WNTs might act together to promote dorsal structures by
directly regulating the expression of empty spiracles homeobox (EMX) genes including EMX2
(Theil et al., 2002).

The ANR functions in the patterning of telencephalic structures and the eye field through
FGF8 and other FGFs (FGF3, 15, 17 and 18) (Crossley and Martin, 1995; Maruoka et al.,
1998; McWhirter et al., 1997; Shinya et al., 2001). FGF8-soaked beads placed in dorsolateral
areas of the chick telencephalon induce rostral midline features (Crossley et al., 2001).

Deletion of FGF receptor 1 (FGFR1) leads to midline defects including the loss of the septum



and midline glia cells as well as the inability of forebrain commissures to cross the midline
(Tole et al., 2006). ANR specification requires antagonism of BMP and WNT signaling to
restrict FGF8 spatially and temporally to the rostral patterning center, thereby inducing
prosencephalic identity in the anterior neuroectoderm (Fukuchi-Shimogori and Grove, 2001;
Shanmugalingam et al., 2000; Shimamura and Rubenstein, 1997). On the one hand, ectopic
WNT signaling in the ANR induces midbrain marker expression and inhibits FGF8 and
neocortical markers. On the other hand, FGF8 limits the expression of BMP and WNT to the
dorsal RP. Thus, ectopic FGF8 signaling suppresses WNT3a and WNT5a in the cortical hem
and inhibits the development of the hippocampus (Houart et al., 2002; Shimogori et al., 2004).

The ventral key organizer region in the developing forebrain is characterized by the
expression of SHH. SHH from the PrCP induces the overlying rostral ventral forebrain midline,
including hypothalamus and preoptic area, where it continues to be expressed. SHH signaling
is essential for the specification of the ventral midline, eye field (Crossley et al., 2001) and, at
later stages, the medial and lateral ganglionic eminences (MGE and LGE, respectively) (Huang
et al., 2007). It does so mainly by antagonizing the dorsalizing effect of GLI family zinc finger
3 (GLI3) (Aoto et al., 2002; Corbin et al., 2003; Ericson et al., 1995; Ohkubo et al., 2002; Rallu
et al., 2002; Rash and Grove, 2007) and by excluding lateral and dorsal markers from the
midline (Houart et al., 2002). In addition, SHH is required for balancing proliferation versus
apoptosis in the dorsal telencephalon and for the invagination of the rostral telencephalic
midline resulting in two separated hemispheres (Hayhurst et al., 2008; Rash and Grove, 2007).
In Shh mutant mice, ventral precursor cells and ventral midline structures are lost. These
defects are accompanied by cyclopia and failed separation of the forebrain hemispheres
(Chiang et al., 1996; Ohkubo et al., 2002). Signals by SHH from the ventral midline and by
FGFs from the ANR cooperate in ventral patterning through a positive feedback loop (Ohkubo
et al., 2002). Maintained expression of FGF8 depends on SHH signaling as SHH counteracts
the inhibiting action of GLI3. FGF8 signals, likely mediated by receptors FGFR1 and FGFR3,
are required for ventral SHH expression. Additionally, FGF signaling can compensate for the
loss of SHH in rescue of ventral fates in Shh;Gli3 compound null mutants (Aoto et al., 2002;
Gutin et al., 2006; Rallu et al., 2002; Shanmugalingam et al., 2000; Take-uchi et al., 2003;
Walshe and Mason, 2003).

Different feedback mechanisms are important in coordinating the actions of the four main
signaling centers to establish, maintain, and refine regional identity in the developing forebrain.
Imbalances or disruptions in any of these signaling pathways lead to a failure of midline
formation and, consequently, in severe developmental forebrain defects such as

holoprosencephaly (section 1.1.4).



1.1.4 Holoprosencephaly

Holoprosencephaly (HPE) is the most common forebrain anomaly in humans occurring in
1 of 250 human pregnancies and 1 of 10,000 live births (Cohen, 1989; Dubourg et al., 2007;
Orioli and Castilla, 2010). HPE is caused by defects in the formation of midline structures

leading to an incomplete separation of the prosencephalon into left and right hemispheres and

A___ Normal Alobar HPE MIH HPE in accompanying craniofacial malformations

superior P superior anterior

(Geng and  Oliver, 2009). Clinical
manifestations are highly variable and define
three main types based on the degree of
severity: alobar, semilobar, and lobar HPE.
Alobar HPE is the most severe form with the
lack of midline separation and a complete
fusion of the hemispheres into one single
ventricle (monoventricle). Affected individuals
additionally lack the corpus callosum and

olfactory bulbs. Semilobar HPE shows an

incomplete interhemispheric fissure with
partial separation in the posterior regions.
Lobar HPE is characterized by an incomplete
separation in the most rostral part of the frontal
lobes. In addition, more mild forms have been

described, such as middle interhemispheric

(MIH) HPE, septopreoptic HPE as well as
Figure 5 Brain and craniofacial abnormalities in . . .
holoprosencephaly. (A) Two types of HPE. Normal HPE microforms (Fig. 5A) (Fertuzinhos et al.,
(left) brain and brains of two patients with alobar . .

(middle) and MIH (right) HPE at 13-18-week gestation. 2009; Hahn and Barnes, 2010; Hahn et al.,
Adapted from Monuki, 2007. (B) Variations in
craniofacial manifestations showing cyclopia and
proboscis (top left); hypotelorism, flat nasal bridge, Monuki, 2007; Weaver et al., 2010). Severe
colobomata and clefting (top right); hypotelorism and

flat nasal brigde (bottom left); hypotelorism and single craniofacial malformations include cyclopia
median incisor (bottom right). Adapted from Solomon

et al., 2010. and the formation of a proboscis while milder

2010; Marcorelles and Laquerriere, 2010;

variants and microforms are associated with hypotelorism, single maxillary median incisor,
single nostril, midface hypoplasia, and cleft lip (with and without cleft palate) (Fig. 5B) (Cohen
and Sulik, 1992; Kauvar et al., 2010; Solomon et al., 2010a). A correlation between the severity
of brain abnormalities and craniofacial defects has been described in up to 90% of cases
(DEMYER et al., 1964; Orioli and Castilla, 2010; Petryk et al., 2015; Solomon et al., 2010a).
The etiology of HPE is highly heterogenous and involves both environmental and genetic
causes (Bendavid et al., 2010; Petryk et al., 2015; Pineda-Alvarez et al., 2010; Roessler and

Muenke, 2010). The majority of cases are sporadic but familial HPE has been described as



well (Ming and Muenke, 1998; Muenke et al., 1994). The exposure to teratogens increases the
probability of HPE up to 200-fold (Muenke and Beachy, 2000). The most studied environmental
factor is maternal diabetes with a risk for HPE of 1-2% (Barr et al., 1983; Correa et al., 2008).
Other environmental risk factors include maternal consumption of alcohol (Bénnemann and
Meinecke, 1990; Ronen and Andrews, 1991), smoking during pregnancy (Croen et al., 2000),
or prenatal exposure to retinoic acid as prescribed for treatments of acne, sun-damaged skin,
or psoriasis (Lammer et al., 1985; Sulik et al., 1995).

Up to 45% of HPE cases are due to chromosomal abnormalities, such as trisomy 13 or
18, which result in embryonic or perinatal mortality (Croen et al., 1996; Muenke and Beachy,
2000; Roessler and Muenke, 2010; Solomon et al., 2010b). So-called syndromic HPE belongs
to the category of multiple malformation syndromes as described for Smith-Lemli-Opitz
syndrome, Pallister-Hall syndrome, or Rubinstein-Taybi syndrome (Petryk et al., 2015). In
addition, mutations in genes of at least 13 chromosomal loci have been identified in up to 25%
of cases (Bendavid et al., 2009). One quarter of these variants affect four genes, namely SHH,
ZIC family member 2 (ZIC2), SIX3, and TGFp induced factor homeobox (TGIF) (Dubourg et
al., 2004). Most of the identified genes act in morphogenic signaling pathways essential for
early forebrain development, including SHH, Nodal, and FGF signaling (Arauz et al., 2010;
Mercier et al., 2013).

Strikingly, SHH gene variants are the most common genetic cause of HPE, accounting
for up to 37% of familial and up to 8% of sporadic cases (Nanni et al., 1999; Roessler et al.,
1996). More than one hundred different mutations in the SHH gene have been implicated in
HPE including frameshift, nonsense as well as missense mutations (Roessler et al., 2009a).
Additionally, many other HPE-associated genes encode proteins that directly or indirectly
regulate SHH expression or pathway activity, such as its receptor patched 1 (PTCH1) (Ming
et al., 2002), the secretion factor dispatched 1 (DISP1) (Dubourg et al., 2016; Roessler et al.,
2009b), or downstream transcription factors GLI2 (Roessler et al., 2003) and SIX3 (Wallis et
al., 1999).

According to previous concepts, the pathology of HPE was believed to be caused by a
single genetic insult but the incomplete penetrance and the variability in manifestation of the
disease suggested other factors or several mutations to be involved as well. Meanwhile, HPE
is described as a multifactorial disease with multiple inheritance modes including mutations in
genes of the same pathway or in different pathways with genetic and functional interaction. In
addition, genetic modifiers, epigenetic mechanisms as well as environmental factors impact
severity and penetrance of the disease (Dipple and McCabe, 2000; Hong et al., 2017; Mercier
et al., 2013; Ming and Muenke, 2002; Mouden et al., 2016; Odent et al., 1998).

Mouse and other animal models such as chicken and zebrafish helped to gain more

insights into the molecular basis of HPE (Geng and Oliver, 2009; Gongal et al., 2011,



Schachter and Krauss, 2008). While gene haploinsufficiency in humans typically leads to the
onset of HPE, homozygosity for the respective gene defect is required in mouse models to
induce the mispatterning (Cohen, 1989). In mice, HPE has mostly been studied in transgenic
lines deficient for components of SHH, BMP, FGF, and Nodal signaling pathways (Schachter
and Krauss, 2008). For example, Shh depletion in mice results in severe alobar HPE with
complete fusion of the hemispheres, cyclopia, and the formation of a proboscis (Chiang et al.,
1996). However, similar to humans, the manifestation of phenotypes in mice is variable and
additional effects on the penetrance of the HPE phenotype caused by the genetic background
or strain-specific genetic modifiers recapitulate the concept of a multifactorial trait (Echevarria-
Andino and Allen, 2020; Feinberg and Irizarry, 2010; Mecklenburg et al., 2021; Nadeau, 2001;
Petryk et al., 2015; Seppala et al., 2014).

1.2 The sonic hedgehog signaling pathway

1.2.1 Hedgehog signaling in development

The hedgehog (HH) signaling pathway regulates various developmental processes. HH
proteins act as morphogen and control growth, cell fate and survival, and they pattern almost
every aspect of the vertebrate body plan. Initially, HH was identified in the developing
Drosophila melanogaster larvae (NUsslein-Volhard and Wieschaus, 1980). In mammals, three
HH orthologues have been described, called Indian hedgehog (IHH), desert hedgehog (DHH),
and SHH (Echelard et al., 1993). Like other morphogens, HH proteins are secreted from a
local source and establish a concentration gradient throughout their target tissue. The dose
and duration of HH signals define distinct responses and, hence, different fate in target cells
(Tabata and Takei, 2004).

Although their physiological effects are thought to be similar, HH proteins show diverse
expression patterns and perform different functions in development (McMahon et al., 2003;
Varjosalo and Taipale, 2008). DHH is mainly expressed in gonads and is important for germ
cell development. DHH-deficient mice are viable but males are infertile due to a lack of mature
sperm (Bitgood et al., 1996). IHH is expressed in the primitive endoderm (Dyer et al., 2001)
and the gut (van den Brink, 2007) and plays a role in bone and cartilage development and
growth (Maeda et al., 2007; Razzaque et al., 2005; St-Jacques et al., 1999; Vortkamp et al.,
1996). Ihh mutant mouse models show an impaired development of the extraembryonic
vasculature and cortical bone defects (Colnot et al., 2005; St-Jacques et al., 1999). Mutations
in humans lead to a congenital disorder called acrocapitofemoral dysplasia which is
characterized by a short stature and bone defects (Hellemans et al., 2003).

The most broadly expressed mammalian HH protein is SHH. It is expressed in midline

tissues including the node, notochord, floor plate, and prechordal plate and it controls left-right
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and dorsoventral patterning of the neural tube and the brain. Additionally, SHH regulates the
development and patterning of the limb buds, smooth muscle, lung, kidney, hair follicle, tooth,
inner ear, and eye (Varjosalo and Taipale, 2008). The best characterized SHH-dependent
developmental process is the neuronal subtype specification in the ventral spinal cord. SHH is
expressed and secreted from the notochord and the overlying floor plate creating a
concentration gradient along the dorsoventral axis and specifying five neuronal progenitor
subtypes in a precise spatial order (Briscoe et al., 2000; Dessaud et al., 2008; Jessell, 2000;
Patten and Placzek, 2000). Loss of SHH activity causes severe developmental disorders
including HPE, craniofacial malformations, and polydactyly (Hill et al., 2003; McMahon et al.,
2003; Muenke and Beachy, 2000), while aberrant pathway activation has been associated with
different kinds of cancer, including glioma (Kinzler et al., 1987), breast (Kubo et al., 2004),
pancreatic (Thayer et al., 2003), gastric (Berman et al., 2003) as well as small-cell lung cancer
(Watkins et al., 2003).

1.2.2 Processing and transport of sonic hedgehog ligands

Like all members of the HH family, SHH is synthesized as a 45 kilodalton (kDa) precursor
that undergoes autocatalytic signal sequence cleavage in the endoplasmic reticulum (ER)
catalyzed by its carboxy (C)-terminal region (Mann and Beachy, 2004; Perler, 1998). While the
C-terminal fragment (HH-C, 25 kDa) exits the ER and is targeted for proteasomal degradation
(Chen et al., 2011a), the amino (N)-terminal peptide (HH-N, 19 kDa) is further modified by the
attachment of a cholesterol moiety at the C-terminus (Mann and Beachy, 2004) and an amide-
linked palmitic acid group at the N-terminus (Pepinsky et al., 1998; Taylor et al., 2001). The
dually lipid-modified HH-N is then transported through the constitutive secretory pathway to
the plasma membrane and is released.

The most common secretory mechanism for SHH is mediated by a cooperative action of
the multipass transmembrane protein DISP1 and glycoprotein signal peptide CUB domain and
EGF like domain containing 2 (SCUBEZ2). Both proteins bind different parts of the cholesterol
molecule to promote release of mature HH from the cell surface (Creanga et al., 2012;
Tukachinsky et al., 2012). Loss of DISP1 leads to an accumulation of HH within the cell and a
failure of long-range signaling (Burke et al., 1999; Ma et al., 2002). Independently, monomeric
HH-N can self-assemble to large soluble multimers that are released from the plasma
membrane (Chen et al., 2004a; Gallet et al., 2006). Alternatively, HH-N oligomers interact with
heparan sulfate proteoglycans enabling their incorporation in lipoprotein particles (Eugster et
al., 2007; Panakova et al., 2005). Furthermore, mature HH can be released via exovesicles
(Thérond, 2012) or spread via filopodia like cell extensions (Ramirez-Weber and Kornberg,

1999; Rojas-Rios et al., 2012). HH can travel and act up to 50 um in the Drosophila imaginal
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wing disc and up to 300 uym in the vertebrate limb bud away from its secretion source (Zhu and
Scott, 2004).

Both lipid modifications are important for morphogen distribution and signal transduction.
Lack of cholesterol or palmitate moieties impacts long-range spread and signal activity. The
cholesterol moiety tethers HH proteins to the plasma membrane and concentrates them within
sterol-rich lipid-rafts facilitating the assembly of HH monomers into multimers (Vyas et al.,
2008; Zeng et al., 2001). Unpalmitoylated HH shows little to no patterning activity in Drosophila
and mammalian tissues (Chen et al., 2004a; Dawber et al., 2005; Lee et al., 2001b). In cultured
mouse embryonic fibroblasts, palmitoylated SHH shows a 40 to 160-fold increase in signal
activity compared to unmodified SHH (Pepinsky et al., 1998). Additionally, palmitate was
suggested to play a role in the proteolytic removal of inhibitory N-terminal residues by ADAM17
to enable binding of SHH to its receptor PTCHL1 (Ohlig et al., 2011).

1.2.3 Sonic hedgehog signal transduction

In the absence of ligand, the SHH signaling pathway is repressed through a cascade of
inhibitory interactions that are released upon pathway activation. In vertebrates, the
functionality of the pathway is linked to a cellular immotile organelle, called the primary cilium.
Diseases affecting ciliary structure and function, summarized as ciliopathies, cause similar
symptoms as defective HH signaling (Goetz and Anderson, 2010). The 12-pass
transmembrane protein PTCH1 acts as the main cellular receptor for HH. It is localized in the
ciliary pocket in and around the base of the primary cilium and inhibits the G protein coupled
receptor and signal transducer smoothened (SMO) from ciliary entry (Rohatgi et al., 2007).
How exactly PTCH1 acts on SMO remains unclear. PTCH1 contains a resistance-nodulation-
division (RND) permease motif and a sterol-sensing domain (Kuwabara and Labouesse, 2002;
Nikaido, 2011; Tseng et al., 1999). Mutations affecting the motif de-represses SMO suggesting
that PTCH1 controls the availability of different ligands that regulate SMO activity (Taipale et
al., 2002). The most promising candidates are oxysterols which directly bind SMO and promote
SHH signaling (Corcoran and Scott, 2006; Dwyer et al., 2007; Nachtergaele et al., 2012). The
identification of numerous SMO agonists and antagonists structurally related to sterol such as
the steroidal alkaloid cyclopamine support the hypothesis that endogenous sterol-like
molecules transported by PTCH1 regulate SMO and, thus, HH signaling (Chen et al., 2002;
Mas and Ruiz i Altaba, 2010).
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Binding of SHH to its receptor PTCHL1 induces endocytosis and lysosomal degradation of
PTCHL1 (Incardona et al., 2002), releasing the inhibition of SMO. Full activation of SMO
requires a conformational switch in the C-terminal domain from a closed, inactive to an open,
active conformation through multiple sequential phosphorylation mediated by the G protein
coupled receptor kinase 2 (GPRK2) and casein kinase 1 a (CK1a) (Chen et al., 2011b; Zhao
et al., 2007). The change in conformation is essential for SMO to accumulate at the cell surface
and to transduce signals (Chen et al., 2010; Zhao et al., 2007). The degree of phosphorylation
and the corresponding gradual switch in conformation corresponds to the strength of HH
signaling (Jia et al., 2004). Activated SMO enters the cilium either via lateral transport from the
plasma membrane (Milenkovic et al., 2009) or directly via intracellular vesicles (Wang et al.,
2009). Translocation of SMO is facilitated by direct interaction with B-arrestin and kinesin-like
protein 3A (KIF3A) (Chen et al., 2004b; Kovacs et al., 2008). After entering the primary cilium,
SMO associates with ciliary proteins EvC ciliary complex subunit 1 (EVC1) and 2 (EVC2)
resulting in its accumulation distal to the basal body and enabling signal transduction (Dorn et
al., 2012; Yang et al., 2012).
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Figure 6 SHH signal transduction at the primary cilium. (Left) In absence of SHH, the signaling pathway is
repressed through inhibition of SMO by PTCH1. Consequently, full length GLI transcription factors (GLIFL) are
sequestered by SUFU, phosphorylated by PKA, and processed by the proteasome into GLI repressor forms
(GLI3R) that inhibit expression of downstream target genes. (Right) SHH binding to PTCH1 induces the
internalization and lysosomal degradation of the receptor, releasing the inhibition of SMO. SMO enters the primary
cilium associated with EVC/EVC2. Jointly, they prevent GLIFL from getting phosphorylated. KIF7 facilitates the
accumulation of the SUFU/GLIFL complex and inhibits SUFU. Unprocessed full length GLI activator forms
(GLIA/GLI2A) dissociate from the complex and activate the expression of downstream target genes. Adapted from
Christ et al., 2016.
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Signal transduction in vertebrate cell types acts on GLI transcription factors (Hui and
Angers, 2011) which are homologs of the transcription factor Cubitus interruptus (Ci) in
Drosophila melanogaster (Von Ohlen et al., 1997). GLI proteins are members of the Kruppel
family of zinc finger proteins with similar DNA binding specificities. They all contain a C-
terminal activation domain whereas GLI2 and GLI3 additionally contain a N-terminal repressor
domain (Dai et al., 1999; Sasaki et al., 1999). GLI2 mainly acts as pathway activator, while
GLI3 primarily represses it (Ding et al., 1998; Wang et al.,, 2000). GLI1, in turn, is
transcriptionally induced upon SHH pathway activation and exclusively induces the expression
of downstream targets (Hynes et al., 1997). SHH signaling regulates a balance between GLI
activator and repressor forms by mediating their proteolytic processing. In the absence of SHH,
full-length GLIs are sequestered at the ciliary base via suppressor of fused (SUFU). There,
they are phosphorylated by protein kinase A (PKA) and glycogen synthase kinase 3  (GSK3p)
at multiple sites (Ding et al., 1999; Kogerman et al., 1999; Tuson et al., 2011). Phosphorylation
recruits an E3 ubiquitin ligase complex which ubiquitinates and targets GLI2/3 to the
proteasome. The C-terminal activation domain is removed by degradation and the remaining
protein fragment represses transcription of downstream target genes after translocating to the
nucleus (Dai et al., 1999; Jia et al., 2005; Kise et al., 2009; Smelkinson and Kalderon, 2006;
Tuson et al., 2011; Wang et al., 2000). The kinesin-like protein 7 (KIF7) additionally promotes
the formation of GLI repressor forms (Endoh-Yamagami et al., 2009). Upon pathway activation,
SMO inhibits the phosphorylation of GLI proteins on the one hand (Dorn et al., 2012), while
KIF7 facilitates the accumulation of the full length GLI2/3/SUFU complexes at the tip of the
primary cilium and inhibits SUFU on the other hand (Cheung et al., 2009; Endoh-Yamagami
et al., 2009). GLI activator proteins dissociate from the complex and translocate to the nucleus

activating target gene expression (Fig. 6) (Humke et al., 2010; Tukachinsky et al., 2010).

