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Titre : Identification et caractérisation de mutations perte de fonction du gène KIF14 impliquées dans 

une forme syndromique d’hypodysplasie rénale 

Résumé : Des mutations dans le gène KIF14 ont été précédemment identifiées dans des individus 

présentant soit une microcéphalie isolée soit une forme syndromique développementale et létale 

associant une microcéphalie sévère à une hypodysplasie rénale (RHD). Ce dernier phénotype a été 

considéré comme une ciliopathie, un semble de maladies génétiques liées à des défauts du cil primaire, 

un organite avec un rôle important dans des voies de signalisation et présent à la surface de 

nombreuses cellules quiescentes. Le gène KIF14 code une kinésine mitotique qui joue un rôle clé 

pendant la cytocinèse mais qui n’a pas été décrite comme protéine ciliaire auparavant. Nous avons 

analysé les effets des mutations de KIF14 retrouvées chez des fœtus de quatre familles présentant la 

forme syndromique. Nos analyses fonctionnelles montrent que les variations identifiées ont un impact 

sévère sur l'activité de la protéine et correspondent probablement à des mutations de perte de 

fonction (LOF). Notre analyse des tissus rénaux de fœtus humains a montré une accumulation des 

‘midbodies’ positifs pour KIF14 dans la lumière des bourgeons urétéraux, mettant en évidence des 

similarités entre les événements mitotiques au début du développement cérébral et rénal. En 

analysant une lignée de poisson zèbre présentant une mutation non-sens précoce dans le gène kif14 

on a pu montrer un rôle conservé pour cette kinésine mitotique dans le développement rénal et 

cérébral. De manière intéressante, on a également observé des phénotypes associés à une ciliopathie 

chez les embryons mutants, suggérant encore une fois que kif14 pourrait jouer un rôle au cil. 

Cependant, nos analyses in vitro et in vivo ont finalement démontré que KIF14 n’a pas de rôle direct 

dans la ciliogenèse et que la perte de kif14 chez le poisson zèbre phénocopie une ciliopathie par 

l’accumulation de cellules mitotiques et non ciliées dans les tissus ciliés. Nos résultats montrent que 

les mutations dans le gène KIF14 entraînent un syndrome sévère associant une microcéphalie et RHD 

grâce à une fonction conservée dans la cytocinèse lors du développement du rein et du cerveau. 

Mots clefs : KIF14   Cil   Ciliopathie   Rein   Cerveau   Microcéphalie   Mitose   Poisson zèbre 

Développement  
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Title : Identification and Characterisation of Loss of Function Mutations in KIF14 leading to Syndromic 

Renal Hypodysplasia 

 

Summary : Mutations in KIF14 were previously shown to lead to either isolated microcephaly or to a 

developmental and lethal syndromic form associating severe microcephaly with renal hypodysplasia 

(RHD). The latter phenotype was considered reminiscent of a ciliopathy, relating to defects of the 

primary cilium, a signalling organelle present on the surface of many quiescent cells. KIF14 encodes a 

mitotic kinesin which plays a key role at the midbody during cytokinesis, and was not previously shown 

to be involved in cilia-related functions. Here, we have analysed four families with foetuses presenting 

with the syndromic form and harbouring variations in KIF14. Our functional analyses show that the 

identified variations severely impact the activity of KIF14 and likely correspond to loss-of-function 

(LOF) mutations. 0ur analysis on human foetal kidney tissues revealed the accumulation of KIF14-

positive midbody remnants in the lumen of ureteric bud tips, highlighting similarities between mitotic 

events during early brain and kidney development. Subsequently, analysis of a kif14 mutant zebrafish 

line showed a conserved role for this mitotic kinesin. Interestingly, additional ciliopathy-associated 

phenotypes were also present in these mutant embryos, supporting a potential novel role for kif14 at 

cilia. However, our in vitro and in vivo analyses ultimately indicated that KIF14 does not have a direct 

role in ciliogenesis and that kif14 LOF in zebrafish phenocopies ciliopathies through an accumulation 

of mitotic, non-ciliated cells in ciliated tissues. Altogether, our results demonstrate that KIF14 

mutations result in a severe syndrome associating microcephaly and RHD through a conserved function 

in abscission during kidney and brain development. 

 

Keywords: KIF14   Cilia   Ciliopathy   Kidney   Brain   Microcephaly   Mitosis   Zebrafish   Development 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

      “Fish really are just little people with fins” 

  Nancy Hopkin
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Summary 

Congenital abnormalities of the kidney and urinary tract (CAKUT) comprise a broad spectrum of renal 

and urinary tract malformations of varying severity. CAKUT affects around 3-6 per 1000 live births, 

represents approximately one fifth of all congenital abnormalities detected prenatally and is the 

leading cause of end-stage renal disease during childhood. Although the severity of CAKUT phenotypes 

is variable, the most severe forms are associated with foetal or perinatal death. Kidney defects, 

grouped under the term of renal hypodysplasia (RHD), range from unilateral or bilateral renal agenesis 

to renal hypoplasia and dysplasia or multicystic kidney dysplasia. These defects can occur in isolation, 

or when combined with extra-renal phenotypes are termed syndromic. Environmental factors, such as 

obesity and maternal diabetes, have been suggested to contribute to CAKUT, however, the 

identification of familial cases, with both autosomal dominant and recessive modes of inheritance, has 

revealed the importance of genetic factors. The analysis of these familial cases of CAKUT is complicated 

by incomplete penetrance and variable expressivity, whereby the same mutation in the same gene can 

give different phenotypes in different individuals. To date, mutations resulting in RHD in humans have 

been identified in more than 50 genes, revealing a great genetic heterogeneity. Most of these genes 

encode transcription factors and actors in key signalling pathways implicated in kidney development. 

Both targeted- and whole-exome sequencing are widely used techniques in the identification of novel 

candidate genes causing CAKUT. 

Biallelic loss-of-function mutations in KIF14, encoding a mitotic kinesin required for cytokinesis, were 

found in foetuses presenting with bilateral renal agenesis or RHD associated with very severe 

microcephaly. The clinical aspects of these foetuses overlapped with the phenotypic spectrum of 

ciliopathies, a group of disorders related to defects in the structure or function of the primary cilium, 

a sensory organelle present on the surface of most cell types. KIF14 was subsequently proposed to 

have a thus far uncharacterised ciliary function. Using a combination of whole- and targeted-exome 

sequencing approaches, we identified biallelic damaging variations in KIF14 in four additional families. 

These mutations were predicted to be damaging and absent from both in-house and public databases. 

All the affected foetuses presented with strikingly similar brain and kidney phenotypes, with severe 

microcephaly and either bilateral renal agenesis, severe non-cystic or cystic RHD, and demonstrated 

that biallelic mutations in KIF14 lead to a new syndrome. 

Kinesins are molecular motors known to bind their respective cargos through their C-terminal domain 

and microtubules through their motor domain. As a result of these interactions, the kinesin hydrolyses 

ATP to proceed along microtubules, usually in a plus-end directed manner. KIF14 is a member of the 

kinesin-3 family, which is highly conserved during evolution. It was identified as a key actor in 
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cytokinesis through interactions with PRC1 and citron kinase. KIF14 and citron kinase act reciprocally 

to ensure correct localisation at the midbody. Unsurprisingly, depletion of KIF14 was shown to lead to 

cytokinesis defects and binucleated cells.  

Using in vitro approaches we have shown that the identified mutations affect both protein localisation 

and function and result in cytokinesis defects. However, the loss of Kif14 in a murine cell line widely 

used to examine ciliary functions did not impact upon cilia. The use of the zebrafish as an in vivo model 

revealed that the loss of kif14 recapitulated the phenotype observed in the affected foetuses in 

addition to a number of known ciliopathy-related phenotypes. Further analysis of kif14-/- embryos 

showed an accumulation of mitotic cells in numerous organs. We could determine that this mitotic 

block reduced ciliogenesis and thus the loss of kif14 phenocopied a ciliopathy. Finally, the analysis of 

human foetal kidney sections has confirmed the role of KIF14 in cytokinesis in this organ, and 

highlighted parallels between brain and kidney development. 
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Introduction  

Chapter One - Development of the Brain 

The human brain is a highly complex organ whose development begins early during embryogenesis, 

continuing pre- and postnatally and thought to be complete by early adulthood. The brain and spinal 

cord form the central nervous system (CNS), connected to the rest of the body by the peripheral 

nervous system (PNS). The brain is principally composed of two cell types, neurons and support cells, 

or glia. The adult brain is composed of around 100 billion neurons, and the same number of glial cells. 

(von Bartheld et al., 2016). Neurons are usually formed of a nucleus-containing cell body, an axon and 

many dendrites. Neurons transmit electrical and chemical impulses along the length of the axon and 

via synapses formed with the dendrites of other cells. These transmissions are aided by the addition 

of myelin sheaths by glial cells, which additionally act to maintain the neuronal environment. The 

combination of different connections generates signalling networks within the nervous system.  

Neurons are generally divided into classes depending on their function. Afferent neurons transmit 

information from sensory organs back to the CNS, while efferent neurons signal from the CNS to 

muscles and organs within the body. Interneurons form connections between neurons, aiding in the 

formation of neural circuits. Additionally, neurons can also be divided into excitatory and inhibitory 

neurons which combine to finely balance the various signals within the nervous system.  

The brain is broadly organised into three different domains, the forebrain, midbrain and hindbrain, 

which are roughly symmetrical along the longitudinal axis. The forebrain consists of the cerebrum, the 

thalamus and hypothalamus, while the hindbrain is composed of the pons, cerebellum and medulla 

oblongata (Figure 1). Each structure has distinct functions and is formed of specific arrangements of 

various subtypes of cells. In humans, the cerebrum is the largest domain of the brain and is crucial for 

higher functions, while the cerebellum is important for the coordination of fine movements. The two 

cerebral hemispheres are incompletely separated by the longitudinal fissure, within which lies the 

corpus callosum, a structure composed of axons signalling contralaterally from one hemisphere to the 

other.  

During evolution, the folding of the cortex, present within the cerebrum, is thought to have been 

important in the development of higher cognitive functions. The cortex is formed of many folds, or 

gyri, and grooves, or sulci, allowing for a significant increase in surface area and neuron number. The 

cortex is a highly ordered structure, with neurons forming six defined layers. These layers are 

composed of different types of neurons and have specific functions in neural signalling, such as the 

interactions between neurons of layer VI and the thalamus. The formation of these structures and 
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connections is highly controlled throughout development, and any failures in these processes can lead 

to a broad range of defects. 

 

Figure 1. Schematic representation of the organisation of the brain. Sagittal section, black lines indicate 
forebrain derived structures, blue lines for the midbrain and green for the hindbrain. Inspired by Bangalore et al. 
(2009)   
 

 Early Human Embryonic Development 

The architecture of the adult brain becomes clearer through an understanding of the early 

developmental origins of neural tissues. At two weeks gestation (2GW) the human embryo consists of 

an oval-shaped disc, formed of two layers, the epiblast and the hypoplast. The process of gastrulation 

transforms this bilaminar germ disc into a trilaminar germ disc. A transient structure, known as the 

primitive streak, appears on the dorsal surface of the disc. A crucial organising centre, the node, forms 

at the cranial end of the primitive streak and is important in establishing the various axes of the body. 

Cells surrounding the primitive streak undergo an epithelial-to-mesenchymal transition, migrating 

through the primitive streak in a process known as ingression (Burdsal et al., 1993), resulting in the 

formation of the endoderm, mesoderm and ectoderm. 

 

Figure 2. Dorsal view of forming neural tube in developing embryo. Day of development indicated above each 
scheme. Inspired by Hawryluk et al. (2012). 
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Ingressing cells which remain at the midline form both the prechordal plate and the notochordal 

process, both of which induce the overlying ectoderm to form the neural plate, at around embryonic 

day 18 (E18; Figure 2). The notochordal process will transform from a hollow tube to a solid rod, the 

notochord, which subsequently plays an essential role in the development of the central nervous 

system (G.C. Schoenwolf et al., 2014). BMP signalling is important in the specification of cells of the 

ectoderm, with low levels inducing the formation of the neural plate. Within the cells of the neural 

plate, BMP signalling is additionally repressed through expression of the Sox family of transcription 

factors (S. I. Wilson et al., 2001).  

The cells of the neural plate subsequently form the neural tube, which occurs at the anterior end 

through primary neurulation, and at the posterior end via secondary neurulation (Harrington et al., 

2009). In primary neurulation, the notochord induces the lateral cells of the neural plate to thicken 

and elevate forming the neural folds, causing a shallow groove to develop ventrally along the midline. 

This groove deepens and is known as the neural groove. The neural folds continue to elevate and will 

initially fuse at the midline towards the middle of the anteroposterior axis at E22-24 (Figure 2). The 

fusion of the neural folds along the midline results in the formation of the neural tube. There may be 

up to 5 sites of neural tube fusion in humans (O'Rahilly et al., 2008). Closure of the anterior end of the 

neural tube occurs slightly earlier than the posterior end, at E24-26 and E26-28 respectively (Copp et 

al., 2013). 

Secondary neurulation involves the mesenchymal-to-epithelial transition of cells from both the 

endoderm and ectoderm layers to form a medullary cord, which hollows to form a lumen (G. C. 

Schoenwolf et al., 1980). Formation of the neural tube at the junction between the sites of primary 

and secondary neurulation occurs through a coalescing of the lumens and bending of the neural plate. 

Through the differential regulation of various adhesion molecules, the neural tube will separate from 

the overlying ectoderm.  

Before the complete closure of the neural tube the cranial end undergoes several morphological 

changes resulting in the formation of the primary, followed by secondary, brain vesicles (Figure 3). At 

approximately E19, the neural tube dilates cranially at three paired sites along the midline. These 

dilations give the three primary brain vesicles, rostrally to caudally, the prosencephalon, the 

mesencephalon, and the rhombencephalon. The neural tube expands through proliferation and the 

secretion of cerebrospinal fluid into the lumen, contributing to the formation, by E33, of the five 

secondary brain vesicles. The prosencephalon subdivides to give, anteriorly, the telencephalon and 

posteriorly, the diencephalon. The telencephalon will become the cerebral hemispheres, while the 

diencephalon will become the thalamus and hypothalamus. The mesencephalon becomes the 
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midbrain, while the rhombencephalon also subdivides giving both the metencephalon and the 

myelencephalon. The metencephalon will become the pons and cerebellum, while the 

myelencephalon will give rise to the medulla oblongata. The caudal region of the neural tube will 

become the spinal cord (G.C. Schoenwolf et al., 2014).  

Over the course of the development of these primary and secondary brain vesicles, the neural tube 

undergoes further morphological changes which will remodel the initially straight tube (Figure 3). Both 

the cephalic flexure, between the mesencephalon and the rhombencephalon, and the cervical flexure 

between the rhombencephalon and the spinal cord, bend the expanding neural tube along the 

longitudinal axis. The developing brain is further bent during the formation of the secondary brain 

vesicles by the pontine flexure, between the metencephalon and the myelencephalon (Moore et al., 

2011).  

 

Figure 3. Development of primary and secondary brain vesicles. Lateral and horizontal views, with gestational 
age indicated in weeks above each scheme 

 

 Patterning of Early Human CNS 

Although the events which lead to the formation of these developing brain structures are only partially 

understood, their patterning and specification are known to begin early during development. Three 

crucial secondary organising centres have thus far been identified in these early events, the Anterior 

Neural Ridge (ANR), the zona limitans intrathalamica and the isthmic organiser. Those cells which will 

give rise to the telencephalon, the future cerebral hemispheres, are positioned at the anterior end of 

the neural plate (Hebert et al., 2008), and their induction is controlled by the ANR. The zona limitans 

intrathalamica is present in the diencephalon, while the isthmic organiser is positioned at the 
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midbrain-hindbrain boundary, with both controlling cell fate and specialisations within their respective 

regions.   

The ANR is formed at anterior end of the embryo from cells at the edge of the neuroectoderm 

expressing Fibroblast Growth Factor 8, FGF8 (Figure 4). These cells induce the expression of Forkhead 

Box G1, FOXG1, in the adjacent anterior neuroepithelial cells (Shimamura et al., 1997). The loss of 

either FGF receptors (FGFR1, FGFR2 and FGFR3), or FGF signalling results in the loss of FOXG1 

expressing cells, and an absence of telencephalon development (Houart et al., 1998; Paek et al., 2009). 

FOXG1 and FGFs are known to create a positive feedback loop, whereby expression of one promotes 

the expression of the other, ensuring development of the telencephalon (Paek et al., 2009). In addition 

to FGF, the antagonism of Wnt signalling is also known to be important in the formation of the 

telencephalon. Sine oculis homeobox 3, SIX3, acts to repress certain Wnt genes, and upon loss of SIX3 

expression the telencephalon fails to form (Lagutin et al., 2003). SIX3 additionally plays a role in 

promoting Sonic Hedgehog, SHH, expression, required for the formation of the ventral telencephalon 

(Geng et al., 2008). 

 

Figure 4: Signalling during early telencephalon development. Anterior neural ridge is present at the anterior 
edge and expresses FGF (blue). Interactions between the ventralising signal sonic hedgehog (SHH; green) and the 
dorsalising signal GLI3 (red) are indicated. Inspired by Hebert et al. (2008) 

 

In addition to the specification of the anterior-posterior axis, significant signalling events define the 

mediolateral axis of the neural plate. Following the formation of the neural tube, the mediolateral 

patterning of the neural plate will become the dorsoventral patterning of the neural tube (Kiecker et 

al., 2012). SHH is expressed by the underlying notochord and is therefore an important ventralising 

signal (Echelard et al., 1993). Conversely, Bone Morphogenetic Protein 4 and 7, BMP4 and BMP7, are 

expressed by the overlying ectoderm, inducing expression of opposing dorsalising signals, such as GLI3 

(Liem et al., 1995; Litingtung et al., 2000). SHH expression represses GLI3 and acts to ventralise the 

neural tube by inhibiting dorsalisation (Rallu et al., 2002). These dorsoventral signals will have varying 

effects depending on the craniocaudal position along the neural tube. Caudally, where the neural tube 
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will give the spinal cord, the ventral-most cells will differentiate to give motor neurons, while the 

dorsal-most cells differentiate into sensory neurons (L. Wilson et al., 2005).  

 

Figure 5: Subdivisions of the early telencephalon. Coronal section indicating the position of various domains. 

Dorsoventral patterning at the cranial end of the neural tube, within the telencephalon, is, however, 

considerably more complicated (Figure 5). This secondary vesicle is subdivided into two domains, the 

dorsal pallium and ventral subpallium, separated by the pallial-subpallial boundary (PSB). The dorsal 

pallium is then further divided into four domains, the medial, dorsal, lateral and ventral pallia. The 

subpallium is divided into two domains, the lateral ganglionic eminence and the medial ganglionic 

eminence. Both these latter structures produce inhibitory interneurons, which migrate tangentially to 

populate the neocortex (Molnar et al., 2006). 

The dorsal pallium, the largest pallial domain, expresses the LIM-homeodomain transcription factor 

LHX2 and contains the neocortical primordium (Porter et al., 1997). The neocortical primordium is 

flanked within the pallium by two signalling centres, the hem and antihem. Neither contributes directly 

to the formation of the neocortex, however, in the absence of LHX2, both regions expand at the 

expense of the neocortical primordium demonstrating the importance of regional specification within 

the developing forebrain (Bulchand et al., 2001; Mangale et al., 2008).  

 Neurogenesis 

The cerebral hemispheres, arising from the telencephalon, are composed of the outermost cortex, 

containing neuronal cell bodies and known as the grey matter, and the innermost white matter layer 

formed principally of myelinated axons (G.C. Schoenwolf et al., 2014). The cortex has a well 

characterised six-layered organisation, first described over a hundred years ago by Retzius and Cajal. 

Although, much progress has been made since these first observations, the complex processes 
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required for the formation of neurons and glia and their organisation in the mature cerebral cortex 

remain only partially understood. 

 Neocortical Progenitors 

The neural tube is initially formed of a single layer of columnar neuroepithelial cells (NECs) (Hinds et 

al., 1971). NECs are multipotent progenitors, and extensive rounds of self-proliferative mitoses are 

required to generate a sufficient progenitor pool to give rise to the cells of the nervous system (Alvarez-

Buylla et al., 2001; Gotz et al., 2005). As development proceeds, NECs of the neocortical primordium 

gain glial characteristics, expressing SLC1A3 and BLBP, and become apical radial glial cells (aRGCs) 

(Hartfuss et al., 2001). These cells initially undergo a proliferative self-renewal phase, but subsequently 

switch to asymmetrical, neurogenic divisions (Haydar et al., 2003). Neurogenesis can occur directly, 

when mitosis results in the formation of a post-mitotic neuron, or indirectly when a more restricted 

intermediary progenitor is generated (Figure 6). The generation of specialised, terminally 

differentiated neural and glial cells is a highly coordinated, multi-step process (Tan et al., 2013). While 

neuron production is believed to begin around E33 and be completed before birth (Bystron et al., 

2006), the formation of glia continues throughout at least the first two years of life.  

In addition to the layers of the mature cortex, transient embryonic layers, or zones, have been 

characterised to define various stages of neurogenesis during development. Each zone has a distinct 

composition of progenitor and differentiated cell types undergoing different processes ("Embryonic 

vertebrate central nervous system: revised terminology. The Boulder Committee," 1970; Bystron et 

al., 2008). 

 

Figure 6. Neocortical Progenitors. Neocortical progenitor (NEC), radial glial cell (RGC), intermediate progenitor 
cell (IPC), short neuron precursor (SNP), outer subventricular zone progenitor (OSVZ), neuron (N), ventricular zone 
(VZ), subventricular zone (SVZ), cortical plate (CP), intermediate zone (IZ). Inspired by Tan et al. (2013). 
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 Neuroepithelial Cells 

As in the neural tube, NECs of the primitive cortex possess apicobasal polarity and connect to both the 

inner, ventricular, and outer, pial, surfaces. Initially these cells result in a pseudostratified appearance, 

with the position of each nucleus depending upon the current stage within unsynchronised cell cycles. 

During S-phase, nuclei are present at the pial surface, with mitosis occurring exclusively at the 

ventricular surface. The movement of nuclei within the cytoplasm during the cell cycle is termed 

Interkinetic Nuclear Migration [INM; (Sauer, 1935; Taverna et al., 2010)]. The term ‘ventricular zone’ 

was coined to describe this layer of mitotic nuclei and is present as early as E30 (Bystron et al., 2008). 

By undergoing mitosis at the luminal surface, it has been proposed that the mitotic cells are exposed 

to various secreted factors whose concentrations differ along the anteroposterior axis of the 

developing brain (Lehtinen et al., 2011).  

NECs are highly polarised, expressing specific apical makers, such as prominin-1, and tight junction and 

adherens junction proteins laterally at the apical surface (Aaku-Saraste et al., 1996; Zhadanov et al., 

1999; Fargeas et al., 2003), and basal markers such as integrin α6 (Wodarz et al., 2003). Centrosomes 

are located at the apical surface, with the mother centriole nucleating a primary cilium (Guemez-

Gamboa et al., 2014). During early development they undergo self-renewing mitosis to amplify the 

progenitor population. However, the onset of neurogenesis is marked by the expression of various 

transcription factors, including FOXG1, LHX2, PAX6 and EMX2 (Molyneaux et al., 2007). NECs can 

subsequently produce either early neurons, or become more restricted aRGCs.  

 Apical Radial Glial Cells 

aRGCs are progenitor cells, possessing both radial and apical processes and formed from NECs. aRGCs 

express radial markers such as GLAST and GFAP (Campbell et al., 2002). They were first thought to act 

as structural support cells, aiding in the migration of neurons from the VZ to the pial surface. However, 

they have subsequently been identified as progenitors of both neurons and glia (Noctor et al., 2001). 

aRGCs are known to express PAX6, which is believed to repress cell cycle exit, thus maintaining a 

progenitor state (Gotz et al., 1998).  

aRGCs, as NECs, can divide to self-renew and amplify the progenitor population, but can also divide to 

produce more differentiated cell types (Huttner et al., 2005). During neurogenesis, aRGCs can divide 

to give post-mitotic neurons, Intermediate Progenitor cells (IPCs) and Outer Subventricular Zone Radial 

Glial (oRG) progenitor cells (Tan et al., 2013). This transition is thought to be related to a loss of PAX6 

expression. During gliogenesis, aRGCs can generate astrocytes and oligodendrocytes (Kriegstein et al., 

2009). 
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 Outer Subventricular Radial Glial Cells 

Contrary to aRGCs and NECs, oRGs migrate radially from the VZ and occupy an adjacent layer, known 

as the Outer Subventricular Zone (oSVZ). oRGs are unipolar, retaining a basal process in contact with 

the pial surface (Hansen et al., 2010). In accordance with the loss of apical contact, oRGs do not express 

apical markers, such as Prominin-1, and PAR3 (Fietz et al., 2010). While aRGCs and NECs undergo INM, 

whereby the nucleus migrates towards the ventricular surface prior to mitosis, the soma of oRGs 

ascends radially towards the pial surface in a process termed Mitotic Somal Translocation [MST; 

(Hansen et al., 2010)]. Mitosis usually results in the inheritance of the radial process by one daughter 

cell, while the other becomes bipolar. Both daughter cells can undergo several rounds of self-renewing 

mitoses before generating post-mitotic neurons (Betizeau et al., 2013).   

 Intermediate Progenitor Cells 

IPCs do not possess radial or apical processes, or, therefore, undergo INM. They also express higher 

levels of the transcription factors EOMES, CUX1, CUX2 and SAFB2 (Nieto et al., 2004; Zimmer et al., 

2004; Britanova et al., 2005; Englund et al., 2005). IPCs deriving from aRGCs migrate radially to occupy 

the SVZ with IPCs from oRGs (Noctor et al., 2004). While IPCs from aRGCs usually divide only once to 

give two post-mitotic neurons, those deriving from oRGs are known to be important amplifying cells 

which self-renew several times before producing neurons (Hansen et al., 2010). 

 Short Neuron Precursors 

Finally, short neuron precursors (SNPs) occupy the VZ with the aRGCs, but are a molecularly distinct 

progenitor subtype. They possess an apical process, in contact with the ventricular surface, but have a 

short, or absent, radial process, therefore failing to connect to the outer, pial surface. These cells 

contribute directly to neurogenesis by producing two neurons upon mitosis, termed a self-consuming 

division. Their cell cycle kinetics are believed to differ from those of the RGCs (Gal et al., 2006; Stancik 

et al., 2010). 

 Mitotic Symmetry 

The self-renewal of progenitor cells or the generation of neurons or glia is thought to be highly related 

to the symmetry of cell division. Depending on the fate of the resulting cells from division of a 

progenitor, two different types of mitosis have been distinguished (Figure 7). Self-renewal of 

progenitors is considered symmetrical division, while the formation of a post-mitotic neuron along 

with the renewal of the mother progenitor is termed asymmetrical (Tan et al., 2013). The mechanisms 

which regulate the symmetry of mitosis in progenitors are only partially understood, yet the correct 

functioning of these processes is known to be crucial for the formation of a mature and functional 

cortex. 
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Figure 7. Models of the Orientation of Mitosis in Neocortical Progenitors. Representation of cleavage-plane 
orientation, oblique division, dynamic polarity and basal process inheritance mechanisms.   

 

 Cleavage-Plane Orientation 

The orientation of the plane of mitosis has long been proposed to be an important, yet simple, 

mechanism to control the symmetry of cell division. When the spindles are oriented perpendicular to 

the ventricular surface, with both daughter cells sharing an apical membrane at this surface, mitosis is 

considered symmetrical (Chenn et al., 1995). Although they largely remain to be identified, specific 

fate determinants are thought to be present at the ventricular surface. A cleavage plane which is 

perpendicular to this surface would ensure that these determinants are equally inherited by the two 

daughter cells (Zhong et al., 1996). These divisions are, therefore, thought to be self-renewing, 

whereby the two daughter cells share the same progenitor state as the mother cell. However, when 

the spindles are oriented parallel to the ventricular surface, only one daughter cell remains in contact 

with the fate determinants present at this surface, thus maintaining a progenitor state. The remaining 

daughter cell, having lost an apical contact with the ventricular surface, becomes either a post-mitotic 

neuron, or a more restricted progenitor than the mother cell (Chenn et al., 1995).    

 Oblique Division 

Although the cleavage-plane model was initially widely accepted, recent data have questioned the 

simplicity of this model (Huttner et al., 2005). Apparently symmetrical divisions, where the cleavage-

plane is perpendicular to the ventricular surface, have been shown to give rise to neurons (Noctor et 

al., 2008; Postiglione et al., 2011). In order to account for these discrepancies, the oblique division 

model was proposed. This model states that only a very small portion of the apical membrane is 

important for the inheritance of fate determinants. When the cleavage-plane is perpendicular to this 

patch of membrane, which is then divided equally between the two daughter cells, division is said to 
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be symmetrical. Both daughter cells inherit the fate determinants, and the progenitor cell is self-

renewed (Kosodo et al., 2004). However, given that the critical portion of membrane is so small, slight 

changes in the angle of cleavage would result in the loss of this membrane in one of the daughter cells. 

The daughter cell inheriting the membrane remains a progenitor, while the other becomes a neuron, 

or more restricted progenitor, and the division is considered asymmetrical. This mode of division has 

been shown to generate IPCs and oSVZ progenitors in the mouse (Shitamukai et al., 2011). Thus far, 

only one marker of this small patch of membrane has been identified, Prominin-1 [CD133; (Corbeil et 

al., 1999; Postiglione et al., 2011)].  

 Dynamic Polarity 

Complementary to the models describing the orientation of the plane of cleavage, the distribution of 

certain polarity markers has also been identified as a possible mechanism to control the symmetry of 

division (X. Wang et al., 2009). Interphasic progenitors have an established apicobasal polarity. At the 

apical surface, markers such as PARD3 and TJP1 are present on the lateral membranes (Bultje et al., 

2009). During mitosis, PARD3 becomes redistributed throughout the cell, yet remains perpendicular 

to the cleavage plane. When the distribution of PARD3 is symmetrical, both cells retain a progenitor 

state. However, asymmetrical inheritance of PARD3 results in differences in the activation of NOTCH 

signalling. An increased expression of PARD3 is correlated with a higher level of NOTCH signalling and 

maintenance of a progenitor state. However, daughter cells inheriting lower levels of PARD3 

subsequently have lower levels of NOTCH signalling and become neurons or IPCs (Bultje et al., 2009). 

 Basal Process Inheritance 

In addition to these models of polarity, inheritance of the basal process of the progenitor cell has been 

suggested to play a role in the symmetry of division (Kosodo et al., 2009). Conflicting reports have 

implicated both the loss and inheritance of the basal process in the maintenance of a progenitor state. 

During the early self-renewing phase of mitoses, required for the amplification of progenitors, division 

has been shown to divide both the apical and basal processes symmetrically between the two daughter 

cells (Shitamukai et al., 2011). However, at later stages the basal process may be inherited 

asymmetrically even in symmetrical mitoses (Miyata et al., 2001; Noctor et al., 2004). In asymmetrical 

cell division, both progenitor cells and neurons have been shown to preferentially retain the apical or 

basal process (Tamamaki et al., 2001).  

 Centrosome Asymmetry 

A further mechanism to differentiate dividing cells is centrosome inheritance. During cell division the 

centrioles of the mother cell are duplicated and separated to form the centrosomes of the two 

daughter cells. The mother and daughter centrioles of a cell are inherently different. The primary cilium 
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is a sensory organelle present on the surface of many quiescent cells which forms from the mother 

centriole. Inheritance of the centrosome possessing the original mother centriole, thus termed the 

mother centrosome, has been associated with maintenance of the progenitor state in RGCs (X. Wang 

et al., 2009). The ciliary membrane is distinct from the plasma membrane and has been shown to be 

asymmetrically inherited by neural progenitors (Paridaen et al., 2013). The ciliary membrane was 

endocytosed at the onset of mitosis and remained associated with one spindle pole. The cell having 

inherited the ciliary membrane assembled a cilium more rapidly than the remaining daughter cell, and 

also retained the progenitor state.  

 Cell Cycle Kinetics 

Finally, the length of the cell cycle has also been shown to influence the fate of the dividing cells. The 

length of the cell cycle of RGCs undergoing symmetrical, self-renewing mitoses is shorter than that of 

mitosis resulting in a differentiated, post-mitotic neuron. This observation is thought to be correlated 

with the length of time specific fate determinants have to act on the cell, rather than the polarity of 

their distribution (Calegari et al., 2003; Calegari et al., 2005). 

 

Figure 8. Migration of neurons within the developing telencephalon. Most interneurons migrate radially from 
ganglionic eminences (purple), while excitatory projection neurons migrate radially from the ventricular zone 
(blue). Marginal zone (MZ), cortical plate (CP), subventricular zone (SVZ) and ventricular zone (VZ). 
 

 Migration 

Two major types of migration have been observed in the developing cortex, initially thought to depend 

on the type of cortical neuron [Figure 8; (Nadarajah et al., 2002)]. Excitatory projection neurons 

originate from asymmetrical divisions of progenitor cells in ventricular and subventricular zones. These 

neurons migrate radially towards the pial surface to occupy their final laminar position within the 

mature cortex. On the other hand, most inhibitory interneurons originate in the ganglionic eminences 
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of the ventral telencephalon and migrate tangentially to the dorsally positioned cortex. However, in 

the development of the human brain a subpopulation of interneurons has also been shown to originate 

in the VZ and migrate radially (Letinic et al., 2002). Additionally, projection neurons have been shown 

to migrate radially and tangentially simultaneously in occupying their final laminar position. Both radial 

and tangential migrations are crucial to the establishment of a mature, functional cortex. 

 

Figure 9. Organisation of Cortical Layers in the Developing Cortex. Progressive formation and expansion of 
various cortical layers formed by inside-out migration over development. Ventricular zone (VZ), preplate (PP), 
subventricular zone (SVZ), intermediate zone (IZ), subplate (SP), cortical plate (CP), marginal zone (MZ), layers I-
VI (I-VI) and white matter layer (WM). Inspired by Tan et al. (2013) 

 

During early development, the premature cortex consists of a single pseudo-stratified layer of 

progenitor cells. Early-born neurons undergo somal translocation, moving their nucleus through the 

cytoplasm of their radial process to ‘migrate’ towards the pial surface. As proliferation expands the 

size of the developing cortex, the distance between the ventricular and pial surfaces is greatly 

increased. Post-mitotic neurons subsequently use the radial processes of aRGCs as a scaffold to 

migrate away from the VZ [Figure 9; (Nadarajah et al., 2001)].  

The formation of Cajal-Retzius (CR) cells and early neurons, termed predecessor cells, marks the 

beginning of a highly proliferative phase after the closure of the neural tube. Predecessor cells are 

thought to originate in the VZ (Bystron et al., 2006), while CR cells are known to derive from extra-

cortical regions of the telencephalon, such as the hem, as well as the VZ (Meyer et al., 1998; Lavdas et 

al., 1999; Hevner et al., 2003). The migration of these cells towards the pial surface of the neocortex 

generates the first cortical laminar division with the formation of the sub-pial preplate (PP) around E31 

(Super et al., 1998).  
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Asymmetrical mitosis of aRGCs in the VZ can generate oRGs and IPCs, which lack either radial 

processes, or both apical and radial processes, respectively. These cells migrate out of the VZ, forming 

a second proliferative layer, termed the Subventricular Zone (SVZ) by E45 (Bystron et al., 2008). Both 

IPCs derived from oRGs, and oRGs themselves, can undergo several rounds of self-renewing, amplifying 

divisions before dividing asymmetrically to produce post-mitotic neurons (Betizeau et al., 2013). Given 

the difference in the abundance of oRGs in the SVZ of gyrencephalic compared to lissencephalic 

species, this amplification process has been proposed to have been crucial during evolution. 

Interestingly, the expression of human-specific genes found to be upregulated in oRGs increases the 

oRG population and thickness of the SVZ resulting in cortical folding in lissencephalic species (Florio et 

al., 2015).  

The cortical plate (CP) is the zone of post-mitotic, post-migratory neurons which initially forms around 

E50 (Bystron et al., 2008). The radial migration of neurons into the CP is closely associated with the 

formation of a sub-pial layer of CR cells, termed the marginal zone [MZ; (Meyer et al., 2000)]. These 

cells express Reelin, a secreted factor which acts as a signal to halt neuronal migration. This process 

results in the formation of the mature cortical layers in an ‘inside-out’ manner, whereby later-born 

neurons will migrate past earlier-born neurons until they reach the sub-pial Reelin signal and form a 

more superficial layer (Rakic, 1974; Meyer et al., 2000; Bystron et al., 2006). Prior to the formation of 

the CP, an intermediate zone (IZ), populated by migrating neurons, emerges between the proliferative 

zones and the MZ. As development progresses, the uppermost layer of the IZ becomes the subplate 

(SP), containing both radially migrating excitatory neurons and tangentially migrating interneurons 

originating from the ganglionic eminences (Letinic et al., 2002). The SP is initially important in the 

formation of early neuronal networks, although few neurons remain in the SP in later development. 

These neurons appear as interstitial cells present in the white matter, which forms from the IZ. The MZ 

becomes layer I of the mature cortex (Sidman et al., 1973). 

Within these global migration events, Noctor et al. (2004) described the four stages of radial neuronal 

migration from the VZ (Figure 10). Neurons generated following the asymmetrical mitosis of an aRGC 

in the VZ initially adopt a bipolar morphology and migrate radially to the SVZ. Within the SVZ, these 

newly-born neurons pause for at least 24 hours, whilst maintaining a multipolar morphology. Following 

this arrest, neurons become bipolar once more, and initially migrate back towards the VZ. After 

contacting the ventricular surface, neurons eventually migrate radially towards the CP. It is not 

currently known if neurons returning to the VZ interact with specific signals at the ventricular surface, 

but this remains a possibility to be explored.    
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Figure 10. Four stages of radial neuronal migration. Migration from the ventricular zone to the cortex occurs in 
four stages. Radial glial cell is represented in green and post-mitotic neurons in red and blue. Inspired by Noctor 
et al. (2004)   

 Malformations of Cortical Development 

The complexity of the spatiotemporal events required for the development of a mature and functional 

brain generates a multitude of opportunities for problems to arise. Defects in the formation of the 

nervous system can occur very early, such as during the closure of the neural tube, or much later, in 

neuronal differentiation and synaptogenesis. Each of these defects can give rise to different human 

pathologies, affecting early foetal development, or later growth and learning. Since the term 

malformations of cortical development (MCD) was first introduced, (Barkovich et al., 1996), the 

classification of these defects has been updated to reflect the advances in the understanding of the 

various mechanisms of pathogenesis [Figure 11; (Barkovich et al., 2012)].  

 

Figure 11. Schematic representations of the three classes of malformations of cortical development. Class I: 
microcephaly, Class II: lissencephaly, subcortical band heterotopia and periventricular nodular heterotopia, and 
Class III: polymicrogyria. Inspired by Fernandez et al. (2016). 
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MCDs are thus grouped into three classes. Class I are defects arising from the abnormal proliferation 

or apoptosis of neurons and glia. This class includes microcephaly, defined as a head circumference 

more than two standard deviations (SDs) below the mean, with many causative genes associated with 

ensuring sufficient mitosis of early progenitor cells. Megalencephaly is also included in class I, and is 

defined as a head circumference more than two SDs above the mean (DeMyer, 1972), with genes 

identified in signalling pathways involved in promoting cell proliferation and survival (Ghayda M. 

Mirzaa et al., 2014). Finally, focal cortical dysplasias are a heterogeneous spectrum of disorders 

involving disorganisation of the cortical layers in a given region. The genes thus far identified show an 

overlap with the signalling pathways affected in megalencephaly (Marin‐Valencia et al., 2014).   

Class II are malformations resulting from abnormal neuronal migration. Lissencephaly is another 

heterogeneous group of disorders, subdivided into two types. Type I lissencephaly encompasses a 

broad range of phenotypes, including the complete loss of gyri, resulting in a smooth brain, simplified 

gyri and a disorganised cortex. Many of the genes so far identified in lissencephaly are microtubule-

associated proteins, including the kinesins KIF2A and KIF5C (Poirier et al., 2013), highlighting the 

importance of the cytoskeleton in neuronal migration (Fry et al., 2014). Type II lissencephaly, also 

called cobblestone lissencephaly, associates a disorganised cortex with a specific gyral pattern, and 

results from the overmigration of neurons beyond the pial surface. Genes found to cause type II 

lissencephaly include proteins important for the integrity of the cortical basement membrane 

(Devisme et al., 2012). Finally, heterotopia is again a broad class of disorders characterised by an 

abnormal accumulation of neurons, often combined with defects in the ependymal layer at the 

ventricular surface. Heterotopia is, therefore, likely to be due to the failure of neurons to migrate out 

from the ventricular zone. Some of the causative genes so far identified have a role in maintaining the 

integrity of the ependymal layer, which appears to be important for efficient neuronal migration 

(Ferland et al., 2009).    

The last group of malformations, class III, are defects associated with postmigrational events and 

combine disorders with known genetic and environmental factors. Polymicrogyria is a highly 

heterogenous group of malformations characterised by an abnormal gyral pattern. Causative 

mutations have been found in a number of cases associating polymicrogyria with other MCDs, and it 

is highly likely that the aetiology is multifactorial (Squier et al., 2014). Both schizencephaly, the 

presence of clefts within the cortex, and certain focal cortical dysplasias are also part of this final class 

of MCDs. Both appear to have mostly environmental origins (Jamuar et al., 2015).   

Although certain environmental factors have been identified, MCD is largely a spectrum of genetic 

diseases. While the three classifications separate clinically distinct phenotypes, their definitions are 
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partly based on the identification of causative mutations, and subsequent elucidation of the affected 

processes. Many genes have already been identified, and the clinical presentation well defined. In 

these cases, diagnosis can be confirmed by targeted sequencing of the gene suspected to be 

responsible. Where the clinical findings are less clear and a novel causative gene is likely, either Whole 

Exome- or Whole Genome- Sequencing (WES and WGS, respectively) can be employed. The 

identification of a novel MCD gene, as in many other genetic diseases, is often confirmed using an in 

vivo model, and these approaches have contributed to the understanding of the fundamental 

processes required for the formation of a mature, functional brain.      

 Microcephaly 

Microcephaly is clinically defined as a head circumference more than two SDs below the mean, and is 

subdivided into primary and secondary microcephalies (Woods, 2004). Autosomal recessive primary 

microcephaly, (MCPH), is present at birth, reflecting a developmental defect. In contrast, secondary 

microcephaly is defined as a normal head circumference at birth but which then progresses postnatally 

to more than two SDs below the mean, and is therefore neurodegenerative. Another characteristic of 

microcephaly is that the neocortex does not usually show any organisational defects. The small brain 

size often results from a reduced number of neuronal progenitors, decreased neurogenesis or an 

increase in apoptosis. 23 MCPH genes have been identified to date, and many of the encoded proteins 

have been shown to have crucial roles at the centrosome during the cell cycle.  

 Spindle and Mitosis 

Of the 23 genes so far identified, the encoded proteins of 10 are known to be important during mitosis. 

Mutations in ASPM are the most common cause of MCPH (Faheem et al., 2015). ASPM encodes a 

protein which localises to the mitotic spindle and is highly expressed during the early, self-renewing 

phase of progenitor amplification. ASPM has been shown to play a role in maintaining the cleavage 

plane required for symmetrical mitosis, ensuring that the progenitor pool is sufficient before the onset 

of neurogenesis (Fish et al., 2006). Similarly, WDR62 has been shown to localise to the spindle, with 

mutations also thought to lead to misorientation of the cleavage plane, and depletion of the progenitor 

pool (Nicholas et al., 2010; Yu et al., 2010).  

Aside from the spindle, MCPH-causing mutations have been identified in genes encoding proteins 

localising to other mitotic structures. CASC5 is present at the kinetochore promoting microtubule 

docking and is implicated in cell cycle progression through control of the spindle assembly checkpoint. 

Mutations in CASC5 were shown to result in micronuclei which was postulated to result from impaired 

DNA damage responses (Genin et al., 2012; Szczepanski et al., 2016). Similarly, CENPE also functions 

at the kinetochore, ensuring chromosome alignment and the binding of mitotic spindle microtubules. 
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Mutations in CENPE were shown to lead to chromosome lagging, multipolar spindles and binucleated 

cells (G. M. Mirzaa et al., 2014).  

Many MCPH-related proteins have been shown to localise to another equally important component of 

the cell, the centrosome. CDK6 has been shown to localise to the centrosome during mitosis and have 

an important role in cell cycle regulation, with mutations, again, thought to affect the proliferation of 

progenitors (Hussain et al., 2013). CENPJ also localises to the centrosome and plays a role in centriole 

formation and length regulation. Mutations in CENPJ cause mitotic delay and lead to an increase in cell 

death (Bond et al., 2005; Tang et al., 2009; Insolera et al., 2014). Similarly, STIL is also present at the 

centrosome, has a role in centriole amplification and STIL expression has been shown to be tightly 

regulated through the cell cycle. Mutations in STIL were found to cause an increase in centriole 

numbers due to a failure in degradation targeting (Kumar et al., 2009; Arquint et al., 2014). The 

expression level of SAS-6 is also controlled throughout the cell cycle in order to regulate centriole 

formation (Strnad et al., 2007). Mutations identified in SAS-6 affect centriole number and thus impact 

on spindle formation (Khan et al., 2014). 

Two MCPH-causing genes have been identified in proteins acting in the final steps of mitosis. Both CIT 

and KIF14 localise to the midbody during cytokinesis. Both have been shown to require the other for 

correct localisation and mutations in both have been shown to result in binucleated cells (Carleton et 

al., 2006; Gruneberg et al., 2006; Fujikura et al., 2013; Watanabe et al., 2013; Basit et al., 2016; Harding 

et al., 2016; Li et al., 2016; Moawia et al., 2017; Makrythanasis et al., 2018). 