1.2.4 The sonic hedgehog receptorsome

Activation of the SHH signaling pathway requires the binding of the morphogen to PTCHL1.
However, recent studies in mouse models have identified several additional cell surface
proteins that are essential for SHH signal reception and transduction in target cells, even in
the presence of PTCHL1. Collectively, these SHH binding proteins are referred to as the SHH
receptorsome (Fig. 7). They are structurally diverse and show unique spatial and temporal
expression patterns suggesting distinct functions in modulating SHH pathway activity (Christ
et al.,, 2016). Depending on the physiological and cellular context, these co-receptors
cooperate with PTCH1 or with each other to act redundantly, synergistically or even opposingly
in SHH signal reception (Allen et al., 2007; Echevarria-Andino and Allen, 2020; Izzi et al., 2011;
Xavier et al., 2016; Zhang et al., 2011). Mice deficient for these proteins show a range of

phenotypes reminiscent of partial to complete SHH-deficiency or overactivity of the pathway,
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respectively (Allen et al., 2007, 2011; Cole and Krauss, 2003; Echevarria-Andino and Allen,
2020; l1zzi et al., 2011; Willnow et al., 1996; Zhang et al., 2006, 2011). Additionally, mutations
in several of these SHH binding proteins in patients have been linked to HPE or HPE-related
phenotypes as in Donnai-Barrow syndrome (DBS) (Bae et al.,, 2011; Hong et al., 2017,
Kantarci et al., 2007; Ribeiro et al., 2010) corroborating their importance for SHH-dependent

forebrain development in humans.
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Figure 7 The SHH receptorsome. Structural organization of HH receptors and co-receptors in
mammals. Adapted from Christ et al. 2016.

The first SHH co-receptor hedgehog interacting protein (HHIP) was identified in a screen
for novel HH pathway components in the mouse limb bud (Chuang and McMahon, 1999). HHIP
is an 80 kDa glycoprotein that is anchored to the cell surface by a single short hydrophobic C-
terminal domain. It binds all three mammalian HH proteins and acts as a negative regulator by
sequestering the morphogen at the cell surface (Chuang and McMahon, 1999; Holtz et al.,
2013; Jeong and McMahon, 2005). Based on bone and cartilage formation defects in HHIP-
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deficient or overexpressing mouse models, HHIP is believed to play a role in regulating IHH
function (Chuang and McMahon, 1999; Chuang et al., 2003).

Another negative regulator of SHH signaling is the PTCH1 homolog patched 2 (PTCH2)
(Fig. 7). Both share only 56% of homology suggesting different functions in pathway
modulation (Motoyama et al., 1998a, 1998b). PTCH2 also binds all three HH protein variants
and interacts with SMO (Carpenter et al., 1998) but the strength of pathway inhibition in
absence of ligands is weaker than that described for PTCH1 (Rahnama et al., 2004). PTCH2
mutant mice are viable and fertile and do not exhibit neural tube defects (Goodrich et al., 1997;
Nieuwenhuis et al., 2006). However, a combined loss of PTCH1 and PTCH2 leads to an
increase in the amount of ventral neural progenitor cells due to overactive SHH signaling (Holtz
et al., 2013; Jeong and McMahon, 2005).

Finally, four other SHH co-receptors have been described to interact with PTCHL1 in
modulating morphogen signaling. This class of proteins encompasses cell-adhesion molecule-
related/downregulated by oncogenes (CDO), brother of CDO (BOC), growth-arrest specific 1
(GASL1), and low-density lipoprotein receptor-related protein 2 (LRP2) (Christ et al., 2016) (Fig.
7). CDO and BOC are homologs of lhog and Boi in Drosophila melanogaster. They are
receptors of the immunoglobulin (Ig) super family and consist of four or five Ig repeats, three
fibronectin-type 11l (Fn(lll)) repeats, and a short intracellular domain (Kang et al., 1997, 2002).
Both bind all three HH proteins and positively regulate SHH signaling (Tenzen et al., 2006;
Yao et al., 2006) by forming a co-receptor complex with PTCH1 (Izzi et al., 2011). Loss of CDO
in mouse models (Cole and Krauss, 2003; Echevarria-Andino and Allen, 2020; Zhang et al.,
2006) or CDON mutations in humans (Bae et al., 2011) have been associated with HPE or
related phenotypes. BOC is important for SHH-dependent guidance of commissural axons in
the spinal cord (Okada et al., 2006). BOC alone does not affect forebrain development but its
loss worsens or weakens SHH signaling defects and forebrain phenotypes when combined
with CDO- or GAS1-deficiencies in mice (Allen et al., 2011; Echevarria-Andino and Allen,
2020; Seppala et al., 2014; Zhang et al., 2011). Also, BOC acts as a silent HPE modifier gene
influencing the severity of HPE phenotypes in the context of other HPE causing mutations
(Hong and Krauss, 2018; Hong et al., 2017). CDO and GASL1 cooperate to promote SHH
signaling during vertebrate development (Allen et al., 2007). Mouse embryos lacking GAS1,
CDO, and BOC show complete abrogation of SHH signal activity leading to prenatal lethality,

severe heart defects, mispatterning of the neural tube, and HPE (Allen et al., 2011).

1.3 GAS1

GAS1 is a 45 kDa glycoprotein attached to the plasma membrane via a
glycosylphosphatidylinositol (GPI) anchor (Fig. 7) (Stebel et al., 2000). It is structurally related
to glial cell derived neurotrophic factor (GDNF) receptor family a (GFRa) (Cabrera et al., 2006).
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GASL1 was first described as being upregulated in NIH3T3 cells arrested in cell cycle by serum
starvation (Schneider et al., 1988). Among the six identified GAS proteins, only GAS1 was
able to suppress cell cycle progression in NIH3T3 cells when overexpressed. It does so by
blocking Go to S phase transition (Del Sal et al., 1992, 1994; Evdokiou and Cowled, 1998a)
mostly via tumor suppressor gene p53 (Del Sal et al.,, 1995; Ruaro et al.,, 1997). Since
senescent fibroblasts do not show any GAS1 upregulation, it was hypothesized that GAS1
negatively regulates cell growth rather than inducing cellular senescence (Cowled et al., 1994).
Additionally, GAS1 overexpression in C6 glioma cells induces apoptosis via caspase 3 and
reduces the tumorigenicity of these cells when injected into nude mice (Zamorano et al., 2003,
2004). A similar effect of ectopic GAS1 expression was seen in lung adenocarcinoma cells
(Evdokiou and Cowled, 1998b). Consistently, several gene expression profiling studies on
different cancer cells showed a downregulation of GAS1 expression (Huang et al., 2001,
Lapouge et al., 2005). By contrast, expression analyses in mouse and chick embryos
documented high levels of GASL1 in proliferative regions suggesting a positive rather than a
negative regulation of cell proliferation during development in vivo. This assumption is
supported by the fact that Gasl mutant mice are smaller in size and do not display tissue
overgrowth (Lee and Fan, 2001; Lee et al., 2001c).

An unbiased expression screen for new SHH binding proteins in early mouse embryos
uncovered GASL1 to associate with SHH and IHH suggesting a potential role in regulating HH
signaling (Lee et al., 2001a). In the developing embryo, GASL1 is initially expressed in the
notochord and throughout the neural tube but its expression becomes progressively restricted
to dorsal regions correlating with regions distant from the SHH source. This fact indicates
repression of GAS1 expression by SHH (Allen et al., 2007; Martinelli and Fan, 2007).

It was first believed that GAS1 negatively regulates SHH pathway activity to sequester
excessive SHH and to prevent its activity at long distances (Cobourne et al., 2004; Lee et al.,
2001a). However, GAS1-deficient embryos showed phenotypes consistent with a reduction of
SHH signaling including compromised floor plate specification and loss of ventral neural tube
cell identities, defects in digit patterning as well as skeletal abnormalities (Allen et al 2007,
Echevarria-Andino and Allen 2020, Khonsari et al 2013, Martinelli and Fan 2007, Seppala
2007, Seppala 2014, Carreno 2017, Zhao 2012). These phenotypes worsened after reducing
SHH dosage in Shh haploinsufficient mouse embryos indicating a genetic interaction between
GAS1 and SHH in morphogen signaling (Allen et al., 2007; Khonsari et al., 2013; Martinelli
and Fan, 2007). Along the same lines, reduction of GAS1 activity in NIH3T3 cells by RNA
interference led to decreased GLI1-reporter gene activation (Martinelli and Fan, 2007). Ectopic
GASL1 expression in the chick neural tube facilitated SHH signaling and induced the expression
of target genes, such as NK2 homeobox 2 (NKX2.2), NK6 homeobox 1 (NKX6.1),
oligodendrocyte transcription factor 2 (OLIG2), and FOXAZ2 at farther distance (Allen et al.,
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2007; Martinelli and Fan, 2007). These data proved that GAS1 acts cell autonomously to
enhance SHH responsiveness mostly at long distance and low concentrations in the caudal
neural tube and limb buds instead of negatively regulating pathway activity. Co-
immunoprecipitation analyses in overexpressing COS7 cells uncovered that GAS1 promotes
SHH signal activity by forming a co-receptor complex with the receptor PTCH1 essential for
SHH signal transduction (Izzi et al., 2011).

Loss of GAS1 activity in mutant mouse models (Allen et al., 2007; Echevarria-Andino and
Allen, 2020; Khonsari et al., 2013; Martinelli and Fan, 2007; Seppala et al., 2007, 2014) or in
patients carrying mutations in GAS1 (Pineda-Alvarez et al., 2012; Ribeiro et al., 2010) result
in a range of forebrain and craniofacial malformations including hypoplastic midface, defective
eyes, hypotelorism, single median maxillary central incisor, cleft palate, fusion of the nasal
processes, the telencephalic vesicle and the frontal lobes as well as lobar and semilobar HPE.
Some identified missense mutations in HPE patients reduce the affinity of GAS1 for binding
SHH (Pineda-Alvarez et al., 2012). Because Gasl mutant embryos showed impaired
expression of Shh (Seppala et al., 2014) and downstream target genes, such as Glil
(Echevarria-Andino and Allen, 2020; Khonsari et al., 2013; Seppala et al., 2007) and NK2
homeobox 1 (Nkx2.1) (Allen et al., 2007; Echevarria-Andino and Allen, 2020) in the ventral
forebrain midline, impaired SHH signaling in the developing forebrain was held responsible for

malformations in GAS1-deficient mouse models and human patients mentioned above.

1.4 LRP2

The most recently identified member of the SHH receptorsome is the 600 kDa endocytic
receptor LRP2, also known as megalin (Fig. 7). Its extracellular domain consists of modules
characteristic for a group of receptors structurally related to the low density lipoprotein receptor
(LDLR), so called LDLR related proteins (LRPs). The ectodomain of LRP2 is composed of four
repetitive modules consisting in total of 17 epidermal growth factor (EGF)-type repeats, eight
B-propellers and four cysteine-rich complement type-repeats (Rudenko et al., 2002; Saito et
al., 1994). These elements are required for ligand binding (complement-type repeats) or for
pH dependent-release of cargo in the acidic milieu of the endosome (B-propellers and EGF-
type repeats).

The intracellular tail of LRP2 harbors interaction sites for cytosolic adaptor proteins and
kinases controlling shuttling of the receptor and its ligand between the plasma membrane and
endocytic compartments. These interaction sites include three NPxY/NPXY -like motifs and two
PDZ domain binding sites (Takeda et al., 2003). In mammals, LRP2 is predominantly
expressed on the apical site of absorptive epithelia in kidney, lung, reproductive organs, eyes,
spinal cord, and brain (Argraves and Morales, 2004; Assémat et al., 2005; Christ et al., 2015;
Christensen et al., 1995; Gajera et al., 2010; Lundgren et al., 1997; Wicher et al., 2006). Most
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internalized receptor ligands are directed to lysosomal compartments for catabolism
(Christensen et al., 1999; Nykjaer et al.,, 1999). However, some ligands resist lysosomal
degradation and are recycled back to the cell surface for resecretion (Christ et al., 2012;
Morales et al., 2006), while others are transported from the apical to basolateral membrane
via transcytosis (Marino et al., 2003; Ortega et al., 2012).

LRP2 was initially characterized as an endocytic receptor in renal proximal tubular cells
of the kidney essential for clearance of low-molecular weight plasma proteins from the
glomerular filtrate. Ligands include plasma carriers for vitamins A, B12, and D. (Birn et al.,
2002; Christensen et al., 1999; Nykjaer et al., 1999). In addition to glomerular reabsorption
defects, patients with mutations in LRP2 (Rosenfeld et al., 2010) or LRP2-deficient mouse
models (Spoelgen et al., 2005; Willnow et al., 1996) show HPE and craniofacial malformations
reminiscent of defective SHH signaling in the developing forebrain.

An essential role for LRP2 in control of SHH signaling in different developmental
processes in the embryo as well as in adult homeostasis was subsequently confirmed using
mutant mouse models (Christ etal., 2012, 2015, 2020; Gajera et al., 2010; Ortega et al., 2012).
These studies identified LRP2 as an auxiliary SHH co-receptor in the rostral diencephalon
ventral midline (RDVM) during neurulation. It is highly expressed in the ciliary pocket of
neuroepithelial cells and forms a co-receptor complex with PTCH1 facilitating binding and
endocytosis of SHH secreted from the underlying PrCP. Internalized SHH and LRP2 colocalize
within Ras-related protein RAB 11 (RAB11)-positive recycling endosomes suggesting a role
for LRP2 in promoting the resecretion of SHH to sequester the morphogen in this forebrain
organizer region (Christ et al., 2012). In Lrp2 mutant mice, the induction of the SHH expression
domain in the RDVM is delayed leading to aberrant dorsoventral patterning and defective
ventralization. These defects cause the fusion of cerebral hemispheres and craniofacial
malformations (Christ et al., 2012; Spoelgen et al., 2005; Willnow et al., 1996).

In the adult brain, LRP2 is expressed in polarized epithelial cells of the ependyma covering
the luminal surface of the brain ventricles (Gajera et al., 2010). Although not belonging to the
neural stem cell population of the subventricular zone (SVZ), ependymal cells are important
for maintaining the microenvironment of the neurogenic stem cell niche by impacting the
distribution of the cerebrospinal fluid (CSF) and providing neurogenic factors that enable and
sustain adult neurogenesis (Colak et al., 2008; Ihrie and Alvarez-Buylla, 2011; Lim et al.,
2000). Loss of Lrp2 in mouse models reduce the number of neural stem cells in the SVZ
indicating a role of LRP2 in regulating neurogenesis in this niche (Gajera et al., 2010).

Similar to the neurogenic niche of the SVZ, LRP2 impacts SHH-dependent proliferation
of progenitor cells of the anterior second heart field (SHF) located in the dorsal pericardial wall
(DPW) of the embryonic heart. These cells contribute to outflow tract (OFT) development and

septation. Impaired SHH signaling in the DPW of Lrp2 mutant mice coincides with a decreased
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number of SHH-dependent progenitor cells in this tissue due to their premature differentiation
into cardiomyocytes. As a consequence, the OFT is shortened, the likely cause of OFT
formation defects (i.e., common arterial trunk) seen in humans (Zaidi et al., 2013) and mouse
models (Baardman et al., 2016; Li et al., 2015) lacking the receptor gene. Similar phenotypes
are seen in Shh mutant mice (Goddeeris et al., 2007; Washington Smoak et al., 2005).

Contrary to its agonistic action in the forebrain neuroepithelium, LRP2 operates as SHH
antagonist in the ciliary marginal zone (CMZ) of the retina during eye development (Christ et
al., 2015). Here, SHH is produced by retinal ganglion cells and acts on retinal progenitor cells
to pattern the retina in a central to peripheral direction (Wang et al., 2002). SHH is absent from
the CMZ at the distal margin of the retina leaving retinal progenitor cells in a quiescent state
(Cho and Cepko, 2006; Zhao et al., 2002) and restricting growth of the eye. LRP2 is exclusively
expressed in the CMZ where it acts as a clearance receptor for SHH. LRP2-mediated uptake
and lysosomal degradation of SHH protects progenitor cells of the CMZ from mitogenic stimuli
by this factor. In the absence of LRP2, retinal progenitor cells experience increased SHH
signals leading to hyperproliferation and expansion of the progenitor cell pool in the mutant
CMZ (Christ et al., 2015). As a consequence, LRP2-deficient animal models show massive
overgrowth of the eye globes (Cases et al., 2015; Christ et al., 2015; Storm et al., 2014; Veth
et al., 2011) providing a molecular explanation for the development of buphthalmia in patients
with mutated LRP2.

1.4.1 Donnai-Barrow/Facio-oculo-acoustico renal syndrome

Mutations in the LRP2 gene have been identified as cause of Donnai-Barrow/Facio-oculo-
acoustico renal syndrome (herein referred to as DBS) in humans (Kantarci et al., 2007; Pober
et al., 2009). DBS is a rare autosomal recessive disorder characterized by a broad range of
clinical features such as low-molecular weight proteinuria, congenital diaphragmatic hernia,
hearing impairments, high myopia, mental retardation, developmental delay, craniofacial
malformations, and brain abnormalities. The latter include absence of the corpus callosum,
hypertelorism, enlarged anterior fontanelle as well as microforms of HPE (Avunduk et al., 2000;
Chassaing et al., 2003; Donnai and Barrow, 1993; Gripp et al., 1997; Kantarci et al., 2007,
2008; Khalifa et al., 2015; Pober et al., 2009; Rosenfeld et al., 2010). So far, less than 50
patients from consanguineous families have been diagnosed with DBS. Twenty-two LRP2
mutant gene variants have been documented, including nonsense and missense mutations,
small deletions and insertions in gene coding regions. In addition, mutations in conserved
splice sites, mostly within the extracellular domain, resultin a complete absent or nonfunctional
LRP2 protein (Anglani et al., 2018; Dachy et al., 2015; Kantarci et al., 2007, 2008; Khalifa et
al., 2015; Khan and Ghazi, 2018; Pober et al., 2009; Schrauwen et al., 2014; Shaheen et al.,
2010; Stora et al.,, 2009; Storm et al., 2013). However, no apparent genotype-phenotype
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correlation has been identified (Kantarci et al., 2007; Pober et al., 2009). LRP2-deficiency in
mouse models recapitulate many features seen in DBS patients, for example proximal tubular
reabsorption defects and low-molecular weight proteinuria, enlarged eye globes, buphthalmia
and glaucoma, craniofacial anomalies as well as forebrain defects like agenesis of the corpus
callosum and HPE (Cases et al., 2015; Christ et al., 2012, 2015; Leheste et al., 1999; Nykjaer
et al., 1999; Spoelgen et al., 2005; Storm et al., 2014; Veth et al., 2011; Willnow et al., 1996).

1.5 Aim

Besides the canonical SHH receptor PTCHL, several additional cell surface proteins have
been identified as being essential for proper SHH signaling in the developing forebrain
neuroepithelium. Mutations in these co-receptors have been identified in familial forms of HPE
in patients and mouse models corroborating their importance for SHH-dependent forebrain
development. However, the distinct functions of these receptors in cellular SHH action remain
enigmatic. The aim of my work was to elucidate the cellular function of two such SHH co-
receptors, LRP2 and GAS1 in forebrain development using human disease modeling in
induced pluripotent stem cells (iPSCs). In the first project, | focused on a unigue missense
mutation in LRP2 in two siblings with DBS. Here, | queried how this mutation impacts receptor
functions in iPSC-derived neural progenitor cells (NPCs) and renal proximal tubule epithelial
cells (RPTECS). In the second project, | studied the molecular mechanism of GAS1 action
during forebrain development by performing comparative studies in GAS1-deficient mice and

iPSC-based models of the human forebrain neuroepithelium.
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Donnai-Barrow syndrome (DBS) is an autosomal-recessive
disorder characterized by multiple pathologies including
malformation of forebrain and eyes, as well as resorption
defects of the kidney proximal tubule. The underlying
cause of DBS are mutations in LRP2, encoding the
multifunctional endocytic receptor megalin. Here, we
identified a unigue missense mutation R3192Q of LRP2 in
an affected family that may provide novel insights into the
molecular causes of receptor dysfunction in the kidney
proximal tubule and other tissues affected in DBS. Using
patient-derived induced pluripotent stem cell lines we
generated neuroepithelial and kidney cell types as models
of the disease. Using these cell models, we documented the
inability of megalin R3192Q to properly discharge ligand
and ligand-induced receptor decay in lysosomes. Thus,
mutant receptors are aberrantly targeted to lysosomes for
catabolism, essentially depleting megalin in the presence
of ligand in this affected family.
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onnai-Barrow/Facio-oculo-acoustico-renal syndrome
D (herein referred to as DBS) is an autosomal recessive

disorder caused by inheritable mutations in LRP2
(low-density lipoprotein receptor—related protein oy 1, This
gene encodes the endocytic receptor megalin that acts as a
high-capacity clearance pathway for numerous ligands in
absorptive epithelia, most notably in the developing forebrain
and retina®® and in the proximal tubules of the adult kid-
ney.6” Some variability exists in the extent of malformation
of forebrain and facial structures in patients with DBS, defects
attributed to the loss of receptor expression in neuroepithelial
cells of the developing central nervous system.2%10 By
contrast, patients with DBS invariably suffer from renal
resorption defects (renal Fanconi syndrome) characterized by
urinary loss of megalin ligands, including vitamins D, A, and
B12 bound to their plasma carrier proteins.1'%*? This
observation underscores the central role played by megalin in
proximal tubular retrieval processes in humans.

Despite its importance for renal (patho)physiology, little is
known about the functional organization of the giant 600 kDa
receptor megalin and the molecular mechanisms that define its
ability to act as a clearance pathway in the kidney and other
tissues of the human body. Naturally occurring muta- tions in
DBS may shed light on essential protein domains altered in
the mutant receptors. However, most known LRP2 mutations
encode truncated soluble fragments offering little conceptual
advance on the functional organization of the receptor
polypeptide.! Here, we report the identification of a novel
missense mutation LRP2R3192Q in 2 siblings with DBS. Using
human disease modeling in neuroepithelial and renal cell
types generated from induced pluripotent stem cells (iPSCs)
of both individuals, we document that mutation
LRP2R312Q - disrupts the ability of megalin to properly
discharge internalized ligand. As a consequence, mutant re-
ceptors are aberrantly targeted to lysosomes for catabolism,
essentially depleting DBS cells for megalin in the presence of
ligand.