 Centrosome 

The centrosome is equally important for microtubule nucleation and organisation. CDK5RAP2 localises 

to the centrosome throughout the cell cycle, promoting γ-tubulin localisation and, therefore, 

microtubule nucleation. Mutations identified in CDK5RAP2 affect the recruitment of γ-tubulin to the 

centriole and subsequently impact the microtubule networks during interphase and mitosis, both of 

which are important in neurogenesis (Bond et al., 2005; Fong et al., 2008). Both CEP152 and CEP135 

localise to the centrosome and have been shown to play important roles in the formation and 

maintenance of mature centrioles. Mutations in both genes perturb their centriolar localisation and 

result in abnormal centriole numbers (Guernsey et al., 2010; Hussain et al., 2012).  

Both the cell cycle and the formation and maturation of centrioles are tightly regulated and 

synchronised processes. MCPH1 localises to the centrosome and plays an important role in maintaining 

this synchronisation. Mutations in MCPH1 result in premature entry into mitosis, affecting the cleavage 

plane during cell division and resulting in preferentially neurogenic divisions (Jackson et al., 2002; 
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Gruber et al., 2011). MCPH1 has also been implicated in DNA damage response (Z. W. Zhou et al., 

2013). 

 Other 

In addition to the cell cycle and centrosome, mutations have been identified in genes involved in 

several other processes. ZNF335 has a role in methylation of important neural progenitor genes (Y. J. 

Yang et al., 2012), while PHC1 is involved in chromatin modification and the ubiquitination of proteins 

implicated in cell cycle control (Awad et al., 2013). MFSD2A is expressed in the endothelium of the 

blood-brain barrier and is required for the transport of essential fatty acids into the developing brain 

(Nguyen et al., 2014; Guemez-Gamboa et al., 2015). WDFY3, identified in a case of autosomal 

dominant microcephaly, is an autophagy scaffold protein involved in the regulation of Wnt signalling 

(Kadir et al., 2016). COPB2 is required for Golgi to endoplasmic reticulum trafficking (DiStasio et al., 

2017), while ANKLE2 has been implicated in nuclear envelope reassembly (Asencio et al., 2012; 

Yamamoto et al., 2014). Finally, mutations were identified in NCAPD2, NCAPD3 and NCAPDH, 

components of the condensin complexes required for efficient chromosome segregation (Martin et 

al., 2016).  
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Chapter Two - Development of the Kidney 

The kidney, not unlike the brain, is a highly complex organ, whose proper function depends on a precise 

structural organisation. The kidneys are present as a pair, each connected to a ureter, and function to 

filter the blood from the renal arteries. The filtrate exits the kidney via the ureter, connected to the 

bladder, in the form of urine. Kidney function is important for the removal of toxins from the blood, as 

well as the synthesis of certain hormones (McMahon, 2016). 

The kidney is divided into two regions, the outer, termed the cortex, and the inner, or medulla (Figure 

12). The medulla is composed of multiple renal pyramids oriented such that the narrowest portion 

faces inwards, ending with the papillae. The papillae connect to the minor calyces, which join together, 

forming major calyces, and eventually merge with the renal pelvis. The renal pelvis narrows, becoming 

continuous with the ureter. Through this layered organisation, blood is filtered in the outer cortex and 

the filtrate flows inwards towards the renal pelvis. The functional unit of the kidney is the nephron, 

each mature kidney composed of up to approximately 2 million nephrons (Bertram et al., 2011). Each 

nephron can itself be divided into distinct functional units (Figure 12). The blood-filtering glomerulus 

is present in the renal cortex and is connected to a continuous series of tubules composed of 

differentiated cells with discrete functions.  

Three renal structures are generated over the course of mammalian renal development. Both the 

pronephros and mesonephros are temporary, with the pronephros being the simplest and most 

primitive in evolutionary terms, followed by the mesonephros and finally the mature metanephros. 

During human development, the pronephros is present from approximately embryonic day 20 (E20), 

and degenerates shortly after. Around this time, E25, the mesonephros begins to develop, becoming 

functional between 6-10 gestational weeks (GW). The mesonephros is eventually replaced by the final, 

mature kidney, the metanephros, which begins to form around GW4-5. Interestingly, the kidney 

continues to develop postnatally, with some nephron maturation and differentiation occurring 2-3 

weeks after birth.  

Much of the understanding of human kidney development was first established by Edith Potter in the 

1960s. Her work in describing renal development preceded current studies of the causes of foetal 

kidney disease. To date, many essential genes and pathways have been described, often through the 

identification of affected foetuses and subsequent genetic analyses. The study of gene function is often 

complicated by the failure of mouse models to recapitulate human renal diseases, although the 

zebrafish has recently become an attractive alternative in vivo model.  



REILLY Louise - Thèse de doctorat - 2018 
 

21 
 

 

Figure 12.  Structural organisation of the kidney and nephron. Architecture of the mature metanephros, and the 
various distinct segments of the nephron, the functional unit of the kidney. Inspired by Marsh (1983) and  
McMahon (2016)  

 

 Early Development of the Mammalian Kidney 

Much of the research which has elucidated the pathways and mechanisms involved in mammalian 

renal development have been performed using the mouse as an in vivo model. Although recent work 

has begun to establish the parallels between these processes in the mouse and human (Lindstrom, 

Guo, et al., 2018; Lindstrom, McMahon, et al., 2018; Lindstrom, Tran, et al., 2018), the following 

sections will focus on murine development unless indicated otherwise. As in the development of the 

nervous system, the cells of the future mammalian kidney are induced early, during gastrulation. The 

kidney develops from the cells of the intermediate mesoderm, in the caudal portion of the early 

embryo. A number of transcription factors are known to have a role in the specification of the 

intermediate mesoderm, including Osr1, Lhx1, and Pax2/8, and are activated by low concentrations of 

Bmp2 (Tsang et al., 2000; Bouchard et al., 2002; James et al., 2005; James et al., 2006). Epithelialisation 

of the anterior-most region of the intermediate mesoderm on either side of the midline results in the 

formation of bilateral nephric ducts (Obara-Ishihara et al., 1999). Each nephric duct consists of an 

epithelial tube formed of a single layer of cells. The epithelial-to-mesenchymal transition of 

intermediate mesoderm cells at the caudal end of the developing nephric duct results in growth in a 

caudal direction towards the cloaca (Figure 13). 
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Figure 13. Development of mammalian kidneys. Formation and degeneration of pronephroi and mesonephroi 
prior to, or during development of the metanephros. Inspired by Davies (2002) 

 

As the nephric duct extends, the adjacent medioventral mesoderm condenses to form a number of 

epithelialised structures. These structures, which develop around E20-22 in humans, form a lumen and 

are open both proximally and distally, with the distal end connected to the nephric duct (Oliver et al., 

1968). Together, these primitive tubules form the pronephroi of the developing embryo. The number 

of tubules formed over the course of human embryonic development is variable, although none are 

functional (Vize et al., 2003). The pronephroi form at the cranial end of the nephric duct, but quickly 

regress and by E25 have completely degenerated (Figure 13). The development of the mesonephros 

occurs concomitantly with the loss of the pronephros and the fusion of the nephric ducts with the 

cloaca. The mesoderm, in a region between the lumbar and thoracic vertebrae, is again induced to 

condense into tubules. This induction occurs in a cranial to caudal direction, with around 40 

mesonephric tubules formed over the course of embryonic development. The induction and formation 

of the mesonephric tubules is followed by a craniocaudal regression, whereby the cranial-most tubules 

regress as the caudal-most tubules develop (Ludwig et al., 2005). The cranial mesonephric tubules 

differentiate to form mesonephric nephrons, connecting the nephric duct to a blood-filtering 

glomerulus. However, the caudal tubules are not functional and do not attach to the nephric duct. 

During human development the mesonephric nephrons form the earliest filtration and secretion 

system, functioning between 6-10GW (Figure 13).   

 Metanephros Formation 

The formation of the final, mature kidney, the metanephros, begins prior to the establishment of the 

functioning mesonephros. At around 4-5GW, a caudal outgrowth of the nephric duct, termed the 

ureteric bud (UB), extends towards a specialised, caudal region of intermediate mesoderm, known as 

the metanephric mesoderm (MM; Figure 14). Eyes absent 1, Eya1, is one of few factors so far shown 

to be essential for the specification of the MM (Xu et al., 1999). The induced MM subsequently secretes 
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glial cell-derived neurotrophic factor, Gdnf, the receptor of which is expressed by the caudal nephric 

duct (Sainio et al., 1997). This signalling is believed to be crucial to the outgrowth of the UB, while Bmp-

4 has been shown to suppress ectopic UB formation (Miyazaki et al., 2000). In the absence of invasion 

by the UB, the MM undergoes apoptosis (Koseki, 1993), however the UB has been shown to secrete 

several factors which promote MM survival, including Fgf2 and Fgf8 (Barasch et al., 1997; Grieshammer 

et al., 2005). Two elements of the invading UB can be distinguished, the cells of the tip and those of 

the remaining tubule. The tip can either advance into the MM, or divide, in a process known as 

branching. The first division of the UB tip is symmetrical, resulting in the formation of two branches, 

the tips of which will continue to advance in opposite directions (Osathanondh et al., 1963a; Saxen et 

al., 1987). Subsequent branching can be either symmetrical or asymmetrical, whereby the latter 

generates branches of differing lengths to be directed to different areas (Figure 14). These events 

result in the complex patterning of the final mature kidney. 

 

 

 

Figure 14. Branching of the ureteric bud. Invasion of the metanephric mesenchyme (green) by the ureteric bud 
(black) and reciprocal GDNF/Ret signaling. Inspired by Walker et al. (2011). Schematic representation of the 
branching and arcade formation, inspired by Shah et al. (2004). 

 

Four periods have been described in the development of the human metanephros (Osathanondh et 

al., 1963b). The first period includes the invasion of the MM by the UB, the initial branch formation 

and ends at 14-15GW. The predominant event during this period is branching, with little 

nephrogenesis, although this begins around 8-9GW (Vize et al., 2003). Nephrons produced during this 

time are induced in an area adjacent to the tip, termed the growth zone, and progress with the tip. 

Although the tips undergo successive rounds of branching, these nephrons always remain associated 

with the growth zone, and therefore the most peripheral branches. The first 3-5 branching events are 

remodelled to form the renal pelvis and major calyces of the collecting duct system by 10-12GW. The 

following rounds of branching generate the minor calyces (Figure 12). The second period, between 14-

15GW and 20-22GW, is characterised by increased nephrogenesis, with reduced branching. During this 

period, series of nephrons are produced successively within the growth zone of a single advancing tip. 
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These nephrons connect together to form arcades, with the most peripheral nephrons being the last 

to be produced. In the third period, ending around 32-36GW, branching events are rare, the tips 

degenerate and nephrons are produced outside of the growth zone. Finally, the fourth period, 

continuing postnatally, is characterised by growth and differentiation of the nephrons and interstitium 

(Little, 2015).  

 Branching 

The process of branching in the metanephros is crucial to the formation of a mature and functional 

kidney. The mechanisms behind this process are not fully understood, although reciprocal interactions 

between branch tips and the surrounding MM are known to be essential (Costantini et al., 2010). A 

number of factors secreted by the MM to promote branching have been identified, including Gdnf, 

Fgf10, Fgf7, pleiotrophin and Hgf (Pepicelli et al., 1997; Qiao, Uzzo, et al., 1999; Ohuchi et al., 2000; 

Sakurai et al., 2001; Michos et al., 2010). Additionally, signals which negatively regulate branching have 

also been identified including Sprouty and Bmp-4 (Basson et al., 2005; Michos et al., 2007). Branch tip 

cells have been found to express the corresponding receptors, including Ret, Fgfr2 and Met (Pachnis 

et al., 1993; H. Zhao et al., 2004; Ishibe et al., 2009). These interactions combine to promote the 

proliferation and branching of the UB tips.  

Growth and branching require proliferation and self-renewal of progenitors. Mapping of expression 

profiles within the developing kidney has revealed differences between various cell populations, such 

as those of the tip and CM (Brunskill et al., 2008), but additional analyses have highlighted differences 

between cells of the ureteric tips, and those of the branches (Schmidt-Ott et al., 2005; Shakya et al., 

2005). Lineage tracing and time lapse imaging have revealed that the division of tip cells results in 

daughters which contribute to both the tips and branches. However, a subset were shown to remain 

within the tip throughout the duration of the analysis (Riccio et al., 2016). These cells were shown to 

express Ret and the ETS-related transcription factor 4 (Etv4), both downstream effectors of Gdnf. 

These results were compatible with earlier findings that tip cells express many targets of Gdnf 

signalling (Schmidt-Ott et al., 2005), which is highly expressed in the MM (Hellmich et al., 1996), and 

suggests that this signalling pathway is preferentially maintained in a subset of self-renewing tip cells. 

This result would support the suggestion that differences between tip and branch cells results from tip 

cells retaining the expression of certain factors which promote a progenitor state. The analysis of 

expression profiles of tip and branch cells shows that branch cells express many genes important for 

the later function of the collecting duct (Schmidt-Ott et al., 2005). One factor shown to promote a 

progenitor state in tip cells is β-catenin, the loss of which results in premature differentiation into 

collecting duct cells (Marose et al., 2008). The finding that branching can occur in culture, in the 
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absence of interactions with the MM (Qiao, Sakurai, et al., 1999), also contributes to the idea that 

differentiation into branch cells may be intrinsically regulated by those of the tip.   

Both the tips and the branches undergo mitosis and contribute to growth, however cell cycle dynamics 

are different, with shorter cycles in the tips than the branches (Michael et al., 2004; Riccio et al., 2016). 

Although the significance of these cell cycle rates has not been explored, it may parallel the kinetics 

seen during brain development. Early progenitor cells undergoing self-renewing mitoses display 

shorter cell cycles than later neurogenic divisions (Calegari et al., 2005). This difference is proposed to 

be due to the length of time specific cell fate determinants can act on the progenitors, although this 

remains to be demonstrated experimentally. Mitosis in the early developing brain occurs 

predominantly within the ventricular zone, at the luminal surface (Figure 6). Interestingly, mitosis in 

branch tips during kidney development has been shown to occur within the lumen and proceeds via 

an unusual mechanism of delamination and cell dispersal (Figure 15). Prior to mitosis, cells extend 

apically towards the lumen whilst maintaining contact with the basal surface. Subsequently mitosis 

occurs within the lumen, with one daughter cell re-entering the epithelium at the site of origin, and 

the remaining daughter cell reinserting a short distance away (Packard et al., 2013). The significance 

of these luminal mitoses and the regulation of cell cycle kinetics within branch tips remains to be 

determined.    

 

Figure 15. Mitosis and cell dispersion in the ureteric tips. Mitotic cells of the ureteric tips divide at the apical 
surface within the lumen. Following mitosis, one daughter cell re-enters the epithelium a short distance from 
the original mother cells. Inspired by Packard et al. (2013) 
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 Nephrogenesis 

The processes of branching and nephron formation are intrinsically linked, with defects in branching 

associated with a reduction the final number of mature nephrons. Cells of the MM which condense 

around branch tips of the ureteric bud form the cap mesenchyme (CM) and give rise to the nephrons, 

while the remaining MM contributes interstitial cells. Analysis has highlighted differences in expression 

profiles and cell cycle kinetics of the various populations within the MM. Forkhead box D1, (Foxd1) is 

an early marker of interstitial cells (Hatini et al., 1996), while Six2+ cells define early nephron 

progenitors (Self et al., 2006). Lineage tracing has shown that these populations separate early during 

development (Mugford et al., 2008). The CM can be further subdivided into two populations, one 

committed to differentiating, and the other containing progenitors. The expression of Six2 and Cited1, 

along with the absence of Wnt4, is found in progenitor cells (Boyle et al., 2008; Mugford et al., 2009). 

Cells expressing Six2 and Wnt4, and having lost the expression of Cited1, are considered to be induced 

and will undergo differentiation (A. Kobayashi et al., 2008; Mugford et al., 2009). Although both 

populations are Six2+, differences in cell cycle kinetics have been identified. Short et al. (2014) 

identified a Six2HIGH population at the periphery of the CM with a reduced rate of proliferation, 

proposed to represent the progenitor cells, and a less peripheral Six2LOW population with a higher cell 

cycle rate, corresponding to those cells committed to differentiation. The progenitor population was 

shown to self-renew throughout development to generate a sufficient number of nephrons. The 

expression of Six2 was shown to be essential to these self-renewing mitoses (A. Kobayashi et al., 2008).     

 

 

 

 

 

 

Figure 16. Developmental stages of nephrogenesis. Formation of renal vesicle, followed by comma-shaped 
body, S-shaped body and developed nephron. Renal vesicle (RV), S-shaped body (S-SB). Inspired by McMahon 
(2016) 
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Several stages have been described in the process of nephron formation (Figure 16), beginning with 

the pretubular aggregate, followed by the mesenchymal-to-epithelial transition to form the renal 

vesicle. The renal vesicle is polarised and these proximal and distal regions are maintained in the 

comma-shaped body. Mitosis accompanies the transition to the S-shaped body, the lumen of which 

connects to that of the ureteric tip, and from which the fully differentiated and segmented nephron 

forms. At the beginning of this process, a gradient of Wnt9b expression in the ureteric tips activates 

the canonical Wnt/β-catenin signalling pathway in a subset of cells, resulting in the formation of the 

pretubular aggregate beneath the branch tip (Carroll et al., 2005). Subsequently, stabilised β-catenin 

induces the expression of Fgf8 and Wnt4, both of which are required for the progression of the 

pretubular aggregate into the renal vesicle (Carroll et al., 2005; J. S. Park et al., 2007). Fgf8 acts 

upstream of Wnt4, with Wnt4 required to maintain the expression of Fgf8, and both required to induce 

the expression of Lhx1 (Grieshammer et al., 2005; A. Kobayashi et al., 2005; Perantoni et al., 2005). 

The initiation of the mesenchyme-to-epithelial transition of the pretubular aggregate appears to 

require canonical Wnt signalling, yet the progression to the renal vesicle is impaired upon constitutive 

activation of this pathway (J. S. Park et al., 2007). Interestingly, non-canonical Wnt signalling has been 

implicated in the continuation of the mesenchyme-to-epithelial transition (Burn et al., 2011; Tanigawa 

et al., 2011). 

The mechanisms which lead to the formation of the epithelialised renal vesicle remain to be fully 

elucidated, although both cadherin-6 and Tjp1 are expressed in the forming structure (Mah et al., 

2000). The establishment of cell polarity results in the formation of a lumen within the vesicle, which 

has been shown to require afadin, nonmuscle myosin IIA and IIB (Z. Yang et al., 2013; Recuenco et al., 

2015). In vitro, afadin is required for the formation of adherens and tight junctions in canine renal cells 

[MDCK; (Ooshio et al., 2007)]. In vivo, afadin was shown to be required for both the initial de novo 

lumen formation within the renal vesicle, as well as the expansion of the lumen as the renal vesicle 

differentiates into further elongated structures (Z. Yang et al., 2013). At the S-shaped body stage a 

continuous lumen exists between the nascent nephron and the ureteric tip. This continuous lumen 

was shown to develop from the coalescence of multiple small lumens and required afadin expression. 

Interestingly, afadin has subsequently been implicated in the orientation of cell division within the 

renal vesicles. Mitosis was shown to occur perpendicular to the apico-basal axis, with the intercellular 

bridge and midbody positioned apically. Loss of afadin severely impairs lumen formation, which was 

proposed to impact the morphogenesis of the nascent nephron and likely affect function (Gao et al., 

2017).  

In addition to apico-basal polarity, the expression of subsets of factors lead to the proximal-distal 

polarisation of the renal vesicle (Figure 17). While the distal portion of the renal vesicle will give rise to 
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the proximal and distal tubules, the proximal region will become the glomerulus. Notch2 signalling has 

been implicated proximally, while a gradient of canonical Wnt signalling is important for defining the 

medial and distal regions. Markers of the distal region include Lhx1, the Notch ligands Dll1 and Jag1, 

Bmp2 and factors involved in Wnt signalling, Wnt4, Lef1 and Dkk1. Proximal markers include Tmem100 

and Wt1 (Georgas et al., 2009; Mugford et al., 2009). Establishing the proximal-distal polarity has been 

shown to be crucial to the progression of nephron formation. Loss of Lhx1 results in the absence of 

polarity in the renal vesicle which subsequently fails to develop into the S-shaped body (A. Kobayashi 

et al., 2005). Although it remains to be shown experimentally, it has been proposed that signals from 

the ureteric tips, such as Wnt9b, may signal to the renal vesicle thus inducing polarity. Correctly 

patterned nephrons have been observed in the absence of ureteric tips, (Saxen et al., 1987), and so it 

may be possible that additional factors, perhaps intrinsic to the renal vesicle, may also contribute to 

establishing proximal-distal polarity.  

 

Figure 17. Stages of development of a functional nephron. Schematic representation of the development and 
differentiation of a nephron beginning at the renal vesicle stage, followed by the comma-shaped body and S-
shaped body. Inspired by Schedl (2007) 

 

The events following polarisation of the renal vesicle and the progression to the comma- and then S-

shaped bodies are poorly understood. A higher number of proliferative cells were observed in the distal 

portion of the renal vesicle, which was proposed to reflect a higher rate of proliferation and 

subsequent distal elongation (Georgas et al., 2009). Comma-shaped bodies are also distinguished from 

the renal vesicle by the presence of a slit at the proximal end. Further proliferation is proposed to 

result in the formation of the S-shaped body, which maintains a proximal, medial and distal polarity, 

and finally the mature nephron. Distal markers of the S-shaped body include Lef1, Sox9 and Lhx1, of 

which Sox9 and Lhx1 have been implicated in the development of the distal nephron segments. Notch 

signalling has been identified in the medial S-shaped body with the expression of the ligands Jag1 and 

Dll1, suggesting a role in the specification of the proximal nephron. Proximally expressed markers 

within the S-shaped body include Mafb, Wt1 and Lmxb1 which define the podocyte precursors 



REILLY Louise - Thèse de doctorat - 2018 
 

29 
 

(Georgas et al., 2009; Mugford et al., 2009). The development of the functional nephron from the S-

shaped body has not been well characterised but is believed to require further proliferation and 

differentiation. Interestingly, oriented cell division has again been implicated in the elongation of the 

nephrons and collecting ducts during a period of maturation (Fischer et al., 2006). The various proximal 

and distal segments of the nephron express different solute carriers, reflecting the range of spatially 

restricted functions across the mature nephron. The signals expressed to establish the proximal-distal 

polarity during development are implicated in the differentiation of these various segments, intricately 

linking the structure and function of the mature nephron.  

 Glomeruli Formation 

The blood-filtering glomeruli develop at the proximal-most end of the nephron, and are composed of 

four cell types, the glomerular endothelial cells, podocytes, mesangial cells and the parietal epithelial 

cells. Initially, podocyte precursors in the slit formed during the comma-shaped body stage secrete 

VEGF to attract endothelial cell precursors. These cells likely originate from angioblasts present in the 

metanephric mesenchyme. Concomitantly with the formation of the capillaries, the apical domains of 

podocyte precursors expand and cell-junction proteins translocate to the basal surface. One stage of 

podocyte maturation involves complex morphological changes, which may be active or inactive, and 

result in the formation of primary and secondary processes. The primary, or major, processes are 

principally formed of microtubules and intermediate filaments, while the secondary, or foot, processes 

are actin-based. The foot processes of neighbouring podocytes interdigitate to envelope the forming 

capillaries. Unique cell-cell junctions, termed slit diaphragms, form between foot processes. These 

porous junctions are composed of distinct proteins, including nephrin and podocyin, and are crucial to 

the function of the mature nephron (Quaggin et al., 2008; Scott et al., 2015).  

Glomerular endothelial cells share an extra cellular matrix with the mature podocytes, the glomerular 

basement membrane, and function together as the glomerular filtration barrier. This barrier serves to 

filter the blood, allowing the passage of water and small solutes, while preventing large, charged 

proteins from entering the tubules. The glomerular endothelial cells form the lumen of the capillaries 

through apoptosis, while interactions with the mesangial cells generate the complex looping of the 

mature capillary tuft. The capillaries are also porous to maximise the filtration rate, and lined with a 

lattice of negatively charged glycoproteins which, again, prevent the passage of proteins out of the 

blood. These structures are all encompassed by the Bowman’s capsule, formed from the parietal 

epithelial cells. The filtrate which passes through the glomerular filtration barrier is contained within 

the Bowman’s space, before entering the proximal tubule (Dressler, 2006; Quaggin et al., 2008; Scott 

et al., 2015) 
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 Intersitium 

Cell fate and lineage tracing has suggested that the nephron and interstitial progenitors separate early 

during development. Both derive from Osr1+ cells of the intermediate mesoderm. Six2+ cells give rise 

to the nephron, and Six2 expression has been shown to be crucial for the maintenance of these cells. 

In contrast, Foxd1+ cells give rise to the interstitium, however, Foxd1 is not essential in this process. 

Certain markers of the progenitor state of interstitial cells have been identified and include Pbx1. 

Differentiated interstitial cells include components of the glomeruli, such as the mesangial cells, and 

other cells associated with vascularisation of the kidney, including pericytes, and smooth muscle cells. 

It is not yet known whether the differentiation of the various interstitial cell types is due to responses 

to local environmental signals, or intrinsic patterning (Fanni et al., 2016; McMahon, 2016).   

 Hereditary Kidney Disease 

The complexity of the structure of the mature kidney and the intricate links between architecture and 

function, both during and following development, provide numerous opportunities for defects to 

occur. Many different types of kidney disease have been described, some of which are developmental 

and others degenerative leading to end-stage renal disease. Certain conditions are considered 

polygenic and influenced by various environmental factors, while others are monogenic. Recent work 

has identified many genes implicated in kidney disease and their roles in normal kidney development 

or function.  

 Congenital Abnormalities of the Kidney and Urinary Tract 

Congenital abnormalities of the kidney and urinary tract (CAKUT) comprise a broad range of 

phenotypes affecting 3-6 per 1000 live births, and representing around one fifth of all congenital 

anomalies detected prenatally (Loane et al., 2011). CAKUT is the leading cause of end stage renal 

disease during childhood (Ardissino et al., 2003), and arises due to defects during renal development 

(Schedl, 2007). The severity of CAKUT phenotypes is variable but the most severe defects are 

associated with foetal or perinatal death and can affect the kidneys and/or ureters. CAKUT phenotypes 

affecting the kidney include renal agenesis, renal hypodysplasia and multicystic dysplastic kidney 

(Rodriguez, 2014). These phenotypes can occur in isolation or when present in conjugation with other, 

extra-renal conditions are termed syndromic (F. Hildebrandt, 2010). Although certain environmental 

factors have been found to cause CAKUT, including obesity and diabetes (Groen In 't Woud et al., 2016; 

Macumber et al., 2017), the identification of many familial cases has revealed the importance of 

genetic factors (Winyard et al., 2008; Bulum et al., 2013). Analysis of the modes of inheritance in these 

familial cases has revealed both autosomal recessive mutations and autosomal dominant with 

incomplete penetrance (Heidet et al., 2017). In addition, the same mutations in the same genes often 
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result in different phenotypes, a phenomenon known as variable expressivity (van der Ven et al., 2018). 

A large genetic heterogeneity is also seen in CAKUT, with mutations thus far identified in over 50 genes, 

many of which encode transcription factors or actors in signalling pathways with known roles during 

kidney development (Heidet et al., 2017; Sanna-Cherchi et al., 2018). A number of different 

approaches are currently used to identify novel candidate genes, including targeted- and whole-exome 

sequencing, and whole genome sequencing (Renkema et al., 2014; Heidet et al., 2017)  

 Renal Hypodysplasia  

Of the spectrum of phenotypes in CAKUT, those malformations affecting the kidney are termed renal 

hypodysplasia (RHD; Figure 18). These defects, along with those affecting the ureters, can occur either 

unilaterally or bilaterally. In cases of bilateral anomalies, each kidney can present a different 

phenotype of varying severity.  

 

Figure 18. Spectrum of phenotypes observed in renal hypodysplasia. Schematic representation of renal 
agenesis, hypoplasia and dysplasia. Inspired by Kerecuk et al. (2008) 
 

The absence of one kidney, or unilateral renal agenesis, is a relatively common form of RHD, with a 

prevalence of 1 in 5000 births. Unilateral renal agenesis can be asymptomatic when development of 

the remaining kidney proceeds normally, or can lead to perinatal lethality when combined with 

additional defects in the contralateral kidney. Bilateral renal agenesis is less frequent, affecting 1 in 

30,000 births, and is associated with a number of phenotypes, collectively termed Potter’s syndrome, 

and includes a receding chin, low-set ears, pulmonary hypoplasia and rocker-bottom feet (Rodriguez, 

2014). The absence of kidney function reduces the volume of amniotic fluid, subsequently affecting 

pulmonary development and resulting in perinatal lethality. Renal agenesis is thought to be associated 

with early developmental defects, such as a failure of ureteric bud outgrowth or metanephric 
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mesenchyme specification (Schedl, 2007). Two genes have so far been identified in isolated autosomal 

recessive bilateral renal agenesis, ITGA3 (Humbert et al., 2014) and FGF20 (Barak et al., 2012). Recently 

mutations were identified in GREB1L in several cases of bilateral renal agenesis with an autosomal 

dominant mode of inheritance displaying incomplete penetrance and variable expressivity (De Tomasi 

et al., 2017).  

The development of a smaller but histologically normal kidney is termed renal hypoplasia. Hypoplastic 

kidneys are formed of fewer nephrons and are subsequently associated with poor renal function. 

Several studies have demonstrated the correlation between reduced nephron number and 

hypertension (Keller et al., 2003), although unilateral renal hypoplasia may be asymptomatic (Goodyer, 

2009). As ureteric branching and nephrogenesis are intricately linked, genes controlling either process 

have been identified in cases of renal hypoplasia. Additionally, the failure to maintain the self-renewing 

progenitor state of nephron precursors has also been linked to premature nephrogenesis and reduced 

nephron number. Several transcription factors implicated in these processes have been identified in 

cases of syndromic and isolated renal hypoplasia and one of the most frequent is PAX2 (Sanyanusin et 

al., 1995; Bower et al., 2012)  

Renal dysplasia refers to the formation of structurally disorganised and poorly differentiated kidneys. 

One study found that renal dysplasia most frequently arises due to an obstruction of urinary flow 

(Rubenstein et al., 1961), although cases where no obstruction can be identified are also seen 

(Rodriguez, 2014). Histology of dysplastic kidneys reveals poorly differentiated collecting ducts, and 

regions of metaplastic cartilage and undifferentiated metanephric mesenchyme (Gilbert-Barness et al., 

2007). Cysts can also be identified in renal dysplasia and is often associated with renal hypoplasia, 

subsequently termed renal hypodysplasia (Schedl, 2007). FRAS1 (McGregor et al., 2003) and FREM1 

(Alazami et al., 2009) both encode extracellular matrix proteins and have been associated with 

syndromic renal dysplasia.  

The formation of enlarged kidneys consisting of multiple variably sized cysts is termed multicystic 

dysplastic kidney (MCDK). Cysts usually arise from the collecting ducts, are frequently present at the 

periphery of the kidney, and distort renal architecture, preventing function. Histology also reveals 

regions of undifferentiated metanephric mesenchyme, along with fibrosis and a reduced number of 

nephrons. MCDK is also often associated with uretral atresia (Gilbert-Barness et al., 2007). Bilateral 

MCDK causes perinatal death, while unilateral MCDK can be isolated or appear in conjunction with 

other CAKUT defects affecting the contralateral kidney (Goodyer, 2009). One of the genes most 

frequently associated with MCDK is HNF1β, which is often found in cases combining renal cysts and 
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diabetes (Horikawa et al., 1997; Heidet et al., 2010). Of the CAKUT cases identified so far, mutations in 

either PAX2 or HNF1β account for up to 15% (Madariaga et al., 2013)  

Other renal defects within the CAKUT spectrum include horseshoe kidney, whereby the caudal-most 

regions of the kidneys cross the midline and fuse together. Horseshoe kidney is considered a common 

defect and is associated with a predisposition for renal infections and kidney stone formation (Gilbert-

Barness et al., 2007). Finally, ectopic kidneys are also included within the CAKUT spectrum and can 

relate to incorrectly positioned kidneys or the formation of an additional kidney. Ectopic kidneys may 

be hypoplastic and/or dysplastic with a reduced vasculature and be associated with a predisposition 

for renal infection (Gilbert-Barness et al., 2007).    

  Renal Ciliopathies  

Ciliopathies are a heterogenous group of disorders relating to defects in the formation and function of 

the primary cilium, a sensory organelle present on the surface of many cell types (Reiter et al., 2017). 

Ciliopathies are monogenic diseases with a largely autosomal recessive mode of inheritance. Many 

ciliopathies are syndromic affecting multiple organs, including the kidney, and resulting phenotypes 

with variable severity.  

One of the most severe renal ciliopathies is Meckel-Gruber syndrome, leading to foetal or perinatal 

death. Meckel-Gruber syndrome is characterised by the presence of occipital encephalocele, 

multicystic dysplastic kidneys and hepatic fibrosis. Additional phenotypes have also been reported 

including cleft lip and/or palate, corpus callosum agenesis, microphthalmia, polydactyly and heart 

defects. Many of the genes so far identified localise to the transition zone of cilia and have been 

implicated in the regulation of ciliary protein trafficking (Logan et al., 2011).  

Joubert syndrome affects around 1 in 100,000 births and is characterised by hypoplasia of the 

cerebellar vermis, visible on MRI and known as the molar tooth sign. Additional phenotypes include 

hepatic fibrosis, intellectual disability, retinal dystrophy and polydactyly. Kidney defects in Joubert 

syndrome include cystic renal dysplasia, while around 20-30% of patients develop another renal 

ciliopathy, nephronophthisis (Wolf, 2015). Nephronophthisis is a tubulointerstitial nephropathy 

characterised by interstitial fibrosis, corticomedullary cysts and leading to end-stage renal disease. 

Interestingly, a number of genes identified in Meckel-Gruber syndrome have also been identified in 

Joubert syndrome and a number of Joubert syndrome genes have been implicated in 

nephronophthisis, a phenomenon known as allelism. Many of the genes mutated in Joubert have also 

been shown to localise to the transition zone and have a role in ciliary protein trafficking (Romani et 

al., 2013). 
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Short rib-polydactyly is a group of disorders characterised by a narrow thorax due to short ribs, with 

polydactyly observed in certain syndromes. Additional phenotypes include cleft lip and/or palate, 

hepatic fibrosis and pancreatic cysts, while kidneys are often multicystic and dysplastic. Genes 

identified in short-rib polydactyly include members of the intraflagellar transport complexes and the 

motor protein dynein (Huber et al., 2012).  

Bardet-Biedl syndrome is a rare and heterogeneous condition with phenotypes including retinitis 

pigmentosa, obesity, polydactyly and learning disabilities. Kidneys can be multicystic and dysplastic. 

Many of the genes associated with Bardet-Biedl syndrome function together in a complex termed the 

BBSome, which has been implicated in trafficking proteins to the cilium (Forsythe et al., 2013).  

Autosomal dominant polycystic kidney disease is most frequently caused by mutations in polycystin 1 

(PKD1) and 2 (PKD2), while autosomal recessive polycystic kidney disease is caused by mutations in 

polycystic kidney and hepatic disease 1 (PKHD1). These genes all encode proteins which localise to the 

membrane of the primary cilium or basal body. Recessively inherited polycystic kidney disease is more 

severe than the dominant form, with the onset of disease occurring during development and 

frequently leading to perinatal death. Both forms are characterised by the formation of cystic kidneys 

which develop from the collecting ducts, along with hepatic and pancreatic cysts, chronic 

hypertension, and a higher risk of intercranial aneurysms (Paul et al., 2014). 
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Chapter Three - Zebrafish as a Model Organism 

The zebrafish, Danio rerio, first described by the Scottish physician Francis Hamilton in 1822, has 

become an important model organism in many areas of research (Hamilton, 1822; Pickart et al., 2014). 

Their large clutch sizes, external development, and embryonic transparency lend them to many widely 

used techniques. Zebrafish development occurs rapidly and has been extensively studied with forward 

genetics, such as the use of mutagenic screens. The injection of Morpholinos into zebrafish embryos 

has subsequently become an important approach in reverse genetics to study the function of a given 

gene by reducing expression (knockdown, KD). More recently, CRISPR and TALEN technologies have 

been employed to generate targeted knockout (KO) and knock-in (KI) lines of specific genes or 

mutations, as well as to introduce fluorescent tags to genes of interest. The combination of these 

approaches, along with evolving microscopy techniques and the transparency of early embryos, has 

made the zebrafish a commonly used model organism in many fields (Bradbury, 2004).  

The use of zebrafish as in vivo models is of particular interest in the study of human diseases. Many 

commonalities in early organ development have been described between humans and zebrafish. In 

addition, the KD or KO of genes in which potentially damaging mutations have been identified in 

humans often recapitulates the disease phenotype in zebrafish. Taken together, zebrafish are highly 

complementary to in vitro approaches in validating the pathogenicity of identified mutations in disease 

modelling (D. Ma et al., 2015).    

 

Figure 19. Representation of zebrafish egg. First cleavage cycle, showing blastodisc at the animal pole. Second 
cleavage cycle, showing division restricted to the blastodisc. Sixth cleavage cycle, showing blastoderm formed 
from successive mitoses of the blastodisc. Inspired by Beams et al. (1976).  

 

 Early Embryonic Development in Zebrafish 

The cytoplasm of the egg cell of the zebrafish consists largely of the yolk, atop which, at the animal 

pole, sits the blastodisc, which will give rise to the embryo (Figure 19). The first mitoses are 

synchronised and rapid, dividing only the blastodisc to form the blastoderm. At the 10th cleavage cycle 

cell divisions begin to lose synchrony and cell cycle length starts to increase, this marks the start of the 

midblastula transition [MBT; (Kane et al., 1993)]. These first mitoses rely on maternal gene transcripts, 

but the MBT marks the beginning of zygotic gene transcription. At this stage, three cell populations 

can be distinguished, of which the deep cells will give rise to the embryo. Of the remaining two, the 
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yolk syncytial layer (YSL) forms from the fusion of the blastoderm cells at the lower, vegetal edge with 

the yolk cell, while the enveloping layer (EVL) is formed from a single layer of the outermost cells of 

the blastoderm (Bruce, 2016).     

  

Figure 20. Gastrulation movements and fate mapping of early embryo. Cell movements during gastrulation and 
formation of the epiblast (red) and hypoblast (green) layers. Internalising (INT), epiboly (EPI), convergence (CON), 
extension (EXT), yolk syncytial layer (YSL). Inspired by Carvalho et al. (2010). Fate map of zebrafish embryo at 50% 
epiboly, 90% epiboly and the early somite stage, inspired by Schier et al. (2005) 
  

Gastrulation in zebrafish begins with the migration of the blastoderm cells over the yolk, in a process 

termed epiboly [Figure 20; (Rohde et al., 2007; Bruce, 2016)]. At the end of gastrulation the blastoderm 

has covered the entire yolk. Embryos can be staged according to the progress of the blastoderm over 

the yolk, termed percentage epiboly. Initially, the deep cells move outwards, intercalating with more 

superficially positioned cells, while the yolk cell moves upwards (Warga et al., 1990). When around 

half of the yolk cell has been covered, 50% epiboly, a thickening of deep cells at the margin of the 

blastoderm forms the germ ring. The internalisation of deep cells at this margin forms two germ layers 

within the germ ring, the outermost epiblast and the innermost hypoblast. The epiblast layer will give 

rise to the ectoderm, while the earlier internalising cells will become the ectoderm, and the later 

internalising cells the mesoderm (Pezeron et al., 2008).  

Following the formation of the hypoblast and epiblast layers, cells of both layers begin to move 

towards the dorsal side of the embryo. This convergence results in a thickening, known as the shield, 

which acts to establish the dorsoventral axis of the embryo. Continuing cell movements result in the 

narrowing of the embryo at the dorsal midline and extension of the primary embryonic axis (Schier et 

al., 2005). The first internalising cells at the shield will give rise to the prechordal plate, while those 
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following will form the precursor of the notochord (Rohde et al., 2007). Both of these structures play 

a role in the neural induction of the overlying ectoderm by inhibiting Wnt and BMP signalling, resulting 

in the formation of the neural plate (Kudoh et al., 2004; Tucker et al., 2008; Garnett et al., 2012). Both 

IGF and FGF signalling have been shown to be important in the formation of the rostral and caudal 

neural plate, respectively (Eivers et al., 2004; Kudoh et al., 2004).  A fate map of zebrafish cell lineages 

has been described beginning at the onset of gastrulation (Schier et al., 2005). The animal dorsal region 

will form the nervous system, while cells at the margin, ventrally from the shield, give rise to the blood 

and kidneys. 

 

Figure 21. Neurulation and midline crossing mitosis. Cell movements resulting in the formation of the neural 
tube from the neural plate. Basolateral domains are indicated in red and apical domains in blue. Inspired by Knust 
et al. (2007) 

 

 Early Brain Development  

In contrast to mammalian development, the neural plate of the zebrafish embryo does not appear to 

be formed of a uniform pseudostratified single-cell layer. Although the presumptive spinal cord region 

of the neural plate does adopt this organisation, the more anterior region which will give rise to the 

mesencephalon and the rhombencephalon is multi-layered and between 3-6 cells in depth (Hong et 

al., 2006; Tawk et al., 2007). These cells are thought to possess both mesenchymal and epithelial 

characteristics. The formation of the neural tube also differs between zebrafish and mammalian 

development (Figure 21). Beginning around 10hpf, the lateral neural plate cells converge towards the 

dorsal midline. At 12hpf, the cells at the midline internalise to form the neural keel, becoming the 

neural rod around 15-17hpf (Araya et al., 2016). The formation of the neural rod and subsequent 

neural tube requires a process known as midline crossing, or C-division (Tawk et al., 2007; Buckley et 

al., 2013). In these mitoses, neural progenitors divide at the midline, with each daughter cell then being 

positioned on opposing sides of the neural rod. This process requires the accumulation of apical 

markers, including Pard3 and TJP1, towards the midline prior to mitosis. The mother progenitor cell 

retains a basal contact with the outer edge of the neural rod, while the daughter cell connects to the 

opposite side before the onset of cytokinesis. These midline crossing divisions are thought to be 
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important for lumen formation by establishing a mirror-symmetry of apical-basal polarity (Tawk et al., 

2007; Buckley et al., 2013). The lumen of the neural tube begins to open around 17hpf with the 

coalescing of small midline lumens throughout the anterior-posterior axis of the developing embryo. 

Interestingly, when mitosis is blocked, therefore preventing midline crossing divisions, lumen 

formation is only partially affected, as cells traversing the midline form so called ‘tissue-bridges’ which 

interrupt the usually continuous neural tube lumen (Lowery et al., 2005).  

As in mammalian development, a combination of signalling factors in the neural plate determine the 

territories of the mature brain. The anterior neural border (ANB) is composed of the most anteriorly 

positioned cells and is adjacent to the presumptive telencephalon. The ANB, equivalent to the ANR in 

mammals, expresses Tlc, an important Wnt suppressor which acts to ensure a rostral identity (Houart 

et al., 2002). The eye field is positioned adjacent to the telencephalon, while the presumptive 

hypothalamus appears more caudally at the midline (S. W. Wilson et al., 2004). Early during 

development, between 5- to 12-somite stages, the hypothalamus moves rostrally, dividing the eye 

field in two (Varga et al., 1999) and forming the ventral diencephalon.  

Whereas the mammalian neural tube undergoes morphogenetic changes before closure, the zebrafish 

neural tube is initially straight. The presumptive forebrain, midbrain and hindbrain regions become 

visible around 18hpf (Kimmel et al., 1995), while the ventricles are formed between 18hpf and 22hpf 

(Lowery et al., 2005). Analysis of mitosis at 17hpf reveals no distinct regions of proliferation along the 

anterior-posterior axis. However, at 21hpf fewer mitoses are visible in a distinct area, marking the 

future hinge points of the midbrain-hindbrain boundary. Interestingly, the brain vesicles and 

boundaries form even in the absence of mitosis. The opening of the vesicles begins caudally, with the 

hindbrain, and proceeds rostrally with the midbrain and finally forebrain by 22hpf. At 24hpf the heart 

beat and circulation begin and subsequently contribute to the expansion of the ventricle size (Lowery 

et al., 2005).  

 

Figure 22. Schematic representation of the morphology of the everted zebrafish telencephalon. Transverse 
cross-sectional and dorsal views of the zebrafish telencephalon indicating the pallial and subpallial regions, and 
subdivisions of the pallium. Dorsal medial (Dm), dorsal lateral (Dl), dorsal posterior (Dp), dorsal centre (Dc), dorsal 
anterior (Da), pallial-subpallial boundary (PSB). Dorsoventral and anteroposterior views as indicated. 
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The zebrafish telencephalon is described as everted, in contrast to the evaginated mammalian 

telencephalon (Figure 22). The formation of the two telencephalic lobes of the zebrafish, which are 

solid, separated by a T-shaped ventricle and covered by a thin layer of non-neuronal cells, the tela 

choroidea, remains only partially understood. However, recent work has begun to shed light on the 

mechanism of eversion (Folgueira et al., 2012). Beginning around 18hpf with the formation of the 

ventricles, the caudal-most part of the presumptive telencephalon folds outwards, forming the 

anterior intraencephalic sulcus (AIS). The formation of the AIS begins in the ventral telencephalon, 

before progressing dorsally and ultimately demarcating the boundary with the diencephalon. By 24hpf 

the two telencephalic lobes are separated at the midline by a narrow ventricle and have a posterior 

ventricular surface at the AIS. The everted morphology of the telencephalon is then formed through 

expansion along the anteroposterior axis (Folgueira et al., 2012).  