RESULTS

iPSC-derived cell lines for disease modeling of DBS

We identified 2 siblings who presented with clinical symp-
toms of renal Fanconi syndrome, including hypercalciuria and
abnormal urinary excretion of low-molecular-weight
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Figure 1| Mutation c:G9575A in Donnai-Barrow syndrome disrupts renal megalinR3192Q expression. (a) Structural organization of the
megalin polypeptide composed of complement-type repeats (CR), epidermal growth factor (EGF)-type repeats, and b-propellers. Mutation
R3192Q (encoded by c:G9575A) in an EGF-type repeat is indicated by the red asterisk. (b) Immunohistological detection of megalin
(arrowheads) in proximal tubule cells of kidney biopsies from a control subject but not from patient R3192Q_2. (c) Western blot analysis of spot
urine documenting urinary loss of the megalin ligands vitamin D—binding protein (DBP), retinol-binding protein (RBP), a;-microglobulin, and
b2-microglobulin in patients R3192Q_1 and R3192Q_2, but not in 3 control subjects. (d) Sequence analysis showing a homozygous mutation
€:G9575A (red box) in LRP2 in induced pluripotent stem cell lines derived from patients R3192Q_1 and R3192Q_2 as compared with a control
cell line. Sequences were aligned to the LRP2 reference sequence given above (NCBI reference sequence: NM_004525.2). To optimize viewing
of this image, please see the online version of this article at www.kidney-international.org.

proteins at the age of 7 and 9, respectively (see the Patient
information section for more clinical details). Exome
sequencing identified homozygosity for mutation c:G9575A
in LRP2 in both individuals, resulting in amino acid alteration
R3192Q in an epidermal growth factor—type repeat in the
extracellular megalin domain (Figure 1a). Megalin deficiency
as the underlying cause of renal Fanconi syndrome was
confirmed by the absence of receptor expression in renal bi-
opsies (Figure 1b) and by aberrant urinary excretion of known
receptor ligands (Figure 1c) in the affected individuals
R3192Q 1 and R3192Q 2.

To elucidate the mechanism impairing megalin?3192Q
expression, we generated iPSC lines by reprogramming periph-
eral blood mononuclear cells from both patients. Homozygosity
for ¢:G9575A in the iPSC lines was confirmed by DNA
sequencing (Figure 1d). Karyotyping of peripheral blood
mononuclear cells, and iPSC lines derived thereof, identified
copy neutral loss of heterozygosity at 2g23.3-931.1 as the reason
for homozygosity for c:G9575A (Supplementary Figure S1A
and B). Minor alterations in other chromosomal regions
common to peripheral blood mononuclear cells and iPSC lines
were considered irrelevant to explain the loss of renal megalin
expression in the affected individuals (Supplementary Figure
S1C and D).

iPSC lines from patients R3192Q 1 and R3192Q_2
showed robust expression of pluripotency markers
(Supplementary Figure S2A and B) and the expected potential
to differentiate into all 3 germ layers (Supplementary
Figure S2C and D). To derive a cell model for studying the
molecular mechanism underlying loss of megalinR31%2Q
expression, we initially applied a protocol whereby iPSCs were
differentiated into neural precursor cells (NPCs), the pro-
genitor cell population for various cell types of the developing
central nervous system (Supplementary Figure S3A).° We
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chose this differentiation protocol for our initial studies
because of its robustness and reproducibility, and because it
recapitulates expression of megalin in this cell type in vivo.4*
Both patient cell lines faithfully recapitulated neuro-
ectodermal differentiation as exemplified by induction of
neuroectodermal markers PAX6 and SOX1, and by a
concomitant  loss of pluripotency marker OCT4
(Supplementary Figure S3B-E).

When expression of megalin during neuroectodermal
differentiation was tested by immunocytochemistry, robust
induction of receptor levels was seen in R3192Q 1 and
control cell lines at day 5 of differentiation (Figure 2a).
However, megalin levels decreased significantly by day 9 in
patient as compared with control cells (Figure 2a). Loss of
megalin®39%Q at later stages of differentiation was not due
to a decrease in gene transcription, as LRP2 transcript levels
were similar to control cells at days 5 and 9 of differenti- ation
(Figure 2b). The reduced level of megalin protein, but not
transcript at day 9 of differentiation, was substantiated by
Western blot (Figure 2¢ and d) and quantitative real- time
polymerase chain reaction analysis (Figure 2e), respectively.
Post-transcriptional loss of megalin expression was
reproduced in an iPSC line from patient R3192Q 2 using
immunocytochemistry and quantitative real-time polymerase
chain reaction (Supplementary Figure S4A, B, and E), as
well as Western blotting (Supplementary Figure S4C and
D).

Mutation R3192Q does not abolish the endocytic activity of
megalin

To interrogate the impact of mutation R3192Q on the activity
of megalin, we established an endocytosis assay in NPCs using
the amino terminal fragment of sonic hedgehog (SHH-N)
fused to glutathione S-transferase, a megalin ligand in several
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Figure 2| Cellular expression of megalinR31%2Q js impacted by a post-transcriptional mechanism. (a) Immunodetection of megalin (red)
in induced pluripotent stem cell (iPSC) lines at the indicated time points of neuroectodermal differentiation. Cells were counterstained with
4° 6-diamidino-2-phenylindole (DAPI) (blue). Megalin expression was induced from day 5 onward in both genotypes. At day 9, receptor levels
decreased in patient-derived cells as compared with control cells. Bar ¥ 10 mm. (b) Transcript levels of LRP2 during differentiation into
neuroectoderm cells in the control subject and patient R3192Q_1. Data are depicted as Dct normalized to day 0 of the control cells (DDct) +
SD; n ¥4 4 experiments with 2—3 biological replicates/experiment. Statistical analyses were performed by 2-way analysis of variance with the
Bonferroni post-test. *P < 0.05; **P < 0.001. (c) Western blot analysis of megalin in R3192Q _1 and control iPSC lines at the indicated time
points of neuroectodermal differentiation. The detection of a-tubulin served as loading control. (d) Megalin levels were quantified by
densitometric scanning of replicate Western blots (exemplified in panel c) in control and R3192Q_1 neural precursor cells (NPCs) at days 5 and
9 of differentiation (n ¥ 2-3 independent experiments, 2—4 biological replicates/experiment). Megalin levels in R3192Q 1 cells were
comparable with control cells at day 5, but significantly decreased at day 9 of differentiation. Values are given as relative levels of expression
compared with controls (setto 100% + SD). Statistical significance was determined by Student’s t test (day 9) or 1-paired t test (day 5). ****P <
0.0001. (e) Quantitative real-time polymerase chain reaction analysis of LRP2 transcript levels in a control and R3192Q_1 NPCs at days 5 and 9

of differentiation. (n ¥ 3 independent experiments, 2—4 biological replicates/experiment). Levels are depicted as ct values normalized to
transcript levels of GAPDH (Dct + SD) used as an internal control. Transcript levels for LRP2 are unchanged at days 5 and 9 comparing
genotypes (Student’s t test). To optimize viewing of this image, please see the online version of this article at www kidney-international.org.

tissues.4™® To first establish the validity of this assay for
scoring megalin activity, we used a CRISPR/Cas9 strategy to
disrupt the megalin coding sequence in the control cell line
used in this study and to generate a cell clone genetically
deficient for this receptor (LRP2~/=; Supplementary Figure
S5A). Deletion of the ATG codon in the LRP2 gene locus
completely ablated megalin expression in this cell clone as
shown by Western blot analysis (Supplementary Figure
S5B). The absence of megalin severely reduced the uptake of
GST-SHH-N in LRP2~'= NPCs as compared with parental cells
(LRP2FP) as documented by immunocyto- chemistry
(Supplementary Figure S5C), identifying megalin as the
major endocytic route for SHH-N in NPCs. To more
accurately assess the quantitative contribution of megalin to
SHH-N uptake in these cells, we treated LRP2~/~ and control
NPCs with GST-SHH-N and determined the amount of

cell-associated ligand thereafter using Western blotting
(Supplementary Figure S5B). Megalin deficiency reduced the
amount of GST-SHH-N in the LRP2~/~ cell fraction by 50% as
compared with control cells, underscoring the significance of
megalin as the SHH receptor in NPCs (Supplementary Figure
S5D). The residual amount of GST-SHH-N associ- ated with
LRP2-/= NPCs likely reflected adherence of the ligand to the
cellular surface, although the existence of other uptake
mechanisms, such as through the receptor Patchedl, cannot be
excluded.

Next, we used the GST-SHH-N uptake assay to assess the
receptor activity in the patient cell line R3192Q 1. Ligand
uptake was reduced in these cells as compared with control
NPCs as documented by immunocytochemistry (Figure 3a)
and quantitative Western blotting (Figure 3b and c). Still, the
megalin-mediated uptake of GST-SHH-N in the cell line
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Figure 3 | Mutation ¢:G9575A does not impact the endocytic
activity of megalinR3192Q, (a) Neural precursor cells (NPCs) from a
control or from patient R3192Q_1 were treated for 2 hours in
medium containing 10 mg/ml recombinant GST-SHH-N.
Subsequently, cells were immunostained for GST-SHH-N (red) using
anti-GST antisera and counterstained with 4°,6-diamidino-2-
phenylindole (DAPI) (blue). Bar ¥% 25 mm. (b) NPCs from a control or
from patient R3192Q _1 at day 9 of differentiation were treated
overnight in medium with (p) or without (=) 10 mg/ml
recombinant GST-SHH-N. Thereafter, levels of megalin and GST-
SHH-N in cell extracts were determined by Western blotting.
Detection of a-tubulin served as loading control. (c) Quantification
of GST-SHH-N uptake in control and R3192Q 1 cells by
densitometric scanning of replicate Western blots (exemplified in
panel b). Levels are given relative to control cells (set to 100% *
SD). The amount of internalized GST-SHH-N is significantly lower in
cells from patients R3192Q_1 as compared with control cells (n %2 3
independent experiments, 2—4 biological replicates/experiment;
Student’s t test). *P < 0.05. To optimize viewing of this image,
please see the online version of this article at www.kidney-
international.org.

R3192Q_1 was apparent and substantially higher than in
receptor null cells (75% of control in Figure 3c vs. 50% of
control in Supplementary Figure S5D). These findings indi-
cated that impaired expression of megalin®1%2Q reduced but
did not abolish the ability of NPCs to internalize receptor
ligands.
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SHH induces loss of megalinR3192Q expression in
neuroepithelial and renal cell types

Our data revealed the surprising finding that mutation
R3192Q did not ablate expression or endocytic activity of
megalin but impacted receptor levels by a post-transcriptional
mechanism. As our differentiation protocol entailed the
addition of SHH at day 5 of differentiation (Supplementary
Figure S3A), we reasoned that this ligand may trigger the
decline in megalin®%2Q Jevels seen at day 9. To test this
hypothesis, we used NPCs at day 5 of differentiation and
incubated them with or without GST-SHH-N. The addition of
ligand resulted in significantly lower megalin levels in the
patient cell line R3192Q 1 (Figure 4a and b) as compared
with the untreated cells. Similarly, levels of mutant megalin
were also decreased on ligand exposure in the patient cell line
R3192Q 2, although an increase in wild-type receptor
contributed to the difference in megalin levels seen between
patient 2 and control cells (Supplementary Figure S6A and B).
Decreased levels of megalin®° in the presence of GST-
SHH-N were due to a reduced half-life of the mutant re- ceptor
as shown by determining protein stability in NPCs treated
with cycloheximide, an inhibitor of protein translation (Figure
4c and d).

To substantiate that ligand-induced decay of megalinR3192Q
was also seen in renal cell types and potentially responsible for
renal Fanconi syndrome in affected individuals, we applied an
established protocol to differentiate iPSCs into renal proximal
tubule epithelial-like cells (RPTECs)'® (Supplementary
Figure S7A). Differentiation into the proper renal cell type
was documented by transient expression of mesodermal
marker T/Brachyury and early proximal renal vesicle marker
JAG1, as well as by stable induction of proximal tubule
markers AQP1 and LRP2 (Supplementary Figure S7B).
Coexpression of AQP1 and megalin in the differentiated cells
was substantiated by immunocytochemistry (Supplementary
Figure S7C). As shown for NPCs above, the addition of GST-
SHH-N resulted in lower megalin levels in R3192Q 1 as
compared with control cells (Figure 5a and b). To query
whether other receptor ligands may also impact expression of
megalin®31°2Q jn RPTECs, we tested the effect of lysozyme, a
protein cleared from the glomerular filtrate by megalin.'’
Contrary to SHH-N, the addition of lysozyme to the cell
medium did not impact levels of megalinR3%Q
(Supplementary Figure S8).

Aberrant lysosomal targeting of receptor/SHH complexes
induces catabolism of megalinR3192Q

To explore the reasons for the reduced stability of mega-
lin?¥1%2Q in the presence of GST-SHH-N, we studied the
subcellular localization of the receptor and ligand. When
the subcellular localizations of megalin and internalized GST-
SHH-N were tested by immunocytochemistry in NPCs, an
increased colocalization of megalinR®%2Q with this ligand
was observed in both patients’ cell lines as compared with the
wild-type receptor (Figure 6a and b; Supplementary Figure
S9A and B). As shown by co-
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Figure 4| The addition of SHH-N decreases stability of megalin?3192Q in neural precursor cells (NPCs). (a) NPCs at day 5 of

differentiation were treated with 10 mg/ml GST-SHH-N or blank medium overnight, and levels of megalin were determined in cell lysates by
Western blotting thereafter. Detection of a-tubulin served as a loading control. (b) Quantification of megalin levels in control and R3192Q_1
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receptor (n ¥ 4 independent experiments, 2—3 biological replicates/experiment). This difference was not seen in the control medium (blank)
lacking the receptor ligand. Statistical significance was determined using Student’s t test. *P < 0.05; **P < 0.01. (c) Replicate layers of control
and R3192Q 1 NPCs at day 5 of differentiation were treated with 10 mg/ml GST-SHH-N and 7.5 mg/ml cycloheximide. Cells were harvested at
the indicated time points, and expression levels of megalin were determined by Western blotting. Detection of a-tubulin served as a loading
control. (d) Megalin levels were quantified by densitometric scanning of replicate Western blots (exemplified in panel c) in control and
R3192Q_1 NPCs after treatment with GST-SHH-N and cycloheximide (mean of 3 independent experiments). Receptor levels are given as a
percentage of levels at time point 0 of treatment for each cell line. In the presence of a ligand, a significantly faster decay was observed for

megalin?3192Q as compared with the wild-type receptor (P < 0.0001 for genotype and time, unmatched 2-way analysis of variance).

immunostaining with lysosomal marker LAMPL1, the addi-
tion of ligand provided a protective effect to wild-type
megalin reducing its localization to LAMP1p lysosomes.
This protective effect was not seen with megalin®319%Q
resulting in enhanced lysosomal trapping in the presence of
ligand as compared with the wild-type receptor (Figure 6¢ and
d; Supplementary Figure S9C and D). No difference in
lysosomal targeting of megalin was seen between mutant and
control cells when treated with GST only (Figure 6 ¢ and
d; Supplementary Figure S9C and D). Triple immu-
nostaining substantiated enhanced colocalization of mega-
lin®9Q  and  GST-SHH-N  in  LAMP1p lysosomes
(Figure 6e).

To further corroborate ligand-induced lysosomal catabo-
lism of megalinR3192Q as a molecular cause of DBS, we treated
control and mutant NPCs with GST-SHH-N in the presence
or absence of lysosomal inhibitors. Lysosomal blockade did
not alter the levels of wild-type megalin, but it significantly
increased levels of the mutant receptor (Figure 7). These
findings further substantiated that lysosomal degradation
significantly contributes to the reduced stability of mega-
linR3192Q in DBS.

DISCUSSION

Megalin is the main endocytic receptor in the proximal
convoluted tubules for bulk clearance of plasma proteins from
the glomerular filtrate.6:7"® Megalin-mediated clear- ance
of ligands has also been shown in other absorptive epithelia,
including the neural tube,4 the epididymis,'® and the retinal
pigment epithelium.5 So far, the inability to recombinantly
express full-length megalin has hampered at- tempts to dissect
functional domains in the receptor poly- peptide. Now, the
availability of naturally occurring LRP2 mutations in patients
with DBS and the ability to recapitulate mutant phenotypes in
iPSC-derived cell models significantly advance our abilities
to study megalin in human health and disease. This
assumption is substantiated by our studies of individuals
homozygous for a novel LRP2 mutation ¢:G9575A. Based on
the absence of megalin in renal biopsies (Figure 1b), the
inability to properly fold and express mega- lin?3%2Q may
have been anticipated as a consequence of this mutation.
However, studies in iPSC-derived cell lines docu- ment proper
expression of the mutant receptor in the absence of ligands in
neuroepithelial (Figure 2a and Supplementary

Figure S4A) and proximal tubule (Supplementary
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Figure 5 | Ligand-induced decay of megalinR?3192Q in induced
pluripotent stem cell (iPSC)—derived renal proximal tubule
epithelial-like cells (RPTECSs). (a) Control and patient iPSC-derived
RPTECs atday 8 of differentiation were treated with 10 mg/ml GST-
SHH-N or blank (10 mg/ml GST) medium overnight. Subsequently,
megalin levels in cell lysates were determined by Western blotting.
Detection of a-tubulin served as a loading control. (b) Megalin
levels in a control and R3192Q_1 RPTECSs were quantified by
densitometric scanning of replicate Western blots (exemplified in
panel a). Levels are given as relative to the untreated condition (set
at 100% + SD). In the presence of GST-SHH-N, levels of
megalin®1°2Q were significantly lower as compared with the wild-
type receptor (n ¥ 3 independent experiments, 2—3 biological
replicates/experiment). Statistical significance was determined
using Student’s t test. *P < 0.05.

Figure S7C) cell types. Also, the ability to perform endocy-
tosis does not seem to be overtly impacted as judged from the
ability of the mutant receptor to clear the ligands SHH- N
(Figure 3) and lysozyme (Supplementary Figure S8). Rather,
extended retention of receptor/ligand complexes (Figure 6a
and b; Supplementary Figure S9AB and B) and enhanced
accumulation of the receptor to lysosomal com- partments in
the presence of ligands (Figure 6¢c—e; Supplementary Figure
S9C and D) argue for the induced decay of megalinR319%
because of an inability to properly discharge some ligands in
the endocytic pathway. Blockade of Ilysosomal activity
significantly increases levels of mega- lin?*!%2Q but not of the
wild-type receptor (Figure 7). This finding supports targeting
to lysosomes as a factor that specifically contributes to the
impaired stability of the mutant receptor in neuroepithelial
and renal cells types. Remarkably, a similar mechanism has
been identified as a cause of low-density lipoprotein receptor
deficiency in fa- milial hypercholesterolemia (class 5
mutations).?® Our hy- pothesis is backed by the localization of
R3192Q in an epidermal growth factor—type repeat, a domain
required for

endosomal discharge of ligands by the low-density lipo-
protein receptor.?*
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Much of our cell biological studies have focused on the
interaction of megalin with its ligand SHH-N in NPCs, an
interaction considered crucial to the role of this receptor in the
development of forebrain and eyes.3'4 Individuals ho-
mozygous for LRP2/9% do not present with obvious
craniofacial malformations, recapitulating earlier observa-
tions that missense mutations in LRP2 feature mild forms or
even the absence of forebrain anomalies.89 However, both
individuals present with severe myopia (p7 and p9 dioptres,
respectively), indicating massive overgrowth of the eyes as a
consequence of potentially impaired uptake of SHH-N?® and
other megalin ligands5 in the retinal pigment epithelium.
Although aberrant targeting of megalinR31%22 to lysosomes has
only been shown directly in NPCs, the ability of SHH-N to
induce the decay of the mutant receptor in iPSC-derived
RPTECSs strongly argues that a similar disease mechanism is
operable in the kidney and responsible for renal Fanconi
syndrome in this family with DBS.

As megalin acts as a high-capacity clearance receptor for
numerous ligands in the renal proximal tubule, the question
remains whether only SHH-N or also other receptor ligands
destine megalin®3°% to lysosomal catabolism. Conceivably,
the induced decay of the mutant receptor may be caused by
ligands, which binding sites are altered by ¢:G9575A, but not
by others not impacted by this mutation. In our hands,
lysozyme did not decrease the stability of the mutant receptor
in RPTECs (Supplementary Figure S8), documenting that the
proposed disease mechanism is not applicable to every ligand.
Unfortunately, little is known about the exact binding sites for
SHH, lysozyme, or most other receptor ligands that may guide
our choice of alternative ligands to be tested. Still, irrespective
of the number of ligands that may cause the lysosomal decay
of megalin®%C our findings highlight an important new
concept in receptor cell biology, relevant for pathophysiology
of the kidney and other tissues that require the endocytic
activity of megalin.

METHODS

Patient information

The patients are son and daughter of apparently unrelated parents
originating from the same small town in Italy. They were diagnosed
with proteinuria when aged 7 and 9 years, respectively. The brother
presented first, after discovering proteinuria in a spot urine analysis
(30 mg/dl) performed during a varicella zoster infection. Further
investigations revealed mild kidney insufficiency (estimated glomer-
ular filtration rate: 86 ml/min per 1.73 m?), increased urinary protein/
creatinine ratio (1.35 mg/mg [n.v. < 0.2 mg/mg]), hypercalciuria
(urinary calcium/creatinine ratio: 0.31 mg/mg [n.v. < 0.2 mg/mg]),
and abnormal urinary excretion of low-molecular-weight proteins
(urinary beta 2 microglobulin/creatinine ratio: 0.48 mg/mg [n.v. ab-
sent]). Other tests showed normal serum bicarbonate levels, normal
renal phosphate handling (serum phosphate: 5.1 mg/dl [n.v. > 3.5
mg/dl]; TmP/GFR: 4.2 mg/dl [n.v. > 2.9 mg/dI]), and normal excre-
tion of amino acids, glucose, uric acid, sodium, and magnesium. The
urine sediment was normal. Renal ultrasound showed normal sized
kidneys (approximately 10th percentile), with very mild hyper-
echogenicity. The physical examination was unremarkable, except for
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Figure 6 | Binding of GST-SHH-N directs megalin®*'°2? to lysosomes. (a) Immunofluorescence detection of megalin (red) and GST-SHH-N
(green) in control and patient neural precursor cells (NPCs) at day 7 of differentiation treated with 10 mg/ml GST-SHH-N for 2 hours. Cells were
counterstained with 4°,6-diamidino-2-phenylindole (DAPI) (blue). Bar ¥4 8 mm. (b) Extent of colocalization of megalin with GST-SHH-N as
determined by Mander’s colocalization coefficient is increased for megalin®*°?? as compared with wild-type megalin, suggesting the
prolonged interaction of the mutant receptor with its ligand. One representative experiment is shown with data given as mean + SD. This
experiment was repeated 4 times with 25-40 cells/experiment analyzed. All 4 experiments showed statistical significance (Student's t test).
***pP < 0.0001. (c) Immunofluorescence detection of megalin (red) and lysosomal marker LAMP1 (green) in control and patient NPCs at day 7 of
differentiation treated with 10 mg/ml GST or GST-SHH-N for 2 hours. Cells were counterstained with DAPI. Bar %2 8 mm. (d) Mander's
colocalization coefficient documents increased colocalization of megalin®1%22 with LAMP1 in NPCs treated with GST-SHH-N (but not GST) as
compared with wild-type megalin (n ¥4 mean of 4 experiments with 15-40 cells/experiment analyzed + SD; Student’s t test). (e)
Immunodetection of lysosomal marker LAMP1 (green), GST-SHH-N (red), and megalin (blue) in control and patient NPCs at day 7 of
differentiation. Cells were treated with 10 mg/ml GST-SHH-N for 2 hours and counterstained with DAPI (gray). Bar % 10 mm. Higher
magnifications of overview pictures are given as insets (bars ¥4 mm). Increased colocalization of megalin with GST-SHH-N in LAMP1p
lysosomal vesicles (white signals) was noted in patient as compared with control NPC lines. To optimize viewing of this image, please see the
online version of this article at www.kidney-international.org.
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Figure 7| Inhibition of lysosomal proteases prevents the ligand-induced decay of megalin?3192Q, (a) Neural precursor cells (NPCs) at
differentiation day 5 were treated overnight with 10 mg/ml GST-SHH-N in the absence or presence of lysosomal protease inhibitors (p lyso.
inhibitor; see Supplementary Methods for details). Subsequently, megalin levels in cell lysates were determined by Western blotting. Detection
of a-tubulin served as a loading control. (b) Quantification of megalin levels in control and R3192Q_1 NPCs by densitometric scanning of
replicate Western blots (exemplified in panel a). Levels are given relative to GST-SHH-N without lysosomal inhibitors (set to 100% * SD).
Treatment with lysosomal inhibitors significantly increased levels of megalin?*°2? as compared with nontreated cells (right panel). No effect of
lysosomal inhibition was seen on levels of the wild-type receptor in control NPCs (left panel) (n ¥ 4 independent experiments, 2-3 biological
replicates/experiment). Statistical significance was determined using Student's t test. ****P < 0.0001.

severe bilateral myopia (p7 dioptres). His sister was diagnosed at age 9
by family screening. Her renal function was normal (estimated
glomerular filtration rate: 93 ml/min per 1.73 m?). Urine evaluation
showed similar findings to her brother, including high urinary protein/
creatinine ratio (2.26 mg/mg), abnormal urinary excretion of low-
molecular-weight proteins (urinary beta 2 microglobulin/creatinine
ratio: 1.31 mg/mg), and mild hypercalciuria (urinary calcium/creati-
nine ratio: 0.25 mg/mg). A small phosphate leak was also noticed
(serum phosphate: 3.4 mg/dl; TmP/GFR: 2.7 mg/dl) without evidence
of hyperparathyroidism (intact parathyroid hormone 31 pg/ml). No
other serum or urinary abnormalities were noticed. Renal ultrasound
showed normal sized kidneys (approximately 50th percentile) with
discrete cortical hyperechogenicity. Her physical examination showed
normal blood pressure and was significant for severe bilateral myopia

(b9 dioptres), short stature (height SD: -2.13), and mild overweight
(body mass index: 26.7).