 Neurogenesis 

The development of the nervous system in zebrafish undergoes two waves of neuron formation. The 

first wave, termed primary neurogenesis, begins around 16hpf forming simple neural networks for 

basic movement (Kimmel et al., 1991). This is followed by a second wave, secondary neurogenesis, 

starting around 2dpf and required for the establishment and organisation of the mature neural 

networks. Although secondary neurogenesis in the embryonic zebrafish telencephalon remains only 

partially understood, certain parallels have been drawn with neurogenesis in the mammalian 

telencephalon (Wullimann, 2009).  

The primary proliferative, neurogenic zone of the evaginated mammalian telencephalon, the VZ, is 

positioned internally, with the cortical layers of postmitotic neurons formed inside-out (Figures 8 and 

9). A consequence of the eversion of the zebrafish telencephalon is the positioning of the VZ at the 

surface (Figure 22). Although morphologically very different, the telencephalon of both mammals and 

zebrafish is divided into pallial and subpallial regions, separated by the PSB. The zebrafish pallium is 

composed of the medial pallium (Dm), lateral pallium (Dl), posterior pallium (Dp), and central pallium 

(Dc). As in the mammalian VZ, radial glial cells expressing GFAP have been identified in the zebrafish 

VZ (Marcus et al., 1995), and shown to generate neurons (Johnson et al., 2016). Recent work has 

demonstrated that neurogenesis in the VZ of the expanding zebrafish pallium proceeds outside-in 

[Figure 23; (Furlan et al., 2017)]. A core of early-born neurons is positioned within the Dc by 5dpf, with 

later-born neurons continuing to be deposited more superficially until around 1.5mpf. These findings 

would appear to negate a role for radial and tangential neuronal migration, contrasting with the 

formation of mammalian cortical layers. Interestingly, whereas Reelin signalling has been shown to be 

highly ordered in mammalian radial migration, the complex expression pattern during zebrafish 
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development may help to explain these differences (Imai et al., 2012). Additionally, clonal analyses 

revealed an absence of SVZ with very few intermediate progenitors in the pallium, and showed that 

the RGCs in the VZ were neurogenic throughout development (Furlan et al., 2017).  

Despite the many differences between the development and morphology of the telencephalon, the 

zebrafish has recently become an important model for human brain diseases.  

 

Figure 23. Neurogenesis in the zebrafish pallium. Views of the expansion of the zebrafish telencephalon from 
2dpf to 3mpf. Dorsoventral and anteroposterior axes as indicated. Inspired by Furlan et al. (2017) 

 

 Early Kidney Development  

The formation of the pronephros, mesonephros and metanephros in mammals not only defines the 

temporal development of the kidney, but also reflects an evolutionary complexity. Zebrafish, as many 

lower vertebrates, form a functional pronephros which is maintained throughout the embryonic 

period (Kimmel et al., 1995). The mesonephros forms during the juvenile period, and is the mature 

kidney of the adult (Davidson, 2011). Despite the differences zebrafish have recently become a 

valuable organism to model human kidney disease, particularly glomerulopathies (Outtandy et al., 

2018). One distinct advantage of zebrafish research is the regenerative capacity of the adults, which 

allows the detailed characterisation of a complex kidney system (W. Zhou et al., 2010).  

  

Figure 24. Specification and patterning of zebrafish pronephros. Lateral and dorsal views of the early 
specification of the intermediate mesoderm at the tail bud stage (IM; red), lateral plate mesoderm (LPM), 
paraxial mesoderm (PM). Inspired by Gerlach et al. (2013). Lateral view of zebrafish embryo at 28 somite stage 
(SS) with specified pronephric segments. Proximal straight tubule (PST), proximal convoluted tubule (PCT), distal 
early (DE) and distal late (DL), pronephric duct (PD). Asterisk denotes corpuscle of Stannius. 
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 Formation of the Pronephros 

As during the development of the mammalian kidney, the zebrafish kidney derives from the 

intermediate mesoderm following gastrulation (Kimmel et al., 1990). At the tail-bud stage, the 

intermediate mesoderm is positioned ventrally, formed of two parallel lines of cells which join together 

caudally, and are located between the lateral plate mesoderm and the paraxial mesoderm [Figure 24; 

(Serluca et al., 2001)]. BMP signalling has been implicated in maintaining the ventral position of the 

intermediate mesoderm, with reduced expression of bmp2b or bmp7a leading to a decrease in the 

number of renal progenitors, as defined by pax2a expression (Kishimoto et al., 1997; Schmid et al., 

2000). As the convergence extension movements during early development elongate the embryo 

along the anterior-posterior axis, the bilateral lines of cells demarcating the renal progenitor cell field 

approach the midline (Lam et al., 2009). These progenitors, expressing pax2a, pax8 and lhx1a, are 

present more laterally but intermixed with primitive blood cells (Drummond et al., 1998; Pfeffer et al., 

1998). The loss of function of transcription factors involved in these early patterning events affect 

pronephros formation, as well as other mesodermal cell fates, as in the case of the combined loss of 

ntla (Brachyury/T) and tbx16 (Amacher et al., 2002). The caudal type homeobox (cdx) transcription 

factors are important for the elongation of the body axis, and subsequently impact the position of the 

pronephros. The loss of function of cdx4 with cdx1a together results in a severely shortened body 

length and multiple pronephric defects (Shimizu et al., 2005; Davidson et al., 2006).  

Osr1 is expressed during early kidney development in both mammals and zebrafish, however, in 

zebrafish osr1 is specifically required for the proximal-most pronephric fates (James et al., 2006; 

Mudumana et al., 2008). Depletion of osr1 causes defects which become evident at the 14-somite 

stage, with a decrease in the expression levels of pax2a and lhx1a at the rostral end of the renal 

progenitor field and an increase in the angioblast lineage (Mudumana et al., 2008). Subsequently, 

depletion of osr1 results in the loss of podocytes and part of the proximal convoluted tubule. 

Interestingly, these defects can be rescued by re-expression of pax2a or the depletion of endoderm-

specific transcription factors. These results suggest that osr1 may have a role in regulating the 

expression of pax2a in order to maintain the pronephric fate of the renal progenitor field (Mudumana 

et al., 2008). Wnt signalling has also been implicated in both mammalian and zebrafish kidney 

development (Schmidt-Ott et al., 2008). The inhibition of β-catenin signalling results in similar proximal 

pronephros defects to the loss of osr1 expression (Lyons et al., 2009). However, it remains to be seen 

whether both osr1 and Wnt signalling maintain the renal progenitor field by ensuring the expression 

of pax2a. 

Following specification, the mesenchymal cells of the renal progenitor field undergo a mesenchyme-

to-epithelial transition to form the tubule of the pronephros (Drummond et al., 1998). The expression 
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of various proteins, such as protein kinase C, iota (prkci) and pard3, establishes an apicobasal polarity 

and precedes the opening of the lumen (Drummond et al., 1998; Horne-Badovinac et al., 2001). 

Claudin-b is a tight junction protein expressed in the pronephros and known to play a role in controlling 

membrane permeability. The knockdown of claudin-b leads to cardiac oedema and is thought to be 

due to defects in sodium uptake (Kwong et al., 2013). Lumen formation occurs around 20SS and has 

been shown to occur even in the absence of various apical or basal factors (Panizzi et al., 2007). As 

lumen formation is crucial for pronephros function it is possible that many of these factors act 

redundantly to ensure the fidelity of this process.  

 

Figure 25. Segmentation pattern of pronephros at 28 somite stage. Representation of somites and markers 
observable within each distinct pronephric segment. Proximal convoluted tubule (PCT), proximal straight tubule 
(PST), distal early (DE), distal late (DL), pronephric duct (PD), cloaca (C). Asterisk denotes position of the 
corpuscle of Stannius. 
 

The pronephros, as the mature mammalian nephron, consists of discrete functional regions which can 

be identified by the specific, non-overlapping expression of different solute transporters [Figure 25; 

(Desgrange et al., 2015)]. The definition of these segments begins early during development, although 

gene expression profiles within the renal progenitor cell field have been shown to vary during the early 

somite stages (Wingert et al., 2011). The specific expression of a number of transcription factors has 

been established in the initial definition of the broad rostral and caudal domains during nephron 

formation. Notch signalling is implicated in the rostral domain, with the expression of the ligands dlc 

and jag2, while the caudal domain is defined by the transcription factor MDS1 and EVI1 complex locus 

(mecom) (Wingert et al., 2011). The podocyte lineage diverges early during development, with the 

localised expression of wt1a from 5SS (Serluca et al., 2001). As development proceeds, further markers 

are expressed and define progressively smaller and more differentiated pronephric segments (Wingert 

et al., 2011). While the precise mechanisms behind the differentiation of these discrete regions and 

the role of the various identified transcription factors remains to be elucidated, the establishment of 
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the appropriate pronephric patterning is known to be crucial to the subsequent function. One well-

characterised factor which has been shown to influence this process is retinoic acid (Wingert et al., 

2007). Retinoic acid is expressed early during development by the anterior paraxial mesoderm and is 

important for the rostral-most pronephric segments (Wingert et al., 2007). Inhibition of retinoic acid 

signalling results in a reduction of the proximal pronephric domains and the expansion of more distal 

domains. Similarly, endogenous retinoic acid signalling expands the proximal domains at the expense 

of distal regions, and suggest that retinoic acid promotes proximal pronephric fates (Wingert et al., 

2007). Other factors have been found to be essential for the development of other regions, such as 

the importance of pax2a inhibition for podocyte differentiation (Drummond et al., 1998; Majumdar, 

Lun, et al., 2000), and irx3b expression for distal pronephric fates (Wingert et al., 2011). The range of 

factors so far identified, and the critical interplay of each in the differentiation of discrete nephric 

segments parallels mammalian development and highlights the complexity of this, at first, simplistic 

structure.  

In addition to the importance of patterning during development, ciliogenesis has also been shown to 

be crucial for the formation of a functional pronephros (Sun et al., 2004). The distribution of mono- 

and multiciliated cells within the pronephros has been shown to be dependent on lateral inhibition 

upon Notch signalling (Liu et al., 2007; M. Ma et al., 2007). The expression of rfx2, which is associated 

with multiciliated cells, is inhibited by Notch and promoted by jagged2a. Constitutive activation of 

Notch signalling severely reduces the number of multiciliated cells and consequently increases the 

number of cells presenting a single cilium. Similarly, inhibition of Notch signalling increases the number 

of multiciliated cells at the expense of mono-ciliated cells (M. Ma et al., 2007). Cilia in the pronephros 

are crucial to generate fluid flow, with defects in either the formation or function of cilia shown to lead 

to the formation of pronephric cysts and tubule dilations (Drummond et al., 1998; Sun et al., 2004). 

The opening of the pronephric duct to the external environment, or cloaca, is additionally important 

for pronephric function and with defects similarly resulting in cysts and dilations (Pyati et al., 2006; 

Burckle et al., 2011). The cloaca is formed through the apoptosis of a large, ventrally positioned 

epidermal cell and the concomitant migration of pronephric cells to this site, and is thought to open 

around 25SS (Pyati et al., 2006). Defects in pronephric function, whether relating to cloaca opening or 

cilia function, are invariably lethal, with embryos often dying by 5dpf. 

Following the definition of the different pronephric segments, the distal cells have been shown to 

migrate collectively in an anterior direction towards the glomerular region (Vasilyev et al., 2009; 

Vasilyev et al., 2012). This migration results in the complex morphology of the proximal convoluted 

tubule, and the expansion of the proximal straight tubule. While mitosis occurs in both proximally, in 

the neck region, and distally, in the distal late segments, this does not seem to be the principle driving 
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force behind this migration (Vasilyev et al., 2012). In contrast, glomerular function and subsequently 

filtrate flow within the pronephros were shown to be essential (Vasilyev et al., 2009).   

 

Figure 26. Glomerular specification and formation. Dorsal representation of the early specification of the 
glomerular region and the subsequent differentiation to form the functional glomerulus. Inspired by Gerlach et 
al. (2013). 

 

 Glomerulus Formation 

The specification of podocyte precursors occurs early during zebrafish development, with pax2a, wt1a, 

and wt1b all found to be important [Figure 26; (Serluca et al., 2001; Perner et al., 2007)]. While the 

expression of wt1a is broader than that of wt1b, those cells expressing both are thought to be 

podocyte precursors (Perner et al., 2007). Additional transcription factors are also expressed by these 

cells later during development, including foxc1a, lhx1a, mafba, and hey1 (O'Brien et al., 2011), while 

markers of podocyte differentiation, such as nephrin and podocin, are visible between 24-26hpf 

(Kramer-Zucker et al., 2005). Interestingly, these different transcription factors are thought to function 

together in a complex which can be modified throughout development. At later stages, higher levels 

of wt1a have been found to drive the expression of markers of podocyte differentiation (O'Brien et al., 

2011). It remains to be seen whether these mechanisms are specific to zebrafish development, or are 

also conserved in mammalian podocyte differentiation.  

The formation of the blood-filtering glomerulus at the proximal end of the pronephros begins with the 

migration and subsequent fusion of podocyte precursors at the midline and is thought to be in 

response to signals from the overlying notochord (Drummond et al., 1998; Majumdar & Drummond, 

2000). Subsequently, differentiating podocytes express VEGF, attracting endothelial precursors and 

contributing to the formation of the glomerular basement membrane (Serluca et al., 2002). As in 

mammalian glomeruli, the podocyte foot processes interdigitate and rearrangement of cell-cell 

junctions results in the formation of the highly specialised slit diaphragms required for efficient blood 

filtration, which begins around 48hpf (Majumdar et al., 1999). Development of the zebrafish 

pronephric glomerulus, therefore, parallels in many ways the development of mammalian glomeruli.    
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Figure 27. Comparison the pronephros and mesonephros. Representation of nephrons from embryonic 
pronephros and adult mesonephros. Inspired by McCampbell et al. (2014)    

 

 Formation of the Mesonephros 

The pronephros is the functional kidney of the zebrafish embryo, however, at the juvenile stage the 

mesonephros begins to develop [Figure 27; (Diep et al., 2015)]. Cells expressing the early 

developmental marker lhx1a have been shown to aggregate close to the pronephros where they 

expand and elongate to form a new nephron (Diep et al., 2011). These nephrons express many of the 

markers of the developing pronephros, such as wt1b at the proximal end. Initially these nephrons are 

initially formed in a restricted distal region of the pronephros, however, nephrogenesis subsequently 

occurs in both proximal and further distal regions (W. Zhou et al., 2010; Diep et al., 2011).  

The adult mesonephros consists of three domains, the head, saddle and tail, positioned in the dorsally 

(W. Zhou et al., 2010). Interestingly, the collecting ducts appear as two parallel tracts suggestive of the 

pronephros. Considering the positioning of the initial mesonephros nephrogenesis it is possible that 

the pronephros is remodelled to form the adult collecting ducts, although this remains to be 

demonstrated experimentally. One advantage of zebrafish kidney research is that the adults retains 

the ability to generate new nephrons. Renal progenitor cells have been identified in the stroma of the 

adult mesonephros, and are capable of neonephrogenesis in response to growth or injury. Remarkably, 

transplantation experiments of renal progenitors into renal compromised fish have shown that the 

formation of new nephrons requires a permissive environment, and is not cell intrinsic (Diep et al., 

2011). The factors present in the adult stroma which allow neonephrogenesis remain to be elucidated.      
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Chapter Four - Kinesins 

Intracellular transport, or the movement of components within the cell, is a conserved process 

occurring in many different organisms and with a range of functions depending on the cell type. 

Intracellular transport in eukaryotic cells relies on both an active network within the cell, called the 

cytoskeleton, and a number of motor proteins. The cytoskeleton is composed of actin, intermediate 

filaments and microtubules. Each of these components has a different molecular composition, and 

each contributes to various cellular functions. Numerous motor proteins have been described, with 

differing affinities for microtubules or actin and distinct roles within the cell cycle. Myosins, kinesins 

and dyneins are superfamilies of motor proteins, of which myosin binds to actin, and kinesins and 

dyneins bind to microtubules. Many motor proteins bind to distinct sets of cargoes and proceed 

unidirectionally along the filaments of the cytoskeletal network. This processivity requires the 

hydrolysis of ATP within a conserved protein region, termed the motor domain. The motor domain is 

also the site of microtubule or actin binding. The remaining protein sequences are highly divergent, 

reflecting the ability to interact with a wide range of cargoes.    

Microtubules are polarised hollow filaments formed from the addition of heterodimers of α- and β-

tubulin onto a growing plus-end and arranged as 13 protofilaments. The opposite, minus, end is 

usually, but not always, anchored to a microtubule organising centre [MTOC; (Luders et al., 2007)], 

such as the centrosome in mammalian cells. While dyneins have been found to proceed towards the 

minus ends of microtubules, many kinesins function in the opposite direction, and transport cargo 

towards the plus ends. However, within the kinesin superfamily (KIF) proteins with minus-end directed 

cargo transport and microtubule depolymerising function have additionally been described.  

Both microtubules and kinesins are crucial for many different processes, including mitosis and 

ciliogenesis. Kinesins have been shown to function at various stages of mitosis, such as spindle 

assembly, chromosome congression, and cytokinesis. Additionally, a number of kinesins have been 

implicated in the formation and function of the cilium, a microtubule-based sensory organelle present 

on the surface of many cell types. Despite much progress, the precise role of many of kinesins within 

these processes remains to be elucidated. 
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 Kinesin Superfamily (KIF) 

The first member of the kinesin superfamily was identified through the observation of organelle 

transport in the axons of giant squid in 1985 by Ronald Vale, following 20 years after the identification 

of dynein within cilia (Gibbons et al., 1965). This kinesin, initially termed Kinesin-I or conventional 

kinesin, was shown to bind microtubules and proceed along them in an ATP-dependent manner. 

Subsequent work revealed the similarities between the molecular structures of kinesin and myosin, 

with a motor domain, a coiled-coil-containing linker and cargo-binding tail (Hirokawa et al., 1989; 

Scholey et al., 1989; J. T. Yang et al., 1989). Initially, a single homologous kinesin was observed in each 

species studied, however, the identification of kinesin-like proteins involved in diverse cellular 

functions, including mitosis and nuclear transport, raised the possibility of the existence of a kinesin 

superfamily. These proteins shared a conserved region of around 350 amino acids, corresponding to 

the motor domain, while the remaining sequences were considerably more divergent (Enos et al., 

1990; Meluh et al., 1990).  

Initial analyses characterised kinesins based upon the position of the motor domain within the 

sequence and determined 3 subgroups. While kinesins with N-terminally positioned motor domains 

proceeded towards the plus ends of microtubules, C-terminal motor domain kinesins moved in the 

opposite direction (Vale et al., 1985; McDonald et al., 1990). Those kinesins with an internal motor 

domain (M) were suggested to play a role in regulating the microtubule network (Walczak et al., 1996). 

Eventually the advent of whole genome analysis confirmed the presence of 45 separate kinesin 

superfamily members in mammals [Figure 28; (Miki et al., 2001)]. Phylogenetic analysis using the 

protein sequences of each member led to the classification of these 45 kinesins into 14 subfamilies 

(Miki et al., 2001; Lawrence et al., 2004). Every kinesin possesses a motor domain, the sequence of 

which is highly conserved throughout the superfamily. The kinesin proteins are also comprised of a 

variable combination of functional modules including a neck linker, a coiled-coil-containing stalk, and 

a cargo-binding domain. The differences in the sequences of the cargo-binding domains may reflecting 

the wide range of interactants and functions (Miki et al., 2005), although functions are often similar 

between members of the same subfamily. Of the 14 identified subfamilies, members of kinesin-8 and 

kinesin-13 have been shown to have microtubule-depolymerising activity (Walczak et al., 2013), while 

members of the kinesin-4 and kinesin-11 families demonstrate microtubule-stabilising and 

remodelling activities (R. Zhou et al., 2009; van der Vaart et al., 2013). The remaining families show 

plus-end directed movement along microtubules except the kinesin-14 subfamily, which have minus-

end directed processivity (Friel et al., 2012).  

 



REILLY Louise - Thèse de doctorat - 2018 
 

48 
 

 

Figure 28. Phylogeny of the kinesin superfamily. Inspired by Miki et al. (2001) 

 

 Functional Domains 

Different members of the superfamily function via different mechanisms, which may be inherent to 

their role within the cell (Verhey et al., 2011). Initial electron microscopy analyses of kinesin suggested 

a protein resembling myosin. The N- and C-terminal domains bound microtubules and cargoes 

respectively, with the intervening sequence promoting dimerisation (Amos, 1987). This kinesin was 

subsequently shown to act as a heterotetramer composed of dimers of kinesin heavy-chain, encoded 

by KIF5A, KIF5B and KIF5C, and kinesin light-chain, encoded by the KLC1-KLC4 genes (Kuznetsov et al., 

1988; Verhey et al., 2011). The motor domain is present within the kinesin heavy-chain sequences, 

along with a neck domain, the coiled-coil-containing stalk and a C-terminal cargo-binding tail region 

(Jeppesen et al., 2012). The neck domain is composed of the linker, required for movement of the 

motor, and the neck coil, required for homodimerisation. The stalk allows conformational changes 

within the protein switching between an active or autoinhibitory structure. In the kinesin-2 family, the 

stalk has been proposed to play an alternative role. The most N-terminal regions of the stalk sequences 

are composed of contrastingly charged amino acids in the KIF3A protein compared to KIF3B, and so 

are thought to promote heterodimerisation over homodimerisation (Chana et al., 2002; Chana et al., 

2005). Coiled-coil domains are also known to be involved in protein-protein interactions, and so can 

be involved in regulating the activation state of the kinesin through cargo binding and the relief of 

autoinhibition, as has been shown for KIF17 (Hammond et al., 2010; Truebestein et al., 2016). Finally, 

the kinesin-3 family encode an FHA domain (Verhey et al., 2011), a regulatory region which interacts 

specifically with phosphorylated threonine residues  (Almawi et al., 2017). However, non-

phosphorylation dependent functions have been identified for the FHA domains in kinesins, which 

have been associated with autoregulation. In KIF1A, interactions between the FHA and a coiled-coil 

domain were shown to inhibit prevent to microtubules, therefore inhibiting processive movement 

(Hammond et al., 2009).  
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 Motor Processivity 

The tertiary and quaternary structures of the various members of the kinesin superfamily is of 

particular interest when considering the mechanisms behind their movements along microtubules. In 

this regard the identification of monomeric compared to dimeric kinesins is particularly interesting as 

they appear to contradict the classical ‘hand-over-hand’ model of processivity (Hackney, 1994; Yildiz 

et al., 2004). This model states that the cyclic binding and release of alternating motor domains within 

a protein dimer drives directed movement. Much research into the precise mechanics of kinesin 

processivity has been performed using KIF5B, originally designated conventional kinesin, and has built 

on the initial observations of the requirement for ATP- and microtubule-binding (Vale et al., 1985; W. 

Wang et al., 2015). The cycle of ATP hydrolysis by the motor domain, releasing ADP and phosphate, 

occurs concomitantly with the binding to and unbinding from microtubules (Coy et al., 1999; Rosenfeld 

et al., 2003). The ATP-binding site of the motor domain contains three elements, Switch 1, Switch 2 

and the P-loop, which together compose a conserved catalytic core (Figure 29). The motor domain can 

be considered in terms of three subunits, the Switch 1/2, P-loop and tubulin-binding subdomains, 

which are rearranged upon ATP-binding. These structural rearrangements cause a cavity outside of the 

ATP-binding site and surrounded by conserved residues within the P-loop and tubulin-binding 

subdomains to open. This cavity is filled by a conserved isoleucine of the neck linker following 

additional rearrangements. When the motor domain is not bound to ATP the cavity is filled and thus 

the neck linker is prevented from docking (Rice et al., 1999). With each step the kinesin moves a 

distance of 8nm along the length of the microtubule, corresponding to the distance between 

consecutive heterodimers of tubulin (Ray et al., 1993; Coy et al., 1999). Each step requires the 

hydrolysis of a single ATP molecule, which is coupled to variations in the microtubule-binding affinity 

of the motor domain (Hua et al., 1997; Woehlke et al., 1997). The coupling of ATP hydrolysis and 

microtubule-binding with the structural rearrangements allows both motor domains of the dimer to 

be in different states. The coordination of these events, along with the variable conformations of the 

neck linker, drive the processive motility of the kinesin. Although many of these processes have been 

elucidated based on KIF5B, they are likely to be broadly applicable to many of the other processive 

kinesin motors.  

 Microtubule Depolymerisation 

In contrast to the processive kinesins with an N- or C-terminal motor domain, the kinesin-13 family 

encode the motor domain within the middle of the sequence. These kinesins are not processive, but 

possess microtubule depolymerising activity, requiring the ATP-hydrolysis and microtubule-binding 

functions of the motor domains. Members of the kinesin-8 and -13 families are thought to 

depolymerise microtubules using different mechanisms. The kinesin-13 families have been shown to 
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cause the bending of microtubule protofilaments. Upon binding, ATP-hydrolysis promotes the removal 

of tubulin heterodimers from the protofilaments. In contrast, members of the kinesin-8 family are 

processive and are thought to regulate tubulin dynamics less directly. Some members may bind to 

microtubule plus-ends and prevent the addition of tubulin heterodimers, while others bind 

microtubules and force the removal of already present kinesin motors along with the heterodimers to 

which they were bound (Walczak et al., 2013).  

 

Figure 29. Interactions between different subdomains of the kinesin motor drive processivity. 3D model of the 
Switch 1/2 and P-loop domains of a kinesin motor domain. Schematic representation of the subdomain 
interactions over the ATP-hydrolysis cycle. Tubulin-binding domain (green), the P-loop (red), the Switch 1/2 
domains (blue) and a microtubule (black). Inspired by W. Wang et al. (2015) 

 

 Kinesin Functions 

The kinesin superfamily has been implicated in a wide range of functions within different organisms. 

Many of these functions are conserved between species, such as the role of kinesin-2 motors in 

axonemal transport within cilia and flagella (Scholey, 2013), and the role of KIF11 (Eg5) at mitotic 

spindle (Ferenz et al., 2010). Interestingly, kinesins are the only family of motor proteins conserved 

across all eukaryotes thus far analysed, and it has been suggested that many kinesin members were 

already present in the last common eukaryotic ancestor (Wickstead et al., 2010). Gene duplications 

have no doubt increased the number of kinesins encoded within the genome of higher organisms, 

likely reflecting the increasing complexity required (Wickstead et al., 2006). Certain members of the 

kinesin superfamily are, therefore, absent from the genome of model organisms, complicating their 

functional analysis in vivo. Despite these challenges, research continues to identify novel roles for 

kinesins in various contexts. 
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 Ciliary Functions 

Cilia are conserved microtubule-based structures present in most eukaryotes. In mammals, many cells 

possess a single, immotile primary cilium, which has been shown to have critical roles during 

development (Wheway et al., 2018). Alternatively, multiciliated cells form many motile cilia, which 

have diverse roles including generating flow in the brain ventricles and clearing mucus in the airways 

(Meunier et al., 2016). Transverse electron microscopy has been used to demonstrate differences in 

both the structural composition and formation of these cilia (Sorokin, 1968; Satir et al., 2007). The 

cilium is composed of a microtubule-based axoneme which extends from the basal body, formed from 

the mother centriole of the centrosome in primary cilia, or the amplification of centrioles in motile cilia 

(Figure 30). The axoneme of the cilium is surrounded by a highly specialised ciliary membrane. The 

mother centriole is distinguished from the daughter centriole by the presence of additional proteins, 

forming the distal and subdistal appendages. The proximal end the mother centriole is formed of nine 

symmetrically arranged triplets of microtubules, termed A-, B-, and C-tubules. The distal end is 

composed of doublets of A- and B-tublules. Only the A-tubule is formed of 13 protofilaments of α- and 

β-tubulin heterodimers, while the B- and C-tubules are composed of 10 protofilaments and share 3 

with the adjoining tubule (Winey et al., 2014). The ciliary axoneme is formed from the extension of the 

A- and B-tubules, with the plus-ends at the growing tip of the cilium (Ishikawa et al., 2011). Two ciliary 

architectures can then be distinguished, ‘9+0’ and ‘9+2’. In addition to the 9 doublets of microtubules, 

9+2 cilia also contain two inner singlet microtubules, as well as a number of structures thought to be 

required for motility, such as the dynein arms and radial spokes. 9+2 cilia are, therefore, generally 

classed as motile, and the 9+0 cilia as immotile. However, cilia in the node are 9+0 but possess dynein 

arms and are motile, while 9+2 kinocilia of the inner ear are immotile (Satir et al., 2007).  

In mammalian cells centrosomes are important for a number of different processes, including the 

formation of a cilium, or ciliogenesis, as well as the assembly of the mitotic spindle during mitosis. 

Consequently, ciliogenesis is tightly coupled to the cell cycle, with cilia present on the surface of cells 

in G0 and being disassembled before cells begin mitosis (Ishikawa et al., 2011). In mammalian cells, 

ciliogenesis begins with the docking of the mother centriole onto intracellular, primary ciliary vesicles 

through the distal appendages. The fusion of these vesicles results in the capping of the distal end of 

the mother centriole in a ciliary vesicle (Sorokin, 1968; T. J. Park et al., 2008; Ishikawa et al., 2012). 

CP110, an important ciliary regulator, is also present at the distal end of the mother centriole and 

prevents the elongation of centriolar microtubules. Following the formation of the ciliary vesicle, the 

removal of CP110 is, therefore, conducive with axonemal elongation (Sanchez et al., 2016). The distal 

appendages become the transition fibres, with the transition zone formed at the proximal end of the 

axoneme. The protein composition of the cilium has been shown to be distinct from the cytoplasm, as 
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has the ciliary membrane, despite being continuous with the plasma membrane of the cell (Ishikawa 

et al., 2012). The transition zone has been implicated in forming a restrictive barrier preventing 

diffusion of soluble proteins directly into the cilium (Q. Hu et al., 2010). Due to the absence of protein 

synthesis within the cilium, a specialised form of transport is required for ciliogenesis and ciliary 

function. The transition fibres have been proposed to participate in the formation and function of the 

selective barrier, as well as in forming a loading zone for the entry of these cargoes into the cilium. 

Potentially, a ciliary localisation signal directs transport to this region prior to and allowing entry into 

the cilium.  

 

Figure 30. Schematic representation of a cilium. Plus and minus-ends of microtubules within the cilium are 
indicated, along with the direction of kinesin and IFT-B-mediated anterograde transport and dynein and IFT-A-
mediated retrograde transport. 

 

Intraflagellar transport (IFT) is a highly conserved process in which cargo bound to a complex of 

numerous proteins, termed IFT trains, move bidirectionally along the axonemal doublet microtubules 

from the base of the cilium to the tip (Figure 30). Anterograde transport is the movement of cargoes 

from the base to the tip and requires IFT-B proteins, as well as the kinesin-2 family of molecular motors. 

At the tip of the cilium, complex remodelling of the IFT trains permits retrograde transport back to the 

base of the cilium, requiring IFT-A proteins and cytoplasmic dynein 2 [DYNC2H1, (Ishikawa et al., 

2011)].  
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Much research has been done to characterise the proteins required for ciliogenesis, ciliary function 

and, more recently, disassembly. Along with the IFT trains, another complex of proteins, termed the 

BBSome, has been identified as crucial to the formation and function of cilia. Many of the proteins 

identified so far are essential for both primary and motile cilia, however, certain, such as the proteins 

of the dynein arms and radial spokes, are specific to motile cilia. Ciliogenesis in multiciliated cells 

requires the formation of 30 to 300 centrioles, this centriolar amplification relies on structures known 

as deuterosomes (Spassky et al., 2017). Many of the genes encoding components of these motile cilia-

specific structures are under the control of the transcription factor FOXJ1. In contrast, many of the 

genes encoding proteins required for the formation of a primary cilium are under the control of the 

RFX family of transcription factors (Thomas et al., 2010).  

Cilia act as signalling platforms required for both development and tissue homeostasis and, 

unsurprisingly therefore, mutations in ciliary genes have been identified in a number of complex 

diseases, collectively termed ciliopathies (Reiter et al., 2017). Recently, mutations have been identified 

in several genes encoding members of the kinesin superfamily in cases of ciliopathy phenotypes (van 

Dam et al., 2013). This work has revealed the wide range of cilia-related functions performed by 

different kinesin proteins.  

 Intraflagellar Transport 

The essential role of the kinesin-2 family in IFT was first demonstrated in Chlamydomonas reinhardtii 

(Huang et al., 1977; Cole et al., 1998). A temperature-sensitive mutation in FLA-10 resulted in flagellar 

disassembly and prevented flagellar re-growth at the restrictive temperature. The loss of FLA-8 was 

also shown to result in flagellar defects (Adams et al., 1982). FLA-10 was identified as the homologue 

of KIF3A (Walther et al., 1994), while FLA-8 is the homologue of KIF3B (Miller et al., 2005). KIF3A and 

KIF3B form a heterotrimer with the non-motor, kinesin associated protein (KAP) and are responsible 

for anterograde IFT. The knockout of any of the components of this heterotrimer in the mouse leads 

to embryonic lethality, an absence of cilia in the embryonic organiser, the node, and ciliopathy-related 

defects, such as situs inversus (Nonaka et al., 1998; Marszalek et al., 1999).  

In contrast to the well-established role for KIF3A/3B, the role of the homodimeric KIF17 in IFT is more 

controversial. In Caenorhabditis elegans the KIF17 homologue, OSM-3, has been shown to be required 

for IFT along the singlet microtubules present at the distal end of the cilium, while KIF3A/KIF3B-

mediated IFT is restricted to the proximal end, along doublet microtubules (Snow et al., 2004; Prevo 

et al., 2015). However, the requirement for KIF17-mediated IFT in vertebrate cilia is unclear. 

Morpholino-mediated knockdown of kif17 in the zebrafish was shown to result in retinal degeneration, 

while knockout was shown to cause a delay in retinal development which recovers by 6dpf (Insinna et 
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al., 2008; Lewis et al., 2017). Prior knockout studies in zebrafish had failed to find ciliary defects (C. 

Zhao et al., 2012). Similarly, no ciliary defects could be identified in Kif17 knockout mice (Jiang et al., 

2015). Singlet microtubules are present in the outer segment of photoreceptors and cilia of olfactory 

neurons (Falk et al., 2015), however, KIF17-mediated IFT was not found to be restricted to these singlet 

microtubule regions (Williams et al., 2014). The importance of KIF17 in vertebrate IFT, therefore, 

remains to be clarified.  

 Microtubule Dynamics 

IFT is a well-established function of members of the kinesin-2 subfamily, however, more recently, 

additional ciliary functions have been ascribed to other members of the kinesin superfamily. Both 

KIF24 and KIF2A are part of the kinesin-13 subfamily, possess microtubule-depolymerising activity and 

have been implicated in ciliary disassembly. The microtubule-depolymerising activity of KIF2A has been 

shown to be activated by the cell cycle-regulated kinase Polo-like kinase 1, PLK1. Knockout of KIF2A in 

retinal pigmented epithelial (RPE1) cells resulted in a delay in ciliary disassembly (Miyamoto et al., 

2015). Similarly, phosphorylation by the cell cycle-regulated NIMA-related kinase 2 (NEK2) was 

suggested to induce the centriolar-specific microtubule-depolymerising activity of KIF24 (S. Kim et al., 

2015). Knockdown of KIF24 was shown to lead to aberrant ciliogenesis in cycling cells, thought to be 

due to the loss of the distal centriolar capping protein, CP110 (T. Kobayashi et al., 2011). Another 

kinesin with microtubule-depolymerising activity is KIF7, which has been implicated in SHH signalling 

(Cheung et al., 2009; Endoh-Yamagami et al., 2009). KIF7 localises to the tips of cilia, where remodelling 

of the plus-ends of microtubules was suggested to create a signalling platform for SHH (He et al., 2014). 

KIF19A, again, possesses microtubule-depolymerising activity and is required for the regulation of 

ciliary length specifically in motile cilia. Loss of KIF19A results in longer cilia, which impairs beating and 

fluid flow in affected tissues (Niwa et al., 2012; D. Wang et al., 2016). Somewhat surprisingly, the loss 

of KIF18B in zebrafish, which had previously been shown to promote microtubule catastrophe 

(McHugh et al., 2018), decreased the length of cilia in the pronephros (Choksi et al., 2014). The 

mechanism behind this ciliary length regulation is, as yet, unknown.   

 Other Ciliary Functions 

In addition to roles in microtubule dynamics and ciliary length regulation, a number of kinesins have 

also been implicated in diverse functions at cilia. KIF13B has been implicated in SHH signalling through 

interactions with NPHP4 at the transition zone (Schou et al., 2017). KIF5B indirectly affects ciliary length 

through the negative regulation of CCDC28, which in turn interacts with components of the BBSome 

to positively regulate cilia length (Cardenas-Rodriguez et al., 2013). The loss of KIF5B, therefore, results 

in the overactivation of CCDC28 and increases ciliary length (Novas et al., 2018). KIFC1 may play a role 

in the early steps of ciliogenesis during the fusion of ciliary vesicles to the distal end of the mother 
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centriole. It has been proposed that interactions with ASAP1 promote the transport of these vesicles 

from the Golgi, although loss of Kifc1 in the mouse did not result in ciliary defects (Hirokawa et al., 

2010; S. H. Lee et al., 2018). KIF27 was found to be important for ciliogenesis in multiciliated cells, with 

loss of Kif27 in the mouse resulting in a number of motile ciliary defects, including hydrocephalus 

(Vogel et al., 2012). In Drosophila melanogaster, KIF27 interacts with Fused, which was shown to be 

required for the formation of the central pair of singlet microtubules generally found in motile cilia (C. 

W. Wilson et al., 2009). It remains to be seen whether this interaction is conserved in mammals. Both 

KIF9 and KIF6 have been implicated in ciliary motility in Chlamydomonas reinhardtii and Trypanosoma 

brucei respectively (Bernstein et al., 1994; Demonchy et al., 2009). In the mouse, the expression of 

KIF9 is regulated by Foxj1 (Jacquet et al., 2009), and is found in multiciliated cells in the lungs in man 

(Ross et al., 2007). Loss of kif6 in the zebrafish leads to body axis curvature (Buchan et al., 2014), which 

has recently been suggested to result from impaired ciliary motility affecting cerebrospinal fluid flow 

(Grimes et al., 2016). The precise functions of both KIF6 and KIF9 in mammals remain to be elucidated. 

 Mitotic Functions 

Ciliogenesis, is intricately coupled to the cell cycle. The ciliary axoneme extends from the microtubules 

of the mother centriole, however, in mammalian cells, centrosomes are also required to form the 

mitotic spindle. A number of ciliary kinesins have additional or complementary roles during mitosis, 

likewise IFT proteins have been implicated in mitosis (Taulet et al., 2017). Mitosis is divided into 

different stages in eukaryotes, namely prophase, prometaphase, metaphase, anaphase and telophase 

(Figure 31). During prophase, the duplicated centrosomes move to opposite sides of the nucleus, the 

chromosomes condense and the nuclear envelope breaks down. The bipolar mitotic spindle forms 

during prometaphase, during which time the movement of the chromosomes to form the metaphase 

plate also begins. At metaphase, all the chromosomes are aligned at the spindle equator. Anaphase 

can be subdivided into anaphase A, where the sister chromatids are pulled towards the spindle pole, 

and anaphase B, where the central spindle elongates, the cleavage furrow forms and begins to ingress. 

During telophase the compacted central spindle has formed the midbody, and the intercellular bridge 

is cleaved, resulting in two daughter cells. Many of these processes require the tight control of 

microtubule dynamics, as well as the movement of various components, both of which have been 

shown to rely on several members of the kinesin superfamily (Glotzer, 2009; Cross et al., 2014; D'Avino 

et al., 2015). 
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Figure 31. Schematic representation of the stages of mitosis. Inspired by Cross et al. (2014) 
 

During prophase, the duplicated centrosomes migrate to opposite sides of the nucleus before the 

onset of nuclear envelope breakdown. Microtubule nucleation at the centrosomes increases during 

migration along the nuclear envelope. Being intrinsically polarised, the plus-ends of microtubules 

extend away from the centrosomes, some of which reach the cortex of the cell, while others overlap 

those of the opposing centrosome (Glotzer, 2009). One of the factors required for centrosomal 

separation is the plus-end directed motor, KIF11 [Eg5; (Tanenbaum et al., 2010)]. KIF11 functions as a 

tetramer, formed as two anti-parallel homodimers. This arrangement leads to paired microtubule-

binding motor domains at opposing ends of the tetramer, and allows KF11 to slide anti-parallel 

microtubules from opposing centrosomes apart, generating a force to drive separation (Kashina et al., 

1996; Kapitein et al., 2005; E. R. Hildebrandt et al., 2006; Acar et al., 2013).  The formation of the 

mitotic spindle during prometaphase, involving substantial microtubule rearrangements, also requires 

the function of KIF11, along with KIF15, KIFC1, KIF1B, KIF18B and KIF2A. Overlapping anti-parallel 

microtubules from opposing centrosomes, termed interpolar microtubules, are stabilised by KIF11 

(Kapoor et al., 2000). In the absence of KIF11, it has been shown that KIF15 can act redundantly to 

promote bipolar spindle assembly (Tanenbaum et al., 2009). In contrast to KIF11, KIF15 functions as a 

homodimer with paired motor domains at the N-terminal end. It has been suggested that by 

interacting with the microtubule-binding targeting protein for xklp2 (TPX2) at the C-terminal tail, KIF15 

can crosslink anti-parallel microtubules (Wittmann et al., 1998).  

Remodelling of the astral microtubules is also important, both during spindle assembly and later in 

mitosis. KIF1B was shown to interact with DLC2 at the cell cortex and to destabilise astral microtubules. 
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Loss of either KIF1B or DLC2 led to an increase in astral microtubule stability, which subsequently 

affected chromosome alignment and segregation (Vitiello et al., 2014). The mechanism behind this 

destabilisation of astral microtubules remains to be elucidated, although it was suggested that KIF1B 

may possess microtubule-depolymerising activity. Similarly, KIF18B was shown to affect astral 

microtubule dynamics. KIF18B is a plus-end directed motor and was shown to promote astral 

microtubule catastrophe, depending upon the phosphorylation state. Procession towards the plus-

ends of the astral microtubules was suggested to coincide with a cytoplasmic dephosphorylation, 

promoting KIF18B activity and aiding spindle positioning (Stout et al., 2011; Walczak et al., 2016; 

McHugh et al., 2018). KIF2A is a microtubule-depolymerising kinesin with a centriolar localisation, 

being present at the basal body of cilia and spindle poles during mitosis (Miyamoto et al., 2015). In the 

absence of KIF2A the centrosomes initially separate and form a bipolar spindle. However, this 

organisation is eventually lost, resulting in the formation of monopolar or asymmetric bipolar spindles, 

and is thought to be due to a process termed microtubule flux (Ganem et al., 2004; C. Zhu et al., 2005; 

Ganem et al., 2005). Correct spindle positioning also requires KIFC1, a C-terminal motor domain kinesin 

with minus-end directed motility. KIFC1 motility functions to counteract the actions of KIF11 and KIF15, 

regulating the length of the mitotic spindle (Cai et al., 2009). 

The alignment of chromosomes at the spindle equator requires binding of the kinetochores, complex 

protein structures formed at the centromere of each chromosome, onto spindle microtubules. KIF10 

is a plus-end directed motor protein required for the binding of kinetochores to microtubules and their 

subsequent repositioning at the metaphase plate (Wood et al., 1997). Kinetochores bound to 

microtubules nucleated at both spindle poles are termed bioriented. The movement of kinetochores 

either towards or away from a given spindle pole requires highly dynamic microtubules. Both KIF2B 

and KIF2C of the kinesin-13 family, as well as KIF18A have been implicated in these processes. KIF2B 

localises to both the centrosomes and kinetochores and has been to shown to be essential for 

chromosome alignment. PLK1-mediated phosphorylation of KIF2C at the kinetochores induces the 

microtubule-depolymerising activity of this kinesin, and is required for chromosome segregation 

(Kline-Smith et al., 2004; Manning et al., 2007). KIF18A also localises to the kinetochores and has been 

proposed to play a role in regulating microtubule polymerisation. Overexpression of KIF18A led to an 

increase in the number of cells forming multipolar spindles, purportedly due to effects on microtubule 

dynamics (Mayr et al., 2007; Du et al., 2010). Both KIF22 and KIF4A are chromokinesins, a subclass of 

kinesins which localise to the chromosomes and contribute to bipolar spindle assembly. KIF22, also 

known as Kid, contributes to the polar ejection force, the mechanism through which the chromosome 

arms are oriented towards the spindle equator and away from the poles. Loss of this plus-end directed 

motor affects chromosome orientation and segregation (Levesque et al., 2001; Yajima et al., 2003). In 
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contrast, KIF4A was suggested to function antagonistically, repressing the polar ejection force by 

preventing microtubule polymerisation and reducing the spindle length (Stumpff et al., 2012).  

During anaphase the microtubules connected to the kinetochores shorten, pulling the sister 

chromatids towards the opposing spindle poles. This movement has been suggested to result from the 

microtubule depolymerising activity of members of the kinesin-13 subfamily (Gorbsky et al., 1987; 

Rogers et al., 2004). Concomitantly, the astral microtubules lengthen and the central spindle is 

assembled. The central spindle requires the bundling of anti-parallel microtubules in a region 

equidistant from opposing poles, termed the midzone. The minus-ends of the microtubules forming 

the midzone are no longer anchored at the poles. A number of kinesins localise to the central spindle, 

including KIF20A, KIF20B, KIF23 and KIF4A. KIF4A is required for the recruitment of protein regulating 

cytokinesis 1 (PRC1), which is in turn required for bundling of the anti-parallel microtubules of the 

midzone (Mollinari et al., 2002; Zhu et al., 2005; Janson et al., 2007). In addition, the microtubule-

regulating functions of KIF4A control the size of the central spindle (C. K. Hu et al., 2011; Nunes Bastos 

et al., 2013). KIF20A has been shown to promote the recruitment of the mitotic kinases Aurora B and 

PLK1 to the central spindle (Gruneberg et al., 2004; Neef et al., 2007). Aurora B forms part of the 

chromosome passenger complex which has roles in phosphorylating components of the central spindle 

during anaphase. Homodimeric KIF23 forms a tetramer with a dimer of CYK4 to form the 

centralspindlin complex, again localising to the central spindle. This localisation is dependent upon 

both KIF23 and CYK4 and promotes microtubule bundling as well as RhoA activity and the recruitment 

of factors required for cytokinesis (Mishima et al., 2002; Pavicic-Kaltenbrunner et al., 2007).  