Analysis of human specimen and cell lines

The study of human specimens and cell lines was approved by the
Ethics Committee of Ospedale Pediatrico Bambino Gesu (approval
no.: 1235_OPBG_2016). All subjects gave written informed consent
before participating in this study. Generation of iPSCs was per-
formed using the CytoTune-iPS 2.0 Sendai Reprogramming Kit.
Differentiation of iPSCs to NPCs or RPTECs was performed ac-
cording to published protocols'®® and detailed in Supplementary
Methods. Differentiation into the 3 germ layers was carried out using
a commercial kit according to the supplier’s recommendations

30
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(Trilineage Differentiation Kit, Miltenyi Biotec, Bergisch Gladbach,
Germany, No. 130-115-660). Immunodetection of megalin in renal
biopsies and documentation of urinary loss of receptor ligands in spot
urine of patients and control subjects shown here were per- formed
as reported earlier.*

Cell studies

Studies were conducted in NPCs or RPTECSs using the experimental
conditions described in the respective figure legends. GST and GST-
SHH-N used as ligands were affinity purified from bacterial cultures

using glutathione affinity chromatography as described previously.4
Lysozyme purified from hen egg white was obtained commercially
(Abcam, Cambridge, UK, 10837059001). Experimental details for
immunodetection of proteins using Western blotting or immuno-
cvtochemistrv are aiven in the Sunnlementarv Methods section.

Quantitative real-time polymerase chain reaction

Total RNA was extracted from cell cultures using the RNeasy Mini
Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s
instructions with an additional step of treating the RNA with RNase-
free DNase | for 15 minutes at room temperature. RNA (500 ng to 1
mg) was reverse transcribed using the High Capacity RNA to cDNA
Kit (Applied Biosystems, Foster City, CA). For cDNA amplification,
TagMan-Oligonucleotide probes were used with the TagMan Gene
Expression Master Mix (Applied Biosystems) on a 7900 HT Fast Real
time PCR System (Thermo Fisher Scientific, Waltham, MA) and the
Sequence detection system V2.4 (Thermo Fisher Scientific). Results
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comparative cycle threshold method

Statistical analysis

All statistical analysis was performed using the GraphPad Prism 7.0

software (San Dieao. CA). The anplied statistical tests are indicated

in the respective figure legend. Data are presented as mean + SD. To
determine the degree of colocalization between megalin and LAMP1
or GST-SHH-N, images with comparable background were taken for
analysis and background correction was performed. Images were
converted to 8-bit pixel images and individual cells were automati-
cally outlined to define a region of interest. ImageJ was used to assess
the Mander’s colocalization coefficient, indicating the fraction of
megalin colocalizing with LAMP1 or GST-SHH-N.?3
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SUPPLEMENTARY METHODS

Generation of induced pluripotent stem cells

Human induced pluripotent stem cell line HPSI1113i-wetu_2 used as a control line was
kindly provided by the Wellcome Trust Sanger Institute, UK. Generation of iPSCs from
patients was performed using the CytoTune®-iPS 2.0 Sendai Reprogramming Kit. In brief,
2x10° cells/cm? were transduced with the non-transmissible Sendai virus harbouring the
genetic factors SOX2, KLF4, OCT4 and c-MYC in the presence of 10 pg/ml Polybrene.
Subsequently, the cells were cultured in StemPro®-34SFM medium supplemented with
StemPro®-34 Nutrient Supplement, 2 mM glutamine, 100 ng/ml stem cell factor, 100 ng/ml
fms-like tyrosine kinase 3, 20 ng/ml interleukin-3, 20 ng/ml interleukin-6 and 2 U/ml
erythropoietin. After two days, the transduced cells were transferred onto Matrigel-coated
plates and the medium was successively switched from StemPro®-34SFM medium
supplemented with StemPro®-34 Nutrient Supplement and 2 mM glutamine to Essential 7
(E7) medium (DMEM/F12, 64 pg/ml L-ascorbic acid 2-phosphate, 20 pg/ml insulin, 5 pg/ml
transferrin, 14 ng/ml sodium selenite, 100 ng/ml fibroblast growth factor 2), and finally to
Essential 8 (E8) medium (E7 medium with 2 ng/ml transforming growth factor 31).
Ultimately, the cells were cultured in E8 medium. Undifferentiated colonies were picked and
cultured in E8 supplemented with 10 pg/ml Y27632.

For experimentation, all iPSC lines were cultured on Matrigel-coated culture dishes in
Essential 8 medium. The culture medium was changed daily. Cells were recovered and
passaged at a density of 70 — 80% using accutase or 0.5M EDTA/DPBS. For SNP
karyotyping, iPSC pellets were resuspended in 200 pl of PBS and genomic DNA was isolated
using the DNeasy blood and tissue kit (Qiagen, Valencia, CA). DNA samples were SNP
karyotyped using the Infinium OmniExpressExome-8 Kit and the iScan system from Illumina.

CNV and SNP visualization were performed using KaryoStudio v1.4 (Illumina).
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Sequencing

To verify the presence of the LRP2 mutation in patient-derived iPSC lines, primer were
generated using the DNAStar Segbuilder Software Version 13.0.0 that flank the mutation at
position ¢:G9575A. Primer sequences were as follows:

LRP2fw: AAGCTCATGTCTGACAAGCGGACT,

LRP2rev: TACAATCTCTTCTCTACTCGGTC.

The Phire Animal Tissue Direct PCR kit (Thermo Fisher Scientific) was used to amplify a
genomic DNA fragment containing the LRP2 mutation. The PCR products were purified
using the ExoSAP-ITTPCR Product Cleanup reagent (Thermo Fisher Scientific). DNA
sequencing was performed by LGC Genomics GmbH (Germany) and data analysed using the

DNAStar SeqMan Software Version 13.0.0.

LRP2 gene disruption in iPSCs

The deletion of LRP2 gene in human iPSC line HPSI1113i-wetu_2 was achieved by using the
CRISPR/Cas9 system. Single guide RNA (sgRNA) targeting the start codon of LRP2 gene
was designed using the online software tool provided by Zhang lab (crispr.mit.edu). sgRNA
sequences were as follows: sense: CCGTCGCGGAGATGGATCGC and antisense:
GCGATCCATCTCCGCGACGG. Annealed sgRNA oligonucleotides were cloned into the
expression vector pSpCas9(BB)-2A-GFP (PX458, Addgene plasmid #48138) following
digesting with FastDigest Bbsl (Thermo Fisher Scientific). Human iPSCs were transfected
with the final sgRNA-plasmid construct using Lipofectamine3000 (Thermo Fisher Scientific)
according to manufacturer’s protocol. Transfected cells were selected with 0.1 pg/ml
puromycin for one week before seeding them at low density for single cell colony expansion.
Clones were analyzed for successful deletion using the Phire Animal Tissue Direct PCR Kkit.
Primer sequences used were: LRP2KOfw: AGGGCTTTATGCACTGTCTGG; LRP2KOrev:

AGGCTCTGGCTGGGCTCTT. DNA sequencing to confirm genome editing was performed
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by LGC Genomics GmbH and data analyzed using the DNAStar SeqMan Software Version

13.0.0.

Differentiation of iPSCs to NPCs

The neuroectodermal differentiation protocol was adapted from a published protocol . In
detail, iPSCs were dissociated with accutase to single cell suspension and 20.000 cells/cm?
plated on Matrigel-coated dishes in E8 medium supplemented with 10 pg/ml of Rock
inhibitor Y27632. Cells were allowed to grow for 3 days until they were nearly confluent,
after which the medium was changed to N2B27 differentiation medium containing 100 ng/ml
noggin, 200 nM dorsomorphin (inhibitor of the bone morphogenetic/activin pathway) and 10
UM SB431542 (inhibitor of transforming growth factor R/activin pathway). Medium change
was performed daily. At day 5, the medium was replaced by N2B27 containing noggin,
dorsomorphin, and 200 ng/ml sonic hedgehog, and cells were grown for up to 4 more days.
For rosette formation, cells were re-plated at day 5 at high density (1:2) on Matrigel-coated

plates and fixed at day 7 for immunocytochemistry.

Differentiation of iPSC to RPTECs

The differentiation protocol was adapted from 2. Briefly, iPSCs were dissociated into single
cells using accutase and 10.000 cells/cm? were plated on Matrigel-coated dishes in E8
medium supplemented with 10 pg/ml Rock inhibitor Y27632. When cells reached 75-80%
confluence depicted as day 0 of differentiation, medium was changed to STEMdiff™
APEL™ 2 medium (Stem Cell Technologies) supplemented with 10 ng/ml Activin A, 30
ng/ml BMP4 and 1 uM retinoic acid to induce mesodermal fate. At day 4, medium was
changed to APEL supplemented with 150 ng/ml GDNF to induce renal vesicle differentiation.

Upon differentiation day 8, renal epithelial growth medium (REGM, Lonza) was utilized for
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tubular epithelial specification. During the course of differentiation, medium was replaced
every other day.

Fluorescence immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 10 minutes at room temperature, washed with
PBS, blocked and permeabilised in PBS containing 0.2% gelatine, 0.1% saponin and 5 mg/ml
BSA for 10 minutes. Primary antibodies were diluted in washing solution (PBS containing
0.2% gelatine and 0.01% saponin) and cells incubated over night at 4°C. Then, the cells were
washed with washing solution and incubated with the secondary antibodies coupled to Alexa
fluorophores for 1 hour at room temperature. Cells were mounted in Prolong Diamond
Antifade Mountant containing DAPI (Thermo Fisher Scientific). Antibodies used were
directed against OCT4 (Abcam, ab19857; 1:100), SOX2 (Abcam, ab97959; 1:100), Nanog
(R&D, 1:100), SSEA4 (Abcam, ab16287; 1:100), megalin (produced in-house; 1:250),
LAMP1 (Cell Signaling, 9091P; 1:700), GST (Cell Signaling, 624S; 1:100), PAX6
(BioLegend, 9019301; 1:100), SOX1 (Abcam, ab109290; 1:100), and AQP1 (Proteintech,
20333-1-AP, 1:100). For assessing germ layer differentiation, the human germ layer 3-Color

Immunocytochemistry kit (R&D) was used.

Ligand treatment

For analysis of ligand impact on megalin activity, cells were starved in blank medium for 2
hours before addition of 10 pg/ml GST-SHH-N or GST, or 20 pg/ml lysozyme in
DMEM/1.5% BSA. After ligand incubation for the time points indicated in the respective
figure legends, cells were either fixed in 4% paraformaldehyde for immunofluorescence
analysis or lysed for western blotting. Antibodies used for Western blotting were goat anti-
rabbit megalin (produced in-house; 1:500), anti-GST (Cell Signaling; 624S, 1:1000), anti-

lysozyme (Abcam, ab391, 1:500), and anti-tubulin (Calbiochem; CP06, 1:1000).
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Cycloheximide experiments

To determine megalin stability, replicate layers of cells were treated with 10 pug/ml GST-
SHH-N and 7.5 pg/ml cycloheximide in N2B27 medium from day 5 of neuroectodermal
differentiation onwards. During incubation time, the cell culture medium with freshly added
ligand and cycloheximide was changed daily. Cells were lysed for analysis of megalin levels

by western blotting at the indicated time points.

Lysosomal inhibition

Replicate cell layers were differentiated into NPCs until day 5. Activity of lysosomal
proteases was blocked by adding a cocktail of 100 puM leupeptin, 10 uM pepstatin and 50 pM
chloroquine for 1 hour. Afterwards, cells were incubated with 10 pg/ml GST-SHH-N and

lysosomal inhibitors overnight before analyzing megalin levels by western blotting.

SUPPLEMENTARY REFERENCES
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SUPPLEMENTARY FIGURE LEGENDS

Figure S1: Karyotypes of iPSC lines from patients with Donnai-Barrow syndrome

(A, B) Chromosome 2 ideogram from peripheral blood mononuclear cells (PBMC) of patients
R3192Q 1 (A) and R3192Q_2 (B). The logR ratio (red data points) depicts single nucleotide
polymorphism intensity signals indicative of potential duplications or deletions in this
chromosome locus. The B allele frequency (blue data point) gives the relative frequency of
one allele compared to the other. Both patients are characterized by CN-LOH at 2g23.3-
g31.1 encompassing LRP2. (C, D) Virtual karyotypes of PBMC and iPSC from patients
R3192Q 1 (C) and R3192Q_2 (D). Insertions (green), deletions (red), and regions with copy

neutral loss of heterozygosity (CN-LOH; grey) are indicated.

Figure S2: Pluripotency markers and differentiation potential of iPSCs from Donnai-

Barrow patients

(A) Bright field images and immunocytochemical detection of pluripotency markers OCT4
(red), SOX2 (red), NANOG (red), and SSEA4 (green) in iPSCs from patients R3192Q 1 and
R3192Q 2 compared to control cells. Cells were counterstained with DAPI (blue). Scale bars:
100 pm (bright field) or 25 um (immunostainings). (B) Quantitative (q) RT-PCR analysis of
the indicated pluripotency markers in patient and control iPSCs. Data are depicted as ct values
normalized to transcript levels of GAPDH (Act + SD) as internal control. This experiment was
performed in 3 independent biological replicates. No statistically significant differences in
transcript levels of these pluripotency markers were seen comparing cell lines (Student’s t-
test). (C) iPSCs were differentiated into the three germ layers and differentiation assessed by
immunocytochemical detection of ectoderm marker OTX2 (red) and SOX2 (red), endoderm
marker GATA4 (green) and SOX17 (red), as well as mesoderm marker HANDL1 (red). Cells

were counterstained with DAPI (blue). Scale bar: 10 um. (D) gRT-PCR analysis of the
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indicated markers in differentiated patient and control cells as exemplified in (C). Data are
depicted as ct values normalized to internal GAPDH transcript levels (Act + SD). This
experiment was performed in 3 independent biological replicates. No statistically significant
differences in transcript levels of these marker genes were seen comparing cell lines

(Student’s t-test).

Figure S3: Neuroectodermal differentiation of iPSC lines from Donnai-Barrow patients

(A) Protocol for neuroectodermal differentiation of iPSCs to neural progenitor cells (NPCs).
The protocol used was adapted from * (see supplementary methods for details). (B, C)
Immunocytochemical detection of early neuroectodermal markers PAX6 (green; B) and
SOX1 (green; C) in iPSC lines from patients R3192Q 1 and R3192Q_2 as compared to
control cells at day 2, 5, and 9 of differentiation. Cells were counterstained with DAPI (blue).
Scale bar: 25 um. (D, E) Quantitative RT-PCR analysis of the pluripotency marker OCT4 and
early neuroectodermal marker PAX6 in iPSCs from patients R3192Q_1 (D) and R3192Q 2
(E) as compared to control cells at day 2, 5, and 9 of differentiation. Data are depicted as Act
values normalized to the mean of the control cells at day 0 (AAct) £ SD (n=1-4 experiments
with 2-3 biological replicates/experiment). Statistical analysis was determined by Two-way
Anova. No statistically significant differences were found using Bonferroni post-test

comparing genotypes at the given time points.

Figure S4: MegalinR3192Q expression is impaired post-transcriptionally in a second

patient

(A) Immunodetection of megalin (red) in iPSCs from control and Donnai-Barrow patient
R3192Q 2 at the indicated time points of neuroectodermal differentiation. Cells were
counterstained with DAPI (blue). Megalin expression is induced from day 5 onwards in both

genotypes. At day 9, megalin levels are decreased in patient-derived NPCs as compared to
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control cells. Scale bar: 10 um. (B) Transcript levels of LRP2 during differentiation were
analyzed in iPSCs from a control subject and patient R3192Q_2. Data are depicted as Act
normalized to day 0 of the control cells (AAct) = SD (n=1 experiment with 2 biological
replicates per genotype). Statistical analysis was performed by Two-way Anova with a
Bonferroni post-test. **, p<0.01 (C) Representative western blot analysis of megalin levels in
control and R3192Q 2 iPSC lines at the indicated time points of differentiation. Detection of
tubulin served as loading control. (D) Megalin levels were quantified by densitometric
scanning of replicate western blots (as exemplified in panel C) in control and R3192Q 2
NPCs at day 5 and at day 9 of neuronal differentiation (n=3 independent experiments with 3
biological replicates/experiment). Values are given as relative levels of expression compared
to control (set to 100% = SD). Megalin levels in R3192Q_2 cells are comparable to control
cells at day 5, but significantly decreased at day 9 of differentiation. Statistical significance
was determined by Student’s t-test. **** p<0.0001. (E) Quantitative RT-PCR analysis of
LRP2 transcript levels in control and R3192Q 2 NPCs cells at day 5 and 9 of differentiation.
(n=3 independent experiments with 3 biological replicates/experiment). Levels are depicted
as ct values normalized to transcript levels of GAPDH (Act + SD) used as internal control.
Transcript levels for LRP2 are unchanged comparing the two genotypes as determined by

Student’s t-test.

Figure S5: Generation of iPSCs genetically deficient for LRP2

(A) Sequence analysis showing homozygosity for a 13 nucleotides deletion including the
ATG start codon (highlighted in blue) in a LRP2" cell clone derived from the parental control

cell line (LRP2**) by CRISPR/Cas9-mediated genome editing (see supplementary methods

for details). Sequences for cell lines LRP2”- and LRP2**were aligned to the LRP2 reference

sequence given above (NCBI Reference Sequence: NM_004525.2). (B) NPCs from cell lines

LRP27 and LRP2** at day 9 of differentiation were treated overnight in medium containing
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10 pg/ml recombinant GST-SHH-N. Thereafter, levels of megalin and GST-SHH-N in cell
lysates were analyzed by western blotting. Two biological replicates are shown for each cell
line. Detection of tubulin served as loading control. Expression of megalin is readily detected
in control cells but absent from the receptor null clone LRP2. (C) NPCs from cell lines
LRP27 and LRP2*"* at day 7 of differentiation were treated for 2 h in medium containing 10
pg/ml recombinant GST-SHH-N. Subsequently, the cells were immunostained for GST-SHH-
N (red) using anti-GST antisera and counterstained with DAPI (blue). Scale bar: 25 um. (D)
Uptake of GST-SHH-N in NPCs from cell lines LRP2”- and LRP2*/* at day 9 of
differentiation was quantified by densitometric scanning of replicate western blots (as
exemplified in panel B). Levels are given relative to control cells (set to 100% + SD). The
amount of internalized GST-SHH-N is significantly lower in LRP2” cells as compared to
control cells (n= 2 independent exemplary experiments, 1-2 biological replicates/experiment;

Student’s t-test). **, p<0.01.

Figure S6: Ligand-induced decay of megalin?3192Q jn NPCs from a second patient

(A) NPCs at day 5 of differentiation were treated with 10 ug/ml GST-SHH-N or blank
medium overnight and levels of megalin were determined in cell lysates thereafter. Detection
of a-tubulin served as loading control. (B) Quantification of megalin levels in control and
R3192Q_2 NPC lines by densitometric scanning of replicate western blots (as exemplified in
panel A). Levels are given as relative to the untreated condition (set at 100% + SD). In the
presence of GST-SHH-N, levels of megalinR3192Q were significantly lower compared to that
of the wild-type receptor (n= 4 independent experiments, 2-3 biological
replicates/experiment). This difference was not seen in control medium (blank) lacking the

receptor ligand. Statistical significance was determined using Student’s t-test. *, p<0.05.
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Figure S7: Differentiation of iPSCs into renal proximal tubular epithelial-like cells

(A) Protocol for differentiation of iPSCs into renal proximal tubular epithelial-like cells

(RPTECs). The protocol was adapted from 2. (B) Quantitative RT-PCR analysis of

mesodermal marker T/Brachyury, renal vesicle marker JAG1, proximal tubule marker AQP1,

and LRP2 in iPSCs from R3192Q 1 as compared to control cells at day 4, 8, 10, 12 and 14 of
differentiation. Data are depicted as Act values normalized to control cells at day 0 (AAct +
SD; n=3 experiments). Statistical analysis was performed by Two-way Anova with
Bonferroni post-test. No statistically significant differences in gene transcript levels were seen
comparing genotypes. (C) Immunofluorescence detection of aquaporin-1 (AQP1, green) and
megalin (red) in control and R3192Q _1 cells at day 10 of differentiation. Cells were

counterstained with DAPI (blue). Scale bar: 10 pm.