The central spindle plays a role in promoting the final stage of mitosis, cytokinesis, through the 

positioning and assembly of the contractile ring. This structure, formed from myosin motors and actin 

filaments on the inner surface of the plasma membrane, contracts, eventually forming the midbody 

and contributing to abscission (D'Avino et al., 2015). A key actor in contractile ring formation and 

function is the GTPase RhoA, which indirectly stimulates actin polymerisation and myosin contractility 

(Y. L. Wang, 2005; Jordan et al., 2012). The KIF23-containing centralspindlin complex interacts with a 

RhoA activator, ECT2, and is required for the localisation of ECT2 at the membrane, activation of RhoA 

and stimulation of ring contraction (Yuce et al., 2005; Hutterer et al., 2009).  

The formation of the contractile ring and the contacts between the central spindle and the cell cortex 

are mediated, in part, by anillin and citron kinase [CIT; (D'Avino, 2009; Bassi et al., 2011)]. CIT, along 

with anillin, can interact with actin and myosin and has been implicated in the correct localisation of a 

number of factors essential for the progression of telophase, including RhoA, KIF14 and PRC1 (Bassi et 

al., 2013). Along with KIF23, these are all components of the midbody, a structure which forms from 
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the bundling and constriction of the microtubules of the central spindle by the contractile ring. Despite 

the high microtubule composition, immunofluorescence staining for tubulin fails to stain the midbody 

itself, which appears as an extremely dense region on electron microscopy (Byers et al., 1968; D'Avino 

et al., 2015). Following ingression, the membranes on either side of the midbody constrict and the 

microtubules are depolymerised. Subsequently, abscission can occur either symmetrically, on both 

sides of the midbody, or asymmetrically, on one side (Pohl et al., 2009; Elia et al., 2011). Symmetrical 

abscission results in the release of the midbody, whereas in asymmetrical abscission the midbody is 

usually inherited by one of the two daughter cells (Crowell et al., 2014). KIF23 has a role in cytokinesis 

through interactions with CEP55, which in turn has been shown to interact with a component of the 

ESCRT complex (Fabbro et al., 2005; W. M. Zhao et al., 2006). This complex is required for abscission, 

likely through remodelling of the cell membrane to promote fission.   

 KIF14 

KIF14 is part of the kinesin-3 family and has an unusual protein sequence (Figure 32). Despite being 

classified as an N-terminal kinesin, the motor domain follows around 350 amino acids after the N-

terminal-most domain, which interacts with PRC1 (Gruneberg et al., 2006). KIF14 also encodes a 

forkhead homology-associated domain, important for phosphorylation-regulated protein-protein 

interactions, as well as intramolecular interactions in the case of KIF1A. However, the functional 

importance of the FHA domain in KIF14 remains to be addressed. KIF14 also encodes four C-terminal 

coiled-coil domains, again known to be important for protein-protein interactions, such as the 

interaction with citron kinase [CIT; (Gruneberg et al., 2006; Watanabe et al., 2013)]. The role of these 

coiled-coil domains in homodimerisation has not yet been investigated, and whether KIF14 functions 

as a dimer is currently unknown. Finally, a PDZ motif was identified in KIF14 which was shown to 

interact with Radil, and binding occurred through the two most C-terminal amino acid residues. KIF14 

recruited Radil onto microtubules, which prevented binding to Rap1, a GTPase implicated in cell 

adhesion and migration (Ahmed et al., 2012).   

 

 
 

Figure 32. Schematic representation of the protein domains encoded within the KIF14 sequence. Protein 
regulating cytokinesis 1 (PRC1), motor domain (light blue), citron kinase (CIT; yellow), FHA domain (grey), Radil 
(dark grey), coiled-coil domains (dark blue stripes). 
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Initially the role of KIF14 in the cell cycle was somewhat controversial. In vivo analyses using Drosophila 

melanogaster carrying a mutation in Klp38B, the orthologue of KIF14, revealed an increase in the 

percentage of polyploid cells, with a significant increase observed in tissues of the nervous system. The 

authors proposed that the absence of an increase in the number of cycling cells demonstrated that 

Klp38B functioned in cytokinesis (Ohkura et al., 1997). In contrast, Molina et al. (1997) suggested that 

Klp38B acted as a chromokinesin, colocalising with chromosomes during mitosis and being required 

for alignment and segregation. An increased number of mitotic cells was observed in mutant flies, and 

suggested to be due to a failure in metaphase and anaphase progression. These authors suggested 

that the discrepancies were due to the types of mutants analysed, with hypomorphic mutations in the 

first publication, and null mutations in the second. Subsequently an siRNA screen performed in 

Drosophila melanogaster S2 cells failed to identify a mitotic role for Klp38B (Goshima et al., 2003).  

Analyses of KIF14 in HeLa cells were also initially contradictory. C. Zhu et al. (2005) used 3’UTR-

targeting siRNA and demonstrated that the knockdown of KIF14 resulted in defects in chromosome 

congression. Knockdown did not affect bipolar spindle formation and the chromosomes were shown 

to align at the metaphase plate. However, congression was unstable with chromosomes moving 

continuously between the spindle equator and poles, subsequently delaying the metaphase-to-

anaphase transition. These results were suggested to demonstrate that KIF14 functioned at 

kinetochores to generate a poleward force. Subsequently, Carleton et al. (2006) determined that the 

expression of KIF14 was regulated throughout the cell cycle, with an increase in G2/M phase. KIF14 

was shown to localise in the cytoplasm during interphase, to enter the nucleus at the onset of mitosis 

and accumulate at the spindle poles and along microtubules during prophase and metaphase. KIF14 

was present at the midzone during anaphase and at the midbody during telophase. The authors tested 

11 different siRNAs and determined that the resultant phenotypes varied depending on the efficacy of 

the knockdown. Four of the siRNA sequences, engendering a moderate decrease in protein levels to 

around 50%, resulted in hypoploidy and apoptosis. In contrast, the remaining sequences, decreasing 

protein levels by around 80%, were associated with polyploidy. In these cells, mitosis proceeded 

normally until abscission of the two daughter cells. A midbody was formed, which collapsed following 

the failure to complete cytokinesis and generated a binucleated cell. The difference between the 

phenotypes between these siRNA sequences was suggested to reflect a requirement for varying 

concentrations of KIF14 throughout mitosis.  

In agreement with this study, Gruneberg et al. (2006) showed that the central spindle localisation of 

KIF14 was mediated by an interaction with PRC1. This binding domain was mapped to the N-terminal 

region adjacent to the motor domain (1-356 aa). The localisation of KIF14 to the central spindle and 

midbody were again lost upon siRNA-mediated knockdown. The localisation of various proteins 
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implicated in furrow ingression and cytokinesis, including KIF23, KIF4, ECT2 and RhoA, were unaffected 

by the loss of KIF14. The level of CIT at the central spindle and midbody was reduced and the 

percentage of binucleated cells was increased. CIT was shown to bind to the C-terminal tail of KIF14 

(901-1648 aa), and interestingly, the localisation of KIF14 at the central spindle and midbody was lost 

upon siRNA-mediated knockdown of CIT, demonstrating a co-dependency (Gruneberg et al., 2006). 

This interaction was further explored by Watanabe et al. (2013), who mapped the CIT-binding region 

of KIF14 more precisely to a smaller C-terminal region encoding two coiled-coil domains. Knockdown 

of CIT affected the localisation of RhoA, anillin and septins to the midbody, as well as that of KIF14. 

KIF14 was proposed to function in the translocation of CIT from the cleavage furrow to the midbody. 

It was suggested that CIT binding to the C-terminal tail led to the activation of KIF14 in a mechanism 

reminiscent of KIF17, whereby cargo binding relieves autoinhibition of the motor domain (Hammond 

et al., 2010). Interestingly, the motor activity of KIF14 was recently shown by Arora et al. (2014) to 

differ from previously characterised kinesins. As opposed to KIF5B, which hydrolyses one molecule of 

ATP for each step, KIF14 is a highly inefficient motor, with very slow processive movement towards the 

plus-ends of microtubules and hydrolyses around 7 molecules of ATP per step. In addition, KIF14 was 

shown to have a high affinity for microtubules and a high basal ATPase activity, which was less sensitive 

to the addition of microtubules than another processive member of the kinesin-3 family, KIF1A.  

Following the description of several mutant fly models of KIF14, a knockout mouse was more recently 

reported. The mutation in Kif14 caused exon skipping within the motor domain and various transcripts 

could be identified at the cDNA level. A robust decrease in the level of protein expression was seen in 

mutant mice, which had severe microcephaly, cerebellar dysplasia and died by 21 days (Fujikura et al., 

2013). Interestingly, rodent models carrying mutations in the partner of KIF14, Cit, were also shown to 

cause severe, isolated microcephaly (Sarkisian et al., 2002).  

Recently, mutations in both KIF14 and CIT have been identified in cases of mild to severe microcephaly 

in humans (Filges et al., 2014; Harding et al., 2016; Li et al., 2016; Shaheen et al., 2016; Moawia et al., 

2017; Makrythanasis et al., 2018). Initially, mutations in KIF14 were shown to lead to a severe lethal 

syndrome affecting both brain and kidney development (Filges et al., 2014). Affected foetuses 

presented with corpus callosum agenesis and cerebellar hypoplasia, both of which are commonly 

identified in ciliopathies. The combination of severe brain and kidney phenotypes was reminiscent of 

Meckel-Gruber syndrome and so KIF14 was designated as MKS12 (MIM: 616258). Subsequently, 

several cases of isolated and milder microcephaly have been reported, with only a single case 

additionally presenting with renal defects (Moawia et al., 2017; Makrythanasis et al., 2018). Mutations 

in CIT were also shown to result in microcephaly with varying severity, with several individuals also 

presenting corpus callosum agenesis and cerebellar hypoplasia (Harding et al., 2016; Li et al., 2016; 
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Shaheen et al., 2016). Of these cases, two affected individuals from the same family also presented 

renal aplasia or agenesis, resulting in neonatal lethality (Harding et al., 2016). Unilateral renal agenesis 

was identified in an additional individual (Shaheen et al., 2016). The genotype-phenotype analysis of 

these mutations, in both KIF14 and CIT, was not performed. Differences in phenotypic severity, as well 

as the involvement of multiple organs, are often seen in ciliopathies. The potential role of KIF14 at cilia 

has not yet been examined, but will be explored herein.   
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Results 

Congenital abnormalities of the kidney and urinary tract (CAKUT) are a heterogeneous group of 

disorders, ranging in severity and representing the leading cause of end-stage renal disease in children. 

CAKUT can result from environmental factors, such as obesity and maternal diabetes, as well as genetic 

factors. To date, more than 50 genes have been associated with CAKUT, many of which encode 

transcription factors known to be important for renal or urinary tract development. Analysis of familial 

cases of CAKUT has revealed both autosomal dominant and autosomal recessive modes of inheritance. 

However, the identification of novel CAKUT genes is complicated by the variable expressivity and 

incomplete penetrance. Previously, autosomal recessive mutations were identified in KIF14, in 

foetuses presenting with a severe syndrome affecting brain and kidney development. KIF14 encodes a 

member of the kinesin superfamily, shown to have an essential role in cytokinesis. The identified 

phenotypes were reminiscent of the severe ciliopathy Meckel-Gruber syndrome, and so KIF14 was 

subsequently designated MKS12. Using whole- and targeted-exome sequencing, we identified 

mutations in individuals from an additional four families. Tissue sections from the brain and kidneys of 

affected individuals revealed the presence of binucleated cells, demonstrating a failure in cytokinesis. 

We demonstrated that the identified mutations affected the activity of KIF14 and impaired cytokinesis, 

highlighting parallels between brain and kidney development. In order to explore whether KIF14 was 

a novel ciliopathy gene, we used the zebrafish as an in vivo model. Initial observations of mutant 

zebrafish embryos revealed, in addition to recapitulating the severe syndrome of the affected 

individuals, a number of ciliopathy-related phenotypes. However, further analysis showed that these 

effects resulted from an accumulation of cells arrested in mitosis. Taken together, our results confirm 

that mutations in KIF14 result in a severe, lethal syndrome affecting both brain and kidney 

development, and which phenocopies a ciliopathy.  
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Loss of function mutations in KIF14 cause severe microcephaly and kidney development defects in 

humans and zebrafish. 
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Abstract 

Mutations in KIF14 have previously been associated with either severe isolated or syndromic 

microcephaly with renal hypodysplasia (RHD). Syndromic microcephaly-RHD was strongly reminiscent 

of clinical ciliopathies, relating to defects of the primary cilium, a signalling organelle present on the 

surface of many quiescent cells. KIF14 encodes a mitotic kinesin which plays a key role at the midbody 

during cytokinesis and has not previously been shown to be involved in cilia-related functions. Here, 

we analysed four families with foetuses presenting with the syndromic form and harbouring bi-allelic 

variants in KIF14. Our functional analyses show that the identified variants severely impact the activity 

of KIF14 and likely correspond to loss-of-function (LOF) mutations.  Analysis in human foetal tissues 

further revealed the accumulation of KIF14-positive midbody remnants in the lumen of ureteric bud 

tips indicating a shared function of KIF14 during brain and kidney development. Subsequently, analysis 

of a kif14 mutant zebrafish line showed a conserved role for this mitotic kinesin. Interestingly, 

ciliopathy-associated phenotypes were also present in mutant embryos, supporting a potential direct 

or indirect role for KIF14 at cilia. However, our in vitro and in vivo analyses did not provide evidence of 

a direct role for KIF14 in ciliogenesis and suggested that kif14 LOF phenocopies ciliopathies through an 

accumulation of mitotic cells in ciliated tissues. Altogether, our results demonstrate that KIF14 

mutations result in a severe syndrome associating microcephaly and RHD through its conserved 

function in cytokinesis during kidney and brain development. 
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Introduction 

Congenital Anomalies of the Kidney and Urinary Tract (CAKUT) comprise a broad spectrum of renal and 

urinary tract malformations of varying severity. Kidney defects can range from unilateral or bilateral 

renal agenesis (BRA) to renal hypodysplasia (RHD), or can include multicystic kidney dysplasia (MCKD) 

(Nicolaou et al., 2015). MCKD can also be part of the phenotypic spectrum of foetal forms of 

ciliopathies (Meckel-Gruber syndrome, MKS), linked to mutations in genes encoding key components 

of primary cilia (PC) (Braun et al., 2017). RHD results from defects during differentiation of the 

metanephros, initiated by a reciprocal induction between the ureteric bud (UB) and the metanephric 

mesenchyme (MM). The UB invades the MM and, in response to signals from the MM, undergoes 

several rounds of branching, expanding through the proliferation of UB tip epithelial cells to form the 

collecting ducts. Inductive signals from the UB drive the condensation of MM cells at the tips of the UB 

branches to form the CAP mesenchyme. These cells undergo a mesenchyme-to-epithelial transition to 

form the renal vesicle, which will differentiate into several intermediate structures (comma body, then 

S-shaped body) to finally form the nephron, the functional unit of the kidney. The proximal region of 

the S-shaped body will differentiate to give rise to the blood-filtering glomerulus, while the distal 

region will connect to the collecting ducts. Nephrogenesis takes place in the cortex of the developing 

kidneys and ends before birth (35-36 weeks) in humans (McMahon, 2016; Seely, 2017).   

The mouse has been a widely used model to decipher the mechanisms controlling nephrogenesis, as 

many of the processes involved in metanephric kidney development are well conserved (McMahon, 

2016; Seely, 2017). However, zebrafish have recently become a powerful alternative model for both 

kidney development and disease modelling (Drummond et al., 2016; Poureetezadi et al., 2016). The 

pronephros of zebrafish larvae is functional and consists of two nephrons with a fused glomerulus. 

Early development of the zebrafish pronephros requires the condensation of progenitors into two 

epithelial tubes, which retain a pattern of segmentation similar to that of mammalian nephrons. A 

functional kidney is formed by 48 hours post-fertilisation (hpf) through the frontward migration of cells 

towards the glomerulus, along with spatially and temporally controlled waves of mitosis (Drummond 

et al., 2016; Poureetezadi et al., 2016).  

To date, mutations resulting in RHD in humans have been identified in more than 50 genes with a role 

in kidney development, revealing a great genetic heterogeneity (Nicolaou et al., 2015; Uy et al., 2016). 

Most of these genes encode transcription factors (PAX2, SIX1, EYA1, HNF1B) and actors in key signalling 

pathways (RET-GDNF, FGF, NOTCH). Few of these genes were associated with BRA (Barak et al., 2012; 

Humbert et al., 2014; De Tomasi et al., 2017). Interestingly, biallelic loss-of-function mutations in KIF14, 

encoding a mitotic kinesin required for cytokinesis, were recently reported in foetuses presenting with 
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BRA or RHD associated with complex brain malformations including very severe microcephaly (Filges 

et al., 2014; Heidet et al., 2017).   

Microcephaly is a condition in which foetuses or infants present with a very small head and brain, and 

is part of a family of highly heterogeneous disorders grouped under the term of malformations of 

cortical development (MCD). The initial phase of brain development depends on an intense phase of 

progenitor proliferation within the ventricular zone (VZ). Symmetrical mitosis of these progenitor cells 

occurs at the apical face of the neuroepithelium, lining the lumen of the neural tube. Following this 

initial amplification phase, cells begin to divide asymmetrically and waves of committed, post-mitotic 

cells undergo an active phase of migration (Paridaen et al., 2014). Defects in any of these complex 

events lead to MCD or microcephaly. Microcephaly, like CAKUT, is genetically heterogeneous, with 

mutations identified in genes regulating signalling pathways, microtubule dynamics and mitotic spindle 

orientation, including several kinesin family members (Romero et al., 2018).  

Kinesins are molecular motors known to bind their respective cargos through their C-terminal domain 

and microtubules through their motor domain. Following these interactions, the kinesin then moves 

along microtubules (MTs), usually in a plus-end directed manner, through the hydrolysis of ATP 

(Verhey et al., 2011). KIF14 is a member of the Kinesin 3 family, which is highly conserved during 

evolution and possesses a slow processive activity (Arora et al., 2014). It was identified as a key actor 

in cytokinesis (Carleton et al., 2006; Gruneberg et al., 2006; D'Avino et al., 2015), through its interaction 

with PRC1 and citron kinase (CIT) (Gruneberg et al., 2006; Bassi et al., 2013). KIF14 accumulates at the 

spindle midzone and the midbody, where it is recruited by CIT (Gruneberg et al., 2006). KIF14 also acts 

reciprocally to ensure the correct distribution of CIT within this latter structure (Bassi et al., 2013; 

Watanabe et al., 2013). Although initially considered an artefact, the formation of the midbody, or 

Flemming body, is known to be crucial for the completion of mitosis (Dionne et al., 2015). Proteins 

involved in cleavage furrow ingression accumulate between the two parts of the intercellular bridges 

and then recruit components of the ESCRT machinery to ensure scission of the plasma membrane at 

one or both sides of this central structure which is then either inherited by one daughter cell or 

“secreted” into the extracellular milieu (Dionne et al., 2015).  Unsurprisingly, depletion of KIF14 in HeLa 

cells therefore leads to cytokinesis defects and binucleated cells (Carleton et al., 2006; Gruneberg et 

al., 2006). Besides its role during cytokinesis, KIF14 regulates migration in cancer cells via C-terminal 

interactions with RADIL (Ahmed et al., 2012).  

In vivo, loss of KIF14 in Drosophila leads to cytokinesis and developmental defects (Alphey et al., 1997; 

Molina et al., 1997; Ohkura et al., 1997; Ruden et al., 1997) and in mice to microcephaly and growth 

retardation (Fujikura et al., 2013). In humans, in addition to the syndromic cases including severe 
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microcephaly and RHD (Filges et al., 2014; Heidet et al., 2017), mutations in KIF14 were recently 

identified in isolated, mild- to severe- microcephaly (Moawia et al., 2017; Makrythanasis et al., 2018), 

with a phenotypic spectrum similar to the one observed in cases with mutations in CIT (Basit et al., 

2016; Harding et al., 2016; Li et al., 2016; Shaheen et al., 2016). In these reports, microcephaly was not 

associated with major kidney malformations in any of the individuals harbouring mutations in either 

KIF14 or CIT. In addition, as the clinical features of syndromic cases showed partial overlap with the 

phenotypic spectrum of MKS (intrauterine growth restriction, cystic kidneys and brain developmental 

defects, including cerebellar hypoplasia and vermis agenesis), KIF14 was then subsequently suggested 

as MKS12 (OMIM 616258). All proteins encoded by MKS genes identified thus far are present at the 

primary cilium and so KIF14 was proposed to have a ciliary function.   

The main objective of this study was to better characterise the phenotypic spectrum associated with 

mutations in KIF14 and to better understand its role during kidney development. We describe novel 

biallelic KIF14 mutations in foetuses presenting with RHD and MCPH. We analyse the functional effects 

of the mutations identified in four families and their consequences on cytokinesis and the potential 

role of KIF14 in ciliogenesis. We also use the zebrafish model to investigate the consequences of the 

loss of KIF14 in vivo, demonstrating a conserved function during both kidney and brain development. 

Finally, we provide direct evidence for similarities and distinctions between mitotic events occurring 

during proliferation in both brain and kidney development. 
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Results 

 Identification of mutations in KIF14  

In addition to the initial family that we described several years ago (Filges et al., 2014), we identified a 

further four families (Families 1 to 4) with foetuses presenting with highly reminiscent phenotypes, 

MCPH and cystic RHD or BRA (Table S1), linked to biallelic mutations in KIF14. Mutations identified in 

family 1 and 2 have been reported recently (Heidet et al., 2017), while those in family 3 and 4 have 

never been described.  

Whole- or targeted-exome sequencing approaches enabled the identification of biallelic pathogenic 

variants in KIF14 in all these families (Fig. 1A,B; Table S1). The affected foetus in family 1 harboured a 

homozygous out-of-frame deletion of exons 23, 24 and 25 (c.[3567-?_4072+?del]) leading to a 

frameshift (p.Arg1189Argfs*9). Compound heterozygous variations associating a predicted damaging 

missense variation in the motor domain (c.1090C>T [p.Arg364Cys] or c.1367C>T [p.Thr456Met]) with 

a nonsense mutation predicted to lead to a loss of the C-terminal region of the protein (c.3910C>T 

[p.Gln1304*] or c.4138C>T [p.Gln1380*]) were identified in family 2 and 3 respectively. Finally, the 

affected foetus in family 4 harboured a homozygous nonsense mutation predicted to lead to an early 

truncation in the motor domain (c.1792C>T [p.Arg598*]). All variations were absent from in-house and 

public databases (gnomAD) and missense variants were predicted damaging by Polyphen and Sift 

(0.787/0.01 for Thr456Met; (Heidet et al., 2017)). Segregation of the identified mutations with the 

developmental defects was confirmed for all the families by Sanger sequencing. The parents were 

heterozygous, while affected foetuses, where DNA was available, harboured the corresponding 

biallelic variations in KIF14 (Table S1, Fig. S1; (Heidet et al., 2017)).  

Despite the heterogeneity of the variations identified in these families, all the affected foetuses 

presented with strikingly similar severe brain and kidney phenotypes (Table S1). All affected foetuses 

presented with microcephaly with a flattened forehead (Figs. 1C-E, S1). Autopsy revealed a strong 

delay in the development of the telencephalon leading to agenesis of the occipital lobes and corpus 

callosum. Additionally, all affected foetuses presented a hypoplasia of the cerebellum with foliation 

delay (Figs. 1C-E, S1; Table S1).  The kidney phenotype was equally severe, with either BRA (3/11 cases), 

severe non cystic (2/11) or cystic RHD (6/11). Histochemistry of the cystic kidneys revealed, in addition 

to large cortical cysts, a lack of nephrogenic zone and absence of corticomedullary differentiation (Fig. 

1C-E). Few glomeruli could be observed, some were cystic (in families 1, 2 and 4), and tubules were 

rare (Figs. 1C,E, S1 and S2) and surrounded by undifferentiated mesenchymal tissue. 

Immunohistochemistry confirmed the lack of nephrogenic zone (PAX2/SIX2 stainings) in foetuses from 

families 1 and 3 and the presence of few remaining glomeruli in foetus 1 from family 1 (Fig. S2A-B).  
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Altogether these results clearly ascertain that biallelic mutations in KIF14 lead to a syndrome 

characterised by severe developmental defects in both brain and kidney leading to 

arhinencephaly/atelencephaly and RHD.  

 Impact of mutations on KIF14 activity 

Kinesins bind MTs through their motor domain, which in many cases is negatively regulated through 

intramolecular interactions with the C-terminal cargo-binding domain (Verhey et al., 2011). In the case 

of KIF14, this negative regulation of the motor domain is released upon interaction with CIT, which 

binds to the C-terminal region of KIF14 (aa 901-1233) through its N-terminal coiled-coil domain (CCf 

domain; (Watanabe et al., 2013)). As the mutations identified affect the two key domains of KIF14, we 

predicted that they would have dramatic functional effects.  

We first tested the consequences of the missense and truncation mutations on the steady state 

localisation of KIF14. Indeed, depending on its activation state, KIF14 could either be found diffusely 

distributed in the cytoplasm or on microtubules when transiently expressed in non-mitotic cells 

(Watanabe et al., 2013). Expression of a GFP-fusion encoding wild-type (WT) KIF14 revealed a diffuse 

cytoplasmic localisation (Fig. 2A) which was unaffected by the missense variations, T456M and R364C 

(Fig. 2B,C). In contrast, the C-terminal truncations (Q1380*, Q1304* and R1189*) all affected KIF14 

localisation and impacted upon cell morphology (Fig. 2D-F). The Q1380* mutant strongly accumulated 

at the tips of transfected cells, which became highly elongated, and where it colocalised with 

acetylated α-tubulin (AcTub; Fig. 2D). Both Q1304* (Fig. 2E) and R1189* (Fig. 2F) were present on MTs, 

colocalised with AcTub, and could occasionally be observed accumulated at the extremities of 

microtubules at the cell periphery. These observations suggest that the C-terminal truncations lead to 

constitutively active forms of KIF14 which are capable of binding MTs. The procession of these active 

forms, particularly Q1380*, towards the plus-end of MTs appears to cause distension of the cell into 

protrusions, as was previously characterised for other Kinesin family members (Verhey et al., 2011).  

As CIT is one of the main partners of KIF14 and regulates its activity (Watanabe et al., 2013), we next 

investigated the impact of the identified mutations on this interaction. We performed co- 

immunoprecipitation assays from lysates of cells co-expressing WT or variant forms of KIF14 and the 

KIF14-binding domain of CIT (CCf; Fig. 2G). As expected, the CIT CCf domain was efficiently co-

immunoprecipitated with WT KIF14 but not with the N-terminal PRC1 binding domain (1-356). This 

interaction was unaffected by the missense mutations in the motor domain (R364C, T456M) and by 

the two more C-terminal truncation mutations (Q1304*, Q1380*), which are localised after the 

previously mapped CIT binding site (aa 901-1233; Fig. 2H). Surprisingly, the most N-terminal truncation 

variation, R1189*, also retained the interaction (Fig. 2G) despite being expected to result in the partial 



REILLY Louise - Thèse de doctorat - 2018 
 

71 
 

truncation of the CIT binding domain (Fig. 2H). This result indicates that the CIT interaction domain of 

KIF14 in fact lies between amino acids 901 and 1189 (Fig. 2H). 

As the nonsense mutation in the motor domain (family 4) was very similar to that previously described 

(Filges et al., 2014) and those of the mouse model (Fujikura et al., 2013), their negative impact was not 

investigated here. In contrast, the functional consequence of the missense variations identified in 

families 2 and 3 remained to be demonstrated. Site-directed mutagenesis has identified amino acids 

crucial to the activity of the motor domain, usually relating to ATP-binding and hydrolysis. Arg364 (Fig. 

3A), which is replaced by Cys in family 2, is analogous to Arg14 in conventional Kinesin, which, when 

mutated, was shown to result in a severe reduction of MT-gliding velocity (Kapoor et al., 1999). The 

p.Arg364Cys variation is therefore expected to result in loss-of-function of the KIF14 motor domain. 

Based on the resolved structure of the murine Kif14 motor domain (Arora et al., 2014), the Thr456 

residue (Thr491 in mouse), replaced by Met in family 3, is part of the ATP-binding pocket of KIF14 

where it faces Arg364 (Fig. 3A). This variation was therefore also expected to severely impact the 

function of the motor domain, which was investigated using a MT sedimentation assay. As previously 

demonstrated for the murine Kif14 motor domain (Arora et al., 2014), the human KIF14 motor domain 

efficiently co-pelleted with MTs (Fig. 3B). The introduction of the p.Thr456Met variation (T456M) 

severely impaired MT binding, and the mutant motor domain remained within the supernatant (Fig. 

3B). In addition, measurement of the ATPase activity of the motor domains revealed that ATP 

hydrolysis remained unchanged after the addition of MTs to the T456M mutant (Fig. 3C). Similar results 

were obtained with the murine motor domain, where the equivalent human variant was introduced 

and compared to the WT (T491M; Fig. S3).  

As indicated above, the CIT interaction activates KIF14 and allows binding to MTs. In contrast to WT 

KIF14 (Fig. 3D), R364C and T456M variants failed to translocate onto MTs when co-expressed with the 

CCf domain of CIT (Fig. 3E,F). As the missense variants retain the ability to bind CIT (Fig. 2), these data 

show that both variations severely impair the ability of the motor domain to bind MTs, thus rendering 

these variant kinesins non-functional.  

In conclusion, all identified variants could thus be considered as strongly damaging mutations. 

 KIF14 mutations lead to cytokinesis defects  

Previous in vitro work has focused on the impact of a transient loss of KIF14 in HeLa cells (Carleton et 

al., 2006; Gruneberg et al., 2006).  In order to better characterise the effect KIF14-loss in stable 

conditions in kidney cells, we performed a knockout of the gene in murine inner medullary collecting 

duct cells (mIMCD3). We used CRISPR/Cas9 (nickase) with guides targeting exon 5 encoding part of the 

motor domain (Fig. S4A). Clones were isolated and sequenced to identify homozygous mutational 
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events. Two clones (KO1 and KO2), both with partial deletions of the 3’ region of exon 5 and 5’ region 

of intron 5-6 (Fig. S4B), were selected for further analysis. Sequencing of RT-PCR products revealed 

that the exon/intron deletions resulted in exon skipping in both clones, which could lead to an in-frame 

deletion in KO1 (exon5+6) and/or to a frameshift and early stop codon in exon 6 in both KO1 and KO2 

(Fig. S4C-E). These events likely result in non-functional proteins since they generate short truncated 

forms and/or proteins lacking a stretch of 28 aa within the motor domain (Fig. S4F). Two clones in 

which no mutational events in Kif14 could be identified (WT1 and WT2) and which expressed similar 

levels of Kif14 to the parental cell line (Fig. S4F) were maintained as controls.  

While Kif14 (green) was detected at the midbody in parental IMCD3 cells (not shown) and control 

clones, it was absent from the intercellular bridges (AcTub staining, red) of KO clones (Fig. 4A), which 

were elongated compared to those of controls (Fig. 4B). In addition, CIT localisation at the midbody 

was affected in KO clones, showing either a diffuse distribution along bridges or being present as two 

rings instead of a unique one (Fig. 4C,D), as previously described (Watanabe et al., 2013). 

Consequently, the loss of Kif14 in KO clones led to an increase in the proportion of binucleated cells 

(Fig. 4E,F). Interestingly, similar defects were observed in fibroblasts obtained from the affected foetus 

21 from family 4 (Fig. 4G,H) with longer intercellular bridges and increased proportion of binucleated 

cells compared to control (7.8% (29/372) vs. 0% (0/215), respectively).  

Human kidney development is severely impaired in cases where KIF14 function is lost, with affected 

foetuses presenting with either BRA or cystic RHD (Figs. 1 and S1). To explore the role of this mitotic 

kinesin in development, we analysed the protein localisation in tissue sections from normal human 

foetal kidneys. Sections were stained for both KIF14 and PAX2, a marker of epithelial and mesenchymal 

components of the developing kidney (McMahon, 2016; Seely, 2017). Strikingly, the lumen of some 

PAX2-positive epithelial structures were filled with KIF14-positive dots which, when observed at a 

higher magnification, appeared as rings (Fig. 5A), indicative of the presence of KIF14-positive 

midbodies in UB tips. In agreement with this observation, CIT showed a similar ring-shaped pattern in 

the lumen of PAX2-positive structures surrounded by SIX2-positive cells (Fig. 5B), a marker of the cap 

mesenchyme. Finally, we observed a colocalisation of both KIF14 and CIT in ring-shaped structures 

within clearly identifiable PAX2-positive UB branch tips (Fig. 5C).  

These results were suggestive of a luminal accumulation of midbodies or midbody remnants following 

mitosis. Interestingly, mitosis of the epithelial cells of the UB tips was shown to occur in the lumen, 

with the daughter cell bodies subsequently reinserting into the epithelium (Packard et al., 2013). In 

this context, it was expected that the cytokinesis failure induced upon loss of KIF14 would generate 

binucleated cells, which should then be found in the lumen or epithelium layer. Careful analysis of 
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kidney sections from affected foetuses revealed the presence of binucleated cells protruding from the 

surface of the epithelium along the lumen of large cysts (Fig. 5D,E) or inside the lumen of smaller cystic 

structures (Fig. 5F,G). In contrast to controls (H-K), numerous binucleated cells were also found in the 

cortex of the older affected foetus (pyramidal cells, Fig. 5L,M) and to a lesser extent, in Purkinje cells 

in the cerebellum (Fig. 5N,O).  

In conclusion, KIF14 plays a crucial function in cytokinesis during kidney and brain development. 

 Ciliopathy-related phenotypes in kif14-/- zebrafish embryos 

A previous in vivo study in the mouse demonstrated that the loss of Kif14 resulted in microcephaly and 

growth restriction but failed to replicate the kidney phenotype observed in humans (Fujikura et al., 

2013). We therefore chose to use the zebrafish as an alternative in vivo model in order to explore a 

potential conserved kidney specific role for KIF14.  

A mutant line was acquired from the Zebrafish Mutation Project [Sanger Institute; sa24165 

(Kettleborough et al., 2013)], in which a single nucleotide substitution resulted in a nonsense mutation 

and an early truncation just after the motor domain (c.1870C>T[p.Gln624*]; Fig. 6A), a mutation similar 

to those identified in affected foetuses. The presence of the mutation was confirmed by Sanger 

sequencing (Fig. 6B). Macroscopically visible phenotypes were observed in ¼ of the embryos from 

crosses of heterozygous (Htz) individuals and Sanger sequencing confirmed that the affected larvae 

were homozygous for the mutation, hereafter kif14-/-. These phenotypes were 100% penetrant in kif14-

/- embryos, while heterozygous embryos were indistinguishable from WT siblings. kif14-/- embryos 

were not viable and died by 5 days post fertilisation (dpf). By 48 hours post fertilisation (hpf), they 

demonstrated microcephaly, eye defects, body curvature, which could be dorsal, ventral or lateral, 

and cardiac oedema (Fig. 6C,D). Similar phenotypes were also observed in kif14 morphants (Fig. S5). 

Data from zebrafish models of brain development have demonstrated that morphogenesis occurs first 

through the establishment of the forebrain, midbrain and hindbrain ventricles between 17 and 21 hpf, 

followed by expansion of the ventricles between 21 and 36 hpf (Lowery et al., 2005). Microcephaly in 

mutant kif14-/- embryos was evident around 22 hpf, with an absence of clear ventricular definition on 

both lateral and dorsal views (Fig. 6C). As shown in many microcephaly models kif14-/- mutant embryos 

also present microphthalmia (Fig. 6C; Fig. S6A,B), with occasional coloboma (Fig. 6C; Fig. S6A,B, blue 

asterisk). In addition, the kif14-/- embryos presented with cardiac oedema, often an indication of 

pronephric cysts (Drummond et al., 2016; Marra et al., 2016). In order to examine the potential kidney 

defects, we used the Tg(wt1b:GFP) transgenic line expressing GFP under the control of wt1b promoter 

(Perner et al., 2007). GFP expression in the proximal pronephros allowed us to confirm the presence 

of glomerular cysts in 73% of kif14-/- mutant embryos at 48hpf (n=47, 4 separate clutches; Fig. 6E). 
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Defects in pronephric development can be coupled to a failure in patterning. In situ hybridisation using 

slc20a1a, a marker of the proximal convoluted tubule, revealed a deficiency in cell migration and 

subsequent absence of convolutions (Fig. S6C). Altogether, these data show that the loss of kif14 in 

zebrafish recapitulates both the brain and kidney developmental phenotypes observed in the affected 

foetuses. 

 Phenocopy of ciliopathy in kif14-/- embryos 

Interestingly, pronephric cysts and body curvature, along with otolith defects, are among the 

phenotypes widely seen in zebrafish models of known ciliopathy genes (Drummond et al., 2016; Marra 

et al., 2016). Otoliths are structures present within the lumen of the otic vesicle and composed of 

biominerals. Their formation at the tips of tether cilia of sensory neurons has been shown to rely, at 

least partially, on the presence of motile cilia at the luminal surface of the neuroepithelium (Lundberg 

et al., 2015). We observed a variety of otolith defects at 72hpf in kif14-/- embryos (Fig. 7A,B). Most 

otoliths were smaller, with many incorrectly positioned within the vesicle (misplaced). Occasionally, 

otoliths were fused, or present as a single structure, whilst extranumerary otoliths were rare. To 

directly explore whether these defects were related to cilia dysfunction within the otic vesicle, we used 

a transgenic (Tg) line in which the ciliary membrane marker Arl13b is fused to GFP and ubiquitously 

expressed (Tg(act2b:Arl13b-GFP); (Borovina et al., 2010)). Confocal imaging of WT larvae (24hpf) 

showed that the Arl13b fusion stained cilia present on most neuroepithelial cells lining the lumen of 

the otic vesicle. Analysis in mutant embryos revealed a strong decrease in the number of cilia 

compared to WT siblings (Fig. 7C). Taken together with the other phenotypes, these observations 

indicated that the loss of kif14 was impacting ciliogenesis. 

To elucidate whether KIF14 plays a direct role in ciliogenesis, we initially tested two widely used in vitro 

models, IMCD3 and RPE1 cells, in which primary cilia formation can be easily monitored. Loss of KIF14 

by either transient siRNA-mediated knockdown in RPE1 cells (Fig. S7A-D) or stable KO in IMCD3 (Fig. 

S7E-G) did not have a significant effect on the percentage of ciliated cells and cilia length compared to 

controls.  We subsequently investigated the impact of the loss of kif14 on cilia in vivo using the 

Tg(cldnB:lynGFP) zebrafish line, in which GFP is expressed in the distal pronephros. Cilia in the cloaca 

are often affected in ciliopathy models (Burckle et al., 2011; Bizet et al., 2015), however, neither the 

length of cilia nor the percentage of ciliated cells were affected in kif14-/- embryos (Fig. S7H-J). Together 

these results indicate that KIF14 does not have a general role in ciliogenesis. 

Cilia are present on the surface of quiescent cells and resorbed when cells enter mitosis. Mitotic cells 

are therefore not ciliated (Basten et al., 2013). Interestingly, AcTub stainings in the distal pronephros 

revealed the presence of numerous cells with mitotic spindle and condensed chromosomes (Fig. S7H, 
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arrows). As kif14 is a mitotic kinesin, we reasoned that defects in ciliogenesis in kif14-/- embryos could 

be due to differences in the cell cycle, leading to an accumulation of non-ciliated mitotic cells. 

Immunofluorescence staining for phospho-histone H3 (PH3), a marker of cells in G2/M, revealed a 

significant increase in the number of mitotic cells in kif14-/- embryos, notably in the brain and along the 

spine (Fig. 7D), as has been shown in many microcephaly models (Novorol et al., 2013). In order to test 

the effect of this increased mitosis on ciliogenesis, we again used the Tg(cldnB:lynGFP) line in which 

the neuroepithelial cells lining the otic vesicle express GFP (Haas et al., 2006). Confocal imaging of 

24hpf embryos revealed a drastic increase in the number of mitotic cells in kif14-/- mutant embryos 

compared to siblings (Fig. 7E,F), which mirrored ciliogenesis in the organ (Fig. 7C). We also analysed 

mitosis in the pronephros. As expected (Vasilyev et al., 2012), very few PH3-positive cells could be 

observed in proximal (Tg(wt1b:GFP); Fig. 7G,H) and distal (Tg(cldnB:lynGFP); Fig. S8) tubules at 48hpf, 

in both WT and kif14+/- embryos. However, the number of mitotic cells was drastically increased in 

kif14-/- embryos in both regions (Fig. 7G,H; Fig. S8). Taken together, these data show that the loss of 

kif14 in zebrafish causes ciliopathy-like phenotypes, including in the otic vesicle and pronephros, which 

are likely linked to an accumulation of mitotic, and therefore non-ciliated cells in those tissues. 

 Mitotic spindle defects in kif14-/- embryos 

The accumulation of mitotic PH3+ cells in most tissues of kif14-/- mutant embryos was unexpected 

given the established function of KIF14 in cytokinesis in mammalian cells [(Carleton et al., 2006; 

Gruneberg et al., 2006) and Fig.4]. Indeed, expected binucleated cells are not positive for PH3 until 

they re-enter mitosis. The increased number of PH3+ cells could then be due to either an increased 

proliferation rate, or a block/delay in mitosis, as shown in other zebrafish microcephaly models (Pfaff 

et al., 2007; H. T. Kim et al., 2011). By staining embryos with both AcTub and α-tubulin we could 

visualise the mitotic spindles, and therefore analyse the different stages of mitosis of the PH3+ 

neuroepithelium cells of the otic vesicle in Tg(cldnB:lynGFP) embryos. Confocal imaging revealed that 

PH3+ cells in both WT/Htz and kif14-/- fish were either in the G2 phase (absence of assembled spindle) 

or in metaphase (assembled bipolar spindles with condensed chromosomes; Fig. 8A,B). However, in 

kif14-/- embryos we observed a lower proportion of PH3+ cells without an assembled spindle and a 

drastic increase in the number of PH3+ cells with condensed chromosomes and aberrant spindles. 