Figure S8: Lysozyme does not induced decay of megalin®31%2Q in RPTECs

(A) Control and iPSC-derived RPTECs at differentiation day 8 were treated with 20 pg/ml
lysozyme or with blank medium overnight. Subsequently, megalin levels were determined by
western blotting of cell lysates. Detection of a-tubulin served as loading control. (B) Megalin
levels in control and R3192Q 1 were quantified by densitometric scanning of replicate
western blots (exemplified in panel A). Levels are given as relative to the untreated condition
(set at 100% + SD). No statistical significance of data was seen with blank or lysozyme-
treatment condition comparing the two genotypes (n=3 independent experiments, 2-3

biological replicates/experiment; Student’s t-test).

Figure S9: Binding of GST-SHH-N directs megalin®392Q to lysosomes in NPCs from a

second patient

(A) Immunofluorescence detection of megalin (red) and GST-SHH-N (green) in control and

patient NPCs at day 7 of differentiation. Cells were treated with 10 pug/ml GST-SHH-N for 2
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hours. Scale bar: 8 um. (B) Co-localization of megalin with GST-SHH-N as determined by
Mander’s co-localization coefficient is increased for megalin®392Q as compared to wild-type
megalin, suggesting prolonged interaction of the mutant receptor with ligands. One
representative experiment is shown with data given as mean + SD. This experiment was
repeated 4 times with 25-40 cells/experiment analyzed. Two experiments showed statistical
significance and one experiment a clear trend (Student’s t test). *, p<0.05. (C)
Immunofluorescence detection of megalin (red) and lysosomal marker LAMP1 (green) in
control and patient NPC at day 7 of differentiation. Cells were treated with 10 pg/ml GST or
GST-SHH-N for 2 hours. Scale bar: 8 um. (D) Mander’s co-localization coefficient
documents increased co-localization of megalin®31%2Q with LAMP1 in NPC treated with GST-
SHH-N as compared to wild-type megalin (h=mean of 4 experiments with 10-40

cells/experiment analyzed + SD; Student’s t test). **, p<0.01.
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SUMMARY STATEMENT

GAS1 acts as co-receptor that integrates signaling by sonic hedgehog and NOTCH in neural

progenitor cells, essential to control differentiation of the forebrain neuroepithelium.

ABSTRACT

Growth arrest-specific 1 (GAS1) acts as a co-receptor to Patched 1 promoting sonic hedgehog
(SHH) signaling in the developing nervous system. GAS1 mutations in humans and animal
models result in forebrain and craniofacial malformations, defects ascribed to a function for
GASL1 in SHH signaling during early neurulation. Here, we confirm loss of SHH activity in
the forebrain neuroepithelium in GAS1-deficient mice and in iPSC-derived cell models of
human neuroepithelial differentiation. However, our studies document that this defect can be
attributed, at least in part, to a novel role for GASL1 in facilitating Notch signaling, essential to
sustain a persistent SHH activity domain in the forebrain neuroepithelium. GAS1 directly
binds NOTCH1, enhancing ligand-induced processing of the NOTCH1 intracellular domain,
which drives Notch pathway activity in the developing forebrain. Our findings identify a
unique role for GASL1 in integrating Notch and SHH signal reception in neuroepithelial cells,
and they suggest that loss of GAS1-dependent NOTCH1 activation contributes to forebrain

malformations in individuals carrying GAS1 mutations.
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INTRODUCTION

The mammalian forebrain develops from a simple neuroepithelial sheet at the anterior end of
the neural plate, the anterior neuroectoderm. Several morphogen pathways provide instructive
signals during early neurulation, including sonic hedgehog (SHH) which governs patterning
processes along the dorso-ventral axis of the developing neural tube (reviewed in (Dessaud et
al., 2008)). In the embryonic forebrain, SHH is initially produced from the prechordal plate
(PrCP) at the anterior tip of the embryo. It acts on the overlying rostral diencephalon ventral
midline (RDVM) to induce its own production and the expression of ventral forebrain
markers. SHH transcriptional targets, such as NK2 homeobox 1 (NKX2.1), specify ventral
midline identity and counteract dorsalizing signals by bone morphogenetic protein 4 (BMP4)
(Hochetal., 2009; Sousa and Fishell, 2010). In line with a prominent role for SHH in
forebrain development, defects in SHH signaling in humans (Roessler et al., 1996) and in
mouse models (Chiang et al., 1996) result in midline formation defects, ultimately causing
craniofacial malformation and holoprosencephaly (HPE). HPE is the most frequent forebrain
anomaly in humans and may include improper division of the forebrain hemispheres, as well
as cyclopia and formation of a proboscis (Muenke and Beachy, 2000). Inheritable mutations
in components of the SHH signaling pathway have been associated with human HPE,
including mutations in SHH, in its receptor Patched 1 (PTCH1), or in downstream
transcription factors, like GLI family zinc finger 2 (GLI2), SIX homeobox 3 (SIX3), and zinc
finger protein of the cerebellum 2 (ZIC2) (Roessler and Muenke, 2010).

Besides the canonical SHH receptor PTCH1, previous studies have identified
additional cell surface proteins that facilitate SHH signal reception in the neuroepithelium and
that cause midline malformations and HPE when mutated (reviewed in (Christ et al., 2016)).
One of these auxiliary SHH receptors is growth arrest-specific 1 (GAS1), a 45 kDa
glycoprotein attached to the plasma membrane via a glycosylphosphatidylinositol (GPI)

anchor. Among other cell types, GAS1 is expressed in progenitor cells of the developing

57



2 RESULTS

77 central nervous system (Allen etal., 2007; Lee and Fan, 2001). GAS1 facilitates interaction of
78 SHH with PTCHZ1 under limiting SHH concentrations by forming co-receptor complexes,

79 promoting SHH signaling in the cerebellum (lzzi et al., 2011) and spinal cord (Allen et al.,
80 2011; Allen et al., 2007; Martinelli and Fan, 2007).

81 Loss of GAS1 in gene-targeted mice (Allen etal., 2007; Khonsari et al., 2013;

82 Martinelli and Fan, 2007; Seppalaetal., 2007; Seppalaetal., 2014) or in patients with GAS1
83 missense mutation (Pineda-Alvarez et al., 2012; Ribeiro et al., 2010) result in a range of

84  craniofacial and forebrain malformations, including small eyes, cleft palate, fusion of nasal
85 processes, and HPE. These malformations are believed to originate from defects in early

86 development of the rostral forebrain neuroepithelium as judged from impaired expression of
87 Shh (Seppala et al., 2014) as well as its targets Nkx2.1 (Allen et al., 2007; Echevarria-Andino
88 and Allen, 2020) and Glil (Echevarria-Andino and Allen, 2020; Khonsari et al., 2013;

89 Seppalaetal., 2007) in this tissue in Gas1 mutant mice.

90 Our findings now corroborate loss of SHH activity in the GAS1-deficient forebrain
91 neuroepithelium in vitro and in vivo. Surprisingly, this defect may be attributed, at least in

92 part, to a novel role for GAS1 in promoting Notch signaling, required to sustain the SHH

93 activity domain in this forebrain organizer region. Loss of GAS1 impairs Notch-mediated

94  facilitation of SHH signaling in neural progenitors and results in a failure to permanently

95 establish the ventral SHH activity domain in the embryonic forebrain, the ultimate cause of
96  forebrain and craniofacial anomalies in individuals lacking GASL.

97

98  RESULTS

99  Reduced SHH and Notch pathway activities in the rostral ventral neuroepithelium of

100 Gasl mutant mouse embryos

101 To dissect the contribution of GAS1 to SHH signaling during early neuroepithelial

102 differentiation, we compared expression of Shh and its target Glil (Lee et al., 1997) in Gas1™
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mouse embryos and their littermate controls. No differences were detected in Shh transcript
and SHH protein in the PrCP and overlying RDVM, a major forebrain organizer region, at
E8.5(8-9and 10-11 somites; Fig. 1A-B and Fig. S1A). By contrast, Shh and Glil transcripts
in the rostral ventral neuroepithelium of Gas1” embryos were decreased by E9.5 (Fig. 1C)
and SHH protein was completely lost by E10.5, when compared to controls (Fig. 1D). These
findings extended earlier observations of reduced expression of Shh (Seppala et al., 2014) at
E12.5 or Nkx2.1 (Allen et al., 2007; Echevarria-Andino and Allen, 2020) and Glil
(Echevarria-Andino and Allen, 2020; Khonsari et al., 2013; Seppala et al., 2007) at E9.5 -
10.5 in the ventral forebrain neuroepithelium of Gas1l mutant mice. Importantly, our findings
uncovered that GAS1 is not essential for SHH signaling in this tissue. Rather it promotes
persistence of this SHH activity domain, initially established in the absence of this receptor.
At E8.5, expression of Shh in the PrCP provides the major source of the morphogen to
pattern the overlying RDVM (Dale et al., 1997). To exclude a primary defect in this source as
the reason for loss of SHH activity in Gas1” embryos at later embryonic stages, we
quantified the size of the mutant PrCP based on Shh fluorescence in situ hybridization (FISH)
on E8.5 coronal forebrain sections. These studies failed to detect any difference in the size of

the Shh expression domain in the PrCP comparing control and Gas1” embryos (Fig. S1B-C).

To elucidate the reasons for loss of SHH activity in Gas1” embryos at later stages of
development, we performed comparative bulk RNAseq of the microdissected rostral ventral
neuroepithelium from E10.0 Gas1*™* and Gas1’- embryos (Fig. 2A). Global changes in the
transcriptomes were determined by principal component analysis (Fig. 2B) and by
hierarchical clustering of 324 identified differentially expressed genes (DEGs; Fig. 2C and
Supplementary Excel file). Gene ontology (GO) term enrichment analysis identified the
expected changes in gene expression related to nervous system development, neurulation, and
Hedgehog signaling (Fig. 2D). Changes in DEGs included decreased levels of transcripts for

Shh, Ptchl, and Nkx2.2 (Fig. 2E and Table S1). In addition, manual query of the RNAseq data
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129 for established down-stream targets of the SHH signaling pathway identified statistically
130 significant decreases in expression of Isl1, Pomc1, Nkx2.1, and Wnt5a (Fig. S2), as well as a
131 concordant upregulation of Fgf10, Tbx2 (Fig. 2E-F), and Tbx3 (Fig. S2). These changes
132 recapitulated phenotypes seen in Shh mutant mice (Carreno et al., 2017; Corman et al., 2018;
133 Crane-Smith et al., 2021; Szabo et al., 2009) and further substantiated a role for GAS1 in
134 control of SHH activity in the developing forebrain neuroepithelium.
135 In addition to the anticipated change in SHH target gene expression, global
136 transcriptomics identified unexpected alterations in NOTCH signaling in the ventral forebrain
137 midline of Gasl mutants (Fig. 2D). NOTCH pathway components have been shown to be
138 expressed in the rostral ventral neuroepithelium of the mouse embryo from E8.5 onwards
139 (Ware etal., 2014), but no function for GAS1 in modulating NOTCH signaling in this domain
140 had been described so far. In detail, our RNAseq data revealed decreased transcript levels for
141 the DEGs NOTCH receptor 1 (Notchl), Delta-like protein 1 (DII1) and 3 (DII3), Hes family
142 bHLH transcriptions factor 5 (Hes5), NOTCH regulated ankyrin repeat protein (Nrarp), and
143 maniac fringe (Mfng) (Fig. 2F and Table S2). Alterations in NOTCH activity in Gas1™
144 embryos were further supported by expression analyses of genes affected by NOTCH
145 deficiency in other models (Ratie et al., 2013; Ware et al., 2016). Genes also downregulated
146 in the rostral forebrain neuroepithelium of Gasl mutant mice included the transcription factor
147 Heyl, a NOTCH target in the murine forebrain neuroepithelium (Ware et al., 2014) (Fig. S3).
148 Of note, some targets, upregulated upon NOTCH pathway disruption in mouse and chick
149 models (Ratie et al., 2013; Ware et al., 2016), were downregulated in the Gas1™ ventral
150 midline, including Ascl1, Stmn2, and Slit1 (Fig. S3).
151 Impaired NOTCH pathway activity was further validated by expression analyses in
152 Gas1” embryos. In detail, Hes5 expression in the rostral neuroepithelium was reduced as
153 early as E8.5 (10-11 somites; Fig. 3B), a time point coinciding with Gas1 expression in this

154 tissue (Fig. S4A). Transcripts for Hes5, but also for Notch1 and DII1 in the rostral ventral
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neuroepithelium of mutants were further reduced at E9.5 (Fig. 3C) and E10.5 (Fig. 3D).
Notably, a reduction in Hes5 expression at E8.5 preceded defects seen in the SHH pathway in
Gasl mutants at E9.5 (Fig. 1C); and they were specific to the forebrain neuroepithelium as no
changes in expression of Notchl, DII1, or Hes5 were detected in the spinal cord of mutant as

compared with control embryos (Fig. S4B).

GAS1 promotes activation of NOTCHL1 to facilitate SHH-dependent ventral

neuroepithelial cell fate specification

To further dissect the molecular mechanism underlying GAS1 function in the rostral
neuroepithelium, we established isogenic human induced pluripotent stem cell (iPSC) lines,
either wild-type (WT) or genetically deficient for GAS1 (GAS1 KO; Fig. S5A-B). Loss of
GASL did not impact pluripotency of iPSCs as shown by normal expression of pluripotency
markers (Fig. S5C-F) and by their ability to generate all three germ layers (Fig. S5G-J).

Next, WT and GAS1 KO iPSCs were subjected to differentiation into neural
progenitor cells (NPCs) of dorsal or ventral cell identity using established protocols (Fig. 4A)
(Chambers et al., 2009; Flemming et al., 2020). When treated with noggin, dorsomorphin, and
small molecule SB431542 to block BMP and TGF signaling, both WT and GAS1 KO iPSCs
downregulated the pluripotency marker OCT4 and induced the neuroectodermal marker
PAX®6 (Fig. 4B-C; Fig. S6A-B). Consistent with adopting a dorsal neural progenitor fate, both
genotypes induced GLI3, an inhibitor of the SHH pathway (Fig. 4D). Also, WT, but not KO
cells, induced expression of GAS1 (Fig. 4E-F), a negative SHH transcription target (Allen et
al., 2007). By contrast, when iPSCs were treated with SHH, instead of SB431542, to induce a
ventral neural progenitor fate (schematic in Fig. 4A), GAS1 KO cells failed to efficiently
repress PAX6 and GLI3 (Fig. 4C-D), or to induce the ventral markers FOXG1, NKX2.1,
NKX2.2, DLX2, and LHX6 (Fig. 4G-K). Such a cellular response to SHH was readily seen in

WT cells adopting a ventral cell fate (day 11, ventral; Fig. 4C-K). Loss of SHH-dependent
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repression of PAX6 or induction of NKX2.1 in mutant NPCs was confirmed by
immunocytochemistry (Fig. S6B-C). These data documented the inability of GAS1-deficient
NPCs to adopt a ventral cell fate, likely due to their impaired response to ventralizing signals
provided by SHH.

To substantiate the inability of GAS1 KO cells to respond to SHH, we tested GLI1
transcript levels in NPCs treated with conditioned medium from HEK293 cells secreting
SHH-Np (Christ et al., 2012). SHH-Np induced GLI1 transcription in WT NPCs to a much
greater extent than in GAS1 KO NPCs (SHH-Np; Fig. 4L), a response blocked by the
hedgehog inhibitor cyclopamine-KAAD in both cell types (SHH-Np + CKAAD; Fig. 4L).
Treatment with Smoothened agonist (SAG) resulted in a similar induction of GLI1 in both
genotypes, indicating pathway integrity in GAS1 KO cells downstream of SMO (SAG; Fig.
4L). Taken together, our findings substantiated iPSC-derived NPCs as a faithful model to
study neural progenitor fate decisions, and the importance of GAS1 for interpreting
ventralizing signals provided by SHH to this cell type.

In line with our gene expression data from Gas1 mutant embryos, GAS1 KO NPCs
also failed to activate the NOTCH pathway during neuroectodermal differentiation. Thus,
despite normal expression of NOTCH1 and DLL1 transcripts and proteins (Fig. 5A-B and D),
induction of HES5 transcript and protein levels was much lower in GAS1 KO as compared
with WT NPCs (Fig. 5C and E). This defect was seen for dorsal and ventral cell fates alike,
documenting a SHH-independent role for GAS1 in NOTCH signaling. GAS1 deficiency
impacted Notchl and DII1 expression in E9.5-10.5 embryos (Fig. 3C-D) but not in NPCs (Fig.
5A-B). This distinction likely reflected the fact that iPSC-derived NPCs recapitulate an early
stage of neuroepithelial differentiation. Importantly, enhancing or abrogating SHH activity by
SHH-Np and SAG or by cyclopamine, respectively, did not impact HES5 transcript levels in

WT NPCs (Fig. S7). These findings confirmed that SHH does not control expression of
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NOTCH pathway components in neural progenitors and that loss of SHH activity was not the
primary cause of NOTCH pathway deficiency in GAS1 KO NPCs.

The impact of GAS1 on NOTCH signaling manifested at the level of ligand-induced
processing of the receptor polypeptide as shown by quantification of the NOTCH1
intracellular domain (NICD) produced in response to treatment with its ligand DLL1. In WT
NPCs, treatment with recombinant DLL1 increased NICD levels as compared to the control
condition (Fig. 5F and G). NICD formation in WT NPCs was blocked by addition of the y
secretase inhibitor DAPT (Fig. 5F and G). DLL1-induced NICD production correlated with
increased levels of HES5 transcripts in WT cells, faithfully recapitulating established NICD
actions in this cell type (Fig. 5H). By contrast, DLL1-induced NICD generation and down-
stream signal transduction was completely lost in GAS1 KO NPCs as the levels of NICD (Fig.
5F-G) as well as HESS transcripts (Fig. 5H) did not increase above the levels seenin cells in
the absence of the ligand. These findings documented a complete loss of ligand-induced
NOTCH activity in NPCs lacking GASL.

To investigate the molecular mechanism of GAS1 action in NOTCH signaling, we
performed proximity ligation assays, demonstrating the close proximity of GAS1 and
NOTCH1 in WT NPCs (Fig. 6A). Immunoprecipitation (IP) assays further showed that GAS1
co-IPs with PTCH1 (a known interaction) but also with NOTCH1 (Fig. 6B), further arguing
that GAS1 and NOTCH1 physically interact. To further dissect the domain requirements for
GASL in NOTCHZ1 activation, we transfected HEK293 cells with hemagglutinin (HA)-tagged
full length or truncated variants of GAS1 (Fig. 6C) and determined endogenous NICD
production in response to DLL1 application. Whereas full length GAS1 induced DLL1-
dependent NICD production, GAS1 lacking the GPI anchor did not (Fig. 6D-E). Also,
deletion of the extracellular DN or DC domains in GAS1 eliminated the ability of the receptor
to induce NICD production (Fig. 6F-G). These findings documented that full length,

membrane tethered GASL is required to promote NOTCHL1 signaling in neural progenitors.
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Ectopic NOTCH signaling rescues loss of SHH activity in the GAS1-deficient forebrain

neuroepithelium

NOTCH has been shown to facilitates SHH signaling in retina and spinal cord of mouse,
chick, and zebrafish models (Huang et al., 2012; Jacobs and Huang, 2019; Kong et al., 2015;
Ringuette et al., 2016; Stasiulewicz et al., 2015). To investigate a similar role for NOTCH in
the rostral neuroepithelium, and the relevance for GAS1 in this process, we studied the
interdependency of SHH and NOTCH pathways in NPCs. Levels of HES5 were always lower
in GAS1 KO as compared to WT NPCs, irrespective of the presence or absence of SHH-Np
(Fig. 7A), consistent with the notion that GAS1 activation of NOTCH is SHH-independent.
By contrast, induction of GLI1 and NKX2.1 expression in WT NPCs by addition of SHH-Np
was reduced (GLI1) or even completely lost (NKX2.1) by blockade of NOTCH signaling
using DAPT (Fig. 7B-C). In fact, GLI1 and NKX2.1 transcript levels in WT cells treated with
SHH-Np and DAPT were comparable to levels in GAS1 KO cells treated with SHH-Np in the
absence of DAPT. These findings further argued that GAS1-dependent activation of
NOTCH1 is a major contributor to SHH signal strength in neural progenitors.

To further substantiate the relevance of GAS1-dependent activation of NOTCH1 for
SHH signaling, we tested SHH activity in GAS1 mutant cells following ectopic induction of
NOTCHL1 activity. In these experiments, lentiviral overexpression of NICD rescued the defect
in HES5 induction in GAS1 KO NPCs independent of SHH as levels of this transcript were
comparable in NICD-treated WT and KO NPCs; both in the presence or absence of SHH-Np
(Fig. 7D). Importantly, NICD overexpression partially rescued SHH-dependent GLI1 and
NKX2.1 induction in GAS1 KO NPCs treated with SHH-Np and NICD as compared to
treatment with SHH-Np only (Fig. 7E-F).

So far, our findings corroborated a role for GAS1 in NOTCH-dependent facilitation of

SHH signaling in cultured NPCs. To confirm the relevance of this activity for SHH action in
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the developing forebrain, we tested the ability of NOTCH signaling to rescue loss of SHH
activity in the Gas1™ rostral ventral neuroepithelium. To do so, we used cephalic explants, a
utilitarian model to study neuroepithelial differentiation ex vivo (Christ et al., 2012;
Echevarria et al., 2001). In the protocol used here, cephalic explants were isolated from E9.5
WT and Gas1” embryos and cultured for 48h, followed by gene expression analyses using
ISH (Fig. 8A). In Gasl mutant explants, correct albeit slightly reduced expression of Shh was
seen at E9.5 in the rostral ventral neuroepithelium (t = 0 hr; Fig. 8B). This expression domain
was completely lost after two days in culture (t = 48 hr; Fig. 8B). By contrast, Shh expression
sustained in the rostral ventral neuroepithelium of WT explants (Fig. 8B). These findings
recapitulated our in vivo data that GAS1 was required to sustain the Shh expression domain,
initially established normally around E8.5 in the Gasl mutant forebrain. Thus, cephalic
explants represented a faithful model to recapitulate Shh defects observed in the GAS1-
deficient rostral neuroepithelium in vivo.

Next, we treated cephalic explants with lentiviral constructs encoding NICD to
ectopically induce NOTCH signaling. In line with this strategy, expression of Hes5, absent
from GAS1-deficient explants treated with control virus, was rescued in mutants by ectopic
expression of NICD (Fig. 8C). Importantly, overexpression of NICD also increased Shh
transcript levels in the rostral ventral neuroepithelium in approximately half of the Gas1™”
explants to levels similar to that in WT tissue (Fig. 8D). Similarly, NICD expression also
partially rescued levels of Nkx2.1 in the rostral ventral neuroepithelium of mutant explants
(Fig. 8E). As a negative control, no rescue of Shh or Nkx2.1 expression was detected in Gasl®
" explants treated with a control virus (Fig. 8D-E).