Most of these cells had monopolar spindles (Fig. 8B,C), although multipolar spindles could occasionally 

be observed (Fig. 8B,C). In addition to the otic vesicle, PH3+ cells with monopolar spindles were 

observed in many other tissues, including the spine, posterior lateral line and retina (see Fig. S9 for 

examples).  
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The observation of a higher proportion of cells with an assembled mitotic spindle indicates that the 

increase in PH3+ cells is linked to either a delay or block in mitosis. This also suggests that kif14 likely 

plays a role at an early stage of mitosis in zebrafish, possibly in the organisation of the mitotic spindle. 
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Figure 1. Identification of mutations in KIF14 in a lethal, foetal syndrome associating severe microcephaly with 
bilateral renal agenesis, or renal hypodysplasia. (A) Pedigrees of the identified families (F1-4) with homozygous 
or compound heterozygous mutations in KIF14. (B) Schematic representation of KIF14 cDNA (exons) and protein 
showing the position of the identified mutations. The PRC1 and Citron Kinase (CIT) binding domains are shown, 
along with the motor, Forkhead Associated (FHA) and the four coiled-coil (CC I-IV) domains. The compound 
heterozygous mutations of the previously identified family are also shown (Filges et al., 2014). Abbreviations: 
heterozygous (he), homozygous (ho). (C) Foetus 21 of family 1 (18 weeks gestation), pictures of brains and kidneys 
with representative histological sections from one kidney. (D) Foetus 22 (37 weeks gestation), and foetus 23 (18 
weeks) from family 2, pictures of brains and kidneys along with histology of F23 kidneys. (E) Foetus F23 of family 
3 (18 weeks gestation), pictures of brain and kidneys along with kidney histology. 
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Figure 2. C-terminally truncated variant KIF14 proteins are constitutively targeted to microtubules without 
impairing CIT binding. (A-F) Immunofluorescence of HeLa cells transfected with a GFP-fusion encoding wild-type 
or mutant KIF14 GFP fusions. Microtubules were stained using an antibody against acetylated-α-tubulin (AcTub; 
red), and nuclei using Hoechst (blue). Merge colour pictures (top panels) and black and white pictures 
corresponding to GFP fusions (KIF14; bottom panels) are shown. Scale bars: 5 µm. (G) Lysates from HEK293 cells 
co-transfected with plasmids encoding GFP-fusions of WT or mutant KIF14 and with an mCherry-fusion of the 
KIF14 binding domain of CIT (CCf) were immunoprecipitated using an anti-GFP antibody. Lysates and 
immunoprecipitated proteins were analysed through Western blotting, using antibodies against GFP (KIF14) or 
mCherry (CIT-CCf). (H) Schematic representation of the constructs used in immunofluorescence and co-
immunoprecipitation experiments. 
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Figure 3. Identified motor domain mutations affect KIF14 activity and impair microtubule binding. (A) Structure 
of mouse KIF14-MD is shown (PDB ID: 4OZQ ; (Arora et al., 2014) with the mutated residues labelled (mouse 
residues in blue and the corresponding human residues in black). This image was produced in PyMol (The PyMOL 
Molecular Graphics System, Version 2.0 Schrödinger, LLC.) (B) The microtubule-binding activity of human KIF14 
motor construct (MBP-hKIF14) was assessed in an ultracentrifugation-based co-sedimentation assay. A 
representative coomassie blue-stained gel, from four independent experiments, is shown.  KIF14 motor constructs 
and tubulin are indicated.  S, supernatant; P, pellet; MT, microtubules.  (C) Basal and MT-stimulated ATPase 
activities of a KIF14 motor construct (MBP-hKIF14) were shown. Data from 4 independent experiments. Error bars, 
S.D.. Statistics: * p ≤ 0.05 ; *** p ≤ 0.001; by Student’s T-test. (D-F) Immunofluorescence of RPE1 cells co-
transfected with plasmids encoding GFP-fusion (D) of WT or (E,F) mutant KIF14 [(E) T456M or (F) R364C], along 
with an mCherry-fusion of the KIF14 binding domain of CIT (CCf, red). Nuclei were stained using Hoechst (blue). 
Scale bars: 5 µm. 
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Figure 4. Loss of Kif14 leads to cytokinesis defects in mIMCD3 cells and in cells from the affected foetuses. (A,B) 
Cycling Kif14 wild-type (WT1, WT2) and knockout (KO1, KO2) mIMCD3 clones were stained for KIF14 (green), 
acetylated-α-tubulin (AcTub, red) and DNA (Hoechst, blue). Insets show higher magnification of intercellular 
bridges stained with AcTub. Length of intercellular bridges in parental IMCD3 cells (IMCD3 WT) and WT and KO 
clones were quantified using imageJ (B), as described in materials and methods. (C,D) WT and KO clones were 
immunostained for CIT (green) and AcTub (red) to quantify the localisation of CIT to the midbody (C) expressed as 
the percentage of cells with “normal” single ring CIT staining (D). (E,F) WT and KO clones were stained for F-actin 
using phalloidin (red), and nuclei using Hoechst (blue)(E) in order to identify binucleated cells (Asterisks). (F) 
Quantification of the percentage of binucleated cells in control and knockout cells. ns = not significant, **P< 0.001  
***P< 0.0001 from n=3 independent experiments, Dunn’s Multiple Comparison Test following the Kruskal-Wallis 
ANOVA test for length of intercellular bridges (B), and Fischer’s exact test for CIT localisation and binucleated cells 
(D, F).  (G, H) Fibroblasts derived from control and foetus 21 from family 4 were stained for either acetylated α-
tubulin (green) and KIF14 (red) (G) or acetylated α-tubulin (green) only (H), as well as for DNA (Hoechst, blue). 
Scale bars: 5 µm (A, C, E and F), 10 µm (H). 
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Figure 5. KIF14 is required for cytokinesis in developing human kidney. Sections of control human foetal kidneys 
(23 weeks) were stained for: (A) KIF14 (green), PAX2 (red) and Hoechst (blue), (B) CIT (green), SIX2 (red), PAX2 
(cyan), and Hoechst (blue), and (C) KIF14 (green), PAX2 (red), CIT (cyan), and Hoechst (blue). Insets show higher 
magnification of regions of interest, denoted by the white outline, and arrows point to ring-like structures 
corresponding to midbody remnants. Similar results were obtained in 3 other control foetuses. (D-G). 
Haematoxylin-eosin staining of kidney sections from foetus 3 from family 3 (D-F) and from foetus 1 from family 1 
(G) showed the presence of binucleated cells (black boxes) which were enlarged in the corresponding insets.  (H-
K) Haematoxylin-eosin staining of pyramidal cells in the brain cortex (H, I) and Purkinje cells from the cerebellum 
(J, K) of control foetuses. (L-O) Haematoxylin-eosin staining of pyramidal cells in the brain cortex (L, M) and 
Purkinje cells from the cerebellum (N, O) of foetus 2 from family 2 showed the presence of binucleated neurons 
(black arrows). Boxed areas (H, J, L, N) are enlarged (I, K, M, O). Scale bars xxµm. 
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Figure 6. In vivo zebrafish model reveals loss of kif14 causes severe developmental defects of brain and kidneys. 
(A) Schematic representation of zebrafish kif14 showing the position of the nonsense mutation. The motor and 
coiled-coil domains are also shown. (B) DNA trace from Sanger sequencing of exon 11 of kif14 in WT, heterozygous 
and homozygous embryos showing the nucleotide, and subsequent amino acid, change. (C) Representative 
images of the phenotypes observed in WT/Htz and kif14-/- embryos at 24hpf (top row) and 48hpf (bottom row). 
Coloboma, blue asterisk. Scale bar: 100 µm. F, forebrain; M, midbrain; H, hindbrain. (D) Quantification of 
macroscopic phenotypes. (E) Live imaging of Tg(wt1b:GFP) WT/Htz and kif14-/- embryos at 48hpf, dorsal view, 
with anterior to the left. Inset shows a higher magnification of proximal pronephros. Scale bars: 200 µm. 
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Figure 7. In vivo zebrafish model presents ciliopathy-like phenotypes due to an accumulation of mitosis-blocked 
cells. (A,B) Representative images (A), and quantification (B; n=61; 3 separate clutches), of otolith phenotypes 
observed at 72hpf in WT/Htz and kif14-/- embryos. (C) Live confocal imaging in brightfield (top row) and for GFP 
(cilia, bottom row) of Tg(act2b:Arl13b-GFP) of a representative otic vesicle of WT/Htz and kif14-/- embryos at 
24hpf. (D) Immunofluorescence of WT/Htz and kif14-/- embryos at 24hpf immunostained for Phospho-Histone H3 
(PH3, green) and AcTub (grey) shown in lateral (top row) and dorsal (bottom row) views, anterior to the left. Scale 
bars: 200 µm. (E,F) Immunofluorescence of PH3 (white), and Hoechst (blue) stained Tg(cldnB:GFP) otic vesicles at 
24hpf. (F) Quantification of PH3+ nuclei in the otic vesicle. (G,H) Immunofluorescence of PH3 (white), and Hoechst 
(blue) stained Tg(wt1b:GFP) proximal pronephros at 48hpf (G). Quantification of PH3+ nuclei within these GFP 
positive cells (H). **P< 0.001, ***P< 0.0001 from n=2 independent experiments, t-test for PH3 quantifications 
(F,H). Scale bars: 10 µm.  
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Figure 8. Loss of kif14 in vivo in zebrafish results in mitotic spindle defects. (A-C) Different stages of mitosis in 
otic vesicles of WT/Htz and kif14-/- Tg(cldnB:lynGFP) embryos at 24hpf visualised through immunostaining for PH3 
(white), AcTub/αTub (red), Hoechst (blue). (B) Quantification of the various visible mitoses. Scale bars: 5µm  
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Discussion  

The present study, in accordance with our previous one, describes a novel syndrome linked to 

mutations in KIF14 and associated with severe developmental defects of both the brain 

(microcephaly/atelencephaly) and kidney (RHD). Here, we provide functional evidence that the 

mutations in the syndromic form cause a loss-of-function of KIF14. In addition, we used the zebrafish 

model to provide strong evidence that kif14 plays a crucial and conserved role during both brain and 

kidney development. 

Two other groups recently identified mutations in KIF14 in eight families with individuals 

presenting mild to severe microcephaly without major renal malformation (except one case out of 18; 

Fig. S8). Comparing the effect of these mutations provides some clues to explain the broad phenotypic 

spectrum associated with KIF14 mutations. Among the syndromic forms, two families harbour 

mutations leading to an early stop codon within the motor domain. These mutations are likely to 

correspond to a knock-out of KIF14 as even if alternative splicing were induced, any exon skipping in 

this region would lead to disruption of the motor domain. In addition, our functional studies clearly 

show that the mutations identified in the 3 other syndromic cases are also LOF mutations leading either 

to variant proteins unable to bind microtubules (motor domain), or to active non-functional forms 

which lack the C-terminal domain. Interestingly, our results show that a similar kif14 truncation 

mutation in the zebrafish mimics the human syndromic form.  

On the contrary, analysis of the mutations described in the 8 families with isolated 

microcephaly (Makrythanasis et al., 2018; Moawia et al., 2017) indicates that they are likely to be less 

severe. Three missense mutations and a single amino acid deletion are located in the FHA domain, a 

domain which has regulatory functions in some kinesin family members (Verhey et al., 2011) but its 

function was not yet characterised in KIF14. One missense mutation leads to a deletion of a smaller 

part of the C-terminal tail and missense or silent mutations affecting splice sites, lead to coexpression 

of C-terminal truncated proteins and missense variant or WT protein, respectively. Interestingly, one 

mutation was also found in the motor domain (p.Gly459Arg); however, unlike both the Arg364 and 

Thr456 residues, the G459 residue is not present within the nucleotide binding pocket. It is likely, 

therefore, that the functional consequences of the p.Gly459Arg mutation would be far less severe than 

the p.Arg364Cys and p.Thr456Met mutations described here. Finally, the c.246delT/p.Asn83Ilefs*3 

homozygous mutation described in a family with microcephaly but without kidney defects, would be 

expected to be even more severe than the ones in our syndromic families. Interestingly, it is in the 

same region as the c.263T>A/p.Leu88* mutation which was shown to activate a cryptic splice site and 

to lead to an in-frame deletion within exon 2, resulting in a deletion of 124 aa (p.G58_L181del) within 

the PRC1-binding domain. The potential consequences on splicing of the c.246del/p.Asn83Ilefs* 
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mutation remain to be tested in order to conclude on the lack of genotype/phenotype correlation for 

this specific case. 

Therefore, we can conclude that LOF mutations in KIF14 lead to syndromic forms associating 

microcephaly and brain malformations with RHD, whereas hypomorphic mutations cause mild to 

severe microcephaly with no developmental kidney defects. The observation of small echogenic 

kidneys in one affected individual (out of 18), however, indicates the potential for kidney 

manifestations in individuals harbouring hypomorphic KIF14 mutations. 

Altogether, these results suggest that KIF14 likely has an important and similar function during 

the early steps of both kidney and brain development. There are very few reports of monogenic 

mutations identified in syndromes associating MCD or microcephaly with kidney phenotypes 

(Galloway-Mowat (Cooperstone et al., 1993) and DREAM-PL (Shaheen et al., 2016) syndromes). 

However, the kidney phenotypes in these syndromes, including glomerulopathy or occasional 

unilateral agenesis, are much less severe than those observed in the case of KIF14 mutations. It is 

worth noting that associations of RA/RHD and MCD/microcephaly similar to those observed in 

individuals with KIF14 mutations were described in cases with copy number variations (CNV) of varying 

sizes and at various loci, suggesting the involvement of one or several genes which were not 

characterised further (Sanna-Cherchi et al., 2018). Finally, while mutations in genes involved in 

microtubule dynamics, mitosis and/or orientation of the mitotic spindle represent a major cause of 

microcephaly (Romero et al., 2018), it is not the case for RA and RHD with none of the mutations 

identified thus far affecting genes from these functional families (see (Heidet et al., 2017; Sanna-

Cherchi et al., 2018) for a recent list of CAKUT genes).  

Ciliary defects were a plausible pathophysiological explanation for the two distinct phenotypes 

in foetuses harbouring LOF KIF14 mutations as suggested earlier (Filges et al., 2014). Indeed, central 

nervous system manifestations are observed in patients also presenting with renal ciliopathies, such 

as cerebellar hypoplasia or agenesis of the corpus callosum, two defects that are present in all the 

affected foetuses.  A plethora of brain developmental disorders are recognised clinical signs in many 

ciliopathy phenotypes (Braun and Hildebrandt, 2017), but the direct role of mutations in ciliary genes 

particularly for microcephaly has not been frequently explored. Interestingly, dominant mutations in 

KIF2A , a kinesin involved in both mitotic spindle dynamics and ciliogenesis, were shown to cause MCD 

through their impact on both cilia and cell cycle (Broix et al., 2018). In addition, bilateral agenesis and 

non-cystic RHD were very rarely reported among the renal phenotypic spectrum of ciliopathies 

(Grampa et al., 2016). However, a recent report identified that a homozygous LOF mutation in IFT27, 

encoding a component of the intraflagellar transport complex, causes BRA (Quélin et al., 2018), 

suggesting that defects in ciliary genes can indeed lead to RHD.   
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We investigated a potential role for KIF14 in ciliogenesis. We found that, upon overexpression, 

KIF14 localises to cilia (not shown), but failed to find any evidence for a direct role in ciliogenesis in 

vitro. Intriguingly, the zebrafish embryos harbouring LOF mutations in kif14 demonstrate ciliopathy 

phenotypes, but, once again, our analyses failed to identify a direct impact on ciliogenesis in vivo. 

However, we cannot formally exclude its potential role in the transport of cargo into the cilium, which 

remains to be explored. Based on these results, it is therefore unlikely that a disruption of ciliary 

function can account for a shared mechanism at the origin of renal and brain developmental defects.   

The localisation of KIF14 at midbodies accumulating within the lumen of UB tips in human 

foetal kidneys provided a key clue to better understand the mechanism by which the loss of KIF14 

affects both brain and kidney development in humans. Indeed, it was shown that midbody remnants 

are released or ‘secreted’ into the cerebrospinal fluid in mice. This accumulation, during the early 

stages of brain development, corresponds to the amplification of neural progenitors. During the 

symmetrical divisions of these cells, cytokinesis occurs at the apical membrane of the progenitors and 

midbodies are formed within the lumen, where they are released following abscission (Dubreuil et al., 

2007). In the UB tips, mitosis of proliferating UB epithelial cells occurs in the lumen of the 

expanding/branching tubular structures by a more complex process (Packard et al., 2013).  Dividing 

cells protrude at the surface of the epithelium, within the lumen, and while one of the daughter cells 

remains attached to the basal membrane and retracts after mitosis, the other one intercalates 

between adjacent cells to integrate into the epithelium layer. Subsequently, midbodies are likely 

formed in the lumen of UB tips, where they could be released and accumulate, as occurs in the brain. 

To our knowledge there is no other organ where a similar process resulting in the massive release of 

midbody remnants has been reported. The fact that both organs are dramatically affected by KIF14 

LOF mutations strongly indicates that it plays a key role in vivo during these ‘symmetric’ divisions, 

whereby abscission occurs on both sides of the midbody and leads to their release into the extracellular 

milieu.  

Intriguingly, LOF mutations in CIT lead to microcephaly but are not associated with kidney 

defects, neither in humans (Basit et al., 2016; Harding et al., 2016; Li et al., 2016; Shaheen et al., 2016) 

nor in rodents (Di Cunto et al., 2000; Sarkisian et al., 2002). These observations suggest that KIF14 

might play a specific function in the kidney. Recent transcriptomic and single cell transcriptomic 

analyses revealed expression of mitosis-related genes during the early development of the human 

kidney (Lindström et al., 2018a, 2018b), including  both CIT and KIF14, as well as  other genes known 

to play crucial roles at the midbody (KIF23, KIF20A, ANLN, etc…). These data suggest that other proteins 

required for abscission would similarly play a crucial role during kidney development and may 

compensate for each other except in the case of KIF14.  
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 The key question for future investigations is: do ‘secreted’ midbodies play a role or not? 

Recent work has changed the view of midbodies and midbody remnants as passive structures to be 

eliminated after mitosis. Several groups identified possible post-mitotic functions of midbodies when 

inherited or captured by daughter or neighbouring cells, including cell fate (stemness), polarity or 

ciliogenesis (Bernabé-Rubio et al., 2016; Dionne et al., 2015). In the brain, midbody remnants were 

purified from the ventricular fluid, indicating that most of them are not immediately recaptured by 

one of the daughter cells. Their function within the developing brain remains, however, to be 

determined. The images that we obtained clearly show the accumulation of midbodies in the lumen 

of UB tips. We cannot exclude that they may remain associated with the apical membrane of the UB 

tips cells where they could be involved in local signalling events and/or ciliogenesis. However, their 

localisation in the central part of the lumen in most UB tip profiles suggests that they are released 

within the lumen, as in the developing brain. In this case, it is tempting to speculate that the 

connection of these midbody-filled UB tips to a newly functional nephron would result in the 

expulsion of those midbodies by the incoming urine flow, leading, either, to signalling in the 

collecting duct, or to elimination in the urine. All these exciting issues remain open and a source of 

future investigations.  



REILLY Louise - Thèse de doctorat - 2018 
 

91 
 

Acknowledgements 

We are grateful to the families for their participation. We greatly acknowledge N. Goudin and M Garfa-

Traoré (Necker cell imaging facility) for providing expert knowledge on confocal microscopy and C. 

Arrondelle and F. Legendre for their help on tissue sections and immnunohistochemistry. We 

acknowledge E.D. Peters for immunofluorescence experiments. We would like to thank F. Barr, U. 

Gruneberg, S. Angers and S. Narumiya for their generous gifts of KIF14 and Citron Kinase encoding 

plasmids. This work was supported by the Fondation pour la Recherche Médicale (DEQ20130326532 

to SS); the European Union’s Seventh Framework Programme (FP7/2007–2013) grant 305608 

(EURenOmics; CJ); the GIS-Institut des Maladies Rares (AMA11025KSA; CJ and SS); the Canadian Cancer 

Society Research Institute (CCSRI : 703405 ; BHK) ; Natural Sciences and Engineering Research Council 

of Canada (BHK); Canadian Institutes of Health Research (CIHR: MOP-97928 & Project Grants 201604, 

201610; BHK); the Swiss National Science Foundation (SNSF; IF); the Dutch Kidney Foundation KOUNCIL 

consortium (CP11.18); the Natural Sciences and Engineering Research Council of Canada (NSERC) 

discovery grant (RGPIN 2013-356025 ; JSA) ; the Canadian Cancer Society Research Institute (CCSRI) 

Innovation Grant (JSA). JSA holds a Canada Research Chair in Structural Biology. BHK is a recipient of 

the Fonds de Recherche du Québec–Santé (FRSQ). The Imagine Institute is supported by an ANR grant 

(ANR A0-IAHU-01). We acknowledge the Imagine Institute for the purchase of Leica SP8 STED and Zeiss 

Spinning Disk microscopes, and the Fondation ARC (EML20110602384) for the purchase of the LEICA 

SP8 confocal microscope. 

  



REILLY Louise - Thèse de doctorat - 2018 
 

92 
 

Material and Methods 

Genetics analyses, WES and Sanger sequencing 

Family 3: Foetuses with severe kidney development defects, possibly associated with extrarenal 

defects, were collected though MARHEA (Centre de référence des Maladies Rénales Héréditaires de 

l’enfant et de l’adulte). Written informed consent was obtained from parents and the study was 

approved by the “Comité de Protection des Personnes pour la Recherche Biomédicale Ile de France II”.  

DNA was extracted from frozen lung biopsies of the two affected foetuses of family 3 and whole exome 

sequencing was performed using the 50 Mb Agilent SureSelect all exon V3 and a HiSeq2500 (Illumina) 

sequencer. Sequence data were aligned to the human genome reference sequence (hg19 build) using 

BWA aligner. Downstream processing was carried out with the Genome Analysis Toolkit (GATK), 

SAMtools, and Picard (http://www.broadinstitute.org/gatk/guide/topic?name=best-practices). The 

average coverage was 50, with 93.5% of the targeted regions covered > 15X. Variants were annotated 

using a software system developed by the Paris Descartes University Bioinformatics Platform, based 

on the Ensembl (GRCh37/hg19), dbSNP, EVS, 1000 genome, ExAC and GnomAD databases. Variants 

were then prioritised according to their damaging effect (nonsense, frameshift, acceptor/donor splice 

site mutations, missense variants predicted to be damaging, and their absence or low frequency in 

GnomAD and in our in-house database (> 10,000 exomes). For missense variants, prediction of 

damaging effect was based on PolyPhen2, Sift, Grantham and CADD scores.  According to a suspected 

autosomal recessive inheritance model, only one gene, KIF14, was identified as carrying 2 mutations 

common to both foetuses. Sanger sequencing in foetuses and parents confirmed compound 

heterozygosity. In order to look for additional mutations in KIF14 probes covering the 30 exons of the 

gene were designed and added to a previously described SureSelect panel of 330 genes used for 

molecular diagnosis of CAKUT cases. KIF14 mutations identified in foetuses from families 1 and 2 have 

been briefly described in (Heidet et al., 2017). 

Family 4: Patients were included via the AGORA (Aetiologic Research into Genetic and 

Occupational/environmental Risk factors for Anomalies in children) biobank project. The study 

protocol was approved by the regional Committee on Research involving Human Subjects (CMO 

Arnhem/Nijmegen 2006/048). DNA from fibroblasts and (umbilical cord) blood was obtained from 

foetus 1, 2 and 4 and from blood from both parents. Written informed consent was obtained from 

both parents for whole genome SNP-array analysis and whole-exome sequencing of DNA from foetus 

4 and analysis of skin fibroblasts obtained from foetus 1. Because parents were consanguineous and 

autosomal recessive inheritance was suspected based on the phenotype, single nucleotide 

polymorphism (SNP)-array analysis was performed to investigate genes located inside regions of 

homozygosity. Genomic DNA was extracted from fibroblasts obtained from a skin biopsy from foetus 
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4 according to standard protocols. Analysis of regions of homozygosity and copy number profiling were 

performed using the CytoSNP-850K BeadChip SNP-array (Illumina, San Diego, CA, USA) according to 

standard procedures. SNP-array results were visualised and data analysis was performed using Nexus 

software version 7 (BioDiscovery, Los Angeles, CA, USA) and the reference Human genome build Feb. 

2009 GRCh37/hg19. Results were classified with Cartagenia BENCH software (Cartagenia, Leuven, 

Belgium). 

Whole-exome sequencing (WES) was performed on DNA from foetus 4. Protein coding genes and 

flanking (splice-site consensus) sequences were captured and enriched using the SureSelectXT Human 

All Exon V5 capture library (Agilent, Santa Clara, CA, USA) and sequenced in rapid run mode on the 

HiSeq 2500 Sequencing system (Illumina, San Diego, CA, USA) at a mean target depth of 100X. The 

target is defined as all coding exons of UCSC (Kent et al., 2002) and Ensembl (Aken et al., 2017) +/- 

20bp intron flanks. At this depth ~95% of the target is covered at least 15X. Reads were aligned to the 

reference Human genome build Feb. 2009 GRCh37/hg19 using BWA (BWA-MEM v0.7.5a) and variants 

were called using the GATK haplotype caller (v2.7-2). Results were imported into Cartagenia BENCH 

Lab NGS Module (Cartagenia, Leuven, Belgium) for variant annotation, filtering and prioritisation. 

Filtering was performed for variants in genes associated with neurodevelopmental abnormalities (for 

a full list of genes, see Supplementary Methods S1). Identified variants were validated and segregation 

analysis was performed using standard Sanger sequencing. 

 

Plasmids: Plasmids encoding wild-type KIF14 GFP-fusion and the CCf domain of CIT (429-835aa) fused 

to mCherry- were kind gifts from F. Barr and S. Narumiya, respectively (Gruneberg et al., 2006; 

Watanabe et al., 2013). Variants from the affected foetuses were introduced in the GFP-KIF14 

construct using Pfu turbo site-directed mutagenesis as previously described (Bizet et al., 2015). The 

GST-mKif14 construct (pGex6P1) was described previously (Arora et al., 2014). Mutant mKIF14-MD-

T491M DNA was generated by gene synthesis (Genscript, NJ, USA) and cloned into pGex6P1.  

 

Antibodies: The primary antibodies used were; mouse anti-acetylated α-tubulin (1:10,000, Sigma, 

T6793), rabbit anti-KIF14 (1:300, Bethyl, A300-233A and A300-912A; 1:1,000, Abcam ab3746), mouse 

anti-α-Tubulin (1:5000, Sigma, T5168), mouse anti-CRIK (1:500, BD Biosciences, 611376), rabbit anti-

SIX2 (1:200, Proteintech, 11562-I-AP), goat anti-PAX2 (1:200, RD System, AF3364), rabbit anti-

phospho-histone H3 (1:200, Cell Signalling, #3377S) rabbit anti-GFP (Life Technologies, A-11122), 

rabbit anti-dsRed (ClonTech, 632496), mouse anti-GAPDH (Millipore, MAB374) and Phalloidin-TRITC 

(1:300, Sigma, P1951). Cells were incubated with secondary antibodies (Donkey) conjugated to Alexa 

Fluor® 488, 555 or 647 (Molecular Probes, Invitrogen).  Sheep horseradish peroxidase-coupled 

antibodies were from GE Healthcare (anti-mouse: NA931V; anti-rabbit: NA934V).  
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Cell Culture: Foetal control- and foetus-derived fibroblasts, human Embryonic Kidney 293 (HEK293) 

and HeLa cells (ATCC) were cultured in Dulbecco’s Modified Eagle Medium, DMEM (Gibco®, Life 

Technologies) supplemented with 10% Foetal Bovine Serum (FBS, Invitrogen), glutamine and 

penicillin/streptomycin. Inner Medullary Collective Duct 3 (IMCD3) and hTERT-Retinal Pigment 

Epithelial (RPE1) cells were cultured in Dulbecco’s Modified Eagle Medium, DMEM F:12, (Gibco®, Life 

Technologies) also supplemented with 10% FBS, glutamine and penicillin/streptomycin. Hela, HEK293 

and IMCD3 cells were transfected using Lipofectamine 2000 (Life Technologies, 11668-019) and RPE1 

using FuGENE® (Promega, E2311) and maintained in culture for 24 hours.  

 

Biochemistry: Transfected cells were lysed in 0.5% triton, 150mM NaCl and 50mM pH7.5 Tris HCl. For 

immunoprecipitations, cleared lysates were incubated with mouse isotypic control antibodies and G-

protein beads (Sigma, P7700) for 2 hours at 4oC. 1mg of precleared proteins were incubated with 

mouse monoclonal anti-GFP antibodies (Roche, 11814460001) coupled to G-protein beads for 3 hours 

at 4oC. Beads were washed three times with increasing amounts of NaCl (150nM, 300nM and 600nM 

NaCl in 50mM Tris-HCl pH7.5), resuspended in 2x sample buffer (Sigma, S3401) and boiled at 95oC for 

5 minutes. For immunoblotting, lysates and immunoprecipitates were separated by polyacrylamide 

gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride transfer membranes 

(PVDF, GE Healthcare). Immunoblotting was performed using the indicated primary antibodies and 

revealed using the ECL+ Detection Kit (GE Healthcare). 

 

Microtubule co-sedimentation assay: Recombinant WT and mutant MBP-hKIF14-MD and GST-mKIF14-

MD proteins were expressed and purified in the same manner as previously described (Arora et al., 

2014). Microtubule preparation and co-sedimentation assays were performed as previously described 

(Solinet et al., 2013), with some modifications. Briefly, taxol-stabilised MTs were prepared by 

polymerising tubulin at 50μM in 1×BRB80 (80 mM Pipes pH 6.8, 1 mM EGTA, and 1 mM MgCl2), 1 mM 

GTP, and 1 mM DTT in the presence of 10% DMSO at 37 °C for 25-30 min, then diluted to 10μM working 

stocks in 1× BRB80 containing 20μM taxol. Binding reactions were performed by mixing 500nM of the 

indicated KIF14 constructs with 2μM taxol-stabilised MTs in 1×BRB80 supplemented with 25mM KCl, 

1 mM DTT, 0.01% Tween-20, and 20μM taxol. After a 20-minute incubation, mixtures were spun at 

240,000×g for 5 minutes at 25°C. The supernatant and pellet fractions were recovered and 

resuspended in Laemmli buffer. Samples were resolved by SDS-PAGE. Gels were stained with 

Coomassie blue R250 dye, destained, and scanned with a digital scanner. 
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ATPase activity assay: KIF14 ATPase activity was monitor by a malachite green-based phosphate 

detection method, as previously described (Arora et al., 2014). Briefly, reactions were carried out in 

BRB80-based buffer (80 mM PIPES pH 6.8, 1mM MgCl2, 1mM EGTA, 20μM taxol, 25mM KCl, 

0.25mg/mL BSA, 1mM DTT, 0.02% Tween), supplemented with 1mM ATP, with 2μM taxol-stabilised 

MTs, and 50nM KIF14 protein constructs. Basal activity of the Kif14 constructs was determined using 

the same reaction condition without MTs. Reactions were allowed to proceed for 10 minutes, 

quenched with perchloric acid and malachite green reagent. The signal was quantified by measuring 

the absorbance at 620nm in a Genios Plus plate reader (Tecan). 

 

CRISPR: Guides couples were designed using CRISPOR and MIT against exon 5 of Kif14 and cloned into 

modified Cas9 Nickase plasmids expressing either GFP or mCherry (PX458, Addgene 48138 (Ran et al., 

2013)). Sequences of the guides used were; #4-GFP: AGTGTCCACTCGCCAGCGTGAGG and #17-

mCherry: ATTGACAGGCCTTCAACATACGG. Transfected cells were sorted by flow cytometry for green 

and red fluorescence and clones were isolated. Nuclear DNA was extracted using QuickExtract™ DNA 

Extraction Solution (Tebu-bio, QE09050), and Sanger sequenced using the following primers; forward 
5’gcacatctcgtgagaac3’ and reverse 5’gaacaaagaactaagagccc3’.  

 

Immunofluorescence: Cells were cultured on cover slips and fixed in 4% paraformaldehyde. Primary 

antibody incubation was performed in Dulbecco’s phosphate buffered saline (PBS, Sigma), 0.1% Triton-

X-100 (Sigma) and 1mg/ml or 3% bovine serum albumin (BSA, Sigma). After 3 washes with the 

incubation buffer, cells were incubated with secondary antibodies (1:300) in PBS-BSA (1mg/ml) and 

after 3 washes in PBS, nuclei stained using Hoechst (#33342, Sigma). Coverslips were mounted onto 

glass slides using Mowiol® 4-88 (Sigma).  

Frozen tissues from control and affected kidneys were sectioned (8µm) using a Leica microtome. 

Melted sections were postfixed in acetone (10 minutes, room temperature). The slides were washed 

twice in PBS and then blocked for 45 minutes at 4°C in 10% normal donkey serum diluted in PBT (PBS, 

0.1% Tween) and then incubated with the primary antibodies diluted in PBT (overnight, 4°C). After 3 

washes in PBT, sections were incubated with secondary antibodies diluted in PBT and, after two 

washes in PBS, nuclei stained using Hoechst (#33342, Sigma) and finally mounted onto glass slides 

using Mowiol® 4-88 (Sigma) or Fluormount G (Cell Lab, Beckman Coulter, Brea, CA, US). 

Stained cells and tissues were imaged using an epi-illumination microscope (DMR, Leica) with a cooled 

charge-coupled device (CCD) camera (Leica DFC3000G). Images were acquired with LAS (Leica V4.6) 

and processed with ImageJ and Photoshop CS2 (Adobe Systems Inc., San Jose, CA, USA). Confocal 

imaging was performed for imaging stainings of fibroblasts using a Zeiss Confocal laser microscope 

LSM700 and images were processed with ZEN 2011 software. 
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Zebrafish Experiments: The zebrafish kif14 mutant line sa24165 was acquired from ZIRC and 

maintained at 28.5oC under standard conditions and according to European Law. Kif14+/- zebrafish 

were crossed with Tg(βactin:arl13bGFP), Tg(wt1b:GFP) and Tg(cldnB:lynGFP) to allow analysis of cilia 

(Borovina et al., 2010), proximal (Perner et al., 2007) and distal pronephros (Haas et al., 2006), 

respectively. Genotyping was performed by placing embryos in 10mM Tris pH8.0, 1mM EDTA and 

1.2mg/ml at 55oC overnight, and the reaction was stopped by incubating at 95oC for 5 minutes. DNA 

from exon 11 was Sanger sequenced using the following primers: forward 5’gtgtgagattcgagtgttttc3’ and 

reverse 5’gttgcatatttaaacggaatg3’.  

Live embryos were analysed using a Leica M165FC stereoscope. For immunofluorescence, embryos 

were fixed in 4% PFA, washed in PBS and blocked in PBS, 0.3% Triton and 4% BSA.  Both primary and 

secondary antibody incubations were performed overnight at 4oC. Fixed and stained embryos were 

stored in Mowiol and mounted in 1% low gelling temperature agarose (Sigma, A9414) and imaged 

using a Zeiss Axio Observer Z1 inverted microscope equipped with a Yokogawa CSU-X1 spinning disk. 

Images were acquired with a 40x water immersion objective (1.46) through a Hamamatsu Orca Flash 

4.0 sCMOS Camera. Images were processed using ImageJ and Photoshop CS2 (Adobe Systems Inc., San 

Jose, CA, USA). 
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Supplementary Data 

 

Figure S1. (A-C) Segregation for families 2, 3 and 4. (D) Foetus 22 of family 3, with representative histological 
sections from one kidney.  
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Figure S2. Immunohistochemistry of kidney biopsies from affected individuals. (A,B) Cryosections of kidneys 
from control (25GW) or affected foetuses (Foetus 21, family 1; Foetus 23 family 3) were stained for either PAX2 
(red, UB) and SIX2 (green, MM) (A) or Synaptopodin (red, glomeruli), E-cadherin (green, tubules) and α-SMA 
(cyan, vessels/fibrosis) in (B). (C) Sections of kidneys from control and affected foetuses described in Filges et al. 
(2014) were stained for KIF14 revealed with the OptiView DAB Detection Kitthen (brown) and for AcTub 
revealed with the UltraView Universal AP Red Detection Kit (red). 
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Figure S3. Defective microtubule binding and ATPase activity of murine Kif14 harbouring equivalent T456M 
mutation. (A) Sequence alignment of motor domain of murine and human KIF14 where important functional 
subdomains are indicated in purple and blue and identified mutations in red. (B) The microtubule binding 
activity of the murine KIF14 motor constructs (GST-mKif14) was assessed as in Fig. 4. KIF14 motor constructs 
and tubulin are indicated. S, supernatant; P, pellet; MT, microtubules. (C) Basal and MT-stimulated ATPase 
activities of a KIF14 motor construct (GST-mKif14) is shown. Data from 4 independent experiments. Error bars, 
S.D.. Statistics: * p ≤ 0.05 ; *** p ≤ 0.001; by Student’s T-test.    
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Figure S4. Characterisation of mutation events in CRISPR KO clones. (A) Genomic DNA sequence of exon 5 of 
murine Kif14, showing the position and sequence of CRISPR guides used. (B) Sanger sequencing of genomic DNA 
extracted from Exon 5 of parental mIMCD3-WT cells and isolated KO clones, showing position of introns (grey) 
and exon 5 (black). (C) Sanger sequencing of cDNA transcribed from RNA extracted from parental mIMCD3-WT 
cells and isolated KO clones. Dotted line denotes end of exon 4, followed by exon 5 (black), exon 6 (light blue) 
and exon 7 (dark blue) sequences. Predicted size of protein, depending on exon splicing, is shown. (D) Agarose 
gel of RT-PCR products from mIMCD3-WT, CRISPR WT and KO clones. Size of bands is indicated, highlighted by 
arrows, colours corresponding to alternative splicing possibilities. (E) Schematic representation of alternative 
splicing demonstrated in CRISPR KO clones, showing the position of exons 4-7 and the guides used. (F) Lysates of 
mIMCD3, CRISPR WT and KO clones were analysed by Western Blot using antibodies against KIF14 (186kDa), 
and HSP90 as a loading control. Smaller fragment seen at 110kDa in CRISPR KO2 is indicated.  
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Figure S5. Morpholino-mediated knockdown of kif14 results in severe development defects, rescued by kif14 
re-expression. (A) Representative pictures of wild-type (WT) zebrafish or of zebrafish embryos (72hpf) injected 
with control (MisMo) and kif14 targeting morpholinos (kif14Mo). (B) Representative pictures of zebrafish 
embryos (72hpf) injected with kif14 targeting morpholinos (kif14Mo) together with morpholino targeting tp53 
(tp53MO) or with human KIF14 mRNA. (C) Survival at 48hpf of kif14 morphants not injected (blue bar) or 
injected with 200 (orange bar) or 250 pg (grey bar) of human KIF14 mRNA. (D) Comparison of head size and 
otoliths in control and kif14 morphants, the latter showing smaller head size, hydrocephalus and variety of 
otoliths defects (additional, fused, single, misplaced). (E) Hematoxylin eosin sections of control and kif14 
morphants (72hpf). Arrows show pronephric tubes which are dilated in kif14 morphants. 
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Figure S6. (A) Representative images of the eyes of WT/Htz and kif14-/- embryos at 24hpf, 48hpf and 72hpf. 
Asterisks denote observed coloboma. Scale bars: 100 µm. (B) Quantification of eye size (diameter). ns = not 
significant, ***P< 0.0001 from n=3 independent experiments, t-test. (C) In situ hybridisation using probe against 
slc20a1a in WT/Htz (top row) and kif14-/- (bottom row) embryos at 24hpf (dorsal view, anterior to the left) and 
48hpf (dorsal and lateral views, anterior to the left).  
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Figure S7 Ciliogenesis is unaffected by the loss of KIF14. (A-D) RPE1 cells were transfected with siRNA targeting 
two different sequences of KIF14. Two sequences of siLUC were used as negative controls, and siMAP4 as a 
positive control for cilium elongation (Ghossoub et al., 2013). (A) Efficiency of transient knockdown was 
confirmed in lysates of transfected cells analysed by Western Blot using antibodies against KIF14 and GAPDH as 
a loading control. (B) Representative images from RPE1 cells transfected with corresponding siRNA, including 
siCEP164 as a positive control for ciliogenesis defects, and immunostained for ciliary membrane marker, ARL13b 
(red), and Hoechst (blue). Insets show higher magnification of cilia. The percentage of ciliated cells (C), and 
length of cilia (D) were quantified. (E) Immunofluorescence of CRISPR WT and KO mIMCD3 cells immunostained 
for ARL13b (red), γ-tubulin (green) and Hoechst (blue). Insets show higher magnification of representative cilia, 
ARL13b staining. The percentage of ciliated cells (F), and length of cilia (G) were quantified. ns = not significant, 
from n=3 independent experiments, Dunn’s Multiple Comparison Test following the Kruskal-Wallis ANOVA test 
for length of cilia (D,G), and Fischer’s exact test for percentage of ciliated cells (C,F). (G) Immunofluorescence of 
the distal pronephros of WT/Htz and kif14-/- Tg(cldnB:GFP) embryos at 24hpf immunostained for Hoechst (blue) 
and α-tubulin/acetylated-α-tubulin (red), used to quantify the percentage of ciliated cells (H) in at least 7 
embryos. Quantification of length of cilia (I) performed based on ARL13b in WT/Htz or kif14-/- Tg(act2b:Arl13b-
GFP) embryos at 24hpf (WT/Htz, n=7; kif14-/-, n=3) . ns = not significant. T-test for length of cilia (J), and 
percentage of ciliated cells (I). 
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Figure S8. Increase in mitotic cells in distal pronephros at 48hpf of kif14-/- embryos. (A) Immunofluorescence of 
the distal pronephros of WT/Htz and kif14-/- Tg(cldnB:GFP) embryos at 48hpf immunostained for Hoechst (blue) 
and PH3 (grey). Representative images of the Corpuscle of Stannius region. (B) Quantification of the total 
number of PH3+ cells in the distal pronephros. **P< 0.001 from n=1, T-test for PH3 quantifications. 
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Figure S9. Loss of kif14 in vivo in zebrafish results in mitotic spindle defects. (A-C) Different mitoses in lateral 
line of WT/Htz and kif14-/- Tg(cldnB:GFP) (B and C respectively) embryos at 24hpf visualised through 
immunostaining for PH3 (white), AcTub/αTub (red), Hoechst (blue). (D,E) Different mitoses in eye of WT/Htz and 
kif14-/- Tg(act2b:Arl13b-GFP) (D and E respectively) embryos at 24hpf visualised through immunostaining for 
AcTub/αTub (red) and Hoechst (blue). Insets show higher magnifications of representative mitoses. 
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Figure S10. Genotype/phenotype correlation for KIF14 mutations in syndromic/isolated forms. Table and 
scheme with all described KIF14 mutations, the functional domain of KIF14 affected and the brain and kidney 
phenotypes of the individuals. Number of affected cases per family is indicated in the first column. Mutations 
indicated in bold are to stress cases of with exon skipping leading to the expression of two different mRNA. 
Structure of mouse Kif14 motor domain is shown with the mutated residues labelled (mouse residues in blue 
and the corresponding human residues in black), including the G459R identified in an individual with isolated 
microcephaly. 
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Supplementary Material and Methods  

siRNA: Transfections of siRNA (Eurogentec) were performed using Lipofectamine RNAi MAX 

(Invitrogen, Life Technologies) with 80nM of siRNA. The following previously validated siRNA 

sequences, (Ghossoub et al., 2013), were used; siLUC-I: 5’GCC-ATT-CTA-TCC-TCT-AGA-GGA-TG3’, siLUC-

II: 5’CGT-ACG-CGG-AAT-ACT-TCG-A3’, siMAP4: 5’CTG-GCC-AGA-AGA-TAC-CAA-C3’, siCEP164: 5’CAG-GTG-

ACA-TTT-ACT-ATT-TCA3’. siKIF14-I: 5’TTC-CCG-ATC-TCA-TTC-AGT-TTT3’ (Gruneberg et al., 2006) and 

siKIF14-II: 5’GTT-GGC-TAG-AAT-TGG-GAA-A3’ (Carleton et al., 2006). 

 

Cell Culture: For siRNA in RPE1, cells were plated at ~40% confluence and cultured for 48hrs post-

transfection in DMEM F:12 supplemented with 10% FBS alone. The medium was then replaced with 

OptiMEM (Gibco®, Life Technologies) and cells cultured for 48hrs to induce ciliogenesis before fixation 

and immunofluorescence as previously. For siRNA in HeLa, cells were plated at 40% confluence and 

cultured for 48hrs post-transfection in DMEM supplemented with 10% FBS alone before being 

processed for immunoblotting. CRISPR KO IMCD3 cells were similarly plated at ~40% confluence and 

subsequently cultured in OptiMEM to induce ciliogenesis, before being processed for either 

immunofluorescence or immunoblotting as before. Length of cilia and percentage of ciliated cells were 

measured as described elsewhere (Ryan et al., 2018). 

 

Antibodies: For immunofluorescence, cilia were stained using rabbit anti-Arl13b (1:400, Proteintech, 

17711-1-AP), and centrosomes using goat anti-γ-tubulin (1:200, Santa Cruz, sc-7396). Nuclei were 

stained using Hoechst as before. For immunoblotting, primary antibodies used were rabbit anti-KIF14 

(1:300, Bethyl, A300-233A [siRNA], or A300-912A [mIMCD3]) and mouse anti-GAPDH (Millipore, 

MAB374).  

 

RNA extraction and RT-PCR: mRNA from CRISPR clones was isolated using Qiagen Extraction Kit and 

treated with DNase I. 2μg of mRNA was reverse-transcribed using Superscript II (Life Technologies, 

18064) and amplified and Sanger sequenced using the following primers: forward 
5’ACGATGATGGGGCTTAATGA3’ and reverse 5’GACCGGGAGCTTTTATCGTT3’ present within exon 3 and 7 

of Kif14 respectively. 

 

Immunohistochemistry: Kidney sections were cut at a thickness of 4μm, put on positively charged glass 

slides and stained using the VENTANA BenchMark ULTRA automated slide stainer (Ventana Medical 

Systems, Inc.). Briefly, deparaffinisation, rehydration, and antigen retrieval were performed by CC1 

(prediluted; pH 8.0) antigen retrieval solution. Slides were incubated with anti-KIF14 antibody 936 
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(rabbit polyclonal, 1:50; Abcam ab3746), followed by visualization with the OptiView DAB Detection 

Kit. Next, slides were incubated with anti-α-tubulin antibody (mouse monoclonal, 1:15,000; Sigma 

T6793), followed by visualization with the UltraView Universal AP Red Detection Kit. Slides were then 

counterstained with haematoxylin II and bluing reagent and coverslipped. 

 

Morpholino and in situ in Zebrafish 

For kif14 knockdown carboxyfluorescein-modified antisense ATG morpholino oligonucleotides 

(kif14MO) were designed and obtained from GeneTools (5’CTCCATGAGGTGTGCTGGAGCTCAT3’) and 

injected into embryos at 1-2 cell stages at 10ng. For controls a mismatch oligo (MisMo) 

(5’CTCGATCAGCTGTCCTGCAGCTCAT3’) was injected into wild-type embryos. We performed concurrent 

p53 knockdown to exclude an off-target effect. We raised embryos and observed live and whole mount 

embryo phenotypes according to phenotypic assays previously described (Zaghloul et al., 2011) for 

lethality, defective convergent extension including shortening of the body axis and body curvature, 

reduced head size. For rescue experiments, full-length human KIF14 plasmids were linearised with 

Not1 and BamHI, and mRNA synthesised using Ambion mMessage mMachine T7 Ultra transcription 

kit. Wild-type kif14 mRNA (200-250pg) was injected into the cytosol of 1-2 cell-stage embryos with 

kif14 MO. For whole mount studies embryos were fixed with Dent’s fixative (80% MeOH and 20% 

DMSO), stained with standard HE for pronephros phenotyping. 

In situ hybridisation was performed in embryos at 24 and 48hpf as previously described, (Ryan et al., 

2018). Probe for slc20a1a was amplified from cDNA of 24hpf embryos using the sequences described 

previously (Nichane et al., 2006). 
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Discussion 

Congenital abnormalities of the kidney and urinary tract (CAKUT) are a heterogeneous group of 

disorders. CAKUT ranges in severity and can result from environmental factors, such as obesity and 

maternal diabetes, as well as genetic factors. To date, more than 50 genes have been associated with 

CAKUT, many of which encode transcription factors known to be important for renal or urinary tract 

development. Both autosomal dominant and autosomal recessive modes of inheritance have been 

described, although the identification of novel CAKUT genes is complicated by variable expressivity 

and incomplete penetrance. Previously, autosomal recessive mutations were identified in KIF14, in a 

single family with two affected foetuses. KIF14 encodes a member of the kinesin superfamily, whose 

expression was shown to be highly regulated throughout the cell cycle, and to have an essential role 

in cytokinesis. The identified individuals presented with a severe, lethal syndrome affecting both brain 

and kidney development, and reminiscent of the severe ciliopathy Meckel-Gruber syndrome. KIF14 

was subsequently designated MKS12. Using whole- and targeted-exome sequencing, we identified 

mutations in individuals from an additional four families. We demonstrated that these mutations 

affected the activity of KIF14 and tissue sections from the brain and kidneys of affected individuals 

revealed the presence of binucleated cells. These results showed that the mutations impaired 

cytokinesis and highlighted parallels between brain and kidney development. To explore this further 

we used the zebrafish as an in vivo model. Initial observations of mutant zebrafish embryos revealed 

a number of ciliopathy-related phenotypes, in addition to recapitulating the severe syndrome of the 

affected individuals. However, further analysis showed that these effects resulted from an 

accumulation of cells arrested in mitosis. Taken together, our results confirm that mutations in KIF14 

result in a severe, lethal syndrome affecting both brain and kidney development, and which 

phenocopies a ciliopathy.  