In conclusion, our findings identified a novel role for GAS1 in integrating SHH and
NOTCH signaling pathways, a function specific to neural progenitors in the rostral forebrain
neuroepithelium destined to adopt a ventral cell fate (Fig. 8F). According to our model, GAS1

interacts with PTCH1 to promote SHH-dependent gene expression, including induction of
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Shh, Nkx2.1, or Glil. However, GAS1 also interacts with NOTCHL1 to facilitate ligand-
induced production of NICD. GAS1-dependent NICD production induces prototypic NOTCH
targets, such as Hes5 and Hey1; but it also acts on the SHH pathway to increase strength and
persistence of SHH signal reception. The latter mode of action is unclear at present but, based
on work by others, may act at the level of several HH pathway components, including

PTCH1, SMO, or GLI2.

DISCUSSION

Previous studies have identified multiple developmental abnormalities in mouse models and
patients carrying mutations in GAS1. These defects have been phenotypically characterized in
great detail in Gas1™ mice and include microforms of HPE, but also a range of craniofacial
anomalies, such as midfacial hypoplasia, premaxillary incisor fusion, cleft palate, or
malformation of the anterior pituitary (Allen et al., 2007; Echevarria-Andino and Allen, 2020;
Khonsari etal., 2013; Martinelli and Fan, 2007; Seppala etal., 2007; Seppala et al., 2014).
Malformations phenocopy aspects of SHH deficiency, including hypothalamic defects and
pituitary hypoplasia (Carreno et al., 2017; Zhao et al., 2012). Phenotypes increase in severity
with haploinsufficiency for Shh (Allen et al., 2007; Khonsari et al., 2013; Martinelli and Fan,
2007; Seppala et al., 2007), documenting interaction of Gas1 and Shh in formation of the
midline and structures derived thereof. Increasing or decreasing GAS1 activity in the neural
tube of chick or mouse positively correlates with SHH pathway activity, corroborating an
agonistic role for GAS1 in the graded response of neuroepithelial cells to ventralizing signals
by this morphogen (Allen et al., 2007; Khonsari et al., 2013; Martinelli and Fan, 2007,
Seppala et al., 2007). Although studies on the cellular response to SHH mainly concern a role
for GAS1 in patterning of the caudal neural tube and limbs (Allen et al., 2011; Allen et al.,
2007; Martinelli and Fan, 2007), they also serve as an explanatory model for GAS1 action in

SHH signaling in the rostral neuroepithelium. This assumption is supported by loss of
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expression of Shh and downstream targets in this tissue around E9.5 - 12.5. (Allen et al.,
2007; Echevarria-Andino and Allen, 2020; Khonsari et al., 2013; Seppala et al., 2014).

Our studies aimed at corroborating a role for GAS1 in the cellular response of neural
progenitors of the forebrain neuroepithelium to SHH signals. To do so, we applied unbiased
as well as targeted approaches of molecular phenotyping of the forebrain neuroepithelium
during early neurulation (E8.5 to E10.5), and we queried our findings by modeling of
morphogen actions in iPSC-derived NPCs. NPCs faithfully recapitulate the in vivo response
of neuroepithelial cells to morphogen signals and the consequential dorsal versus ventral cell
fate choices (Fig. 4B-K). Also, this cell model faithfully recapitulates defects in the
immediate cellular response to SHH signals observed in the GAS1-deficient forebrain
neuroepithelium in vivo and ex vivo. Importantly, this cell model enables quantitative
assessment of the cellular response to morphogen signals using agonists and antagonists, an
experimental strategy difficult to apply to forebrain patterning in vivo.

Concerning the presumed role for GAS1 in the cellular response of the forebrain
neuroepithelium to SHH, our studies extended previous work by confirming loss of
morphogen expression and activity around E9.5 (Fig. 1C). These defects are consistent with
SHH deficiency at early neurulation as seen in Shh mutant mouse embryos (Carreno et al.,
2017; Corman et al., 2018; Crane-Smith et al., 2021; Szabo et al., 2009). However, contrary
to prior analysis that focused on developmental stages after E9.5, our data uncovered that
GAS1 is notrequired for initial establishment of the SHH domain in the RDVM at E8.5, but
to sustain its activity at later stages of neurulation. The same effect is also seen in cephalic
explants (Fig. 8B). This mode of action distinguishes GAS1 from other SHH binding proteins,
such as LRP2, required for initial establishment of the SHH activity domain in the RDVM at
E8.5 (Christetal., 2012). A faciliatory role for GAS1 in SHH signal reception in neural
progenitors is substantiated by quantitative assessment of their response to pathway

stimulation. In these experiments, the response of GAS1 KO cells to SHH-Np is lower than in
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WT cells, yet significant as compared to non-treated cells, and comparable to the extent of
pathway stimulation seen with SAG in either genotype. Still, baseline stimulation of the SHH
pathway in the absence of GASL is clearly insufficient to trigger a ventral cell fate decision
(Fig. 4B-K), providing a molecular correlate for ventralizing defects seen in the Gas1 mutant
neural tube invivo (Allen et al., 2007; Khonsari et al., 2013; Martinelli and Fan, 2007;
Seppalaetal., 2007).

While a role for GAS1 in the response of the forebrain neuroepithelium to SHH may
have been anticipated based on previous work, a role for this receptor in NOTCH signaling in
this cell type is novel and surprising. In NPCs, loss of GAS1 completely abrogates the ability
to induce the NOTCH target HES5, an effect independent of dorsal or ventral cell fate
decisions (Fig. 5C and E). Also, GAS1-deficient NPCs fail to respond to the NOTCH ligand
DLL1 with induction of NICD production and HES5 transcription (Fig 5F-H). Deficiency in
NOTCH signaling is confirmed in GAS1-deficient embryos as early as E8.5 (Fig. 3B).
Phenotypes include features observed in mice with targeted disruption of the NOTCH
pathway component RBPJ, such as loss of Hes5 in the rostral ventral diencephalon (Ware et
al., 2016). Some targets, such as Ascl1, upregulated upon NOTCH pathway disruption in the
RBPJ KO mouse model (Ratie etal., 2013; Ware et al., 2016), were downregulated in the
Gas1” ventral midline (Fig. S3). These distinctions are likely due to the fact that Gas1” mice
still retain the activity of RBPJ, that acts as a transcriptional repressor in the absence of NICD
(Castel et al., 2013). NOTCH signaling promotes progenitor cell maintenance in the
developing CNS and controls neuronal/glial cell fate decisions (reviewed in (Gaiano and
Fishell, 2002)). Specifically, recent work identified the importance of NOTCH signaling for
maintenance and differentiation of prosencephalic structures, including hypothalamic neurons
and pituitary gland. Consequently, NOTCH signaling defects in the RBPJ KO mouse model
causes malformation of the pituitary gland (Aujla et al., 2015; Aujla et al., 2013), a defect

shared by GAS1-deficient mice (Khonsari et al., 2013). Although not explored in this study in
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detail, loss of NOTCH activity in the rostral neuroepithelium of Gas1” embryos may be
expected to cause additional phenotypes related to NOTCH deficiency.

Concerning the molecular mechanism whereby GAS1 promotes NOTCH activation,
this action likely involves direct interaction with NOTCHL, a co-receptor concept also
operable for GAS1 action on PTCH1 (lzzi etal., 2011). At present, we can only speculate
about the mode of GAS1 action in this context. Because the ability of GAS1 to promote
NOTCH1 activation is lost when the GPI anchor is deleted, one may argue that GPl-anchored
GASL1 targets NOTCH1 to specialized lipid raft compartments where secretases or ligands
reside. Such a NOTCH-sorting function has been shown for GPl-anchored Cripto-1
(Watanabe et al., 2009). Whatever the mode of action, it is operable in the rostral but not the
caudal neural tube, supporting a unique role for GAS1 in NOTCH signaling during early
forebrain patterning.

Conceptually, GAS1 deficiency phenotypes may represent a combination of NOTCH
and SHH defects, originating from independent functions of GAS1 in activation of PTCH1
and NOTCH1. More exciting is the hypothesis that both functions for GAS1 converge on its
ability to promote SHH signal strength and persistence in the forebrain neuroepithelium (see
schematic in Fig. 8F). NOTCH is known to exerts some of its actions by facilitating SHH
signal reception and maintaining SHH responsiveness in target cells. These actions may work
through different mechanisms. On the one hand, NOTCH signaling has been shown to
regulate the availability and stability of GLI proteins in mouse retinal progenitor cells
(Ringuette etal., 2016) as well as in neural progenitor cells of the zebrafish spinal cord
(Jacobs and Huang, 2019). On the other hand, NOTCH signals prime neural progenitor cells
of the mouse and chick neural tube for response to SHH by regulating trafficking of PTCH1
and SMO (Huang et al., 2012; Kong et al., 2015; Stasiulewicz et al., 2015).
Haploinsufficiency for NOTCH pathway components in some patients with HPE further

suggests that NOTCH-dependent facilitation of SHH signaling is required for forebrain
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formation (Dupe et al., 2011). This conclusion is supported by loss of NOT CH-dependent
SHH activity in the embryonic mouse and chick forebrains following pharmacological or
genetic perturbation of NOTCH activity, defects that include disruption of the hypothalamo-
pituitary axis (Hamdi-Roze et al., 2020).

While dissection of NOTCH-dependent versus NOTCH-independent effects of GAS1
on SHH signaling will be challenging in vivo, iPSC-based modelling of neural progenitor
differentiation enables quantitative assessment of the contribution of both pathways to SHH
signal strength. In WT NPCs, SHH-Np induced gene expression is largely reduced (GLI1) or
even completely abolished (NKX2.1) by blockade of NOTCH using DAPT (Fig. 7B and C).
In support of a prominent role for NOTCH in SHH signal strength, SHH signaling defects in
GAS1 mutant NPCs can be partially rescued in vitro (Fig. 7E-F) and in cephalic explants ex
vivo (Fig. 8D-E) by NICD. Although this experimental approach does not formally rule out a
GASL1-independent role for NOTCH in SHH signal transduction, SHH-Np induced expression
of GLI1 is comparable in WT and GAS1 KO cells in the presence of DAPT, arguing that a
major contribution to SHH signal strength in WT cells stems from the action of GAS1 on
NOTCH (Fig. 7B).

In conclusion, our findings suggest a new concept concerning the role of SHH co-
receptors in control of morphogen signaling in forebrain neuroepithelial cells. Specifically,
they document that GAS1 acts as a co-receptor for both PTCH1 and NOTCHL1 to integrate
instructive signals by SHH and NOTCH ligands in this cell type; and they argue that loss of
GAS1-dependent NOTCH activation may contribute to forebrain malformations in

individuals carrying GAS1 mutations.
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MATERIALS AND METHODS

Mouse models

Mice carrying a targeted disruption of Gasl (Martinelli and Fan, 2007) have been described.
The Gas1 mutant line was kept by breeding of Gas1* animals ona C57BL/6N genetic
background. As no phenotypic differences in forebrain formation were observed between
Gas1** and Gas1*" embryos in this study, both genotypes were used as matched littermate
controls for GAS1-deficient embryos. All animal experimentation was performed following
approval by authorities of the State of Berlin (X9007/17). In situ hybridization (ISH) and
immunohistology on mouse tissues were performed according to published protocols (Christ

etal., 2012) and as detailed in the supplementary method section.

GAS1-deficient human iPSC model

Human induced pluripotent stem cell line HPSI1113i-wetu_2 was kindly provided by the
Wellcome Trust Sanger Institute, UK and used as wild-type control cell line (WT). iPSCs
were cultured on Matrigel (354277, Corning) -coated culture plates in Essential 8 (E8) or E8
Flex medium (Gibco). Culture medium was changed daily. Cells were passaged every three to
four days at a density of 70-80% using StemPro Accutase (Gibco) and 10 uM of Rock
inhibitor Y27632 (SEL-S1049, Selleck Chemicals). A GAS1-deficient subclone of
HPSI1113i-wetu_2 (GAS1 KO) was generated by targeting the GAS1 gene using the
CRISPR/Cas9 system. Single guide RNA (sgRNA) was designed using the online software
tool CHOPCHOP (Labun et al., 2019). sgRNA sequences were sense:
CTCAACGACTGCGTGTGCGA and antisense: TCGCACACGCAGTCGTTGAG.
Annealed sgRNA oligonucleotides were cloned into the expression vector pSpCas9(BB)-2A-
Puro V2.0 (PX459, Addgene plasmid #62988). Human iPSCs were transfected with the final
sgRNA-plasmid construct using Lipofectamine3000 (Invitrogen) according to manufacturer’s

instructions. Transfected cells were selected with 0.1 pg/ml puromycin for one week before

71

17



440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

2 RESULTS

seeding them at low density for single cell colony expansion. Clones were analyzed for
successful deletion using the Phire Animal Tissue Direct PCR Kit (Thermo Fisher Scientific).
Primer sequences used were CAAAGTCTTCAACGGGCTGC (forward) and
CGGGCCATGTTCTCCTTGA (reverse). To confirm deletion of the targeted GAS1 region,
DNA sequencing was performed by LGC Genomics GmbH and data analyzed using the
DNAStar SeqMan Software Version 13.0.0. Analysis of pluripotency by scorecard assay and
differentiation in neuroepithelial progenitor cells is described in the supplementary method

section. All iPSC lines were regularly tested negative for mycoplasma.

SHH signaling in NPCs

NPCs of differentiation day 7-9 were incubated with 5-10% conditioned medium from control
or SHH-Np secreting HEK293 cells (Christ et al., 2012), 200 nM SAG (SML1314, Sigma-
Aldrich), 50 nM cyclopamine-KAAD (239804, Calbiochem), or 25 pM DAPT (565770,
Sigma-Aldrich) diluted in N2B27 medium overnight or for 3 days (for studies including
DAPT). The medium was changed daily with freshly added compounds. For rescue
experiments, NPCs of differentiation day 5 were dissociated using Accutase and seeded onto
Matrigel-coated 24-well-plates at a density of 400000 cells/well. Cells were transduced with
20 ul/well NICD or GFP control expressing lentivirus solutions and 8 pg/ml polybrene
overnight. 48 hours after transduction, cells were incubated overnight with 5-10% conditioned
medium from control or SHH-Np secreting HEK293 cells. Following, cells were subjected to

gene expression analysis by quantitative real-time PCR.

Analysis of NOTCHL1 signaling in NPCs and HEK293

NPCs at differentiation day 7-9 were treated with recombinant DLL1-Fc (10184-DL, R&D
Systems) or Fc control (110-HG, R&D Systems) coupled to Pierce Protein G Magnetic Beads

(Thermo Fisher Scientific) and, where applicable, additionally with 25 uM DAPT overnight.
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Human GAS1 constructs (HA-hGAS1, HA-hGAS1AGPI, HA-hGAS1ADN, and HA-

hGAS1ADC) were generated by PCR-based cloning into the pCIG vector (Megason and

McMahon, 2002) and confirmed by sanger sequencing. HEK293T cells were transfected with
the various GAS1 constructs using Lipofectamine2000. Forty-eight hours after transfection,
cells were incubated with DLL1-Fc or Fc control magnetic beads overnight. Cells were
washed with PBS to remove beads and subjected to protein analysis by western blotting. For
each reaction, 20 pl protein G magnetic beads were first equilibrated in PBS and then
incubated with 500 ng DLL1-Fc or Fc control overnight at 4°C on a rotator. Next day, the

beads were washed and stored in PBS at 4°C until use.

Rescue of SHH signaling in explants

Cephalic explants were prepared as described (Christ et al., 2012; Echevarria et al., 2001)
with minor modifications. Briefly, E9.5 embryos were dissected in DMEM without phenol
red supplemented with 1x GlutaMAX and 1x penicillin-streptomycin (Gibco). Embryonic
heads were opened along the dorsal midline and the floor plate was cut at the level of the
cephalic flexure. Explants were placed on polycarbonate membrane filters of 0.8-1 um pore
size (Millipore) with the ventricular side facing up and transferred to 24-well-plates
containing DMEM supplemented with 10% FCS, 1x GlutaMAX and 1x penicillin-
streptomycin (Gibco). Explants were recovered for 2-3 hours at 37°C with 5% CO; and 95%
humidity. 20 pl lentivirus solution containing NICD or GFP encoding lentivirus particles was
applied on top and explants were further cultivated for 48 hours. After gently washing with
culture medium and subsequently with PBS, the explants were fixed in 4% PFA at 4°C

overnight before subjecting to whole mount ISH for Shh, Nkx2.1 or Hes5.
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Statistical Analysis

Data are represented as mean + standard deviation (SD). All statistical analyses were
performed using GraphPad Prism 7.0. The applied statistical tests are indicated in the

respective figure legends.
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FIGURE LEGENDS

Figure 1: GAS1 deficiency impedes persistence of the SHH activity domain in the
murine embryonic forebrain.

SHH and Glil expression patterns in control (Control) and GAS1-deficient (Gas1”) embryos
at the indicated embryonic stages. Analyses were performed on whole mount preparations
(for Shh in panels A and B), or coronal sections thereof (as indicated in the respective insets
adapted from BioRender.com). (A, B) Shh transcript (blue; upper panels) and SHH protein
(red; middle panels) are detectable in prechordal plate (PrCP) and rostral diencephalon ventral
midline (RDVM), while Glil transcripts are seen in the rostral ventral neuroepithelium
(green; lower panels) at 8-9 (A) and 10-11 (B) somite stages in both genotypes. (C, D) Levels
of Shh transcript (blue; upper panels) and SHH protein (red; middle panels), as well as Glil
transcript (green; lower panels) are decreased at E9.5 (C) and completely lost at E10.5 (D) in
the rostral ventral neuroepithelium of Gas1” embryos compared with controls. Dotted lines
demarcate PrCP, RDVM, or rostral ventral neuroepithelium, respectively. n=4-5 embryos per

genotype and embryonic stage. Scale bars: 50 pm.

Figure 2: Global transcriptomics indicate defects in NOTCH signaling in the GAS1-

deficient rostral ventral forebrain.

(A) The SHH expression domain (as highlighted by immunodetection of SHH) in the rostral
ventral midline of murine E10.0 forebrain sections was isolated by laser capture
microdissection and subjected to bulk RNA sequencing as detailed in supplementary methods.
(B, C) Principal component analysis (PCA; B) and column-based hierarchical clustering
heatmap (C) for all 324 identified differentially expressed genes (DEGS) of replicate pools (5
embryos per pool) of control (n=5) and Gas1”- (n=4) tissue samples are shown. (D) Gene

ontology (GO) term enrichment analysis including the categories biological process, enriched
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pathway sets, and associated phenotypes. The 5 top hits for each category are shown in
decreasing order of evidence based on GO term enrichment test g-value. Numbers indicate the
quantity of DEGs related to the respective term. (E, F) Heatmap of DEGs associated with the

GO term “smoothened signaling pathway” (E) and “NOTCH signaling pathway” (F).

Figure 3: GAS1 deficiency disrupts NOTCH signaling in the murine embryonic
forebrain.

Detection of Notch1, DII1, and Hes5 transcripts on coronal sections of control and Gas1™

embryos at the indicated embryonic stages (plane of section indicated in the insets adapted
from BioRender.com). (A, B) While Notch1l (green; upper panels) and DII1 (purple; middle
panels) transcript levels in the rostral neuroepithelium are comparable between genotypes,
transcript levels for Hes5 (red; lower panels) are normal at 8-9 (A) but decreased at 10-11 (B)
somites in Gas1” embryos compared with controls. n=4-6 embryos per genotype and somite
stage (C, D) Transcript levels for Notchl1 (green; upper panels), DII1 (purple; middle panels),
and Hes5 (red; lower panels) are reduced in the rostral ventral diencephalon of E9.5 (C) and
E10.5 (D) Gas1” embryos as compared with controls. n=8 embryos per genotype and

embryonic stage. Scale bars: 50 um. Dotted lines demarcate rostral ventral neuroepithelium.

Figure 4: Failure to induce SHH-dependent ventral neuroepithelial cell fate in GAS1-

deficient human iPSCs.

(A) Protocol for neuroectodermal differentiation of human iPSCs to neural progenitor cells
(NPCs). Cells received either SB431542 for 11 days (dorsal fate) or for only 5 days, followed

by treatment with SHH for 6 days (ventral fate). (B-E) Quantitative (q) RT-PCR analysis of
transcript levels for OCT4 (B), PAX6 (C), GLI3 (D), and GAS1 (E) at the indicated time
points of dorsal or ventral neuroectodermal differentiation. n=3 biological replicates per

genotype. (F) Immunodetection of GAS1 (red) in WT but not GAS1 KO NPCs. Inset depicts a
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higher magnification of the boxed region in the overview image. Scale bars: 10 um. (G-K)

gRT-PCR analysis of transcript levels for FOXG1 (G), NKX2.1 (H), NKX2.2 (1), DLX2 (J),

and LHX6 (K) at the indicated time points of dorsal or ventral neuroectodermal

differentiation. n=3 biological replicates per genotype. (L) Relative transcript levels of GLI1
as determined by qRT-PCR in NPCs at day 8-10 of neuroectodermal differentiation. Cells had
been treated overnight with control medium, or with medium containing 200 nM smoothened
agonist (SAG) or SHH-Np, in the absence or presence of 50 nM cyclopamine-KAAD
(CKAAD). n=4 biological replicates per genotype and condition. Levels in (B-E) and (G-L)
are given as CT values normalized to transcript levels of GAPDH (2T + standard derivation
(SD). Statistical analyses were performed by two-way ANOVA with Bonferroni post hoc test.

*p < 0.05, ** p < 0.01, **** p < 0.0001

Figure 5: GAS1 promotes NOTCH1 signaling in NPCs.