Identification of Mutations in KIF14 

In order to identify novel mutations affecting kidney development we performed targeted-exome 

sequencing on a cohort of 204 unrelated individuals. 330 known or candidate CAKUT genes were 

sequenced, including KIF14 (Heidet et al., 2017). Two individuals were identified harbouring mutations 

in KIF14 which were predicted to be damaging. The affected foetus in family 1 harboured a 

homozygous deletion of exons 23, 24 and 25 (c.[3567-?_4072+?del]) leading to a frameshift 

(p.Arg1189Argfs*9). The affected foetuses in family two harboured compound heterozygous 

mutations associating a missense mutation in the motor domain (c.1090C>T [p.Arg364Cys]) with a 

nonsense mutation predicted to lead to a loss of the C-terminal region of the protein (c.3910C>T 

[p.Gln1304*]; (Heidet et al., 2017)). In addition, in a third family three affected foetuses harboured 
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similar compound heterozygous mutations to those of the second family. A missense mutation in the 

motor domain (c.1367C>T [p.Thr456Met]) was associated with a nonsense mutation in the C-terminal 

region (c.4138C>T [p.Gln1380*]). Finally, our collaborators identified a family with four affected 

foetuses harbouring early homozygous nonsense mutations within the motor domain, (c.1792C>T 

[p.Arg598*]) similar to those of the first identified family (Filges et al., 2014).  

Incomplete penetrance, whereby unaffected individuals harbour heterozygous mutations predicted to 

be damaging, is often seen in familial cases of CAKUT. Interestingly, an autosomal recessive mode of 

inheritance with a complete penetrance was observed in the families we identified. Of these 11 

foetuses, 8 presented with bilateral renal hypodysplasia, which were predominantly cystic (6/8), and 

3 with bilateral renal agenesis. The aetiology of CAKUT phenotypes is complex, although bilateral renal 

agenesis is largely due to defects either in ureteric bud outgrowth, failure to invade the metanephric 

mesenchyme or defects in nephrogenesis. Renal hypoplasia, as well as renal agenesis, refers to an 

absence of differentiation, and is often due to defects in ureteric bud branching, or a premature 

exhaustion of progenitors in the metanephric mesenchyme. Renal dysplasia is a disorganised and 

poorly differentiated structure, which may form cysts. Histological sections of kidneys from affected 

foetuses revealed a highly disorganised architecture. Immunostaining of these sections for SIX2, a 

marker of the metanephric mesenchyme, and PAX2, an epithelial and mesenchymal marker, confirmed 

the absence of recognisable differentiating structures (Fig. 5D-G and Fig. S2A,B). The identification of 

individuals harbouring the same mutations but presenting with different phenotypes, as in the families 

herein, is frequently observed in CAKUT and is known as variable expressivity (van der Ven et al., 2018). 

The characterisation of novel CAKUT genes and an understanding of the aetiology of the disease is, 

therefore, complicated by this phenomenon. 

Recently, two other groups identified mutations in KIF14 in eight families with individuals presenting 

mild to severe microcephaly but, mostly, without renal defects (Moawia et al., 2017; Makrythanasis et 

al., 2018). Moawia et al. (2017) described 10 affected individuals from 4 different families, while 

Makrythanasis et al. (2018) described 8 cases, again from 4 families (Fig. S10). In one of these families, 

the mutations were compound heterozygous, while the affected individuals of the 7 remaining families 

harboured homozygous mutations. Of these, 2 missense mutations and one single amino acid deletion 

were present in the forkhead homology-associated (FHA) domain (c.2522C>T [p.Ser841Phe]; 

c.2545C>G [p.His849Asp] and c.2480_2482delTTG [p.Val827del]). Of these mutations, c.2545C>G 

[p.His849Asp] was compound heterozygous and associated with a missense mutation in the C-terminal 

region (c.3662G>T [p.Gly1221Val]). The deletion of a single nucleotide was identified in another family, 

leading to a frameshift and predicted to introduce a stop codon 27aa downstream (c.4432delA 

[p.Ser1478fs27*]). Another single nucleotide variation appeared to be synonymous c.4071G>A 
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[p.Gln1357=]. A missense mutation in the motor domain was also identified c.1375G>A [p.Gly459Arg]. 

Finally, two families harboured mutations in the PRC1-binding domain predicted to lead to early stop 

codons (c.246delT [p.Asn83Ilefs*3] and c.263A>T [p.Leu88*]). Of these 18 individuals, renal defects 

were detected in one case via ultrasound. This individual, harbouring compound heterozygous 

missense mutations in the FHA domain and C-terminal region, presented with small echogenic kidneys, 

along with severe microcephaly. Interestingly, the brain malformations were more complex in this 

individual, as he also presented with cerebellar hypoplasia and corpus callosum agenesis. This complex 

phenotype, therefore, more closely resembles those described in our study. In order to delineate the 

differences between the individuals of the various families presenting either with isolated 

microcephaly or syndromic CAKUT, it is important to understand the functional consequences of the 

identified mutations. 

Effect of Missense Mutations in the Motor Domain 

A previous study by our collaborators established that Kif14 functions as a processive, plus-end 

directed motor and generated a 3D model of the protein (Arora et al., 2014). Analysis of this model 

suggested that the identified missense mutations within the motor domain affected residues 

contacting ATP, and so would be expected to impact on hydrolysis. The ability of the KIF14 motor 

domains to bind microtubules and hydrolyse ATP was subsequently tested in vitro. The p.Arg364 

variation identified here is equivalent to the Arg14 within KIF5B, which, when mutated, was shown to 

cause a significant decrease in microtubule-gliding velocity (Woehlke et al., 1997). We demonstrated 

that the second missense variation, p.Thr456Met, is damaging, affecting the ability of the motor 

domain to bind microtubules and hydrolyse ATP (Fig. 3B,C). When co-expressed with CIT these variant 

forms of KIF14 failed to translocate onto microtubules, further demonstrating that these mutations 

render the kinesin inactive (Fig. 3D-F). In addition, we introduced these identified mutations into a 

‘rigor mutant’ construct (Fig. A1G). Site-directed mutagenesis of the motor domain of KIF5B has 

identified a residue which when mutated prevents ATP hydrolysis, promoting tight microtubule 

binding, independently of the ATP-cycle. This mutated protein has, therefore, been described as a rigor 

mutant (Rice et al., 1999). Mutagenesis of the equivalent residue in the KIF14 motor domain, 

p.Gly606Ala, led to an accumulation of KIF14 on microtubules upon overexpression in RPE1 cells (Fig. 

A1.A,B). When combined with either of the identified missense motor domain mutations, p.Thr456Met 

or p.Arg364Cys, the constitutive microtubule binding of the rigor mutant was impaired (Fig. A1C-F). 

Taken together these results demonstrated the pathogenicity of these mutations.  
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Effect of C-Terminal Truncation Mutations  

Previous studies established a role for KIF14 during cytokinesis through interactions with citron kinase 

[CIT; (Gruneberg et al., 2006)]. CIT binding was shown to require the coiled-coil domains within the C-

terminal region of KIF14 (Watanabe et al., 2013). Coiled-coils are tertiary protein structures known to 

be important for many different protein-protein interactions. Our co-immunoprecipitation assays 

revealed that the mutations we identified did not affect the ability of KIF14 to bind to CIT (Fig. 2G), 

including the R1189* nonsense mutation present within the previously mapped CIT-binding domain. 

This result allowed us to refine the CIT-binding domain of KIF14 to the second coiled-coil (CCII) from 

922-1079aa. As binding to CIT was previously shown to activate KIF14 (Watanabe et al., 2013), we 

investigated the impact of our mutations on this effect. While overexpression of the wild-type (WT) 

GFP-tagged KIF14 resulted in a diffuse cytoplasmic distribution within the cell (Fig. 2A), the co-

expression with CIT caused KIF14 to translocate onto microtubules and accumulate at the cell 

periphery, likely at the plus-ends of microtubules (Fig. 3D). Upon overexpression, the C-terminally 

truncated forms of KIF14 translocated onto microtubules and accumulated at the periphery of the cell, 

even in the absence of CIT (Fig. 2D-F). This result suggested that these truncated forms of KIF14 were 

not responding to CIT-binding and existed in a constitutively processive state. The cargo-binding 

domains of kinesins are usually present in the C-terminal regions, and in addition to CIT binding, KIF14 

is known to interact with Radil through the last amino acid (Ahmed et al., 2012). Radil was recruited 

onto microtubules by KIF14, which prevented interactions with the GTPase Rap1, affecting integrin 

activation. The loss of KIF14 was shown to release Radil and to lead to impaired cell migration and focal 

adhesion disassembly through overactivated integrin signalling (Ahmed et al., 2012). The nonsense 

mutations resulting in C-terminally truncated proteins would also, therefore, lack the Radil-binding 

domain, which would likely impact upon cell migration and adhesion in the affected foetuses. As well 

as important roles in cell migration and adhesion, Rap1 has also been implicated in mitosis (Dao et al., 

2009). The impaired focal adhesion disassembly induced by the loss of interaction between KIF14 and 

Radil could also affect entry into mitosis. The nonsense mutations would, therefore, likely be highly 

deleterious and could affect various processes, such as adhesion and migration, known to be important 

in development.   

Comparison of the effects of these C-terminal mutations with the rigor mutant also suggests that the 

accumulation of KIF14 at the cell periphery is due to procession of the kinesin towards the plus-ends 

of microtubules, providing insights into potential autoregulatory sequences within the protein. The 

activity of kinesins is known to be tightly regulated, and cargo binding through the C-terminal tail has 

been shown to be directly involved in this regulation. Homodimerisation of KIF17 leads to the auto-

inhibition of one motor domain through the C-terminal, cargo-binding tail of the other. Cargo binding 
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to KIF17 releases the auto-inhibition of the motor domain, allowing binding to microtubules and 

processivity of the kinesin motor (Hammond et al., 2010). Our in vitro data could, therefore, suggest 

that a mechanism of auto-inhibition may also be present in KIF14. The sequence of KIF14 encodes four 

coiled-coil (CC) domains (CCI-CCIV). As the CCIV domain is lost in all of the truncation mutations 

identified, which then accumulate at the plus-ends of microtubules, this domain could be required to 

negatively regulate KIF14 activity. We propose a mechanism whereby CCIV interacts with CCII, the CIT-

binding domain, in order to maintain a closed conformation. This intramolecular interaction would 

prevent binding to microtubules and processivity. By binding to CCII, CIT would interfere with the 

intramolecular interaction with CCIV, changing the conformation of the protein and relieving this auto-

inhibition. It has not currently been tested whether KIF14 acts as a dimer, but this analysis would aid 

in the understanding of the mechanisms through which KIF14 is activated. Within a coiled-coil, specific 

residues are essential for the formation of the tertiary structure. Site-directed mutagenesis of these 

residues within CCIV and CCII would provide further evidence for our proposed model. In addition, if 

KIF14 was found to function as a dimer, the identification and mutation of residues required for 

dimerisation could provide insight into the control of KIF14 activation. 

In our analysis of KIF14 function, we generated a Kif14 knockout in murine inner medullary collecting 

duct (mIMCD3) cells using CRISPR. These cells demonstrated the expected cytokinesis defects, with 

longer intercellular bridges, an increase in the percentage of binucleated cells and a mislocalisation of 

CIT (Fig. 4A-F). In order to conclude on the pathogenicity of the patient mutations, we transduced these 

cells with constructs encoding WT KIF14 or the p.Thr456Met and p.Gln1380* variations (Annexe Fig. 

A2). As previously observed, overexpression of KIF14 was highly problematic and failed for p.Gln1380* 

(Maliga et al., 2013; Cullati et al., 2017). Western blotting and immunofluorescence confirmed the re-

expression of WT KIF14 and the p.Thr456Met variants, along with the GFP control (Fig.A2A-D). 

However, the level of protein expression was markedly different between KIF14-WT and the 

p.Thr456Met, complicating the interpretation of rescue data. Interestingly, the intensity of GFP 

localised to the midbody was higher with the p.Thr456Met variant than in KIF14 WT (Fig.A2E). While 

CIT localised to the midbody in cells re-expressing WT KIF14, the variant form failed to rescue CIT 

localisation (Fig.A2F,G), further confirming the effect of this inactivating mutation. Both demonstrated 

a reduction in the length of intercellular bridges, with the variant form appearing to show a greater 

reduction in length than the WT (Fig.A2H). Watanabe et al. (2013) demonstrated that the activity of 

KIF14 was required for the translocation of CIT from the cleavage furrow to the midbody. The increase 

in the length of intercellular bridges in the absence of KIF14 could be due to the impaired CIT 

localisation, which in turn, affects the recruitment of a number of factors required for efficient 

abscission. In contrast, the shorter intercellular bridges seen upon expression of p.Thr456Met suggest 
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that the pathogenicity of the mutation is not as simple as a complete loss of function. Our in vitro 

analyses demonstrate that this mutation no longer binds microtubules, although this does not appear 

to affect localisation to the midbody. Previous in vitro and in vivo analyses on the function of KIF14 

have suggested that varying phenotypes can be seen based on the level of expression (Molina et al., 

1997; Ohkura et al., 1997; C. Zhu et al., 2005; Carleton et al., 2006; Gruneberg et al., 2006). siRNA-

mediated knockdown of KIF14 in HeLa cells was shown to cause hypoploidy and apoptosis at lower 

efficiencies, while higher efficiency knockdown caused polyploidy (Carleton, 2006). These results 

strongly suggest that the expression of KIF14 must be tightly regulated throughout the cell cycle. It is 

possible that the increased recruitment of the p.Thr456Met variant form of KIF14 has an additional 

deleterious effect, which also results in cytokinesis failure through an as yet undetermined mechanism.    

In addition to the cytokinesis defects observed upon invalidation of Kif14 in IMCD3 cells, we could also 

identify binucleated cells in brain and kidney sections from affected foetuses (Fig. 5D-K). Combined 

with the in vitro data, these results suggest that both the missense and nonsense mutations impair 

KIF14 function and cause a failure in cytokinesis. Intriguingly, the affected foetuses from families two 

and three carry compound heterozygous variations, which, according to our in vitro analyses, would 

result in the simultaneous expression of constitutively processive and inactive forms of KIF14 from 

opposing alleles. The cellular impact of this simultaneous expression was not investigated, but would 

likely depend on whether KIF14 functions as a dimer.  

Isolated and Syndromic Phenotypes 

In their recent report of cases of isolated microcephaly, Moawia et al. (2017) investigated the impact 

of KIF14 mutations on fibroblasts from affected individuals from three of their families. 

Immunostaining of mitotic cells revealed that neither KIF14, nor CIT were present at the midbody. They 

also demonstrated an increase in the percentage of binucleated and apoptotic fibroblasts. The 

differences in the severity of phenotypes observed in the affected individuals identified in these recent 

studies and our own could be explained most simply by the phenomenon of incomplete penetrance. 

Although more frequently associated with autosomal dominant inheritance, incomplete penetrance 

can also occur in cases of autosomal recessive conditions (van der Ven et al., 2018). This phenomenon 

is particularly common in CAKUT, as environmental and epigenetic factors are thought to play a 

significant role in the development of the disease. Alternatively, these phenotypic variations may be 

due to the differences between the mutations themselves. We showed that mutations of at least one 

allele in three of the four families we identified caused a constitutively processive protein. In two of 

these families the second allele encoded an inactive form of the protein. In the absence of patient 

material, we were unable to test these mutations directly, however it is possible that the constitutively 
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processive kinesin leads to a dominant negative effect. In vitro, we have observed that the truncating 

mutations we identified have toxic effects on the cells. In accumulating at the plus-ends of 

microtubules toward the periphery, these variant proteins appear to affect cell morphology. However, 

these effects were seen upon overexpression, and it is likely that these effects would be less severe at 

a physiological level. In addition, segregation of the autosomal recessive mutations was confirmed in 

each family and the heterozygous parents were healthy in each case. This would suggest that these 

mutations are not dominant negative, however, it remains possible that epigenetic factors could affect 

expression of a damaging mutation during development (Feil et al., 2012). Epigenetics is known to play 

an important role during kidney development (Nicolaou et al., 2015), and the healthy heterozygous 

parents may suppress the deleterious allele. Studying the expression of one or both alleles in the 

parents of these affected individuals could help to rule out this possibility.   

Finally, the mutations described recently in cases of isolated microcephaly may be hypomorphic. Of 

the 9 mutations identified (7 homozygous, 2 compound heterozygous), two were present in the PRC1 

domain, one in the motor domain, three in the FHA domain and three in the C-terminal region. These 

mutations, therefore, largely affect different domains to those we identified. The consequence at the 

protein level of the mutations identified within the FHA domain are unknown. FHA domains are 

important for phosphorylation-regulated protein-protein interactions, and have also been shown to 

play a role in intramolecular interactions in the case of KIF1A (J. R. Lee et al., 2004; Huo et al., 2012). 

However, no function has thus far been established for the FHA domain of KIF14. Many of the 

mutations were shown to induce alternative splicing events, which may be sufficient to generate a 

partially functional protein. cDNA was synthesised from RNA extracted from the blood of the affected 

individual harbouring the c.4071G>A/p.Gln1357= variation. RT-PCR revealed the presence of an 

alternatively spliced transcript lacking exon 25 and causing a frameshift and premature stop codon 

(p.Leu1296Trpfs*46). This C-terminally truncated protein would be expected to lack the, herein, 

proposed auto-regulatory CCIV domain, as well as the Radil-binding domain. However, the transcript 

encoding the c.4071G>A/p.Gln1357= synonymous variant was also observed. This expression of WT 

KIF14 alongside a C-terminally truncated protein is, therefore, reminiscent of the healthy heterozygous 

parents. As the individuals with isolated microcephaly express both a WT transcript and a C-terminally 

truncated transcript, this is likely less damaging than the homozygous loss of KIF14 in the affected 

foetuses we identified.  

Alternative splicing in the N-terminal region was also demonstrated for the c.263A>T/p.Leu88* 

mutation identified in an individual with isolated microcephaly. The activation of a cryptic splice site 

led to a transcript lacking 123aa within the PRC1-binding domain (p.Gly58_Leu181del), which again 

may be sufficient for residual protein function. Although KIF14 was shown to bind to PRC1 (Gruneberg 
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et al., 2006), the effect of this binding on the activity of KIF14 has not yet been examined. In addition, 

the PRC1-binding domain was mapped to the entire N-terminal region adjacent to the motor domain, 

although the minimal sequence required has not been reported. Moawia et al. (2017) did not 

investigate the impact of this p.Gly58_Leu181del mutation on PRC1 binding, and it is possible that the 

interaction is not entirely lost. It is likely that with a functional motor domain and in the presence of 

the CIT binding and C-terminal regulatory domains this protein retains some function.  

The effects of the mutations identified in Makrythanasis et al. (2018) were not studied, however we 

used the model of the 3D structure of murine Kif14 to examine the position of the c.1375G>A; 

p.Gly459Arg  missense mutation. Interestingly, the p.Gly459 residue is outside of the ATP-binding site 

and the Arginine substitution is, therefore, likely to be less damaging than the p.Thr456Met and 

p.Arg364Cys mutations described herein. Introducing the p.Gly459Arg mutation into the KIF14 

constructs we have characterised and studying the impact on ATP-hydrolysis and microtubule-binding 

would provide further insights into the damaging effects of this mutation.   

In order to conclude on the genotype/phenotype correlations, further in vitro and in vivo functional 

analyses of the mutations identified by Moawia et al. (2017) and Makrythanasis et al. (2018) would be 

required. However, mutations in KIF14 appear to be highly penetrant and analysis suggests that severe 

mutations, such as those described here and originally, (Filges et al., 2014), lead to a lethal syndrome 

affecting both brain and kidney development. In the reported cases of isolated microcephaly, the 

mutations are likely to be hypomorphic and result in either the expression of a residual level of protein, 

or a protein with residual function.  

KIF14 as a Novel Ciliopathy Gene? 

Initial analyses suggested that KIF14 may be a novel ciliopathy gene. In addition to kidney defects, the 

affected foetuses identified by Filges et al. (2014) presented with phenotypes commonly seen in 

ciliopathies, such as agenesis of the corpus callosum and cerebellar hypoplasia (Edwards et al., 2014; 

De Luca et al., 2016). A previously unpublished siRNA screen aiming to identify new cilia-related genes 

revealed that the loss of KIF14 increased the length of cilia (A. Benmerah, unpublished). In addition, 

KIF14 was identified as a target of members of a family of transcription factors, RFX, known to control 

ciliogenesis (B. Durand, unpublished). Taken together, these data suggested that KIF14 may represent 

a novel ciliary kinesin.  

By overexpressing GFP-tagged WT KIF14 and inducing ciliogenesis we revealed that KIF14 did indeed 

localise to the cilium. KIF14 was present at the basal body, along the ciliary axoneme and at the tip 

(AFig.3A). As the plus-ends of microtubules are present at the tip of cilia and KIF14 has been shown to 

act as a plus-end directed motor, it was possible that this novel ciliary localisation could be an artefact 
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of overexpression. We subsequently examined the localisation of a number of different GFP-tagged 

kinesins in ciliated RPE1 cells (Fig.A3A-E). KIF23, KIF5B, KIF9 and KIF26B are all frequently identified in 

large-scale screens aiming to characterise novel ciliary proteins (Gupta et al., 2015; Mick et al., 2015). 

While KIF23, KIF5B and KIF26B all localised to cilia and were present at the tip (AFig.3B-D), no such 

localisation could be seen for KIF9 (Fig. A3E). These results suggested that the ciliary localisation of 

KIF14 observed upon overexpression was not an artefact. In addition, the strong axonemal staining 

was unique to KIF14, while the N-terminal processive kinesin KIF5B accumulated primarily at the tip.     

To further examine this potential novel localisation, we immunostained endogenous KIF14 in ciliated 

cells but did not observe a ciliary localisation (Fig. A4B). To verify that this localisation was not related 

to the fluorescent tag, we used a construct in which both GFP and KIF14 were expressed, but were 

unfused. Immunostaining with a KIF14 antibody again revealed an axonemal staining (Fig. A4C). We 

also mapped the domains of KIF14 required for ciliary localisation. The PRC1-binding domain and C-

terminal tail regions were not required for ciliary targeting, which was seemingly dependent upon the 

motor domain (Fig.A4D-E). The expression level of KIF14 has previously been shown to be highly 

regulated (Carleton et al., 2006), and ciliogenesis is tightly coupled to the cell cycle. The lack of ciliary 

localisation upon staining of endogenous KIF14 reflects previous difficulties in detecting ciliary proteins 

which has been proposed to be due to the effects of fixation (Nachury et al., 2007; Conkar et al., 2017). 

The combination of a very low level of expression in ciliated conditions with the difficulties in detecting 

certain ciliary proteins may explain the absence of axonemal staining of KIF14 at the endogenous level. 

In order to determine the impact of the identified mutations on the ciliary localisation of KIF14, we 

transfected RPE1 cells with the variant constructs. Overexpression of the mutated forms of KIF14 

affected both the ciliary localisation and length of cilia (Fig. A4G,H). The C-terminal truncations 

p.Gln1304* and p.Gln1380* both resulted in significantly shorter cilia. Interestingly, all three C-

terminal truncations appeared to accumulate in the tips of cilia, causing them to become spoon-

shaped. This effect has previously been demonstrated upon loss of IFT-A components (Qin et al., 2011; 

Liem et al., 2012), as well as in mice lacking intestinal cell kinase [ICK; (Chaya et al., 2014)]. IFT-A 

proteins are required for retrograde intraflagellar transport (IFT), the movement of cargoes from the 

tip of cilia to the base, in association with cytoplasmic dynein 2 (DYNC2H1). Loss of IFT-A is therefore 

thought to lead to an accumulation of IFT and cargoes at the ciliary tip, which consequently becomes 

bulbous. Cilia in ICK-/- mouse embryonic fibroblasts (MEFs) were also shown to become spoon-shaped 

and to contain an accumulation of IFT-A and IFT-B proteins. ICK was proposed to regulate the switch 

between IFT-B-mediated anterograde transport and IFT-A-mediated retrograde transport (Chaya et 

al., 2014). We subsequently sought to establish whether the overexpression of the C-terminally 

truncated KIF14 constructs was impacting IFT dynamics. Immunostaining of IFT-A and IFT-B 
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components in RPE1 cells transfected with the p.Gln1380* variant revealed an accumulation of IFT 

proteins at the tips of cilia (Fig. A4I,J), and so suggested that KIF14 could be participating in the 

regulation of IFT dynamics. However, we performed live-cell imaging upon transfection of WT and 

variant forms of KIF14, but failed to identify IFT-like movements. This result, therefore, suggested that 

KIF14 was not participating in cargo transport or dynamics.  

To determine the function of KIF14 at cilia we performed an siRNA-mediated knockdown in RPE1 cells 

(Fig. S7A,B). Initially, we confirmed the results of the previous siRNA screen performed by the lab (A. 

Benmerah, unpublished), and observed an increase in the length of cilia upon KIF14 knockdown. 

However, this effect could not be repeated, and we subsequently observed no impact on either the 

percentage of ciliated cells, or the length of cilia (Fig. S7C,D). We also examined the cilia in the Kif14-/- 

mIMCD3 cell lines we generated, and once again failed to observe a difference in the percentage of 

ciliated cells, or the length of cilia (Fig. S7E-G). Taken together, these data demonstrated that KIF14 

localised to cilia upon overexpression and that mutant forms affected cilia structure, but failed to 

definitely confirm that KIF14 was a novel ciliary kinesin or identify a function at cilia. 

Zebrafish as a Disease Model 

In order to establish a ciliary function for KIF14 and to examine the role of this kinesin in brain and 

kidney development, we used the zebrafish as an in vivo model. The zebrafish has become a widely-

used model for many human diseases, including ciliopathies, and a number of ciliopathy-related 

phenotypes have been well characterised in zebrafish larvae (Song et al., 2016). These phenotypes 

include body axis curvature, hydrocephalus, situs inversus, otolith defects, photoreceptor 

degeneration and pronephric cysts. By 2 days post-fertilisation (2dpf) the kif14-/- embryos 

recapitulated the severe syndrome described in the affected foetuses we identified. We observed a 

severe microcephaly and pronephric cysts, demonstrating a conserved role for kif14 in brain and 

kidney development in the zebrafish (Fig. 6A-E). In addition, they also had many classical ciliopathy 

phenotypes, including body curvature and otolith defects (Fig. 6A and Fig. 7A,B). Otoliths are structures 

composed of biominerals, whose formation at the tips of tether cilia on the surface of sensory neurons 

has been suggested to rely, at least partially, on the presence of cilia within the otic vesicle (Stooke-

Vaughan et al., 2012). In the absence of tether cilia, otoliths are formed, but dock directly onto the 

apical surface of sensory neurons. In the absence of sensory neurons and tether cilia, otoliths again 

form, but fail to dock and form a single large aggregate within the vesicle. Analysis of otoliths in the 

kif14-/- embryos revealed that they were often smaller, fused or incorrectly positioned within the 

vesicle, all phenotypes which could be related to ciliary defects. Using a transgenic line in which the 

ciliary membrane protein Arl13b is fused to GFP, we observed a significant decrease in the number of 
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cilia in the otic vesicles of kif14-/-embryos compared to siblings (Fig. 7C). These results indicated that 

KIF14 may indeed have a ciliary function. Pronephric cysts are another established ciliopathy 

phenotype. The pronephros is composed of a heterogeneous population of cells possessing a single 

primary or motile cilium, or multiple motile cilia. Defects in either the formation or function of cilia 

leads to the perturbation of flow within the tubule and subsequent cyst formation (Drummond et al., 

2016; Marra et al., 2016). Analysis of the distal pronephros did not reveal differences in the percentage 

of ciliated cells or the length of cilia, suggesting that the pronephric cysts were not resulting from ciliary 

defects (Fig. S7H-J). In addition, we could not identify any defects in laterality, implying that the cilia of 

the Kuppfer’s vesicle, the equivalent of the embryonic node, were unaffected. Taken together, these 

data suggested that the phenotypes observed in kif14-/- embryos may not be directly due to defects in 

the formation or function of cilia.  

Cilia are present on the surface of many cell types and act as signalling platforms, but their formation 

and disassembly are highly regulated processes tightly coupled with the cell cycle. Cilia are formed in 

quiescent, or G0 cells and are nucleated from the basal body originating from the mother centriole in 

primary cilia, or amplified centrioles in multiciliated cells. As the centrioles of the centrosome form the 

mitotic spindle in mammalian cells, the cilium must be disassembled before the cell enters mitosis. 

Immunostaining of kif14-/- embryos revealed a significant number of cells arrested in mitosis. In the 

otic vesicle, this increase in the number of cycling cells corresponded with the decrease in ciliogenesis 

(Fig. 7E,F). Interestingly, despite this increase in cells blocked in mitosis we did not observe a difference 

in the size of the otic vesicle. The otic vesicle develops from the formation of a lumen in the otic 

primordium, derived from the otic placode (Hoijman et al., 2015). The formation of a lumen, or 

lumenogenesis, is an important process throughout zebrafish development, from the formation of the 

neural tube to the pronephros. Different mechanisms are used to form lumen in different structures. 

Expansion of the lumen of the otic vesicle has been shown to rely, partly, on mitosis of the epithelial 

cells lining the vesicle. Nuclei migrate apically towards the surface of the lumen prior to the onset of 

mitosis. During mitosis cells become round and contribute to a mechanical stretching of the 

anteroposterior axis (Hoijman et al., 2015). The increase in the number of larger, round mitotic cells 

contributing to lumen expansion of the otic vesicles of kif14-/- embryos likely explains the discrepancy 

in otic vesicle size.  

Interestingly, the contribution of mechanical stretch to lumen formation in the pronephros has not 

been investigated. Lumenogenesis has been shown to occur around 20-22 somites, and to require the 

establishment of an apicobasal polarity in the renal precursors (Gerlach et al., 2014). It is possible that 

increased cell rounding during mitosis may also contribute to the establishment of a lumen in the 

pronephros. We observed an increased number of mitotic cells in the glomerular and distal regions of 
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the pronephros of kif14-/- embryos (Fig. 77G,H and Fig. S8). Additionally, we also observed tubule 

dilations (data not shown) and pronephric cysts (Fig.6E). The individual contributions of ciliary 

functions, mitosis and apicobasal polarity to the development of the pronephros would be difficult to 

evaluate. However, the role of the mechanical forces of increased mitotic rounding on lumen, or even 

cyst formation, remain an interesting avenue to explore. Interestingly, the causes of glomerular cyst 

formation in the zebrafish are not completely understood. Cysts were proposed to occur primarily in 

response to defects in cilia-mediated flow within the pronephros (Kramer-Zucker et al., 2005). As we 

did not observe obvious differences in ciliogenesis within the pronephros (Fig. S7H-J), and live imaging 

revealed that cilia were motile (data not shown), the mechanism behind cyst formation in the kif14-/-

is unknown. However, we observed tubule dilations in the kif14-/- embryos prior to the onset of 

glomerular filtration (data not shown), and it is possible that these dilations are sufficient to impair the 

flow of filtrate, resulting in an accumulation of fluid at the glomerulus.  

Previous reports have shown that mitosis in the pronephros occurs predominantly in the neck region 

and in the distal pronephros (Vasilyev et al., 2012). Cell proliferation in the distal pronephros was 

proposed to occur in response to the mechanical stretch induced by collective cell migration towards 

the glomerulus, which begins at 29hpf (Vasilyev et al., 2012). This migration is important for the 

formation of the convolutions of the developing proximal convoluted tubule (PCT) region of the 

pronephros and was suggested to require glomerular filtration. Despite mitosis being proposed to be 

induced by collective cell migration, mitotic inhibition failed to prevent migration (Vasilyev et al., 

2009). In situ hybridisation of slc20a1a, a well-characterised marker of the PCT, demonstrated a defect 

in migration in the kif14-/- embryos (Fig. S6C). Injection of fluorescent dextran into the cardiovascular 

system of zebrafish embryos is used to study defects in glomerular filtration. Injection of the kif14-/- 

embryos did not reveal obvious glomerular filtration defects (data not shown). In mammalian cells, 

KIF14 has been shown to interact with Radil, promoting cell migration and adhesion (Ahmed et al., 

2012). This interaction remains to be tested in the zebrafish, however, it is possible that this additional 

migratory phenotype in the kif14-/- embryos is due to a loss of Radil interaction.  

In conclusion, the kif14-/- embryos recapitulated the syndromic brain and kidney phenotypes we 

observed in the affected foetuses. Although this syndrome was originally thought to correspond to a 

ciliopathy (Filges et al., 2014), the observed phenotypes in the zebrafish were not directly related to 

ciliary defects, but to an increase in cells arrested in mitosis. The corpus callosum agenesis and 

cerebellar hypoplasia of the affected foetuses, which were considered ciliopathy phenotypes (Edwards 

et al., 2014; De Luca et al., 2016), are likely explained by impaired progenitor proliferation. The mitotic 

defects in the kif14-/- embryos were visible throughout, including the otic vesicle, pronephros and 

neural tissue (Fig. 7D). However, given that KIF14 was widely reported to have a role in cytokinesis and 
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that binucleated cells were observed in kidney and brain section of the affected foetuses, the absence 

of such defects was unexpected (Ohkura et al., 1997; Carleton et al., 2006; Gruneberg et al., 2006). 

Further analysis of the PH3-positive nuclei in various organs, including the otic vesicle (Fig. 8), the 

posterior lateral line (Fig. S9A-C) and the eye (Fig. S9D,E) revealed a significant increase in the number 

of cells with condensed chromosomes associated with a monopolar spindle (Fig. 8B). This result 

revealed an earlier failure in mitosis than expected, and suggested that kif14 was functioning in the 

assembly of the mitotic spindle in zebrafish. 

Interestingly, in contrast to the reports stating that KIF14 had a role in cytokinesis, two groups 

demonstrated a role as a chromokinesin (Molina et al., 1997; C. Zhu et al., 2005). These studies showed 

that KIF14 was required for the efficient segregation of chromosomes at the metaphase plate. Both 

Molina et al. (1997) and Ohkura et al. (1997) examined the impact of mutations in Klp38B, the 

paralogue of KIF14 in Drosophila melanogaster. Molina et al. (1997) suggested that the mutations in 

their study were loss of function leading to chromosome segregation defects, while Ohkura et al. 

(1997) used hypomorphic mutations resulting in cytokinesis defects, and that this difference explained 

the discrepancies in the phenotypes observed. Carleton et al. (2006) showed that the most efficient 

siRNA-mediated knockdown of KIF14 in HeLa cells caused polyploidy and cytokinesis defects. This 

report suggested that the siRNA used by C. Zhu et al. (2005) was less efficient and so resulted in defects 

in chromosome segregation defects. These conflicting studies suggest that the expression of KIF14 is 

highly regulated throughout the cell cycle, and that the phenotypes observed will depend on the 

efficiency of the downregulation of expression. The zebrafish line that we have characterised harbours 

a nonsense mutation after the motor domain (Fig. 6A). This mutation is similar to that of the family 

identified by our collaborators, and likely leads to RNA decay and an absence of protein expression, 

however this was not directly tested. Given that the kif14-/- embryos present a chromosome 

segregation defect, rather than the expected cytokinesis defect, it will be important to examine the 

precise effect of the mutation on the expression of kif14. In addition, zebrafish zygotes initially rely on 

maternal transcripts and zygotic gene transcription does not begin until the midblastula transition. The 

stability of the maternal transcripts will impact the length of time during which WT kif14 may be 

expressed in the kif14-/- embryos. This maternal contribution could be significant as the presence of 

residual KIF14 protein appears to affect the phenotype observed. Further characterisation of the 

regulation of protein expression and localisation in cultured cell models and the zebrafish, as well as 

the stability of the maternal transcripts in zygotes, will be important to delineate the differences in the 

observed phenotypes. This analysis would also contribute to an understanding of the 

genotype/phenotype correlation in patient mutations.  
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Role of KIF14 in Development 

The kif14-/- zebrafish embryos described herein recapitulate the syndromic brain and kidney defects 

observed in the affected foetuses we identified. Previously, a Kif14-/- mouse model was reported with 

isolated microcephaly, reflecting the phenotype recently reported by Moawia et al. (2017) and 

Makrythanasis et al. (2018). The common phenotype in every case is the presence of a primary 

microcephaly, which has frequently been associated with mutations in genes involved in mitosis. The 

development of the mammalian brain has been shown to be highly sensitive to disruptions of the cell 

cycle. The initial mitoses required for the amplification of neuroepithelial cells before the onset of 

neurogenesis have been shown to be symmetrical.  A number of different mechanisms have been 

proposed for maintaining symmetry in mitosis. The orientation of the mitotic spindle perpendicular to 

the ventricular zone has been associated with the self-renewal of neuroepithelial cells. This may be 

related to the symmetrical division of a small patch of membrane at the ventricular surface, composed 

of, as yet, largely uncharacterised fate determinants. A failure to maintain the perpendicular position 

of the cleavage plane impacts the subsequent cell fates. The premature switch to asymmetric mitosis, 

and the resulting failure to sufficiently amplify neuroepithelial cells prior to the onset of neurogenesis 

has been shown to lead to microcephaly. Despite being ubiquitously expressed, loss of KIF14 leads to 

defects specifically in brain and kidney development. Binucleated cells could be observed in brain and 

kidney sections from the affected individuals, demonstrating that the loss of KIF14 causes cytokinesis 

failure. These mitotic defects are likely highly deleterious, significantly reducing the progenitor 

population during early development. An understanding of the parallels between the mechanisms of 

mitosis in the brain and kidney provides insights into the impact on these organs. 

The development of the mammalian kidney has also been shown to be sensitive to changes in the 

orientation of cell division. Mitotic spindles are oriented perpendicular to the apical-basal polarity of 

the developing nephron, with the intercellular bridge positioned at the apical side (Yang et al., 2013; 

Gao et al., 2017). Interestingly, mitosis in the ureteric tips during branching has been shown to occur 

via an unusual mechanism of delamination and cell dispersal (Packard, et al., 2013). Cells divide within 

the lumen, with one daughter cell reinserting into the epithelium at the site of the original mother cell, 

while the remaining daughter cell enters the epithelium a short distance away. The significance of this 

luminal mitosis remains to be elucidated, however it highlights certain parallels with the development 

of the brain. Mitosis in the brain has been proposed to occur at the ventricular zone in order to 

facilitate the access to certain fate determinants present within the cerebrospinal fluid in the 

developing ventricles. These, as yet, uncharacterised factors are proposed to play a role in regulating 

the balance between self-renewing and neurogenic divisions. It is possible that similar mechanisms 

exist during kidney development and affect self-renewal or differentiation of progenitor cells. 
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During mitosis, proteins required for the abscission of daughter cells are recruited to the intercellular 

bridge to form the midbody ring. Initially this structure was believed to be an artefact but has recently 

been the subject of intense study. Abscission can occur asymmetrically, whereby one of the two 

daughter cells retains the midbody, or symmetrically, where neither cell inherits the midbody, which 

is instead released into the extracellular space (Crowell et al., 2014; Dionne et al., 2015). Interestingly, 

several groups have proposed that the midbody can act as a signalling platform and retention by one 

of the two cells is implicated in maintenance of a progenitor-state. During development of the murine 

brain, division of the neuroepithelial cells at the ventricular zone has been shown to lead to an 

accumulation of midbodies within the cerebrospinal fluid, suggestive of symmetrical abscission, with 

neither cell retaining the midbody (Dubreuil et al., 2007). It follows, therefore, that this symmetry in 

cytokinesis is one of the mechanisms required for self-renewal of the progenitor population. Although, 

the release of midbodies into the cerebrospinal fluid may simply be a consequence of this requirement 

for symmetrical mitosis early in development. Midbody release may act as an efficient mechanism to 

control expression levels of mitotic proteins within the cell. Whereas the importance of various mitoses 

has been explored during brain development, less is known about the kidney. We demonstrate here 

the accumulation of midbody rings within the lumen of ureteric buds during early human foetal kidney 

development, likely due to the symmetrical abscission of the two daughter cells (Fig. 5). These 

midbodies are positive for KIF14, suggesting perhaps a distinct role in ensuring symmetrical abscission. 

If midbody retention has been linked to maintenance of a progenitor state, the physiological 

consequences of midbody release are not yet well understood. Midbodies released into the lumen of 

developing ureteric buds could be an artefact of symmetric abscission occurring at the luminal surface, 

or equally could act to transmit signals throughout the developing organ, potentially inducing 

ciliogenesis. It is possible that the regulation of symmetrical and asymmetrical mitoses could play an 

important role during development and patterning of the kidney and these possibilities warrant 

further investigation. The use of transgenic zebrafish lines, such as anillin-eGFP (Cepero Malo et al., 

2017), would reveal whether these mechanisms of midbody release are conserved. It would then be 

important to establish whether this midbody release is present in the brain and kidneys of the kif14-/- 

embryos, and also whether any loss of midbody release was specific to kif14-/- embryos and not all 

cytokinesis mutants. The importance of midbodies in kidney development would be difficult to 

establish as the development of pronephric cysts can occur in relation to many different defects, but 

the comparison of different zebrafish mutants may be informative. Removal of the cerebrospinal fluid 

from zebrafish embryos has been shown to lead to cell death in the developing brain, while the 

injection of certain cell survival promoting factors rescued these defects (Chang et al., 2016). The 

injection of midbody-associated proteins or purified midbodies themselves, (Skop et al., 2004), into 
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the brain ventricles of kif14-/- embryos could help to reveal the importance of these factors and their 

potential roles as signalling centres during brain development.  

Interestingly, CIT is also present at the midbody, and colocalises with KIF14. Loss of CIT leads to 

cytokinesis defects in vitro and recently mutations in CIT have been identified in individuals with 

microcephaly (Basit et al., 2016; Harding et al., 2016; Li et al., 2016). Two affected individuals within 

one family presented with renal aplasia or agenesis, resulting in neonatal lethality, and an additional 

individual presented with unilateral renal agenesis. Several of the affected individuals also had 

complex brain malformations, including corpus callosum agenesis and cerebellar hypoplasia. These 

phenotypes are similar to those observed with mutations in KIF14, which, given that they function 

together during cytokinesis, is perhaps unsurprising. The genotype/phenotype correlation in the cases 

of CIT mutations also appears to be complex, with kidney involvement revealing incomplete 

penetrance. The rodent models of the loss of Cit demonstrate microcephaly, but no renal defect, again 

resembling mutations in Kif14 (Sarkisian et al., 2002). Further characterisation of the precise roles of 

both KIF14 and CIT at the midbody will be required to delineate these differences.  

In conclusion, we provide further evidence that mutations in KIF14 can lead to a novel, lethal syndrome 

of microcephaly and CAKUT. Contrary to the initial report, this syndrome phenocopies a ciliopathy, and 

represents a rare association of bilateral renal agenesis and microcephaly within the CAKUT spectrum. 

In addition, most of the known CAKUT genes encode transcription factors or actors in key signalling 

pathways. KIF14, as a molecular motor and part of the cytokinesis machinery, is an uncommon CAKUT 

gene. However, Lindstrom, De Sena Brandine, et al. (2018) recently demonstrated that mitotic genes 

are highly upregulated during early kidney development. The identification of mutations associated 

with CAKUT in additional cytokinesis genes would aid in the understanding of the molecular 

mechanisms behind the pathogenesis of KIF14 mutations. 
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Conclusion 

Congenital abnormalities of the kidney and urinary tract (CAKUT) comprise a large spectrum of 

developmental malformations and represent the leading cause of end-stage renal disease during 

childhood. The identification of novel candidate genes is often complicated by variable expressivity 

and incomplete penetrance. Despite these complexities, mutations in more than 50 genes have been 

associated with CAKUT, many of which encode transcription factors or actors in signalling pathways 

key to kidney development.  

Previously, biallelic loss-of-function mutations were identified in KIF14, a mitotic kinesin required for 

cytokinesis, in foetuses presenting with bilateral renal agenesis or RHD and associated with severe 

microcephaly (Filges et al., 2014). This phenotype was reminiscent of Meckel-Gruber syndrome, part 

of the spectrum of diseases related to defects in the structure or function of the primary cilium. We 

identified novel mutations in KIF14 in foetuses presenting with similar phenotypes to this initial report. 

Through the functional characterisation of the role of KIF14, both in vitro and in vivo, we have shown 

that these mutations result in a phenocopy of a ciliopathy. Using the zebrafish as a model organism, 

we demonstrated that the loss of kif14 reduced ciliogenesis, however this was due to an accumulation 

of cells arrested in mitosis.  