(A-C) Quantitative (q) RT-PCR analysis of relative transcript levels for NOTCH1 (A), DLL1
(B), and HES5 (C) in WT and GAS1 KO iPSCs at the indicated time points of dorsal or
ventral neuroectodermal differentiation. Levels are depicted as CT values normalized to
transcript levels of GAPDH (2°2€T + SD). n=3 biological replicates per genotype and time
point. Statistical differences were analyzed by two-way ANOVA with Bonferroni post hoc
test. **** p < 0.0001. (D) Immunodetection of NOTCH1 (red; upper panels) and DLL1 (red;
lower panels) in WT and GAS1 KO NPCs. Nuclei were counterstained with DAPI. Scale bar:
10 pm. (E) Detection of HESS transcripts in WT and GAS1 KO NPCs at the indicated time
points of dorsal or ventral neuroectodermal differentiation. Nuclei were counterstained with
DAPI. Scale bar: 25 um. (F) Western blot analysis of levels of full length NOTCH1 and the
NOTCHL1 intracellular domain (NICD) in total lysates of WT and GAS1 KO NPCs. Prior,
cells were treated overnight with control Fc (Fc) or with recombinant DLL1-Fc-conjugated

(DLL1-Fc) magnetic beads in the presence or absence of 25 UM vy-secretase inhibitor DAPT.
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Detection of tubulin served as loading control. (G) NICD levels in WT and GAS1 KO NPCs
treated with control Fc or with DLL1-Fc were determined by densitometric scanning of
replicate western blots as exemplified in (F). Levels are given as relative to the control
condition (setto 1 + SD). n=3 experiments with 2-3 replicates/experiment. (H) HES5
transcript levels in WT and GAS1 KO NPCs treated overnight with control Fc or DLL1-Fc-
conjugated magnetic beads were determined by qRT-PCR. Levels are given as ACT values

normalized to Fc treated cells (2-24€T + SD). n=3 experiments. Statistical significances in (G

and (H) were determined using unpaired t test. ** p < 0.01.

Figure 6: GAS1 interacts with NOTCH1 to enhance NICD processing.

(A) Proximity ligation assay documenting proximity of GAS1 and NOTCH1 (red signal; left
panels) as well as GAS1 and PTCH1 (red signal, right panels) in WT NPCs. No PLA signal
was detected in GAS1 KO cells. (B) Co-immunoprecipitation experiments using WT NPCs.
The presence of GAS1, PTCH1, and NOTCHL1 in total cell lysates is shown in the panel
Input. In panel aGAS1, co-immunoprecipitation of NOTCH1 and PTCH1 using anti-GAS1
antiserum is documented. Detection of tubulin served as loading control (in Input) and as
negative control for specificity of the antiserum (in aGAS1). No proteins were
immunoprecipitated using control anti-lgG antiserum (panel algG). The molecular weights of
protein standards (kDa) are shown in lane M. (C) HA-tagged expression constructs for full-
length human GASL1 (HA::GAS1) or truncated variants lacking the GPI anchor
(HA::GAS1AGPI), or DC (HA::GAS1ADC) or DN (HA::GAS1ADN) domains. Corstrucs
were transiently transfected into HEK293 cells to analyze their effect on NOTCH1 activation.
(D, E) Parental HEK293 cells (Control) or cells expressing HA::GAS1 or HA::GAS1AGPI
were treated with Fc or recombinant DLL1-Fc-conjugated magnetic beads. Levels of NICD

were quantified 16 hours later by western blot analysis (D) and densitometric scanning of
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replicate blots (E). Detection of tubulin and NOTCH1 served as loading controls, detection of
HA as GAS1 expression control. Data in E are given as mean + SD of NICD levels
(normalized to tubulin) relative to controls treated with DLL1-Fc (set at 1). n=3 experiments
with 2-3 replicates/experiment. DLL1-induced production of NICD is higher in HA::GAS
expressing as compared to HA::GAS1AGPI expressing or control cells. (F, G) Experiment as
in (D) and (E) but using control or HEK293 cells expressing HA::GAS1, HA::GAS1ADC, or
HA::GAS1ADN. n=3 experiments with 2-3 replicates/experiment. DLL1-induced production
of NICD is higher in HA::GAS1 as compared to control cells or cells expressing
HA::GAS1ADC or HA::GAS1ADN. Statistical differences in (E) and (G) were determined ly

one-way ANOV A with Bonferroni post hoc test. * p < 0.05, ** p < 0.01, *** p <0.001.

Figure 7: GAS1 enhances SHH activity in iPSC-derived NPCs by facilitating NOTCH

signaling.

(A-C) Relative transcript levels of HES5 (A), GLI1 (B), and NKX2.1 (C) were determined by

gRT-PCR in WT and GAS1 KO NPCs at day 10 of neuroectodermal differentiation. Cells
were treated either with control or SHH-Np-conditioned medium (in the absence or presence

of DAPT) or with DAPT alone for 3 days. n=3 biological replicates per genotype and

condition. (D-F) Relative transcript levels of HES5 (D), GLI1 (E), and NKX2.1 (F) in WT or

GAS1 KO NPCs at day 8 of neuroectodermal differentiation. Cells were treated with control
or SHH-Np-conditioned medium overnight in the absence or presence of lentiviral-induced

NICD overexpression. n=3 biological replicates per genotype and condition. Levels in (A-F)
are depicted as CT values normalized to transcript levels of GAPDH (2-2€T + SD) Statistical
analyses were performed by two-way ANOVA with Bonferroni post hoc test. *** p < 0.001,

*H% 1) < 0.0001.
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Figure 8: Ectopic expression of NICD rescues loss of the SHH activity in GAS1-deficient

rostral ventral forebrain explants.

(A) Preparation of cephalic explants as detailed in the supplementary method section (Christ

etal., 2012; Echevarria et al., 2001). (B) Cephalic explants of E9.5 control and Gas1™

embryos were fixed 2 hours (t= 0 hr) or 48 hours (t = 48 hr) after dissection and subjected to

in situ hybridization (ISH) for Shh. The expression domain for Shh in the rostral ventral
neuroepithelium (marked by dotted circles) is seen in Gas1™ embryos at t = 0 hr, albeit

slightly reduced as compared to WTs. This expression domain is, however, completely lost in

Gasl” embryos att = 48 hr. (C-E) Cephalic explants of E9.5 control or Gas1”- embryos were
treated with lentiviral constructs encoding EF.PGK.GFP (GFP control) or NICD-pcw107-V5

(NICD), and subjected to ISH for Hes5 (C), Shh (D), or Nkx2.1 (E) 48 hours later. Expression

domains for Hes5, Shh, and Nkx2.1 in the rostral ventral neuroepithelium (circled by dotted

lines) are absent from EF.PGK.GFP-treated Gas1” as compared to WT explants, but are

partially rescued in Gas1™” explants by NICD-pcw107-V5. The number of explants with

robust signal for Hes5, Shh, or Nkx2.1 in the rostral ventral neuroepithelium, out of all
explants analyzed, are given for each condition and genotype. Scale bar: 500 um. (F) Model

for GAS1 integrating SHH and NOTCH signaling pathways in neural progenitor cells.
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SUPPLEMENTARY METHODS

In situ hybridization and immunohistology on mouse tissue

The plasmid for generating the in situ hybridization (ISH) probe targeting Shh was kindly
provided by A. P. McMahon (University of Southern California, Los Angeles). ISH probes
detecting Hes5 and Nkx2.1 were generated in house targeting basepairs 573-1271 for Hes5
(reference NM_010419.3) and basepairs 2032-2813 for Nkx2.1 (reference NM_009385.2).
Immunofluorescence staining was carried out using rabbit anti-SHH (1:50, sc-9024, Santa
Cruz Biotechnology) or goat anti-GAS1(1:50, AF2644, R&D Systems), respectively, and
secondary antibodies conjugated with Alexa Fluor fluorophores (1:1000, Invitrogen).
RNAscope fluorescent ISH (FISH) on 6 um paraffin sections was performed according to
manufacturer’s protocols using the Multiplex Fluorescent Reagent Kit v2 (ACD) with
standard conditions for manual target retrieval and Protease Plus treatment. Following probes
from ACD were used: Shh (3143661) or Shh-C2 (3143661-C2), Glil (311011) or Gli1-C2
(311011-C2), Notch1-C2 (404641-C2), DII1-C3 (425071-C3), Hes5 (400991) or Hes5-C2
(400991-C2). Bound probes were visualized using Opal dyes 520 (FP1487001KT), 570

(FP1488001KT) or 620 (FP1495001KT, all from Akoya Biosciences) at a dilution of 1:1500.

Microdissection and bulk RNAseq

For laser capture microdissection (LCM), E10.0 embryos (30-33 somites) were dissected on
ice and fixed in 2% paraformaldehyde (PFA) for two hours at 4°C. After washing with PBS
twice, embryos were infiltrated with 30% sucrose in PBS for two hours at 4°C, sequentially
incubated with 25%, 50%, and 75% Tissue Tek O.C.T. compound (Sakura) in 30% sucrose
solution for 30 minutes at 4°C each before embedding in Tissue Tek O.C.T. Coronal 12 pm

cryosections were collected on membrane slides (MembraneSlide NF 1.0 PEN, 415190-
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9081-000, Zeiss), shortly washed in water, and dehydrated in cold 70% and 100% ethanol.
Dried sections were stored in membrane slide chambers at -80°C. Before microdissection,
slides were gradually chilled to room temperature (RT) by incubating at -20°C, 4°C, and RT
for 20 minutes each. LCM was performed by using the Zeiss Axio Observer Z1. Dissected
rostral ventral forebrain midlines were collected in AdhesiveCap 500 tubes (415190-9201-
000, Zeiss), directly lysed in RNA lysis buffer, shortly stored on dry ice, and then transferred
to -80°C. For processing, samples were thawed on ice and RNA was isolated using the
RNeasy FFPE Kit (Qiagen) according to the manufacturer’s manual. RNA integrity and yield
were assessed using the Bioanalyzer 2100 (Agilent Technologies) and Qubit fluorometric
quantification (Thermo Fisher Scientific), respectively. RNA with RNA integrity number
(RIN) > 6.5 was used for cDNA library preparation using the SMARTer Stranded Total
RNA-Seq Pico Kit (Takara), and libraries were sequenced in a 2 x 75 bp paired end run on an
Illumina HiSeq 4000 system with 20 million reads per sample. The analysis involved five
replicates for control and four replicates for Gas1” embryos. Each replicate consisted of a
pool of five embryos of the respective genotype.

Salmon v0.12.0 (Patro et al., 2017) was used to quantify the expression of transcripts
against the Ensembl release 94 of the Mus musculus transcriptome. The multiple forms of
noncoding RNA present in the total RNA sequencing were removed from the GTF file
provided by the same Ensembl release. Only "protein_coding" and lincRNA transcript types
were kept. Transcripts quantified by Salmon but not present in the filtered GTF file were
removed for the downstream analysis. DESeq2 R package (Love et al., 2014) was used with
default parameters to find the differentially expressed genes (DEGS). Transcripts with less
than 5 read counts were filtered and p-values were corrected for multiple testing using the
Benjamini-Hochberg procedure. DEGs recorded in at least two genotypic replicates were

subjected to gene ontology (GO) term enrichment analysis using AmiGO (Carbon et al.,
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2009) and ConsensusPathDB (Kamburov et al., 2011; Kamburov et al., 2009), over-
representation analysis and default parameters, while only GO terms with g-value < 0.05
were considered. Heatmaps and PCA were generated using the heatmap.2 and prcomp
function from the ggplot2 library in RStudio, respectively.

The RNA-seq data have been deposited in the ArrayExpress database at EMBL-EBI under

accession number E-MTAB-10207.

Scorecard assay

Pluripotency and the ability of generating all three germ layers were assessed by TagMan
Scorecard Assay (Applied Biosystems) on spontaneously differentiated embryoid bodies
(EB) (Tsankov et al., 2015). For EB formation, iPSCs were dissociated with Accutase,
seeded into Nucleon Sphera 96-well U-shaped-bottom plates (Thermo Fisher Scientific) at a
density of 8000 cells/well in E8 medium supplemented with 10 pg/ml Y27632, and
centrifuged for 3 minutes at 200 g. Next day, the medium was replaced by DMEM/F12
supplemented with 10% KnockOut Serum Replacement and 1% penicillin-streptomycin
(Gibco). The medium was changed every 3 days. iPSCs (day 0) and EBs (day 14, pool of 20
EBs per genotype) were subjected to RNA isolation followed by cDNA reverse transcription
using the RNeasy Mini (Qiagen) and High-Capacity RNA-to-cDNA Kit (Applied
Biosystems), respectively, before performing the Scorecard assay according to the
manufacturer’s protocols. Gene expression data were analyzed via the web-based hPSC

Scorecard Analysis Software (Thermo Fisher Scientific).

Generation of neural progenitor cells

The protocol for differentiating WT and GAS1 KO cells into NPCs was published before

(Flemming et al., 2020). Briefly, iPSCs were dissociated with Accutase and 20.000 cells/cm?
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were plated on Matrigel-coated plates in E8 medium supplemented with 10 pg/ml Y27632
for 24 hours. Cells were allowed to grow for 3 days in E8 medium until they were nearly
confluent, after which the medium was changed to N2B27 differentiation medium containing
100 ng/ml noggin (6057-NG, R&D Systems), 200 nM dorsomorphin (sc-361173A, Santa
Cruz Biotechnology) inhibiting BMP signaling and 10 pM SB431542 (Cay13031, Cayman
Chemical) for the inhibition of TGF{ signaling. The medium was changed daily. For ventral-
like NPC induction, the medium was replaced by N2B27 containing noggin, dorsomorphin,

and 200 ng/ml SHH at day 5 of differentiation, and cells were grown for up to 6 more days.

Immunofluorescence staining and immunohistology of iPSCs/NPCs

Cells were washed with PBS to remove cell debris and fixed in 4% PFA for 15 minutes at
RT. After washing with PBS, cells were permeabilized in blocking buffer containing 5%
BSA and 0.5% Triton X100 for 1 hour at RT before incubating with primary antibodies
diluted in blocking buffer at 4°C overnight. After washing in TBS with 1% Triton X-100 for
30 minutes and subsequently in TBS with 0.1% Tween 20, cells were incubated with
secondary antibodies conjugated with Alexa Fluor fluorophores (Invitrogen) diluted 1:1000
in blocking buffer for 1-2 hours at RT. Cells were counterstained with DAPI and mounted
with ProLong Gold Antifade Mountant (Life Technologies). Following primary antibodies
were used: sheep anti-DLL1 (1:100, AF5026, R&D Systems), goat anti-GAS1 (1:50,
AF2636, R&D Systems), goat anti-NANOG (1:100, AF1997, R&D Systems), rabbit anti-
NKX2.1 (1:40, MAB94581, R&D Systems), sheep anti-NOTCH1 (1:200, AF5267, R&D
Systems), rabbit anti-PAX6 (1:200, 901301, BioLegend), rabbit anti-OCT4 (1:400, sc-5279,
Santa Cruz Biotechnology) and rabbit anti-SOX2 (1:100, ab97959, Abcam).

RNAscope FISH of HESS transcripts was performed using the Multiplex Fluorescent

Reagent Kit v2 (ACD) according to manufacturer’s protocol and the technical note

99



2 RESULTS

“RNAscope Assay for Adherent Cells Cultured on Coverslips”. Bound human HES5 probe

(521391) was visualized using Opal dye 570 (FP1488001KT) at a dilution of 1:1000.

Proximity ligation assay

Proximity ligation assay (PLA) was performed according to the manufacturer’s instructions
(Duolink PLA Fluorescence). PFA-fixed NPCs at differentiation day 7-9 were incubated with
directly conjugated primary antibodies at a dilution of 1:100 generated with Duolink In Situ
Probemaker PLUS and MINUS Kits. PLA signals were visualized using the Duolink In Situ
Detection Reagent Kit Orange (all Sigma-Aldrich). Following primary antibodies were used:
goat anti-GAS1 (AF2636, R&D Systems), sheep anti-NOTCH1 (AF5267, R&D Systems)

and rabbi anti-PTCH1 (homemade).

Quantitative real-time-PCR

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
instructions with additionally treating the samples with RNase-free DNAse | (Qiagen) for 15
minutes at RT. One pg total RNA was reverse transcribed using the High-Capacity RNA-to-
cDNA Kit (Applied Biosystems). The resulting cDNA was amplified using TagMan
oligonucleotide probes and the TagMan Gene Expression Master Mix on a 7900HT Fast Real
time PCR System and the Sequence detection system V2.4 (all Applied Biosystems). Results

were analyzed using the comparative cycle threshold (CT) method. TagMan probes from

Applied Biosystems were DLL1 (Hs00194509 m1), DLX2 (Hs00269993 m1), FOXG1
(Hs01850784 _s1), GAPDH (Hs02758991 g1), GAS1 (Hs00266715_s1), GLI1
(Hs00171790_m1), GLI3 (Hs00609233_m1), HES5 (Hs01387463_g1), LHX6

(Hs01030943_m1), NANOG (Hs02387400_g1), NKX2.1 (Hs00968940_m1), NKX2.2
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(Hs00159616_m1), NOTCH1 (Hs01062014_m1), OCT4 (Hs00999632_g1), PAX6

(Hs00240871_m1) and SOX2 (Hs01053049 _s1).

Co-immunoprecipitation

NPCs were differentiated until day 6, seeded onto Matrigel-coated 6-well-plates at a density
of 250000 cells/well, and transfected with pCIG-hGAS1-IRES-GFP (kindly provided by F.
Charron, McGill University, Canada) using Lipofectamine2000 (Invitrogen) according to
manufacturer’s protocol. 48 hours after transfection, cells were fixed in 1% formaldehyde
(Thermo Fisher Scientific) for 5 minutes at RT and quenched with cold 1.25 M glycine. Co-
immunoprecipitation (Co-1P) was performed using the Pierce Crosslink Magnetic IP/Co-IP
Kit (Thermo Fisher Scientific). For each reaction, 10 pg/ml goat anti-GAS1 antibody
(AF2636, R&D Systems) or a non-immmune goat IgG control (01-6202, Invitrogen) were
bound to 50 pl magnetic beads for 1 hour and crosslinked for 30 minutes. Cells were lysed
with IP Lysis/Wash Buffer supplemented with cOmplete Protease Inhibitor Cocktail (Roche)
for 1-2 hours on ice on a vertical shaker. The Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific) was used to determine protein concentration in cell lysates. Thirty pg protein
lysate was used as input control and 200-300 g protein lysate was incubated with
crosslinked beads at 4°C overnight. Elution was performed for 30 minutes at RT on a rotator.
Samples were incubated with Novex Tris-Glycine SDS Sample buffer (Invitrogen)
supplemented with 2.5% 2-Mercaptoethanol for 5 minutes at 60°C, before subjecting to

protein analysis by western blotting.

Western blot analysis

Protein expression in cells was evaluated by western blot analysis using standard procedures.

Primary antibodies used for immunodetection were goat anti-GAS1 (1:500, AF2636, R&D
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Systems), mouse anti-HA.11 (1:1000, 901513, BioLegend), rabbit anti-NOTCH1 (1:1000,
4380, Cell Signaling Technology), rabbit anti-cleaved NOTCH1 (1:500, 4147, Cell Signaling
Technology) and mouse anti-tubulin (1:1000, CP06, Calbiochem). Primary antibodies were
detected using secondary antibodies conjugated with horseradish peroxidase (diluted 1:1500;
Sigma-Aldrich) and SuperSignal West Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific). Protein levels were quantified by densitometric scanning of western blots
using the Odyssey Fc Imaging System and Image Studio Lite Software (LI-COR

Biosciences).

Lentivirus production

For producing NICD or GFP overexpressing lentivirus particles, HEK293TN cells were
cultivated on 0.0025% poly-L-Lysin (Sigma-Aldrich) coated culture flasks in Opti-MEM
(Gibco). Cells were transfected with lentivirus envelope and packaging plasmids pMD2.D,
pMDLg/pRRE and pRSV-Rev (Addgene plasmids #12259, #12251 and #12253, respectively,
and the control plasmid EF.PGK.GFP (Addgene plasmid #17618) or the NICD expressing
plasmid NOTCHL1 intracellular domain-pcw107-V5 (Addgene plasmid #64622) using
Lipofectamine2000 according to manufacturer’s instructions in Opti-MEM supplemented
with 25 uM chloroquine (Sigma-Aldrich). After 6 hours, the medium was changed to Opti-
MEM supplemented with 10 uM sodium butyrate (Sigma-Aldrich). Cells were further
cultivated for 2-3 days and the medium replaced and collected every day. The collected
medium was centrifuged for 15 minutes at 500 g at 4°C to remove cell debris and every 3
volumes of lentivirus containing supernatant was incubated with 1 volume of cold Lenti-X
Concentrator (Clontech Laboratories) on ice at 4°C overnight. The mixture was centrifuged at

4°C for 45 minutes at 1500 g and lentiviral pellets were resuspended in 1:100 of the original

102



2 RESULTS

volume using cold and sterile PBS. Lentiviral particle containing solutions were aliquoted

and stored at -80°C.

SUPPLEMENTARY EXCEL FILE

The supplementary excel file lists all 324 differentially expressed genes (DEGS) identified by

comparative bulk RNA sequencing of the microdissected rostral ventral neuroepithelium

from E10.0 Gas1*'* and Gas1’-embryos. Fold change in transcript levels are given as Gas1™
compared to Gas1*™* embryos. q values represent p values corrected for multiple testing

using the Benjamini-Hochberg procedure.
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SUPPLEMENTARY TABLES

Table S1: Expression values of differentially expressed genes related to the gene
ontology term “smoothened signaling pathway” comparing Gas1™ with control embryos

MGI symbol log2 fold change g value
Kif7 -8.515 3.794E-04
Sin3a -7.752 7.008E-03
Nme7 -5.377 3.881E-02
Nkx2.2 -4.422 2.636E-03
Hes5 -3.788 1.350E-02
Ptchl -1.957 4.501E-02
Shh -1.825 8.659E-06
Scubel 2.288 1.404E-10
Fgf10 3.054 3.467E-16

Table S2: Expression values of differentially expressed genes related to the gene
ontology term “NOTCH signaling pathway” in Gas1”- embryos as compared to controls

MGI symbol log2 fold change g value
Tcf3 -22.727 1.566E-09
Sin3a -7.752 7.008E-03
Traf7 -7.743 3.745E-07
Hes5 -3.788 1.350E-02
DII1 -3.376 2.040E-05
Mfng -2.859 6.735E-04
DII3 -2.619 4.743E-02
Nrarp -2.011 1.851E-02
Notchl -1.694 4.825E-04
Fat4 2.063 8.931E-09
Fgf10 3.054 3.467E-16
Thx2 3.426 1.114E-05
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SUPPLEMENTARY FIGURE
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Supplementary figure S1: Expression and activity of SHH are not impacted in Gas1™

embryos during early neurulation.