Interestingly, many of the genes currently known to be associated with microcephaly function during 

mitosis. However, KIF14, as a molecular motor and part of the cytokinesis machinery, represents an 

uncommon CAKUT gene. Recent reports have begun to demonstrate the importance of mitotic genes 

during specific phases of renal development. In addition, our analysis of foetal kidney sections has 

revealed parallels in the mechanisms of mitosis during the development of these two organs. Further 

characterisation will be required to elucidate the precise role of KIF14 during this process. The 

identification of candidate genes in individuals with severe syndromes resembling that described 

herein, would provide further insights into the similarities between brain and kidney development.  
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Annexe  

 

 

Figure A1. Effect of Missense Mutations on Microtubule Binding. Representative images of RPE1 cells 
transfected with variant forms of KIF14 and immunostained for ARL13b (red) and Hoechst (blue). (A) KIF14-WT, 
(B) KIF14-G606A, (C) KIF14-T456M, (D) KIF14-T456M+G606A, (E) KIF14-R364C, (F) KIF14-R364C+G606A and (G) 
Schematic representation of the constructs used and the position of mutations. 
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Figure A2. KIF14 re-expression in Kif14-/-- mIMCD3 cells. (A) mIMCD3 cells transduced with GFP-tagged KIF14 
constructs were analysed by Western Blot using antibodies against GFP and GADPH, as a loading control. (B-D) 
Representative images of mitotic cells re-expressing GFP, KIF14-WT or KIF14-T456M immunostained for KIF14 
(green) and acetylated α-tubulin (red). (E) Intensity of GFP localised at the midbody in cells re-expressing GFP, 
KIF14-WT or KIF14-T456M. (F) Immunostaining of α-tubulin (red) and CIT (green) at the midbody, and (G) 
quantification of the correct ring localisation of CIT. (H) Length of intercellular bridges as measured from the 
immunostaining of acetylated α-tubulin. ***P< 0.0001 from n=3 independent experiments, Dunn’s Multiple 
Comparison Test following the Kruskal-Wallis ANOVA test for intensity of GFP (E) and length of intercellular 
bridges (H), and Fischer’s exact test for CIT localisation (G). Scale bars: 5µm 
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Figure A3. Localisation of novel ciliary kinesin. Representative images of RPE1 cells transfected with GFP-
tagged constructs of different kinesins, immunostained for ARL13b (red) and centrin (blue). (A) KIF14, (B) KIF23, 
(C) KIF5B, (D) KIF26B and (E) KIF9  
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Figure A4. KIF14 at cilia. (A) Representative image of ciliary localisation of RPE1 cell transfected with GFP-
tagged KIF14-WT. Cells were immunostained with ARL13b (red) and centrin (blue). Insets show higher 
magnification of cilia (B) Representative image of RPE1 cell immunostained for endogenous KIF14 (green) and 
centrin (red). Inset shows higher magnification of basal body. (C) Representative image of RPE1 cell transfected 
with construct encoding for unfused KIF14 and GFP. Cells were immunostained for KIF14 (red) and Hoechst 
(blue). Inset shows higher magnification of endogenously stained cilium. (D) Representative cilia from cells 
transfected with GFP-tagged WT and variant forms of KIF14. Cells were immunostained for ARL13b (red) and 
centrin (blue). (E) Quantification of the impact of transfection on the length of cilia. (F,G) Representative 
images of RPE1 cells transfected with GFP-tagged KIF14-Q1380x. Cells were immunostained with ARL13b (red) 
and with IFT46 (blue; F) or IFT144 (blue; G). Insets show higher magnification of cilia. (H) Schematic 
representation of the effect of overexpression of KIF14-Q1380x on cilia. (I) RPE1 cells were transfected with 
truncated forms of KIF14 and immunostained for ARL13b (red) and centrin (blue). Insets show higher 
magnification of cilia. (J) Schematic representation of constructs used throughout. NS = Not significant, **P< 
0.001, ***P< 0.0001 from n=3 independent experiments, Dunn’s Multiple Comparison Test following the 
Kruskal-Wallis ANOVA test for length of cilia. 
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Abstract 

Mutations in KIF14 were previously shown to lead to either isolated microcephaly or to a 

developmental and lethal syndromic form associating severe microcephaly with renal hypodysplasia 

(RHD). The latter phenotype was considered reminiscent of a ciliopathy, relating to defects of the 

primary cilium, a signalling organelle present on the surface of many quiescent cells. KIF14 encodes a 

mitotic kinesin which plays a key role at the midbody during cytokinesis, and was not previously shown 

to be involved in cilia-related functions. Here, we have analysed four families with foetuses presenting 

with the syndromic form and harbouring variations in KIF14. Our functional analyses show that the 

identified variations severely impact the activity of KIF14 and likely correspond to loss-of-function 

(LOF) mutations. Our analysis on human foetal kidney tissues revealed the accumulation of KIF14-

positive midbody remnants in the lumen of ureteric bud tips, highlighting similarities between mitotic 

events during early brain and kidney development. Subsequently, analysis of a kif14 mutant zebrafish 

line showed a conserved role for this mitotic kinesin. Interestingly, additional ciliopathy-associated 

phenotypes were also present in these mutant embryos, supporting a potential novel role for kif14 at 

cilia. However, our in vitro and in vivo analyses ultimately indicated that KIF14 does not have a direct 

role in ciliogenesis and that kif14 LOF in zebrafish phenocopies ciliopathies through an accumulation 

of mitotic, non-ciliated cells in ciliated tissues. Altogether, our results demonstrate that KIF14 

mutations result in a severe syndrome associating microcephaly and RHD through a conserved function 

in cytokinesis during kidney and brain development. 

 

Keywords: KIF14   Cilia   Ciliopathy   Kidney   Brain   Microcephaly   Mitosis   Zebrafish   Development 
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ABSTRACT
Congenital anomalies of the kidney and urinary tract (CAKUT) occur in three to six of 1000 live births, represent
about20%of theprenatallydetectedanomalies, andconstitute themaincauseofCKD inchildren.Thesedisorders
are phenotypically and genetically heterogeneous. Monogenic causes of CAKUT in humans and mice have been
identified. However, despite high-throughput sequencing studies, the cause of the disease remains unknown in
most patients, and several studies supportmore complex inheritance and the role of environmental factors and/or
epigenetics in the pathophysiology of CAKUT. Here, we report the targeted exome sequencing of 330 genes,
including genes known to be involved in CAKUT and candidate genes, in a cohort of 204 unrelated patients with
CAKUT; 45% of the patients were severe fetal cases. We identified pathogenic mutations in 36 of 204 (17.6%)
patients. These mutations included five de novo heterozygous loss of function mutations/deletions in the PBX
homeobox1gene (PBX1), a geneknown tohavea crucial role in kidneydevelopment. In contrast, the frequencyof
SOX17 and DSTYK variants recently reported as pathogenic in CAKUT did not indicate causality. These findings
suggest thatPBX1 is involved inmonogenicCAKUT inhumansandcall intoquestion the roleof somegenevariants
recently reported as pathogenic in CAKUT. Targeted exome sequencing also proved to be an efficient and cost-
effective strategy to identify pathogenic mutations and deletions in known CAKUT genes.
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Congenital anomalies of the kidney and urinary tract (CAKUT)
refer to aheterogeneous groupofmalformationsof thekidney and
the urinary tract due to defects in embryonic kidney
development, a complex process that involves reciprocal interac-
tion between the ureteric bud and themetanephric mesenchymal
tissue. Prevalence of CAKUT has been estimated between three
and six per 1000 live births. These kidney defects are frequently
detected in utero by prenatal ultrasonography and account
for 15%–20% of all of the prenatally detected congenital anom-
alies .1 Their severity is extremely variable, but CAKUTrepresent
the leading cause ofCKD in children.2Genetic and environmental
factors are proposed to be involved in CAKUT. Except for poste-
rior urethral valves that usually appear as sporadic, familial clus-
tering of CAKUT has been frequently described3; however, the
heritability estimates remainunknown. In some families, CAKUT
are inherited as a Mendelian monogenic disease, mostly trans-
mitted as an autosomal dominant trait with variable expressivity.
Although in these cases CAKUT are frequently associated with
extrarenal anomalies (.100 syndromes including renal or urinary
abnormalities, with a Mendelian transmission, have been de-
scribed),4 they can also present with isolated kidney diseases, par-
ticularly at prenatal ultrasound screening. Identification of the
molecular defect in these patients is important to provide genetic
counseling to the families. A monogenic cause of CAKUT was
reported to be identified in approximately 10%–15% of patients
presenting with isolated CAKUT.5 Among the approximately 50
genes with reported mutations, PAX2 and HNF1B are the
two genes most frequently mutated in syndromic or isolated
CAKUT.6,7Copynumber variations (CNVs)have alsobeen shown
to be frequently associated with syndromic as well as isolated
CAKUT; however, these CNVs are frequently attributable to
knowngenomicdisorders.8–10 Recently, the simultaneous analysis
of multiple candidate genes in parallel by next generation se-
quencing (NGS) was reported not to lead to a substantial increase
in the proportion of patients with CAKUTwith identified muta-
tions,11 suggesting that inheritance may frequently be more com-
plex and/or involve noncoding regions, epigenetic modifications,
or somatic mutations.

Here, we report targeted NGS of 330 genes known to be
either involved in CAKUTor candidate genes in a large cohort
of 204 unrelated patients with CAKUT, which led to the iden-
tification of a novel CAKUT gene, PBX1.

RESULTS

Patient Cohort
Two hundred four unrelated patients with CAKUTwere included
(K1–K204 in Supplemental Table 1). Criteria for inclusion were
CAKUT involving both kidneys or unilateral CAKUT associated
with either extrarenal defects or familial history of CAKUT (Table
1). Patients with posterior urethral valves were not included in the
study. Fifty of the 204 patients had been previously tested for
mutations in HNF1B (involved in renal cysts and diabetes syn-
drome) and/or PAX2 (involved in papillorenal syndrome) and/or

EYA1 (involved in branchio-oto-renal syndrome) by Sanger se-
quencing and were revealed to be negative, and nine fetuses had
been tested for mutations in RET (involved in bilateral kidney
agenesis12), with one identified as carrying a variant of unknown
significance.13 In addition, we also tested 11 patients suspected to
suffer from branchio-oto-renal syndrome because of branchial
and/or ear abnormalities but without any renal phenotype (nor-
mal renal ultrasound) (BO1–BO11 in Supplemental Table 1). Sex
ratio was 116 boys, 89 girls, and ten patients for which sex was
unknown.Not including the11BOpatients, 79patients presented
extrarenal anomalies. Fifty-five patients had familial history of
renal disease affecting first-degree relative(s) (parents, children,
or affected siblings), and eight additional patients had history of
renal disease in more distant family. Moreover, seven patients
had a parent with branchial defects and/or deafness (five), colo-
boma (one), or diabetes (one)without renal defect (Supplemental
Table 1, Table 1). Ninety-three (45%) cases were fetuses affected
with extremely severe renal anomalies at fetal ultrasound screen-
ing, which led to termination of pregnancy after parents’ request
and case by case evaluation by a multidisciplinary prenatal com-
mittee in accordancewith the French law. Autopsywas performed
after informed consent in all cases.

Screening the Candidate Genes and Identification of
PBX1 as a Novel Gene Involved in Monogenic CAKUT
Among the 330 genes, 275 were candidate genes with no mu-
tation reported in patients with CAKUTso far (Supplemental
Table 2). Analysis of these genes in the 204 individuals with
renal involvement led to the identification of 125 heterozygous
variants never reported in the Exome Aggregation Consor-
tium (ExAC) database in a total of 88 genes in 92 patients
(Supplemental Tables 1 and 3). In one of these genes, PBX1,
we identified five heterozygous loss of function mutations/de-
letions (Figure 1, Table 2). The first mutation (family 1) was a
frameshift mutation (p.Asn143Thrfs*37) in a 21-year-old
adult affected with renal hypoplasia and deafness. She has an
eGFR of 40 ml/min per 1.73 m2. The second one (family 2)
was a nonsense mutation (p.Arg184*) in a child presenting
with small hyperechogenic kidneys with cysts, developmental
delay, growth retardation, and long and narrow face. She had
eGFR of 51 ml/min per 1.73 m2 at the age of 11 years old. The
third one (family 3) was a splice mutation (c.511–2A.G) in a
fetus with renal hypoplasia and oligoamnios. The autopsy
showed extremely severe oligonephronia. RNAwas not avail-
able to study the effect of that mutation on splicing, but the
mutation is predicted to lead to total loss of the 39 splice site
and skipping of exon 4, resulting in a frameshift. The two last
patients presented with a heterozygous deletion removing the
whole PBX1 gene indicated by a reduced number of reads for
the nine exons of the gene (Figure 1). The first one (family 4)
was a 39-year-old adult woman followed for small and dys-
plastic horseshoe kidney also affected with profound deafness.
She was the oldest patient of our series and had stage 3B renal
failure (eGFR=40 ml/min per 1.73 m2) at last evaluation. The
second one (family 5) was an infant with a single small
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hyperechogenic kidney also presenting developmental delay,
microcephaly, and facial dysmorphism (with long and narrow
face as well as abnormal ear lobes). He had normal renal func-
tion at the age of 18 months old. Comparative Genomic Hyb-
rization (CGH) array analysis (Agilent 60 K) performed on
DNA from patients’ lymphocytes confirmed presence of a
2.46-Mb deletion at 1q23.3q24.1 including PBX1 and seven
other genes in a family 49 patient and a 9.1-Mb deletion on the
long arm of a chromosome 1 including PBX1 together with
130 other genes (Supplemental Figure 1) in a family 59 patient.
De novo occurrence of the deletion in patients K136 (family 5)
was confirmed by fluorescence in situ hybridization on par-
ents’ lymphocytes, which was normal (Supplemental Figure
2). The pelviureteric junction obstruction in the patient’s
mother (shown in gray in Figure 1) is thus an incidental as-
sociation. Sanger sequencing (families 1–3) or analysis of four
microsatellite markers located in PBX1 (family 4) allowed us
to show that the mutations/deletion in these families also oc-
curred de novo (Figure 1, Supplemental Table 4). In all five fam-
ilies, misclassification of the parents was excluded by analysis of
at least 12 unlinked microsatellite markers located on various
chromosomes (Supplemental Table 4) and the identification of a

paternally inherited CNVon 1p (family 5) (Supplemental Figure
2). Moreover, by retrospective analysis of our cohort of patients
with CAKUT, we identified another individual not included in
the 204 patients screened by targeted NGS, in whom a de novo
6.2-Mb deletion, including PBX1, had been identified by CGH
array analysis. This patient presented with small hyperechogenic
kidneys, developmental delay, and facial dysmorphism, similar to
the patient from family 5. He already had severe proteinuria asso-
ciated with a rapidly progressing renal failure (eGFR=60 ml/min
per 1.73 m2) at the age of 10 years old.

To precisely evaluate the strength of association between
PBX1mutations and CAKUT, we used a binomial probability
test. The P value for identifying three de novo loss of function
mutations in that gene among 204 patients was,0.001 (Sup-
plemental Figure 3). The identification of three de novo loss of
function mutations together with two de novo large deletions
encompassing the gene among 204 patients with CAKUT
strongly support the causal effect of the PBX1 mutations.

Screening the Known CAKUT Genes
In31of the 204patients,we identified24pathogenicmutations
in seven known genes associated with highly penetrant

Table 1. Renal and extrarenal phenotypes of the cohort encompassing 204 patients with CAKUT and 11 patients with
branchial and/or ear defect (215 patients)

Phenotype Patients
Extrarenal
Phenotypea

Family History

Renal Defect Nonrenal Defect

Main CAKUT phenotype
Bilateral kidney agenesis 46 14 14
Bilateral multicystic dysplasia 12 3 2
Unilateral kidney agenesis 15 10 7 2b,c

Unilateral kidney agenesis plus secondary CAKUT phenotyped 23 7 6 1b

Unilateral multicystic dysplasia 5 3 2
Unilateral multicystic dysplasia plus secondary CAKUT phenotyped,e 9 4 2 1f

Renal hypoplasia 22 10 6 1b

Renal hypoplasia plus secondary CAKUT phenotyped,g 34 12 9 2c,h

Renal dysplasiai 21 8 7
Renal dysplasia plus secondary CAKUT phenotyped,j 6 1 2
Otherk 11 7 6
Total 204 79 63 7

Branchial signs and/or ear defect without CAKUT phenotype 11 11 0
aIncludes Mullerian anomalies, urogenital sinus, testis agenesis, anal atresia, cardiopathy, VATER (vertebrae, anus, trachea, esophagus, renal) syndrome, di-
aphragmatic hernia, cystic adenomatoid lung malformation, lung isomerism, bone defect (ribs, vertebra, or polydactyly), eye defect (coloboma or morning glory
syndrome), external ear abnormalities, deafness, branchial defect, pancreatic hypoplasia, abnormal teeth, liver defect, microcephaly, dysmorphic features, central
nervous system anomaly, intellectual disability, and mellitus diabetes.
bParent with BO without renal defect.
cParent with deafness without renal defect.
dIncludes all patients with two CAKUT phenotypes (e.g., unilateral kidney agenesis plus contralateral multicystic dysplastic kidney and renal hypoplasia plus
pelviureteric junction obstruction).
eDoes not include unilateral multicystic dysplasia plus unilateral kidney agenesis, which is counted in the unilateral kidney agenesis plus secondary CAKUT di-
agnosis.
fParent with diabetes without renal defect.
gDoes not include renal hypoplasia plus unilateral kidney agenesis, which is counted in unilateral kidney agenesis plus secondary CAKUT diagnosis, or renal hy-
poplasia plus unilateral multicystic dysplasia, which is counted in multicystic kidney dysplasia plus secondary CAKUT.
hParent with coloboma without renal defect.
iRenal dysplasia was defined by histology of the kidney and/or hyperechogenicity of the renal parenchyma at ultrasound with or without cysts.
jDoes not include renal dysplasia plus unilateral multicystic dysplasia, plus unilateral renal agenesis, or plus renal hypoplasia and/or plus renal ectopy, plus hy-
dronephrosis, or plus vesicoureteral reflux.
kIncludes vesicoureteral reflux, pelviureteric junction obstruction, obstructive megaureter, hydronephrosis without further known diagnosis, and renal ectopy.
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CAKUT, namelyHNF1B, PAX2, EYA1, ANOS1, GATA3, CHD7,
and KIF14 (Figure 2, Table 3). Three of the mutations/dele-
tions, affecting GATA3 or KIF14, were identified in patients
who had been previously screened for HNF1B, PAX2, and/or

EYA1 by Sanger sequencing and remained unsolved. Renal
phenotypes, extrarenal anomalies, and mutation inheritance
are shown in Table 3 (Supplemental Table 1). As frequently
observed for patients with mutations in these genes, 16 of the

Figure 1. Identification of de novo PBX1 mutations in three families and deletions in two families. (A) Pedigrees of three families with
one affected individual (in black) carrying a de novo point mutations in PBX1. The affected individual in family 1 (K175) was a 21-year-
old woman presenting with renal hypoplasia and deafness. The affected individual in family 2 (K179) was a 12-year-old girl presenting
with small hyperechogenic kidneys with cysts, developmental delay, growth retardation, and long and narrow face. The affected in-
dividual in family 3 (K186) was a male fetus with extremely severe renal hypoplasia. Loss of function mutations (deletion of one base
leading to a frameshift, nonsense mutation, or nucleotide change in the consensus acceptor splice site located in 39 of intron 3)
identified in patients K175, K179, and K186, respectively, were validated by Sanger sequencing. Absence of the mutation in the
parents showed de novo occurrence in all patients. NT, not tested. (B) Pedigree of family 4 with a 40-year-old woman (K181) affected
with small and dysplastic horseshoe kidney and deafness. NGS analysis of patient DNA revealed a reduced number of reads for all of
the exons of PBX1 (in red) compared with the mean number of reads for the 37 other DNAs analyzed in the same run (in green),
suggesting deletion of one PBX1 allele. Haplotypes of the affected woman and her parents were generated using four known mi-
crosatellite markers upstream and downstream of PBX1 (markers A, B, G, and H) as well as four intragenic PBX1 markers (markers C–F).
Genomic positions of the microsatellite markers (on Human Genome version GRCh38.p7 from Ensembl) are A (D1S2675):
chr1:162,240,203–162,240,364; B (D1S2844): chr1:162,979,036–162,979,218; C (in PBX1 intron 1): chr1:164,562,253–164,562,694; D
(in PBX1 intron 2): chr1:164,651,731–164,652,170; E (in PBX1 intron 2): chr1:164,707,219–164,707,656; F (in PBX1 intron 8):
chr1:164,833,830–164,834,270; G (D1S2762) chr1:166,986,900–166,987,137; and H (D1S196): chr1:167,635,063–167,635,195. De-
letion of a ,4-Mb region encompassing PBX1 located on the maternally inherited chromosome was shown by the lack of maternal
contribution for markers C–F (genotypes are in Supplemental Table 3). (C) Pedigree of family 5 with a 2-year-old infant boy (K136)
presenting with a single hyperechogenic kidney associated with developmental delay, microcephaly, and facial dysmorphism (with
long and narrow face as well as abnormal ear lobes). The mother was presenting pyeloureteric junction obstruction. NGS analysis of
K136 DNA revealed a reduced number of reads for all of the exons of PBX1 (in red) compared with the mean number of reads for the 38
other DNA analyzed in the same run (in green), suggesting deletion of one PBX1 allele. Validation of this deletion and identification of
its extent and de novo occurrence were performed by CGH analysis (Supplemental Figure 1).
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patients had extrarenal symptoms. Notably, the fetuses with
biallelic KIF14 mutations presented severe microcephaly and
agenesis of the corpus callosum as recently reported.14 Four-
teen patients were sporadic, and de novo occurrence of the
mutationwas shown for the five families with available parental
DNA. Somatic mosaicism in the mother was identified in one
patient with a PAX2mutation. Ten patients had a family history
of CAKUT (Supplemental Table 1, Table 3), and presence of the
mutation was shown in the affected related individual in the
seven tested families. In addition, in six patients with a family

history of branchial and/or ear defect (three patients), deafness
(one patient), diabetes (one patient), or coloboma (one pa-
tient), mutations were inherited from a parent with branchial
and/or ear defect (EYA1), diabetes (HNF1B), coloboma
(PAX2), or deafness (GATA3) but no renal defect in agreement
with incomplete penetrance of the renal defect associated with
mutations in these genes.15–17 Altogether, 11 mutations were
large deletions removing all exons of HNF1B (eight), GATA3
(two), or PAX2 (one); five were intragenic deletions removing
few exons of PAX2 (two), EYA1 (one), ANOS1 (one), or KIF14

(one; homozygous); and 18 were point mu-
tations (including small deletions up to 9
bp), all absent from the ExAC, except for
one EYA1 mutation that was present
with a frequency of one of 66,722 in the
European population. The 15 heterozygous
large deletions were confirmed by either
CGH or multiplex ligation–dependent
probe amplification, and the homozygous
deletion of KIF14 was confirmed by
sequencing of a cDNA synthesized from
kidney RNA of the affected fetus (Supple-
mental Figure 4).

We also identified 21 rare heterozygous
damaging variants in 12 genes reported as
involved in dominant forms of CAKUT in a
total of 17 individuals with CAKUT (Table
4). Extrarenal symptoms usually associated
with mutations in some of these genes were
never observed in these patients. All of the
variants were missense predicted to be
damaging by at least three of the five pre-
diction programs used, and 13 of them,
affecting a total of ten genes (BICC1,
CDC5L, CHD1L, NOTCH2, RET, SALL1,
SALL4, TBC1D1, TBX18, and TNXB),

Table 2. De novo loss of function variants in PBX1 (NM_002585)

Patient
Kidney

Phenotype
Renal Function

Extrarenal
Phenotype

Nucleotide Change Protein Change

K175 Bilateral hypoplasia eGFR=40 ml/min
per 1.73 m2 (21 yr)

Deafness plus
scoliosis

c.[428delA];[=] p.[Asn143Thrfs*37];[=]

K179 Bilateral cystic
hypodysplasia

eGFR=51 ml/min
per 1.73 m2 (11 yr)

Dysmorphic features
plus developmental
delay

c.[550C.T];[=] p.[Arg184*];[=]

K186 Bilateral hypoplasia with
oligonephronia

Oligoamnios No c.[511–2A.G];[=]

K181 Hypoplasic horseshoe
kidney, absence of
corticomedullar
differentiation

eGFR=40 ml/min
per 1.73 m2 (39 yr)

Deafness c.[(?_230)_(*220_?)del];[=]

K136 Unilateral agenesis/small
hyperechogenic kidney

Normal renal
function (18 mo)

Dysmorphic features
plus intellectual
disability

c.[(?_230)_(*220_?)del];[=]

Figure 2. Identification of causative mutations/deletions in 36 of the 204 CAKUT
cases. For each gene (ANOS1, CHD7, EYA1, GATA3, HNF1B, KIF14, PAX2, and
PBX1), the proportions of patients with mutations and deletions are shown in dark and
light colors, respectively. All of the mutations/deletions are heterozygous, except for
KIF4, for which they are biallelic.
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Table 3. Causative mutations in known genes associated with highly penetrant CAKUT phenotype

Patient
Renal

Phenotypea
Extrarenal Phenotype

Causal
Gene

NM_ref Nucleotide Change Protein Change

Rare variants in individuals
with CAKUT
K4 RH Bifid uterus HNF1B 000458 c.[(?_230)_(*220_?)del];[=]
K50 UMD+ No HNF1B 000458 c.[(?_230)_(*220_?)del];[=]
K103 RD+ No HNF1B 000458 c.[(?_230)_(*220_?)del];[=]
K124 RD+ No HNF1B 000458 c.[(?_230)_(*220_?)del];[=]
K143 RD+ No HNF1B 000458 c.[(?_230)_(*220_?)del];[=]
K172 UMD+ Diabetes plus cryptorchidy HNF1B 000458 c.[(?_230)_(*220_?)del];[=]
K185 RD No HNF1B 000458 c.[(?_230)_(*220_?)del];[=]
K203 RD No HNF1B 000458 c.[(?_230)_(*220_?)del];[=]
K170 RH+ No HNF1B 000458 c.[344+2_+5del];[=]
K72 RH Papillary excavation PAX2 003987 c.[(?_230)_(*220_?)del];[=]

K62 RH Eye coloboma PAX2 003987 c.[?230_410+?del];[=]
K79 RD Papillary coloboma PAX2 003987 c.[442?_496+?del];[=]
K117 RH No PAX2 003987 c.[183C.A];[=] p.[Ser61Arg];[=]
K133 RH+ Papillary coloboma PAX2 003987 c.[76del];[=] p.[Val26Cysfs*3];[=]
K146 RH+ No PAX2 003987 c.[446del];[=] p.[Pro149Glnfs*10];[=]
K148 RH No PAX2 003987 c.[76dup];[=] p.[Val26Glyfs*28];[=]

K176 RH+ No PAX2 003987 c.[331G.A];[=] p.[Ala111Thr];[=]
K199 Oth Papillary coloboma PAX2 003987 c.[212G.A];[=] p.[Arg71Lys];[=]
K80 UKA+ Preauricular pit plus ear tag EYA1 000503 c.[5572?_1597+?del];[=]
K78 BKA No EYA1 000503 c.[967–1G.C ]:[=]
K119 RH Branchial defect plus deafness EYA1 000503 c.[1459T.C];[=] p.[Ser487Pro];[=]
K135 UKA Preauricular pit EYA1 000503 c.[553C.T];[=] p.[Gln185*];[=]
K145 RH Branchial defect EYA1 000503 c.[1338_1346del];[=] p.[Asn446_Tyr448del];[=]
K101 UKA Ear tag plus external ear

canal stenosis
GATA3 001002295 c.[(?_230)_(*220_?)del];[=]

K167 UKA Deafness plus intellectual disability GATA3 001002295 c.[(?_230)_(*220_?)del];[=]
K48 RH+ No GATA3 001002295 c.[829C.T];[=] p.[Arg277*];[=]
K158 BKA No ANOS1 000216 c.[?230_255+?del]
K26 BKA No ANOS1 000216 c.[769C.T];[=] p.[Arg257*];[=]
K160 UKA Deafness plus branchial

defect plus colobomatous
microphtalmia

CHD7 017780 c.[5050G.A];[=] p.[Gly1684Ser];[=]

K73 RH+ Lissencephaly plus agenesis
of corpus callosum

KIF14 014875 c.[35672?_4072+?del];
[(3567-?_4072+?del)]

K195 BKA Craniostenosis plus
microcephaly plus agenesis
of corpus callosum

KIF14 014875 c.[3910C.T];[1090C.T] p.[Gln1304*];[Arg364Cys]

Rare variants in individuals
with branchial signs and/or
ear defect without CAKUT
phenotype
BO4 No Branchial defect plus

preauricular pit
plus deafness

EYA1 000503 c.[1081C.T];[=] p.[Arg361*];[=]

BO5 No Branchial defect
plus deafness

SIX1 005982 c.[273_274insC];[=] p.[Tyr92Leufs*62];[=]

PP2, Polyphen2; MT, MutationTaster; GVDV, Grantham variation score and Grantham difference score; RH, renal hypoplasia; NA, not available; UMD, unilateral
multicystic dysplasia; RD, renal dysplasia; Oth, other; UKA, unilateral kidney agenesis; BKA, bilateral kidney agenesis; NFE, non-Finnish European population.
aPlus indicates presence of (a) secondary CAKUT phenotype(s).
bConsidered as deleterious when $50.
cConsidered as deleterious when $C25.
dPatient with sporadic case.
ePatient with familial case.
fParent affected with diabetes without renal defect.
gParent affected with coloboma without renal defect.
hMutation transmitted to a son with coloboma without renal defect.
iParent affected with BO without renal defect.
jParent affected with deafness without renal defect.
kClinical information not available.
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were absent from the ExAC. This suggests a causative effect for
these variants, which remains to be shown. Of note, two of
these variants were present in individuals with a pathogenic
mutation identified (one variant in CDC5L in a child with a
causative mutation in CHD7 and one in TBX18 in a fetus
with a causative de novomutation inGATA3), thus questioning
the effect of these additional variants. Other patients were
carrying variants in several genes, which may suggest

oligogenic inheritance but also, highlights the arduousness
of the interpretation of the variants (Table 4).

In addition, using less stringent criteria for variant filtering,
we identified four previously reported mutations with fre-
quency in the ExAC that was above the one to 5000 threshold
(Table 4). The RET p.Asp567Gln variation in a fetus with bi-
lateral kidney agenesis (that patient has already been report-
ed13) was inherited from his unaffected father and not carried

Table 3. Continued

PP2 Sift MT Granthamb GVDVc No. of Missense
Deleterious Scores

Splice
Effect, %

ExAC Inheritance Ref.

0 NAd 36
0 Affected mothere

0 Affected mothere

0 De novod

0 De novod

0 Affected motherf

0 NAd

0 NAe

2100 0 NAd

0 Germinal mosaicism/
two affected childrene

37

0 NAd

0 De novod

1 0 dc 110 C0 4/5 0 De novod

0 Affected motherg 38
0 NAd

0 Unaffected mother
(somatic mosaicism)d

39

0.998 0 dc 58 C0 4/5 0 Affected mothere 40
0.974 0 dc 26 C0 3/5 249 0 NAe,h 41

0 Affected motheri

2100 0 Affected fathere 42
0.132 0.07 dc 74 C0 2/5 0.0015% NFE Affected fatheri 43

0 Affected motheri 44
0 Affected fathere

0 Affected fatherj 45

0 NAd

0 De novod 46
0 Unaffected mothere 47
0 NAd 48

0.929 0 dc 56 C55 5/5 238 0 Fatherk 49

0 NAd

1 0 dc 180 C0 4/5 0 One mutation from
each parente

0 De novod 50

0 Affected motheri
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Table 4. Variants in other genes reported in dominant forms of CAKUT, including previously reported variants and novel rare
variants

Patient
Renal

Phenotypea
Extrarenal Phenotype Gene NM_ref Nucleotide Change

Novel rare variants
in individuals with
CAKUT
K94 UKA+ Didelphys uterus BICC1 001080512 c.[2264C.G];[=]
K127 UKA+ No BICC1 001080512 c.[1052G.A];[=],

K160 UKA Deafness plus branchial defect plus
colobomatous microphtalmia

CDC5L 001253 c.[2240T.G];[=]

K162 RH+ Palate cleft plus
preauticular pit

CDC5L 001253 c.[251C.G];[=]

K70 BMD No CHD1L 004284 c.[1557A.C];[=],
K127 UKA+ No DSTYK 015375 c.[2674G.A];[=]

K32 RH No NOTCH2 024408 c.[1063G.A];[=]

K70 BMD No NOTCH2 024408 c.[5156G.A];[=]

K190 RH+ No NOTCH2 024408 c.[854G.A];[5903C.T]

K83 BMD No RET 020975 c.[2063C.T];[=]

K91 UKA No RET 020975 c.[1903C.T];[=]

K69 BMD No SALL1 002968 c.[3771C.G];[=]

K70 BMD No SALL4 020436 c.[2492G.A];[=]
K29 BKA Small testis SIX5 175875 c.[2189C.T];[=]
K56 RD Interventricular communication plus

intrauterine growth retardation
TBC1D1 015173 c.[2790G.A];[=]

K105 RH+ No TBC1D1 015173 c.[2152C.T];[=]
K21 BMD No TBX18 001080508 c.[610C.T]; [=]
K48 RH+ No TBX18 001080508 c.[1483C.A];[=]
K192 BKA No TBX18 001080508 c.[772A.G]; [=]
K169 UKA+ No TNXB 019105 c.[563C.T]; [=]

Previously reported
variantsf in
individuals with
CAKUT
K3 BKA Right ventricular dilation RET 020975 c.[1699G.A];[=]

K32 RH No RET 020975 c.[2081G.A];[=]

K127 UKA+ No SOX17 022454 c.[775T.A]; [=]
Previously reported
variantsf in
individuals with BO
BO11 No Deafness DSTYK 015375 c.[654+1G.A];[=]

UKA, unilateral kidney agenesis; NA, not available; RH, renal hypoplasia; BMD, bilateral multicystic dysplasia; NFE, non-Finnish European; EAS, East Asian; AMR,
Latino; SAS, South Asian; BKA, bilateral kidney agenesis; RD, renal dysplasia; FIN, Finnish; OTH, Other populations.
aPlus indicates presence of (a) secondary phenotype(s).
bNumber of programs that predicted the variant as damaging among Polyphen2 (probably and possibly damaging), Sift (deleterious),MutationTaster (deleterious),
Grantham (considered as deleterious when $50), and Grantham variation score and Grantham difference score (considered as deleterious when $C25).
cOnly variant frequencies in the population with the higher level are indicated.
dSporadic.
eFamilial.
fVariant reported in the literature with a frequency in the ExAC above the one to 5000 threshold.
gClinical information not available.
hMother affected with deafness without renal defect.
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by his sister, who presented with a less severe renal phenotype.
This variant was identified in 19 individuals without CAKUT
(seven being unrelated) from our in-house exome database
(.8000 exomes). The RET p.Arg694Gln variation detected
in a fetus with bilateral hypoplasia has been reported in a pa-
tient with Hirschsprung disease without associated renal in-
volvement.18 This mutation has low pathogenicity scores. The
SOX17 p.Tyr259Asn variation, previously reported to be as-
sociatedwith vesicoureteral reflux,19 was identified in a patient

also carrying missense variants in BICC1 and DSTYK. That
SOX17 variant was inherited from his unaffected father. It is
found with a frequency of one in 181 in the European popu-
lation in the ExAC and in 82 individuals without CAKUT in
our in-house exome database. Finally, the DSTYK splice var-
iant (c.654+1), recently reported in a large family with CA-
KUT,20 was identified in a BO individual with normal renal
ultrasound scan. That variant is found in the ExAC database
with a frequency of one in 3563 in the European population

Table 4. Continued

Amino Acid Change
No. of Missense

Deleterious Scoresb
ExACc Inheritance Ref. Other Variant(s)

p.[Thr755Arg];[=] 4/5 0 NAd

p.[Cys351Tyr];[=] 3/5 0 Unaffected mother plus
affected brothere

DSTYK, SOX17f

p.[Leu747Trp];[=] 4/5 0 Fatherg CHD7 causative

p.[Thr84Ser]; [=] 5/5 0 NAe

p.[Lys519Asn];[=] 4/5 0 NAd NOTCH2, SALL4
p.[Asp892Asn];[=] 3/5 0.0075% NFE Unaffected mother plus affected

brothere
BICC1, SOX17f

p.[Asp355Asn];[=] 3/5 0.0015% NFE NAd RET f

p.[Arg1719Gln];[=] 3/5 0.012% EAS NAd CHD1L, SALL4
p.[Arg285His] 4/5; 5/5 0.0087% AMR; 0 One from each parenth

[Ala1968Val]
p.[Ser688Phe];[=] 5/5 0 Unaffected fathere

p.[Arg635Cys];[=] 5/5 0.012% SAS Unaffected mother plus affected
brothere

p.[Asn1257Lys];[=] 4/5 0 NAd

p.[Arg831Gln];[=] 3/5 0 NAd CHD1L, NOTCH2

p.[Ser730Leu];[=] 4/5 0.012% NFE NAd

p.[Met930Ile];[=] 3/5 0 NAd

p.[Arg718Cys];[=] 4/5 0.015% FIN NAd

p.[His204Tyr];[=] 5/5 0.0015% NFE NAd

p.[Gln495Leu];[=] 5/5 0 Unaffected fatherd GATA3 causative
p.[Ile258Val];[=] 3/5 0 NAd

p.[Pro188Leu];[=] 3/5 0g NAd

p.[Asp567Asn];[=] 3/5 0.11% OTH Unaffected father (absent in
affected sister)e

13

p.[Arg694Gln];[=] 2/5 0.049% SAS NAd 18 NOTCH2

p.[Tyr259Asn];[=] 2/5 1.75% OTH Unaffected father plus affected
brothere

19 BICC1, DSTYK

0.088% AMR NAd 20
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and was identified in 11 individuals without CAKUT (ten be-
ing unrelated) in our in-house exome database.

Burden Analyses of Rare Variants in Patients with
Unsolved Cases
Finally, for the 168 patients with no mutation identified in
PBX1 or any of the highly penetrant CAKUT genes (HNF1B,
PAX2, EYA1, ANOS1, GATA3, CHD7, or KIF14), we
performed a burden test to look for genes with an enrichment
in rare variants. When considering only loss of function var-
iants, we did not identify any gene with nominal P value
,0.05. When considering loss of function plus missense, we
identified a few genes with nominal P value,0.05, but none of
them reached significance with Bonferroni correction
(P,1.531024). These results are shown in Supplemental
Table 5.

DISCUSSION

Whole-exome sequencing is currently considered as the opti-
mal approach for identifying new genes involved in human
diseases. However, targeted exome sequencing, because it of-
fers the advantage to analyze larger series of patients for the
samecost,may provemore efficient formutation identification
in the context of highly genetically heterogeneous diseases,
such as CAKUT, provided that the gene selection is relevant.
Analysis of candidate genes allowed us to identify five de novo
PBX1 mutations/deletions, including three loss of function
point mutations, showing that this gene is a novel CAKUT
gene. PBX1 encodes the Pre-B Cell Leukemia Transcription
Factor 1, a TALE homeodomain transcription factor known to
play a crucial role in several developmental processes and
modify Hox gene activity.21 In the mouse, Pbx1 was notably
shown to play a role during kidney development.22,23 It is ex-
pressed in the nephrogenic mesenchyme, weakly in the in-
duced mesenchyme and strongly in the stroma after ureteric
bud invasion. Its expression decreases when cells undergo ep-
ithelial differentiation, whereas it increases in glomerular cells
at the stage of capillary loop extension. Except for Pdgfrb,
which was recently reported as a direct target gene during
vascular patterning,24 Pbx1 transcriptional targets in the kid-
ney remain largely unknown. Although no defect was reported
in Pbx1+/2 kidneys, a majority of Pbx12/2 embryos exhibit
hypoplastic kidneys (30% with unilateral kidney agenesis),
poorly defined cortical and medullary regions (E13.0), and a
reduced number of differentiating nephrons (E14.5). Mutant
kidneys were also reported to be mispositioned caudally. His-
tologic analysis revealed defects in ureteric branching and ab-
normal expansion of induced mesenchyme, arising from a
mesenchymal dysfunction that led to a reduced mesenchymal
to epithelial differentiation.23 Pbx12/2 mouse kidney pheno-
types are thus highly reminiscent of those of the patients with
heterozygous PBX1 mutations (hypoplastic kidneys [all pa-
tients], unilateral agenesis [K136], oligonephronia [K186],

and horseshoe kidney with absence of corticomedullar differ-
entiation [K181]). A phenotype associated with haploinsuffi-
ciency in human but not in mouse has already been reported
for other transcription factor–encoding genes involved in kid-
ney development (e.g., HNF1B, SIX1, and SIX2).

In 2012, Sanna-Cherchi et al.9 reported a 0.5-Mb de novo
deletion at 1q32, including PBX1, in a patient with renal hy-
poplasia. More recently, the study of overlapping deletions on
the long arm of chromosome 1 in several patients presenting
with renal malformation associated with other defects sugges-
ted that haploinsufficiency of PBX1 might be responsible for
the renal phenotype.25 Our data confirm that hypothesis, be-
cause three PBX1 mutations were de novo point mutations
leading to a null allele. As for CAKUTassociated with hetero-
zygous mutations in genes encoding other transcription fac-
tors (HNF1B, PAX2, EYA1, and SALL1), the severity of the
renal disease associated with PBX1 defect seems variable: the
oldest patient presents with stage 3 renal failure (eGFR of 40
ml/min per 1.73 m2) at the age of 39 years old, whereas the
fetal case showed major renal hypoplasia leading to oligohy-
dramnios. This could be due to variants in modifier genes.
Associated deafness was present in two of the five patients
with PBX1 mutation/deletion who were not carrying addi-
tional mutation or deletion of PAX2, GATA3, EYA1, or SIX1,
four genes with mutations that may lead to deafness. In a
mouse cochlear hair cell line, Pbx1 is coexpressed with
Gata3,26 suggesting that PBX1mutations might be responsible
for deafness. However, the majority of patients with large de-
letions at 1q23.3q24.1 removing PBX1 do not have deafness.25

Microcephaly, facial dysmorphism, ear anomalies, and devel-
opmental delay in a family 5 patient were reported in other
patients with large deletions at that locus25; however, devel-
opmental delay and facial dysmorphism were also present in
the patient from family 2 carrying a PBX1 nonsense mutation.
Screening of larger series of patients with CAKUT for muta-
tions in PBX1will be necessary tomore precisely evaluate their
association with extrarenal phenotypes.

Our strategy of targeted exome sequencing also allowed us
to improve the efficiency of identification of causative muta-
tions in patients with known CAKUT compared with our pre-
vious workflow (by Sanger sequencing andMLPA analysis), in
which only HNF1B, PAX2, and/or EYA1 were screened. Alto-
gether, causative mutations, including the five PBX1 muta-
tions, were identified in 36 of the 204 (17.6%) patients with
CAKUT. This rate is far above that reported recently by a sim-
ilar NGS approach (six of 453),11 and this is likely due, at least
in part, to the fact that the spectrum of phenotypes included
was different. We only included CAKUT affecting both kid-
neys and/or familial and/or syndromic forms, excluding pos-
terior urethral valves known to be most frequently sporadic,
whereas Nicolaou et al.11 included unilateral forms and many
posterior urethral valves. The rate of mutation that we ob-
served here is also higher than that reported by Thomas
et al.6 but close to that reported by Weber et al.5 or Madariaga
et al.7 Of note, the proportion of patients with HNF1B, PAX2,
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or EYA1 mutations is probably slightly biased downward, be-
cause our cohort included 50 patients already known not to
carry mutations in these genes. Interestingly, 40% of the iden-
tified mutations are deletions, removing either a few exons or
the whole gene. Indeed, a major advantage of NGS is the iden-
tification of both point mutations and deletions (intragenic
and whole-gene deletions) in a sole experiment. In addition to
HNF1B deletions, heterozygous deletions, which would
not have been diagnosed by our previous workflow, were
identified in PAX2, EYA1, GATA3, and ANOS1. Also, one
homozygous intragenic deletion ofKIF14was shown in a con-
sanguineous family. No mutation was identified in ITGA8 or
FGF20, two genes recently reported as responsible for autoso-
mal recessive bilateral kidney agenesis.27,28

Among variants identified in this study, some are in other
genespreviously reported as responsible fordominantCAKUT
(Table 4). However, although these variants met criteria sup-
porting their pathogenicity (absence or low frequency in the
ExAC and pathogenicity scores indicating deleterious effect),
in the seven patients whose parents could be tested, the vari-
ants were inherited from an unaffected parent (Table 4), thus
questioning their causality. In one patient with renal cystic
hypodysplasia and deafness, compound heterozygous variants
in NOTCH2 were shown in the index patient, the significance
of which is unknown. Growing numbers of available data re-
garding the frequency of variants among large control popu-
lations can lead variants initially considered as pathogenic to
be reclassified. The frequency of the SOX17 p.Tyr259Asn var-
iation in the ExAC and our in-house database indicates that
this variant is likely not causative, although it could be an at-
risk allele as recently proposed.29 As for the DSTYK splice
variant (c.654+1)20 that we identified in a BO individual with-
out any renal involvement, the rate of this variant in the ExAC
and our in-house database supports that, if involved in the
development of a CAKUT phenotype, it has an incomplete
penetrance. This highlights the fact that one must be cautious
when interpreting variants reported as pathogenic in the lit-
erature. Indeed, some of them can reveal as low-penetrance
alleles, modifiers, or even frequent polymorphisms instead of
causative mutations.

Except for KIF14, no ballelic mutationwas identified in any
of the genes previously reported in recessive forms of CAKUT.
As in the work by Nicolaou et al.,11 we did not identify any
significant increase in rare variants in any of the tested genes,
reflecting the complexity of genetic studies in CAKUT. More-
over, no pathogenic mutation or rare variant of unknown sig-
nificance was identified in 40% of our series (Supplemental
Table 1). Although mutations or CNVs in gene(s), noncoding
regions, or microRNAs not targeted by our capture library
could be involved in some of these patients, somatic events
and/or environmental factors or epigenetic mechanisms likely
explain at least part of this large fraction of patients. The fa-
milial aggregation of CAKUT as well as the wide spectrum of
severity of the phenotypes suggest a complex genetic architec-
ture as observed in neurodevelopmental disorders.30 This

would fit with a model in which various combinations of var-
iants as well as environmental factors will cause early kidney
development insults and act together to alter renal and urinary
tract formation. The timing, severity, location, and extent of
the “deviation from an optimal renal developmental program”

may determine the ultimate phenotype. Collaborative effort
will be essential in the future to test a larger number of indi-
viduals by whole-exome sequencing, classify variants, and
establish high-throughput functional assays to successfully de-
cipher the complex genetic mechanisms of CAKUT and be
able to propose appropriate genetic tests and counseling for
the families.