(A) SHH protein (magenta; left panels) as well as Shh (red; middle left panels) and Glil
transcripts (green; middle right panels) were co-detected on coronal sections from E8.5
control or Gas1” embryos (8-9 and 10-11 somite stages) using immunohistology or

fluorescence in situ hybridization (FISH), respectively. Both single and merged channel

(right panels) configurations are shown for each section. Dotted lines demarcate prechordal
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plate (PrCP) and rostral diencephalon ventral midline (RDVM). The inset (adapted from
BioRender.com) illustrates the plane of section for all panels. n=3 embryos per somite stage
and genotype. (B) Detection of Shh transcripts on coronal sections of E8.5 control and Gas1™
embryos using FISH. Image magnified from panel (A). Dotted lines demarcate the PrCP. (C)
The area of the Shh expression domain in the PrCP of control and Gas1’- embryos at 8-9 and
10-11 somites was quantified using FISH (as exemplified in B). Areas are given as mean
values of 3-4 consecutive sections per embryo. No significant differences in PrCP area was
seen comparing Gas1™- and control embryos using unpaired t test. n=9-11 embryos per

somite stage and genotype. Scale bars: 50 um.
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Supplementary figure S2: Global RNA sequencing indicates dysregulated expression of

SHH target genes in the rostral ventral forebrain midline of Gas1”- embryos.

RNA expression data for the indicated SHH target genes in the isolated rostral ventral

forebrain midline of control and Gas1” embryos at E10.0 are shown. Levels are given as

transcripts per million (TPM). n=5 (Control) and n=4 (Gas1") samples of 5 embryos per

replicate pool. Significant differences were determined using unpaired t-test. * p < 0.05, ** p

<0.01, *** p < 0.001.
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Supplementary figure S3: Global RNA sequencing indicates dysregulated expression of

NOTCH target genes in the rostral ventral forebrain midline of Gas1”- embryos.

RNA expression data for the indicated NOTCH target genes in the isolated rostral ventral
forebrain midline of control and Gas1” embryos at E10 are shown. Levels are given as
transcripts per million (TPM). n=5 (Control) and n=4 (Gas1™) replicate pools with 5
embryos per pool. Significant differences were determined using unpaired t-test. * p < 0.05,

** ) < 0.01.
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E8.5

E9.5

E10.5

Supplementary figure S4: Gasl deficiency does not impact NOTCH activity in the
caudal neural tube.

(A) Immunodetection of GAS1 protein (upper panel, red) and Gas1 transcripts (middle and

lower panels, red) in the rostral neuroepithelium of control but not Gas1” embryos at the

indicated stages of development. Nuclei are counterstained with DAPI. In the E8.5 image,

dotted lines indicate the rostral neuroepithelium. (B) Detection of Notchl (green; upper

panels), DII1 (magenta; middle panels), and Hes5 (red; lower panels) transcripts on coronal

sections of E10.5 spinal cord using FISH. Transcript levels in Gas1”- embryos are similar to

those in controls. Scale bars: 50 um. n=3 embryos per somite stage and genotype. Insets

demonstrate plane of sections (adapted from BioRender.com).
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Supplementary figure S5: iPSC-derived neuroepithelial cells to model GAS1 function in

the RDVM

(A) CRISPR/Cas9 strategy for disrupting GASL. Structural organization of human GAS1

indicating the coding sequence targeted by the single guide (sg) RNA. Nucleotide numbers

according to human GAS1 sequence NM_002048.3. PAM, protospacer adjacent motif. (B)

Disruption of the GAS1 coding sequence by a 13 nucleotides long deletion in iPSC line GAS1
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KO. The respective wild-type GAS1 sequence is shown above (WT). (C)
Immunofluorescence detection of pluripotency markers NANOG, OCT4 and SOX2 in WT
and GAS1 KO iPSC lines. Nuclei were counterstained with DAPI. Scale bar: 50 pum. (D-F)
gRT-PCR of relative transcript levels for NANOG (D), OCT4 (E), and SOX2 (F) in WT and
GAS1 KO iPSCs. Levels in (D-F) are given as CT values normalized to transcript levels of
GAPDH (2 T + standard derivation (SD). No statistically significant differences were seen
comparing genotypes (unpaired t test, n=3 biological replicates). (G-J) TagMan Scorecard
analysis of WT and GAS1 KO iPSCs and spontaneously differentiated embryoid bodies
(EBs) after 14 days, respectively. (G) WT and GAS1 KO iPSCs and EBs showed similar
scores for self-renewal, ectoderm, mesoderm and endoderm differentiation compared to the
expression profile of the reference standard. EBs downregulated self-renewal genes indicated
by (-), while upregulating ectoderm, mesoderm and endoderm genes as indicated by (+). (H,
I) Correlation plots depict comparable expression rates of the 96 analyzed genes between
iPSCs (H) and EBs (1) of different genotypes. Corresponding correlation coefficients (R?) are
shown in the upper left corner. (J) Heatmaps of the analyzed genes related to self-renewal,
mesendoderm, endoderm, mesoderm and ectoderm fate. VValues and colors correlate to the

fold changes (FC) of each gene relative to the undifferentiated reference set.
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Supplementary figure S6: GAS1 KO iPSCs fail to induce a SHH-dependent ventral

neuroepithelial cell fate.

(A) WT and GAS1 KO iPSCs (day 0), and day 5 NPCs derived thereof, were stained for
multipotency marker OCT4 (red). (B) Immunodetection of PAX6 (red) in WT and GAS1 KO
iPSCs at the indicated timepoints of neuroepithelial differentiation. The dorsal marker PAX6
is downregulated in WT, but not in GAS1 KO NPCs, upon SHH-dependent ventral cell fate
induction (panel day 11 ventral). (C) Immunodetection of NKX2.1 (red) in WT and GAS1
KO NPCs at day 11 of dorsal or ventral neuroepithelial differentiation. The ventral marker
NKX2.1 is upregulated in WT, but not in GAS1 KO NPCs, upon SHH-induced ventralization.

Nuclei in (A-C) were counterstained with DAPI. Scale bars: 25 um.
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Supplementary figure S7: Loss of SHH signaling does not impact HES5 expression in

NPCs.

Relative transcript levels of HES5 were determined by gRT-PCR in NPCs at day 8-10 of
differentiation. Cells had been treated overnight with control medium, or with medium
containing 200 nM smoothened agonist (SAG) or SHH-Np, in the absence or presence of 50
nM cyclopamine-KAAD (CKAAD). n=4 biological replicates per genotype and condition.
Levels are given as CT values normalized to transcript levels of GAPDH (2" + standard
derivation (SD). Statistical analyses were performed by two-way ANOVA with Bonferroni

post hoc test. **** p < 0.0001.
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The SHH signaling pathway regulates central patterning processes in the embryo
including the specification of the emerging forebrain along the dorsoventral axis. Pathway
activation requires the binding of SHH to its canonical receptor PTCH1. However, recent
studies have shown that PTCH1 alone is not sufficient for SHH signal reception and
transduction. Rather, additional cell surface proteins have been identified as being essential
for proper SHH signaling referred to as the SHH receptorsome. Two members of this SHH
receptorsome are LRP2 and GAS1. Mutations in SHH co-receptors recapitulate the spectrum
of the loss of Shh phenotype and have been linked to familial forms of HPE in patients and
mouse models further corroborating their importance for SHH-dependent forebrain
development (Allen et al., 2007, 2011; Bae et al., 2011; Cole and Krauss, 2003; Echevarria-
Andino and Allen, 2020; Hong et al., 2017; Izzi et al., 2011; Kantarci et al., 2007; Ribeiro et al.,
2010; Willnow et al., 1996; Zhang et al., 2006, 2011).

Interestingly, members of the SHH receptorsome are structurally diverse and show unique
spatial and temporal expression patterns, suggesting distinct functions in SHH-dependent
developmental processes (Christ et al., 2016). Although the use of receptor mutant mouse
models has been instrumental in identifying members of the SHH receptorsome in the first
place, dissecting their distinct cellular and molecular functions may be technically challenging
in vivo. In the past, in vitro studies using COS7 or NIH3T3 cells have helped to overcome such
technical hurdles by providing easy means to elucidate receptor functions including their
capability to bind SHH, to interact with PTCH1, or to impact intracellular SHH signal
transduction (Christ et al., 2012; Izzi et al., 2011; Seppala et al., 2007). However, these in vitro
studies required the ectopic overexpression of the SHH co-receptors which turned out
impossible for the giant receptor LRP2 or created an unphysiological milieu, potentially leading
to irrelevant interactions. Thus, how exactly these co-receptors modulate SHH action at the
cellular level remained understudied.

In the present thesis, | applied a novel experimental approach using human iPSC-based
modeling of early neurogenesis to elucidate the role of the two SHH co-receptors LRP2 and
GASL in forebrain development and the reasons for HPE in patients lacking either receptor. In
2007, work by Yamanaka and colleagues documenting the ability to reprogram human iPSCs
from somatic cells provided a seminal breakthrough in biomedical research (Takahashi et al.,
2007). Nowadays, the potential to direct differentiation of iPSCs into almost any cell type of
the human body enables a wide range of applications including stem cell and developmental
research, high throughput drug screening, autologous cell therapy as well as disease

modeling. iPSC-based cellular models faithfully recapitulate complex features of in vivo
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development as well as respective disease phenotypes and pathophysiological
manifestations. Additionally, iPSCs can be easily accessed in terms of genetic manipulations
as well as distinct modulations of cellular and molecular processes such as cell signaling.
Clearly, iPSC-based modeling of human diseases has its limitations as iPSC-derived cell types
mostly resemble immature and juvenile cell fates complicating the study of late-onset diseases.
Furthermore, the reprogramming strategy as well as longer cultivation may have an impact on
the genetic stability (Doss and Sachinidis, 2019; Moradi et al., 2019; Singh et al., 2015).
However, in the present study, iPSC-based cell models represented a faithful and powerful
research tool to uncover molecular mechanisms whereby LRP2 and GAS1 control SHH action
during early forebrain development and why HPE ensues in patients carrying receptor gene

mutations.

3.1 SHH-induced decay of LRP2 is a molecular cause for HPE

The multi-ligand endocytic receptor LRP2, also known as megalin, is expressed on the
apical surface of absorptive epithelial tissue including the embryonic neural tube (Christ et al.,
2012) where it directs internalization and cellular trafficking of different ligands. While most
receptor ligands are directed to lysosomal compartments for catabolism (Christ et al., 2015;
Christensen et al., 1999; Nykjaer et al., 1999), some resist degradation and are recycled for
resecretion (Christ et al., 2012; Morales et al., 2006), while others are targeted for transcytosis
(Marino et al., 2003; Ortega et al., 2012). Shuttling of the LRP2/ligand complex are controlled
by various cytosolic adaptor proteins and kinases including adaptor protein complex 2 (AP2)
and disabled homolog 2 (DAB2) as well as LDLR adaptor protein 1 (ARH) and GAIP interacting
protein, C terminus (GIPC), and GSK3p and PKA (Gallagher et al., 2004; Keyel et al., 2008;
Lietal., 2001; Morris et al., 2002; Naccache et al., 2006; Nagai et al., 2005; Shah et al., 2013;
Takeda et al., 2003; Yuseff et al., 2007).

Mutations in LRP2 in humans and LRP2-deficiency in mouse models result in
developmental forebrain defects that include HPE and HPE-related phenotypes such as DBS.
These features recapitulate phenotypic aspects of SHH-deficiency (Avunduk et al., 2000;
Chassaing et al., 2003; Donnai and Barrow, 1993; Gripp et al., 1997; Kantarci et al., 2007,
2008; Khalifa et al., 2015; Pober et al., 2009; Rosenfeld et al., 2010). Subsequently, LRP2 was
shown to act as SHH co-receptor in the RDVM prior to neural tube closure (Christ et al., 2012).
There, it forms a co-receptor complex with PTCH1 and facilitates binding and endocytosis of
SHH secreted from the underlying PrCP. Internalized SHH and LRP2 predominantly co-
localize with recycling endosomes suggesting a role of LRP2 in directing internalized SHH
trafficking to resecretion in the forebrain organizer region and to further increase local SHH
concentrations. However, due to the difficulty to recombinantly express full length LRP2, the

cellular mechanisms of receptor function (and dysfunction in DBS) remained unexplored.
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The establishment of iPSC-derived cell models from two DBS patients enabled me now
to study mutant LRP2 variants in health and disease. In a collaboration with Julia Flemming,
another PhD student in the lab, | studied the impact of a unique missense mutation identified
in a family with DBS on receptor function in patient-derived iPSCs differentiated into NPCs.
The two patients analyzed showed homozygosity for a point mutation in an EGF repeat in the
extracellular region of LRP2 (megalin®392) (Paper 1, Fig. 1a and d). Besides renal resorption
defects, low-molecular weight proteinuria, and severe bilateral myopia, both patients
presented with the absence of megalin®*°?? immunoreactivity in the proximal tubules of renal
biopsies (Paper 1, Fig. 1b and c) suggesting either instability of the mutant transcript or
improper folding and premature degradation of the mutant receptor polypeptide. iPSC-derived
NPCs endogenously expressed LRP2/megalin comparable to the expression dynamics of the
receptor seen in vivo (Paper 1, Fig. 2a and b, Fig. S4 A and B, Fig. S7B and C). These findings
proved iPSCs as a suitable cell model to elucidate the molecular cause of DBS in these two
patients. Our studies failed to document any difference in RNA level comparing wild-type and
LRP2 mutant cell lines (Paper 1, Fig. 2b and S4B). Also, expression of mutant megalin?3192Q
in the absence of any ligands was comparable to the wild-type receptor in control cell lines
(Paper 1, Fig. 2 and S4). However, exposure to its ligand SHH caused aberrant retention of
the megalin®1°2Q bound to SHH (Paper 1, Fig. 6a and b, S9A and B) and an enhanced sorting
of the megalin®3192?/SHH complex to lysosomes as judged by increased colocalization with
LAMP1-positive vesicles (Paper 1, Fig. 6¢c-e, Fig. S9C and D). In line with this hypothesis,
lysosomal inhibition increased the levels of the mutant receptor in iPSC-derived NPCs treated
with SHH (Paper 1, Fig. 7). Since the missense mutation was located in an EGF-type repeat,
required for endosomal discharge of ligands at acidic pH (van der Westhuyzen et al., 1991),
we suspected ligand-induced decay of megalin®!°2Q pased on its inability to properly release
SHH in the endocytic pathway. As a consequence, the liganded mutant receptor would be
subjected to lysosomal degradation. A similar disease mechanisms has been described in
familial hypercholesterolemia caused by mutations in the gene encoding the low density
lipoprotein receptor (Hobbs et al., 1992; Miyake et al., 1989; van der Westhuyzen et al., 1991).
Although we have only showed receptor degradation via lysosomes in iPSC-derived NPCs,
SHH also induced degradation of mutant megalin®°?? in iPSC-derived RPTECSs, indicating a
similar mechanism in the proximal tubules that is responsible for the renal disease phenotype
in this family.

In conclusion, in this study, we successfully applied human iPSC-derived cellular model
systems to demonstrate how a unique missense mutation in LRP2 impacts its receptor function
as a molecular cause for DBS. In addition, our data provide evidence that LRP2 acts as an

endocytosis and trafficking receptor for SHH in neuroepithelial progenitor cells.
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3.2 GAS1 enhances SHH activity by facilitating NOTCH signaling

GAS1 has been identified as a co-receptor facilitating SHH signaling in the caudal neural
tube and limb buds (Allen et al., 2007, 2011; Martinelli and Fan, 2007). However, loss of GAS1
function in patients carrying mutations in the human GAS1 gene (Pineda-Alvarez et al., 2012;
Ribeiro et al., 2010) results in microforms of HPE and a range of related craniofacial
malformations phenocopying aspects of SHH-deficiency in the rostral neural tube (Carreno et
al.,, 2017; Zhao et al., 2012). Phenotypic appearances increase in severity with
haploinsufficiency for Shh indicating a genetic interaction of Gasl and Shh in rostral midline
formation (Allen et al., 2007; Khonsari et al., 2013; Martinelli and Fan, 2007; Seppala et al.,
2007). However, a role for GASL1 in promoting SHH action in the forebrain organizer region of
the rostral ventral neuroepithelium was questioned by the observation that GASL1 itself is
negatively regulated by SHH action (Allen et al., 2007). Thus, the exact function of GAS1 in
SHH signaling during forebrain development remained debated.

In the second publication, | analyzed the role of GASL1 in the cellular response of forebrain
neuroepithelial cells to SHH signals by performing comparative studies in GAS1-deficient
mouse models and genetically engineered human iPSC-derived GAS1 KO NPCs. |
documented that the induction of the SHH expression domain in the murine RDVM at E8.5
was GASL1 independent (Paper 2, Fig. 1A and B), contrary to the function of LRP2 that is
essential for SHH induction in this tissue at this developmental stage (Christ et al., 2012).
However, | showed that GAS1 was required for sustaining SHH expression and pathway
activity in the ventral forebrain neuroepithelium at later stages (Paper 2, Fig. 1C and D). In line
with my observations in mouse embryos, GAS1 also facilitated SHH signaling in human iPSC-
derived NPCs while GAS1 KO cells failed to adapt a SHH-dependent ventral cell fate (Paper
2, Fig. 4). These features recapitulated the ventralizing defects seen in Gasl mutant mouse
embryos (Allen et al., 2007; Khonsari et al., 2013; Martinelli and Fan, 2007; Seppala et al.,
2007).

Performing comparative gene expression analysis by bulk RNA sequencing, | made the
surprising observation that, in addition to SHH defects, a defect in NOTCH signaling was
apparent in the ventral forebrain midline of GAS1-deficient embryos (Paper 2, Fig. 2). Impaired
NOTCH signaling in the rostral ventral neuroepithelium as evidenced by reduced Hes family
BHLH transcription factor 5 (HES5) transcript levels was confirmed in Gas1” mutant embryos
by in situ hybridization as early as E8.5 (Paper 2, Fig. 3). This defect resembled phenotypes
described in mice with disruption of the NOTCH pathway component recombinant signal
binding protein for Ig kappa J (RBPJ) (Ware et al., 2016).

In line with NOTCH defects seen in mutant mice, iPSC-derived GAS1 KO NPCs were not
able to induce HES5 expression and to further respond to pathway activation upon treatment
with NOTCH ligand delta-like protein 1 (DLL1). This defect manifested in the inability to
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respond to the ligand with induction of NOTCH intracellular domain (NICD) production as well
as HESS expression (Paper 2, Fig. 5). Since defective NOTCH signaling in mouse models and
mutations in NOTCH pathway components in humans result in forebrain phenotypes that copy
defects caused by loss of GAS1 or SHH (Dupé et al., 2011; Khonsari et al., 2013), | suspected
a GAS1-dependent functional interaction between the SHH and NOTCH signaling during
forebrain development.

Possibly, GAS1-deficient phenotypes may result from a combinatory defect in NOTCH
and SHH signaling. In line with my hypothesis, NOTCH facilitates SHH activity and maintains
SHH responsiveness in retinal and neural progenitor cells in different animal models by
regulating either the availability and stability of GLI proteins (Jacobs and Huang, 2019;
Ringuette et al., 2016) or by trafficking of PTCH1 and/or SMO (Huang et al., 2012; Kong et al.,
2015; Stasiulewicz et al., 2015). Consequently, disrupting NOTCH signaling in mouse and
chick embryos leads to a loss of the SHH activity domain in the rostral ventral forebrain midline
(Hamdi-Rozé et al., 2020). Using quantitative real time PCR analyses in iPSC-derived NPCs,
| further dissected NOTCH-dependent and NOTCH-independent functions for GAS1 in
facilitating SHH signaling. These findings uncovered that GAS1 partially acts on SHH signaling
via promoting NOTCH activity. Inhibiting NOTCH by y-secretase inhibitor DAPT reduced SHH-
Np induced expression of SHH downstream targets GLI1 and NKX2.1 in WT NPCs to similar
levels detected in GAS1 KO cells (Paper 2, Fig. 7A-C). Overexpressing NICD in GAS1 KO
NPCs and Gasl mutant mouse forebrain explants rescued the loss of Shh and downstream
target gene expression (Paper 2, Fig. 7D-E and 8) documenting that GAS1-dependent NOTCH
signaling contributes to SHH signal strength in this cell type.

Earlier, GAS1 was shown to directly interact with PTCH1 to form a co-receptor complex
that facilitates SHH signaling (Izzi et al., 2011). | suspected that GAS1 promotes NOTCH
signaling also via direct interaction with NOTCH receptor 1 (NOTCH1) that | confirmed by co-
immunoprecipitation studies and proximity ligation assay in iPSC-derived NPCs (Paper 2, Fig.
6A and B). These findings supported a dual role for GAS1 as an independent co-receptor for
both PTCH1 and NOTCHL1. Since GASL1 is a GPIl-anchored protein and promotion of NOTCH1
activation was lost upon GPI anchor deletion (Paper 2, Fig. 6D and E), GAS1 may direct
NOTCH1 to lipid raft compartments facilitating close interaction between NOTCH1 and its
ligands or promoting receptor processing by secretases as described for the GPIl-anchored
protein teratocarcinoma-derived growth factor 1 (Cripto-1) (Watanabe et al., 2009).

GAS1 is a negative target of SHH signaling and its expression is downregulated by
pathway activity (Allen et al., 2007). Similar to GAS1, the facilitating SHH co-receptor CDO is
also negatively regulated by SHH (Tenzen et al., 2006) while the inhibitory co-receptors
PTCH1 and HHIP are positive SHH targets (Jeong and McMahon, 2005) resulting in distinct

regulatory feedback loops that direct spatial and temporal gradients of SHH signaling and thus
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modulate the response of target cells to distinct SHH concentrations (Ashe and Briscoe, 2006;
Kang et al., 2007; Stamataki et al., 2005). The presented study does not only demonstrate a
unigue mechanism for GAS1-dependent SHH pathway facilitation via NOTCH signaling but
also proposes a potential role for SHH signaling in indirectly regulating NOTCH pathway
activity via GAS1. While GAS1-dependent NOTCH activity facilitates SHH signaling, SHH
activity downregulates GAS1 expression potentially leading to decreased NOTCH signaling.
This feedback would present a new regulatory mechanism to balance different signaling
pathways crucial for forebrain development with GAS1 as central modulator. However, this
hypothesis needs to be validated by further studies.

3.3 Conclusion

In my thesis, | uncovered specific cellular functions for the two SHH co-receptors LRP2
and GAS1 in forebrain development and the possible reasons for forebrain malformations in
receptor-deficient patients using human disease modeling in iPSCs. On the one hand, |
identified the molecular mechanisms how a unique missense mutation in LRP2 in two siblings
with DBS impacts the receptor function in iPSC-derived NPCs. In addition, | demonstrated that
LRP2 acts as an endocytosis and trafficking receptor for SHH in forebrain neuroepithelial cells
corroborating its crucial role for SHH-dependent forebrain development. On the other hand, |
discovered a novel function for GASL in integrating SHH and NOTCH signaling during early
forebrain development by being essential for NOTCH-dependent maintenance of the SHH
activity domain in the rostral ventral neuroepithelium. For these studies, iPSC-based cellular
model systems of forebrain development have proven indispensable since they faithfully
recapitulate developmental processes as well as disease phenotypes and are easily
accessible for experimental manipulation and quantitative assessment of the resulting cellular

responses.
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