During the review process of the paper, Le Tanno et al.31

reported a novel series of de novo 1q23.3-q24.1 microdeletions
in patients with syndromic CAKUT. The patient carrying the
smallest deletion, limited to PBX1, presented with mild de-
velopmental delay and hearing loss, which was observed in
two patients of our series harboring PBX1 point mutations.

CONCISE METHODS

Design of the Targeted SureSelect Library
The 330 genes included in our panel are shown in Supplemental Table

2 and include 55 genes with mutations reported in the literature in

patients with isolated and/or syndromic CAKUT and 275 candidate

genes (including 104 genes with knockout inmouse that led to kidney

developmental defects, 84 genes involved in cellular processes/signal-

ing pathways relevant for kidney development, 11 genes with a role in

ureter/bladder development, 57 genes encoding reported targets of

transcription factors WT1 or HNF1B, and 19 homologs of genes in

the sublists above expressed during kidney/lower urinary tract devel-

opment). The custom SureSelect gene panel was designed using the

SureDesign software (Agilent). The target regions covered 1.38 Mb,

including coding exons and splice junctions.

Targeted Exome Sequencing and Prioritization of
the Variants
DNAwas extracted from blood cells (living patients) or frozen tissues

(fetuses). The study was approved by the Comité de Protection des

Personnes pour la Recherche Biomédicale Ile de France 2, and

informed consent was obtained from the patients or parents. Illu-

mina-compatible precapture barcoded genomic DNA libraries were

constructed, and a series of 16 or 36 barcoded libraries was pooled at

equimolar concentrations. The capture process was performed ac-

cording to the SureSelect protocol (Agilent) and sequencing on an

Illumina HiSeq2500. Sequences were aligned to the reference human

genome hg19 using the Burrows–Wheeler Aligner.

Themeandepthof coverage ranged from215 to719,with$98%of

the bases covered at least 303 (SupplementalMaterial). Variants were

prioritized according to their frequency in the ExAC database32 and

their predicted damaging effect. For known CAKUT genes, we se-

lected previously published variants as well as nonsense, frameshift,

splice variants, and missense predicted as damaging by at least three

of five used prediction programs (Polyphen2, Sift, MutationTaster,
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Grantham score, and Align-GVGD) (Supplemental Material) with a

minor allele frequency #1/5000 for genes involved in dominant

forms and#1/1000 for those involved in recessive forms. For candi-

date genes, only variants that were absent from the ExAC were

retained.

To evaluate duplication and large deletion events, for each indi-

vidual, the relative read count for each targeted regionwas determined

as the ratio of the read count for that region divided by the total

absolute read counts of all targeted regions of the design. The ratio

of the relative read count of a region in a given individual over the

average relative read counts in other individuals of the run resulted in

the estimated copy number for that region in that individual (method

adapted from ref. 33).

Burden Test
To look for an excess of rare variants in the 330 genes in patients with

CAKUT, we conducted a burden test using the Madsen and Browning34

Wilcoxon rank sum test and the SKAT-o test35 as implemented

in EPACTS software (http://genome.sph.umich.edu/wiki/EPACTS).

For the patients, we included the 168 patients with no mutation

identified in PBX1 or any of the highly penetrant CAKUT genes

(HNF1B, PAX2, EYA1, ANOS1, GATA3, CHD7, or KIF14). For the

controls, we used 426 unrelated individuals who were unaffected

parents of children presenting with immune deficiency that were

sequenced by whole-exome sequencing on the same genomic plat-

form. Variants in patients and controls were called together. Variants

were filtered according to their frequency in public databases (the

ExAC, dbSNP, 1000G, and EVS) using two different thresholds

(,0.01% and,0.001%), and we then considered either loss of func-

tion variants (nonsense, frameshift, splice, start loss, and stop loss)

or loss of function plus missense predicted as damaging by Polyphen2

(score .0.470) and Sift (score ,0.05). Large deletions were not taken

into account in this analysis.
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Supplemental methods 

Targeted exome sequencing:  design, sequencing, and prioritization of the variants  

We developed a targeted exome sequencing strategy focusing on 330 genes (Table S2) 

including (a) known causative or likely causative genes, with mutations reported in the 

literature in cases with isolated and/or syndromic CAKUT (55 genes),1-50 (b) genes whose 

knock-out in mouse lead to kidney developmental defects (104 genes),51-142 (c) genes 

involved in cellular processes/signaling pathways relevant for kidney development (84 

genes),143-200 (d) genes with a role in ureter/bladder development (11 genes),201,202 (e) 

potential targets of transcription factors WT1 or HNF1B (57 genes),204-206 and (f) gene related 

to gene(s) in group (a) to (e), expressed during kidney/LUT development (19 genes). A 

custom SureSelect gene panel was designed using the SureDesign software (Agilent). The 

target regions covered 1.38 Mb, including coding exons and splice junctions of the 330 genes. 

Illumina compatible precapture barecoded genomic DNA libraries were constructed 

according to the manufacturer’s protocol (Ovation Ultralow, Nugen Technologies). Briefly, 1 

to 3 µg of each double strand genomic DNA was mechanically fragmented to a median size 

of 200 pb using a Covaris, 100 ng was end-repaired and Illumina compatible adaptors 

containing a specific 8 bases barecode were ligated to the repaired ends (one specific 

barecode per patient). DNA fragments were PCR amplified to get the final precapture 

barecoded libraries and series of 16 or 36 barecoded libraries were pooled at equimolar 

concentrations. The capture process was performed according to the SureSelect protocol 

(Agilent) using 750 ng of the pool and 2µl or 3µl of biotinylated probes from the SureSelect 

panel (for pools of 16 or 36 libraries respectively). The barecoded libraries molecules 

complementary to the biotinylated probes retained by streptavidine coated magnetic beads 

were PCR amplified to generate a final pool of postcapture libraries. Sequencing was 

performed on an Illumina HiSeq2500 (Paired-End sequencing 130 x130 bases, High 



Throughput Mode, 36 libraries per lane). After demultiplexing, sequences were aligned to the 

reference human genome hg19 using the Burrows-Wheeler Aligner. Downstream processing 

was carried out with the Genome Analysis Toolkit (GATK), SAMtools and Picard, following 

documented best practices (https://software.broadinstitute.org/gatk/best-practices/). Variant 

calls were made with the GATK Unified Genotyper. The annotation process was based on the 

latest release of the Ensembl database. Variants were annotated and analysed using the 

Polyweb software interface designed by the Bioinformatics platform of University Paris 

Descartes.  

Prioritization of the variants was performed thanks to the polyweb interface. For known 

CAKUT genes, we filtered the variants whose frequency in ExAC was higher than 0,02% for 

genes reported in dominant CAKUT, or higher than 0,1% for those reported in recessive 

forms. For candidate genes, more stringent criteria were used in order to focus on the most 

promising genes and only variants absent in ExAC were retained. In addition, all variants 

identified in our in-house database (> 8000 exomes) in more than 5 independent sequencing 

projects of patients with various non-CAKUT phenotypes were eliminated. For missense 

variants, prediction of damaging effect was based on PolyPhen2,207 Sift,208 Mutation Taster,209 

Grantham score,210 and GVGD.211 Prediction of the effect of variants on splicing were based 

on SpliceSiteFinder, MaxEntScan, NNSPLICE, GeneSplicer and HumanSplicingFinder 

through Alamut.212  

 

 



	
  

	
  

Figure	
  S1	
  :	
  Identification	
  of	
  a	
  mosaic	
  deletion	
  including	
  PBX1	
  in	
  the	
  long	
  arm	
  of	
  

chromosome	
  1	
  in	
  case	
  K136	
  by	
  CGH	
  array	
  

Array	
  CGH	
  analysis	
  of	
  DNA	
  extracted	
  from	
  lymphocytes	
  of	
  case	
  K136	
  was	
  performed	
  on	
  an	
  

Agilent	
  60K	
  oligonucleotide	
  microarray	
  (Agilent	
  Technologies,	
  Santa	
  Clara,	
  CA,	
  USA).	
  Result	
  

showing	
   the	
  1q23.3q24.3	
  deletion	
   (left).	
  Vertical	
  and	
  horizontal	
  axes	
   indicate	
   the	
  genomic	
  

location	
  and	
  signal	
   log2	
  ratio,	
  respectively.	
  The	
  mean	
   log2	
  ratio	
  of	
  the	
  aberration	
  region	
   is	
  

−0.465,	
   indicating	
  mosaic	
   deletion	
   (right).	
   The	
   aneusomic	
   segment	
  was	
   approximately	
   9.1	
  

Mb	
   in	
   size,	
   with	
   proximal	
   and	
   distal	
   breakpoints	
   at	
   162,824,523	
   bp	
   and	
   172,011,180	
   bp	
  

(GRCh	
  37,	
  Hg19).	
  This	
  region	
  includes	
  PBX1	
  and	
  ~	
  130	
  other	
  genes. 



Figure	
  S2:	
  Fluorescent	
  in	
  situ	
  hybridiza7on	
  experiments	
  showing	
  (A)	
  de	
  novo	
  occurrence	
  of	
  the	
  1q	
  dele7on	
  including	
  PBX1	
  and	
  
(B)	
  inheritance	
  of	
  a	
  paternal	
  1p	
  dele7on	
  in	
  case	
  K136	
  (family	
  5)	
  	
  
BAC	
  clones	
  RP11-­‐28D10	
  located	
  in	
  	
  chr1:167,722,147	
  -­‐	
  167,722,642;	
  RP3-­‐437I16	
  located	
  in	
  chr1:29,528,719-­‐29,549,213	
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 Figure S3: Result of a binomial test showing the probability that one or more de novo 

loss of function mutations in PBX1 would occur by chance only in a cohort of 204 

CAKUT cases. 

Calculated and empirical values of probability for de novo loss-of-function mutations in PBX1 

were considered: (1) blue line: p = 6.4 x 10-7 = mean of values computed by Samocha et al for 

nonsense (7.8 x 10-7), frameshift (8.2 x 10-7) and splice site mutations (3.3 x 10-7) in PBX1;213 

(2) red line: p = 1.2 x 10-6, corresponding to empirical frequency of de novo loss of function 

mutations per exome per generation (0.03 per-generation),214 according to the size of the 

coding sequence of PBX1 (1293 bp). The black line indicates the Bonferroni corrected 

significance threshold (1.5 x 10-4) for 330 genes. The p-value for 3 mutations is 3.6 x 10-13. 
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Control	
  

K73	
  

Figure	
  S4:	
  cDNA	
  sequencing	
  showing	
  dele7on	
  of	
  exons	
  23-­‐25	
  with	
  crea7on	
  of	
  a	
  premature	
  stop	
  codon	
  in	
  case	
  K73	
  	
  



Table	
  S1.	
  Phenotypes	
  of	
  all	
  cases	
  and	
  variants	
  iden8fied

Case Sex Fetus
Renal	
  phenotype	
  

acronym
RHa RDb Cysts UMDc BMDd UKAe BKAf VURg 	
  ObMegaUh Duplexi PUOj

Unprecised	
  
hydronephrosis

Renal	
  
ectopy

	
  Family	
  (1st	
  
degree)k

Family	
  
(other)l

Extra-­‐renal	
  phenotype Causa8ve	
  muta8ons
Rare	
  damaging	
  variants	
  in	
  

dominant	
  CAKUT	
  
genes(<1/5000	
  in	
  ExAC)

Reported	
  variants	
  in	
  
dominant	
  CAKUT	
  genes	
  

(	
  >1/5000,	
  <1/100	
  in	
  ExAC)

Rare	
  damaging	
  variants	
  in	
  

candidate	
  genesm	
  

(absent	
  from	
  ExAC)

Cases	
  with	
  CAKUT	
  phenotype

K1 F RH 1
MMP9,	
  p.[Arg322Trp];[=]

PDE3B,	
  p.[Leu92Argfs*241];[=]
HIC1,	
  p.[Pro230Ser];[=]

K2 M RH 1 hypospadias	
  	
  +	
  polydactyly CDKN1C,	
  p.[Leu6Pro];[=]
K3 M fetus BKA 1 1 rigth	
  ventricular	
  dilaRon RET,	
  p.[Asp567Asn];[=]
K4 F RH 1 bifid	
  uterus HNF1B,	
  c.[(?_-­‐30)_(*220_?)del];[=]
K5 M fetus BKA 1 LHX1,	
  p.[Thr90Ile];[=]
K6 F UKA 1 mullerian	
  duplicaRon
K7 M fetus BKA 1 aorRc	
  stenosis

K8 F fetus BKA 1
ephageal	
  atresia	
  +	
  imperforate	
  anus	
  +	
  
13th	
  pair	
  of	
  ribs	
  +	
  vertebral	
  fusion

K9 M fetus BKA 1 1 SHH,	
  p.[Val366Ala];[=]
K10 M fetus BKA 1 SPOCK2,	
  p.[Lys398Glu];[=]
K11 M fetus UKA+ 1 1 KIF3A,	
  p.[Glu379Lys];[=]
K12 M fetus BKA 1
K13 NA fetus BMD 1 DCHS1,	
  p.[Ala2216Val];[=]
K14 F RH 1 1 urogenital	
  sinus MAGED1,	
  p.[Ala738Val];[=]

K15 M fetus BKA 1 1
pulmonary	
  isomerisme	
  +	
  11	
  pairs	
  of	
  

ribs
K16 M fetus BKA 1
K17 F UKA+ 1 1 1 1 FRY,	
  p.[Ala1643Val];[=]
K18 M fetus BMD 1
K19 F fetus BKA 1 uterus	
  and	
  fallopian	
  tubes	
  agenesis
K20 M fetus RD 1 1 liver	
  cysts	
  +	
  pancreaRRs ENC1,	
  p.[Tyr220His];[=]
K21 M fetus BMD 1 TBX18,	
  p.[His204Tyr];[=]
K22 M RH+ 1 1 1 1
K23 F fetus BKA 1 lee	
  diaphragmaRc	
  hernia
K24 M fetus BKA 1
K25 M fetus UKA+ 1 1 intrauterine	
  growth	
  retardaRon
K26 M fetus BKA 1 ANOS1,	
  p.[Arg257*];[=]

K27 M fetus UKA+ 1 1 1
lee	
  diaphragmaRc	
  hernia	
  +	
  

imperforate	
  anus	
  +	
  hypospadias

K28 M fetus BKA 1 ear	
  tag
LHX1,	
  p.[Asn230His];[=]

WNT6,	
  p.[Gly196Alafs*123];[=]
K29 M fetus BKA 1 SIX5,	
  p.[Ser730Leu];[=]
K30 M UMD+ 1 1
K31 M RH+ 1 1 1 WNT9B,	
  p.[Cys145Tyr];[=]
K32 F fetus RH 1 NOTCH2,	
  p.[Asp355Asn];[=] RET,	
  p.[Arg694Gln];[=]
K33 M UMD+ 1 1 1 1
K34 M fetus BKA 1 tesRs	
  agenesis CRIM1,	
  p.[Gly634Glu];[=]
K35 M RH+ 1 1 1
K36 F UKA+ 1 1
K37 F fetus UKA+ 1 1
K38 M fetus UKA+ 1 1

K39 F fetus UKA+ 1 1 1 1 megalourethra
PIK3C3,	
  p.[Phe597His];[=]
RSPO3,	
  p.[Lys161Gln];[=]

K40 F fetus BKA 1
K41 M fetus BKA 1
K42 F fetus Oth 1 1

K43 F fetus RH+ 1 1
heart	
  defect	
  +	
  parRal	
  pancreas	
  

agenesis	
  
ETV4,	
  p.[Tyr209Cys];[=]

K44 NA fetus UKA+ 1 1 GNB3,	
  p.[Val276Gly];[=]
K45 F fetus BMD 1 accessory	
  spleen	
   TGM5,	
  p.[Thr590Arg];[=]
K46 M fetus BMD 1 KISS1R,	
  p.[Ala135Ser];[=]
K47 M RH+ 1 1 1 1
K48 M fetus RH+ 1 1 1 GATA3,	
  p.[Arg277*];[=] TBX18,	
  p.[Gln495Lys];[=]
K49 M fetus BKA 1
K50 F UMD+ 1 1 1 HNF1B,	
  c.[(?_-­‐30)_(*220_?)del];[=]
K51 F fetus BMD 1 unicornuate	
  uterus SULF2,	
  p.[Thr766Ile];[=]
K52 F fetus RD 1 1
K53 NA fetus UKA+ 1 1 1 GREM1,	
  p.[Gly9Cysfs*16];[=]



K54 NA fetus RD 1

K55 M UKA 1 1
SOX4,	
  p.[Phe334His];[=]
WNT2B,	
  p.[Ser136Ile];[=]

K56 NA fetus RD 1
interventricular	
  communicaRon	
  +	
  
intrauterine	
  growth	
  retardaRon

TBC1D1,	
  p.[Met930Ile];[=]

K57 F fetus BKA 1
K58 M fetus BKA 1 1 SPOCK2,	
  p.[Gly372Trp];[=]
K59 F fetus RH+ 1 1 1 uterus	
  hypoplasia
K60 F fetus RD 1 1 	
  pancreas	
  hypoplasia DCHS1,	
  p.[Thr930Ser];[=]
K61 NA fetus BKA 1 ECM1,	
  p.[Asn176Ile];[=]
K62 M RH 1 eye	
  coloboma PAX2,	
  c.[?-­‐30_305+?];[=]
K63 F fetus BKA 1
K64 M Oth 1 1 KIF26B,	
  p.[Arg1930Gly];[=]

K65 M fetus BMD 1
LAMC1,	
  c.[1427+1G>C];[=]
DACT1,	
  p.[Glu57Lys];[=]

K66 M fetus BKA 1

K67 M fetus UMD+ 1 1
interventricular	
  communicaRon	
  +	
  
single	
  ombilical	
  artery	
  	
  +	
  small	
  

gallblader
K68 M RH+ 1 1 1
K69 F fetus BMD 1 SALL1,	
  p.[Asn1257Lys];[=]

K70 M fetus BMD 1
CHD1L,	
  p.[Lys519Asn];[=]

NOTCH2,	
  p.[Arg1719Gln];[=]	
  
SALL4,	
  p.[Arg831Gln];[=]

K71 M fetus UMD 1 1 HIC1,	
  p.[Gly702Asp];[=]
K72 M RH 1 1 papillary	
  excavaRon PAX2,	
  c.[(?_-­‐30)_(*220_?)del];[=]

K73 F fetus RH+ 1 1 1
lissencephaly	
  +	
  agenesis	
  of	
  corpus	
  

callosum
KIF14,	
  	
  

p.[1189Argfs*9];[(1189Argfs*9)]
CRLF1,	
  p.[Lys285Glu];[=]

K74 M fetus BKA 1 HOXB1,	
  p.[Ala294Val];[=]
K75 F RH+ 1 1 1
K76 M RD 1 1 hypertelorism
K77 F RH 1 1 MDM4,	
  p.[Ala398Thr];[=]
K78 NA fetus BKA 1 1 external	
  ear	
  anomaly EYA1,	
  c.[967-­‐1G>C	
  ]:[=],	
   SOX4,	
  p.[Ser136Ala];[=]
K79 F RD 1 1 papillary	
  coloboma PAX2,	
  c.[26-­‐?_503+?del];[=]	
  	
  
K80 F UKA+ 1 1 1 1	
  (BO)	
   preauricular	
  pit	
  +	
  ear	
  tag EYA1,	
  c.[557-­‐?_1597+?del];[=] GBX2,	
  p.[Arg51Gly];[=]
K81 F fetus BKA 1 AMOTL1,	
  p.[Glu507Lys];[=]

K82 M fetus BKA 1 1 1
HOXC11,	
  p.[Pro62Arg];[=]
SULF2,	
  p.[Arg656Leu];[=]

K83 M BMD 1 1 RET,	
  p.[Ser688Phe];[=]
K84 F fetus UKA+ 1 1 AMOT,	
  p.[Arg534Lys];[=]
K85 M UKA 1 1 abnormal	
  teeth

K86 M UMD+ 1 1
morning	
  glory	
  syndrome	
  +	
  

intellectual	
  disability
DCHS1,	
  p.[Val290Leu];[=]

K87 NA fetus BKA 1 1
HOXB5,	
  p.[Arg181Trp];[=]
HCN3,	
  p.[Arg685Trp];[=]

K88 F fetus BKA 1 1
K89 F RH 1 1
K90 F fetus RH+ 1 1 1
K91 M UKA 1 1 RET,	
  p.[Arg635Cys];[=]
K92 M fetus BKA 1 RCSD1,	
  p.[Arg167Lys];[=]

K93 F RH+ 1 1 intellectual	
  disability
LAMA5,	
  p.[Leu1930Pro];[=]
NTN1,	
  p.[605Trpext*84];[=]

K94 M fetus UKA+ 1 1 didelphys	
  uterus BICC1,	
  p.[Thr755Arg];[=]
K95 F fetus BKA 1 MET,	
  p.[Ala119Val];[=]
K96 F Oth 1 1 persistent	
  lee	
  vena	
  cava HPSE,	
  p.[Met1?];[=]
K97 F Oth 1 opRc	
  atrophia	
  +	
  hyperlaxity	
  
K98 M fetus BKA 1 1 1
K99 F fetus RH 1
K100 M RD 1 BMPR1A,	
  p.[Phe397Ser];[=]
K101 F UKA 1 1	
  (deafness) ear	
  tag	
  +	
  external	
  ear	
  canal	
  stenosis GATA3,	
  c.[(?_-­‐30)_(*220_?)del];[=]
K102 M RD 1 1 MMP9,	
  p.[Arg267Glyfs*71];[=]
K103 M RD+ 1 1 1 HNF1B,	
  c.[(?_-­‐30)_(*220_?)del];[=]
K104 F RH+ 1 1 1
K105 M RH+ 1 1 1 TBC1D1,	
  p.[Arg718Cys];[=]

K106 M RH+ 1 1 1
FAT4,	
  p.[Ala2178Val];[=]
FOXC1,	
  p.[Ser339Phe];[=]



K107 F RH 1 preauricular	
  pits
ZEB2,	
  p.[Thr350Met];[=]

MYOCD,	
  p.[Lys241Arg(;)Ser435Phe]
GPR173,	
  p.[Val143Ala];[=]

K108 M RD 1 1 1
K109 M RH+ 1 1 1 1
K110 M RD 1 1 1
K111 F fetus BKA 1
K112 M RH+ 1 1 1

K113 F Oth 1 1 preauricular	
  pits	
  +	
  deafness
GRHL2,	
  p.[Lys419Glu];[=]
PTGIR,	
  p.[Pro17Argfs*6];[=]

K114 M Oth 1 preauricular	
  pits	
  +	
  cryptorchidy AMOTL1,	
  p.[Pro420Ser];[=]
K115 M UMD 1 reRna	
  and	
  iris	
  coloboma	
  

K116 F fetus RH 1
intrauterine	
  growth	
  retardaRon	
  +	
  

aorRc	
  anomaly
SCRIB,	
  p.[Ser118Pro];[=]

K117 M fetus RH 1 PAX2,	
  p.[Ser61Arg];[=] CRLF1,	
  p.[Trp144*];[=]
K118 F RD 1 1

K119 F RH 1 1	
  (BO) branchial	
  defect	
  +	
  deafness EYA1,	
  p.[Ser487Pro];[=]
LGR4,	
  p.[Phe864*];[=]
FAT1,	
  p.[Glu1920Ala];[=]

GAS1,	
  p.[Ala216Glyfs*52];[=]

K120 M RD 1
preauricular	
  pit	
  +	
  deafness	
  +	
  growth	
  

retardaRon
NPNT,	
  p.[Arg484Cys];[=]

K121 M fetus BKA 1 anus	
  atresia	
  +	
  13th	
  pair	
  of	
  ribs	
  
K122 M fetus RD 1 1
K123 M RH+ 1 1 deafness
K124 M RD+ 1 1 1 HNF1B,	
  c.[(?_-­‐30)_(*220_?)del];[=] SCRIB,	
  p.[Ala1516Val];[=]
K125 M Oth 1 1 MATN4,	
  p.[Ser44Asn];[=]

K126 NA fetus BKA 1
FAT4,	
  p.[Glu3862Gln];[=]
HOXD13,	
  p.[Glu81*];[=]

K127 M UKA+ 1 1 1
BICC1,	
  p.[Cys351Tyr];[=]
DSTYK,	
  p.[Asp892Asn];[=]

SOX17,	
  p.[Tyr259Asn];[=]

K128 F UKA 1 bicornuate	
  uterus

K129 F RD 1 1 diabetes
EGFR,	
  p.[Gly573Arg];[=]
FOXC2,	
  p.[Pro204Ser];[=]

HOXA11,	
  p.[Met294Thr];[=]
K130 F fetus BMD 1 1
K131 M RD+ 1 1 1 1 FZD7,	
  p.[Pro217Leu];[=]
K132 F UKA+ 1 1 1 mullerian	
  duplicaRon MMP9,	
  p.[Ser335*];[=]
K133 F RH+ 1 1 1 1	
  (coloboma) papillary	
  coloboma PAX2,	
  p.[Val26Cysfs*3];[=]
K134 F fetus BKA 1 cardiomyopathy	
  +	
  didelphys	
  uterus	
  
K135 M UKA 1 1	
  (BO)	
   preauricular	
  pit EYA1,	
  p.[Gln185*];[=] FZD4,	
  p.[Leu443Met];[=]

K136 M UKA+ 1 1 1
dysmorphic	
  features	
  +	
  intellectual	
  

disability	
  +	
  microcephaly
PBX1,	
  c.[(?_-­‐30)_(*220_?)del];[=]	
  

K137 M RD+ 1 1 papillary	
  excavaRon TFCP2L1,	
  p.[Cys52Phe];[=]
K138 M UKA+ 1 1 1 SPOCK2,	
  p.[Leu207Arg];[=]
K139 M UKA 1 1

K140 F UMD+ 1 1 1
dysmorphic	
  features	
  +	
  intellectual	
  

disability	
  	
  
K141 M UMD+ 1 1 1
K142 M RH+ 1 1
K143 M RD+ 1 1 HNF1B,	
  c.[(?_-­‐30)_(*220_?)del];[=]

K144 F fetus BMD 1
pulmonary	
  cysRc	
  adenomatoid	
  

malformaRon	
  	
  

LAMA5,	
  p.[Gly3067Alafs*40];[=]
LAMC1,	
  c.[3850-­‐1G>A];[=]
IRX2,	
  p.[Leu398Ser];[=]

K145 M RH 1 1 branchial	
  defect EYA1,	
  p.[Asn446_Tyr448del];[=]
FZD8,	
  p.[Pro105Arg];[=]

ZNF106,	
  p.[Phe1857Leu];[=]
WNT6,	
  p.[Glu221Asp];[=]

K146 F RH+ 1 1 1 PAX2,	
  p.[Pro149Glnfs*10];[=]
K147 F fetus UKA+ 1 1
K148 F fetus RH 1 PAX2,	
  p.[Val26Glyfs*28];[=]
K149 M Oth 1 FAT4,	
  p.[Arg1804Gly];[=]
K150 F UKA 1 	
  branchial	
  defect
K151 M RH+ 1 1 1
K152 M UMD 1 preauicular	
  pit FAT3,	
  p.[Thr3272Ser];[=]
K153 F UKA+ 1 1
K154 M fetus BKA 1
K155 F UKA 1 1
K156 M RD+ 1 1 1 TJP2,	
  p.[Pro826Gln];[=]



K157 F UKA 1 deafness
K158 M fetus BKA 1 1 ANOS1,	
  c.[?-­‐30_255+?del]	
  
K159 M UKA+ 1 1 1 DCHS1,	
  p.[Gln1714*];[=]

K160 F UKA 1
deafness	
  +	
  branchial	
  defect	
  +	
  
colobomatous	
  microphtalmia	
  

CHD7,	
  p.[Gly1684Ser];[=] CDC5L,	
  p.[Leu747Trp];[=]

K161 F RH 1 MMP9,	
  p.[Gly605Alafs*9];[=]
K162 F RH+ 1 1 1 1 palate	
  clee	
  	
  +	
  preauRcular	
  pit CDC5L,	
  p.[Thr84Ser];[=] FGFR1,	
  p.[Arg91Trp];[=]
K163 M fetus BKA 1 1 interventricular	
  communicaRon
K164 M fetus UMD+ 1 1 1
K165 F fetus UKA+ 1 1
K166 F Oth 1 deafness	
  +	
  preauricular	
  pit
K167 M UKA 1 deafness	
  +	
  intellectual	
  disability GATA3,	
  c.[(?_-­‐30)_(*220_?)del];[=] HIC1,	
  p.[Gly386Arg];[=]
K168 M fetus BKA 1 intrauterine	
  growth	
  retardaRon
K169 M fetus UKA+ 1 1 TNXB,	
  p.[Pro188Leu];[=]
K170 M RH+ 1 1 1 HNF1B,	
  c.[344+2_+5del];[=]
K171 M RD 1 1 1
K172 M fetus UMD+ 1 1 1 1	
  (diabetes) diabetes	
  +	
  cryptorchidy HNF1B,	
  c.[(?_-­‐30)_(*220_?)del];[=]

K173 M RH+ 1 1 1 1 1 hypomagnesemia
FGF8,	
  p.[Thr121Ser];[=]

SLC6A18,	
  p.[Thr221Ser];[=]
FAT3,	
  p.[Leu577Val];[=]

K174 NA fetus BKA 1 FRY,	
  p.[Thr2366Ile];[=]
K175 F RH 1 deafness	
  +	
  scoliosis PBX1,	
  p.[Asn143Thrfs*37];[=] HOXD11,	
  p.[Gly87Arg];[=]
K176 M RH+ 1 1 1 1 PAX2,	
  p.[Ala111Thr];[=] SCRIB,	
  p.[Leu396Phe];[=]

K177 F Oth 1 preauricular	
  pit
ROBO1,	
  p.[Ala1414Asp];[=]
HS6ST1,	
  p.[Lys84Asn];[=]

K178 F RH+ 1 1

K179 F RH+ 1 1 1
dysmorphic	
  features	
  +	
  intellectual	
  

disability
PBX1,	
  p.[Arg184*];[=]

K180 M RH 1 1
NR2F2,	
  p.[Gly44Ser];[=]
WNT11,	
  p.[Glu345Ala];[=]
MECOM,	
  p.[Ala311Val];[=]

K181 F RH+ 1 1 1 deafness PBX1,	
  c.[(?_-­‐30)_(*220_?)del];[=]

K182 F RD 1 1 1
interauricular	
  communicaRon	
  +	
  

osophageal	
  atresia
SEMA3A,	
  p.[Thr134Met];[=]

K183 M fetus UKA+ 1 1 1
FAT1,	
  p.[His2123Tyr];[=]
GLI1,	
  p.[Arg323Gln];[=]

K184 M RH+ 1 1 1 ear	
  tag ADCY8,	
  p.[Ile868Ser];[=]
K185 F RD 1 HNF1B,	
  c.[(?_-­‐30)_(*220_?)del];[=] CITED1,	
  p.[Gln6*];[=]
K186 M fetus RH 1 PBX1,	
  c.[511-­‐2A>G];[=],
K187 M fetus BKA 1 1 1
K188 M RD 1 1 1 1 FAT3,	
  p.[Val1242Leu];[=]
K189 F RD 1 1 ZNF106,	
  p.[Ser482Phefs*17];[=]

K190 F RH+ 1 1 1 1	
  (deafness)
NOTCH2,	
  

p.[Ala1968Val];[Arg285His]

GRHL2,	
  p.[Gly386Arg];[=]
PAXIP1,	
  p.[His358Gln];[=]

DEAF1,	
  p.[Glu232Glyfs*10];[=]
K191 F RH+ 1 1 1 GBX2,	
  p.[Pro62Leu];[=]
K192 F fetus BKA 1 TBX18,	
  p.[Ile258Val];[=]
K193 M RH 1
K194 M RH 1

K195 F fetus BKA 1 1
craniostenosis	
  +	
  microcephaly	
  +	
  
agenesis	
  of	
  corpus	
  callosum	
  

KIF14,	
  p.[Gln1304*];[Arg364Cys] FAT4,	
  p.[Glu4734Gly];[=]

K196 F UMD 1 diabetes
GLI1,	
  p.[Pro1080Leu];[=]
HNF1A,	
  p.[Gly319Ser];[=]

K197 M UKA 1 1 RAI2,	
  p.[Leu169Pro]
K198 F UKA 1 1 VACTER	
  syndrome
K199 M Oth 1 1 papillary	
  coloboma PAX2,	
  p.[Arg71Lys];[=]
K200 M UMD 1 1
K201 F fetus BKA 1 1 LAMA5,	
  p.[Pro1082Leu];[=]
K202 M RH+ 1 1
K203 F RD 1 1 1 HNF1B,	
  c.[(?_-­‐30)_(*220_?)del];[=] RARG,	
  p.[Pro82Leu];[=]
K204 M RH+ 1 1 1 diabetes
Cases	
  with	
  branchial	
  signs	
  and/or	
  ear	
  defect	
  without	
  CAKUT	
  phenotype
BO1 F branchial	
  defect	
  +	
  deafness
BO2 F deafness WNT11,	
  p.[Cys59Alafs*19];[=]

BO3 F
ear	
  tag	
  +	
  ear	
  tag	
  +	
  intellectual	
  
diability	
  +	
  thumb	
  hypoplasia

WNT4,	
  p.[Arg83Gln];[=] PAXIP1,	
  p.[Gln404_Ala407del];[=]



BO4 F
branchial	
  defect	
  +	
  preauricular	
  pit	
  +	
  

deafness
EYA1,	
  p.[Arg361*];[=]

BO5 M branchial	
  defect	
  +	
  deafness SIX1,	
  p.[Tyr92Leufs*62];[=]
SCRIB,	
  p.[Arg1641Cys];[=]
FAT1,	
  p.[His1190Tyr];[=]

BO6 M ear	
  tag	
  +	
  deafness
BO7 M preauricular	
  pit	
  +	
  deafness	
  	
   TNXB,	
  p.[Pro2490Arg];[=]
BO8 M external	
  ear	
  hypoplasia
BO9 F branchial	
  defect

BO10 F
external	
  ear	
  defect	
  +	
  preauricular	
  pit	
  

+	
  ear	
  tag
BO11 M deafness DSTYK,	
  c.[654+1G>A];[=]	
  

(k)	
  Parents,	
  children	
  and/or	
  siblings
(l)	
  Grand	
  parents,	
  uncles,	
  aunts,	
  cousins

(m)	
  PBX1	
  mutaRons	
  are	
  in	
  the	
  "CausaRve	
  mutaRons"	
  column

(f)	
  Bilateral	
  Kidney	
  Agenesis
(g)	
  Vesico-­‐Ureteral	
  Reflux
(h)	
  ObstrucRve	
  Megaureter
(i)	
  Duplex	
  kidney
(j)	
  Pelvi-­‐ureteric	
  juncRon	
  ObstrucRon

(a)	
  Renal	
  Hypoplasia
(b)	
  Renal	
  Dysplasia
(c)	
  Unilateral	
  MulRcysRc	
  Dysplasia
(d)	
  Bilateral	
  MulRcysRc	
  Dysplasia
(e)	
  Unilateral	
  Kidney	
  Agenesis



Table	
  S2.List	
  of	
  genes	
  for	
  targeted	
  exome	
  sequencing
gene Name Phenotype/Syndrome OMIM# MGI# References
a-­‐	
  Human	
  mutaFons	
  in	
  	
  CAKUT	
  +/-­‐	
  syndrome
ACE angiotensin	
  I	
  conver0ng	
  enzyme	
  (pep0dyl-­‐dipep0dase	
  A)	
  1 Renal	
  tubular	
  dysgenesis 106180 1
ACTA2 ac0n,	
  alpha	
  2,	
  smooth	
  muscle,	
  aorta Prune	
  Belly 2

ACTG2 ac0n,	
  gamma	
  2,	
  smooth	
  muscle,	
  enteric
Megacys0s	
  Microcolon	
  
Intes0nal	
  Hypoperistalsis

155310 3

AGT angiotensinogen	
  (serpin	
  pep0dase	
  inhibitor,	
  clade	
  A,	
  member	
  8) Renal	
  tubular	
  dysgenesis 106165 1
AGTR1 angiotensin	
  II	
  receptor,	
  type	
  1a Renal	
  tubular	
  dysgenesis 106180 1
ANOS1 Anosmin Kallmann	
   308700 4
BICC1 BicC	
  family	
  RNA	
  binding	
  protein	
  1 Cys0c	
  renal	
  dysplasia 601331 5
BMP4 bone	
  morphogene0c	
  protein	
  4 Isolated	
  CAKUT 6
CDC5L cell	
  division	
  cycle	
  5-­‐like	
  (S.	
  pombe) Isolated	
  CAKUT 7
CHD1L chromodomain	
  helicase	
  DNA	
  binding	
  protein	
  1-­‐like Isolated	
  CAKUT 8
CHD7 chromodomain	
  helicase	
  DNA	
  binding	
  protein	
  7 Charge/Kallmann 214880/612370 9
CHRM3 cholinergic	
  receptor,	
  muscarinic	
  3,	
  cardiac Prune	
  belly	
  like 100100 10
DACH1 dachshund	
  1	
  (Drosophila) Cys0c	
  renal	
  dysplasia 11
DHCR7 7-­‐dehydrocholesterol	
  reductase Smith-­‐Lemli-­‐Opitz	
   270400 12
DSTYK dual	
  serine/threonine	
  and	
  tyrosine	
  protein	
  kinase Isolated	
  CAKUT 610805 13
ESRRG estrogen-­‐related	
  receptor	
  gamma Kidney	
  agenesis 14
EYA1 EYA	
  transcrip0onal	
  coac0vator	
  and	
  phosphatase	
  1 Branchio	
  oto	
  renal 113650 15

FAM58A family	
  with	
  sequence	
  similarity	
  58,	
  member	
  B
Toe	
  syndactyly,	
  telecanthus,	
  
anogenital	
  and	
  renal	
  
malforma0ons

300707 16

FGF20 fibroblast	
  growth	
  factor	
  20 Kidney	
  agenesis 615721 17
FRAS1 Fraser	
  extracellular	
  matrix	
  complex	
  subunit	
  1 Fraser/isolated	
  CAKUT 219000 18

FREM1 Fras1	
  related	
  extracellular	
  matrix	
  protein	
  1
Bifid	
  nose,	
  renal	
  agenesis	
  &	
  
anorectal	
  malforma0ons	
  
syndrome/isolated	
  CAKUT

608980 19

FREM2 Fras1	
  related	
  extracellular	
  matrix	
  protein	
  2 Fraser/isolated	
  CAKUT 219000 18

GATA3 GATA	
  binding	
  protein	
  3
Hypoparathyroidism,	
  
sensorineural	
  deafness	
  and	
  
renal	
  dysplasia

146255 20

GDF6 growth	
  differen0a0on	
  factor	
  6 Klippel-­‐Feil	
   118180 21
GLI3 GLI-­‐Kruppel	
  family	
  member	
  GLI3 Pallister	
  Hall 146510 22
GPC3 glypican	
  3 Simpson	
  Golabi	
  Behmel	
   312870 23
GRIP1 glutamate	
  receptor	
  interac0ng	
  protein	
  1 Fraser/isolatedCAKUT 219000 24
HNF1B HNF1	
  homeobox	
  B Renal	
  cysts	
  and	
  diabetes 137920 25
HPSE2 heparanase	
  2 Urofacial	
   236730 26
ITGA3 integrin	
  alpha	
  3 nephro0c	
  syndrome 614748 27
ITGA8 integrin	
  alpha	
  8 Kidney	
  agenesis 191830 28
JAG1 jagged	
  1 Allagile	
   118450 29

KIF14 kinesin	
  family	
  member	
  14
Mul0cys0c	
  renal	
  
dysplasia/renal	
  agenesis	
  and	
  
microcephaly

616258 30

LRIG2 leucine-­‐rich	
  repeats	
  and	
  immunoglobulin-­‐like	
  domains	
  2 Urofacial	
   615112 31
LRP4 low	
  density	
  lipoprotein	
  receptor-­‐related	
  protein	
  4 Cenani-­‐Lenz	
   212780 32

NEK8 NIMA	
  (never	
  in	
  mitosis	
  gene	
  a)-­‐related	
  expressed	
  kinase	
  8
Renal	
  cys0c	
  dysplasia,	
  situs	
  
inversus,	
  cardiopathy,	
  bile	
  
duct	
  paucity

615415 33

NOTCH2 notch	
  2 Allagille/Hadju	
  Cheney 610205 34
PAX2 paired	
  box	
  2 Renal	
  coloboma 120330 35
REN renin	
  1	
  structural Renal	
  tubular	
  dysgenesis 179820 36

RET ret	
  proto-­‐oncogene
Kidney	
  agenesis,	
  
Hirschsprung

142623 37

ROBO2 roundabout	
  guidance	
  receptor	
  2 Vesico	
  ureteral	
  reflux 610878 38
SALL1 sal-­‐like	
  1	
  (Drosophila) Townes	
  Brocks 107480 39
SALL4 sal-­‐like	
  4	
  (Drosophila) Duane-­‐radial	
  ray 607323 40
SIX1 sine	
  oculis-­‐related	
  homeobox	
  1 Branchio	
  oto	
  renal 608389 41
SIX2 sine	
  oculis-­‐related	
  homeobox	
  2 Isolated	
  CAKUT 6
SIX5 sine	
  oculis-­‐related	
  homeobox	
  5 Branchio	
  oto	
  renal 610896 42
SLIT2 slit	
  homolog	
  2	
  (Drosophila) Vesico	
  ureteral	
  reflux 38
SOX17 SRY	
  (sex	
  determining	
  region	
  Y)-­‐box	
  17 isolated	
  CAKUT 613674 43
TBC1D1 TBC1	
  domain	
  family,	
  member	
  1 isolated	
  CAKUT 44

TBX18 T-­‐box18
pelvi-­‐ureteric	
  jonc0on	
  
obstruc0on

143400 45

TNXB tenascin	
  XB Vesico	
  ureteral	
  reflux 615963 46
TRAP1 TNF	
  receptor-­‐associated	
  protein	
  1 VACTERL/isolated	
  CAKUT	
   47

UMOD uromodulin
Hyperuricemia,	
  Medullary	
  
cys0c	
  kidney	
  disease

	
  162000,	
  603860 48

UPK3A uroplakin	
  3A Vesico	
  ureteral	
  reflux 49
WNT4 wingless-­‐type	
  MMTV	
  integra0on	
  site	
  family,	
  member	
  4 Hypodysplasia 50

b-­‐	
  Mouse	
  models	
  with	
  kidney	
  developmental	
  defects
AGTR2 angiotensin	
  II	
  receptor,	
  type	
  2 MGI:87966 51
ALDH1A2 aldehyde	
  dehydrogenase	
  family	
  1,	
  subfamily	
  A2 MGI:107928 52
AMER1 APC	
  membrane	
  recruitment	
  1 MGI:1919595 53
AQP2 aquaporin	
  2 MGI:1096865 54



ATMIN ATM	
  interactor MGI:2682328 55
BCL2 B	
  cell	
  leukemia/lymphoma	
  2 MGI:88138 56
BDKRB2 bradykinin	
  receptor,	
  beta	
  2 MGI:102845 57
BMP7 bone	
  morphogene0c	
  protein	
  7 MGI:103302 58
BMPER BMP-­‐binding	
  endothelial	
  regulator MGI:1920480 59
CDH6 cadherin	
  6 MGI:107435 60
CER1 alkaline	
  ceramidase	
  1 61
CFL1 cofilin	
  1 62
CRIM1 cysteine	
  rich	
  transmembrane	
  BMP	
  regulator	
  1	
  (chordin	
  like) MGI:1354756 63
CTNNB1 catenin	
  (cadherin	
  associated	
  protein),	
  beta	
  1 MGI:88276 64
CTNNBIP1 catenin	
  beta	
  interac0ng	
  protein	
  1 MGI:1915756 65
CXCR4 chemokine	
  (C-­‐X-­‐C	
  mo0f)	
  receptor	
  4 MGI:109563 66
DACT1 dishevelled-­‐binding	
  antagonist	
  of	
  beta-­‐catenin	
  1 MGI:1891740 67
DCHS1 dachsous	
  1	
  (Drosophila) MGI:2685011 68
DCN decorin MGI:94872 69
DLG1 discs,	
  large	
  homolog	
  1	
  (Drosophila) MGI:107231 70
DLL1 delta-­‐like	
  1	
  (Drosophila) MGI:104659 71
DSTN destrin 62
ECM1 extracellular	
  matrix	
  protein	
  1 72
EGFR epidermal	
  growth	
  factor	
  receptor MGI:95294 73
EMX2 empty	
  spiracles	
  homeobox	
  2 MGI:95388 74
EPHA4 Eph	
  receptor	
  A4 75
EPHA7 Eph	
  receptor	
  A7 75
ETV4 ets	
  variant	
  4 MGI:99423 76
ETV5 ets	
  variant	
  5 MGI:1096867 76
EXOC5 exocyst	
  complex	
  component	
  5 MGI:2145645 77
FAT1 FAT	
  atypical	
  cadherin	
  1 MGI:109168 78
FAT4 FAT	
  atypical	
  cadherin	
  4 MGI:3045256 79
FGF10 fibroblast	
  growth	
  factor	
  10 MGI:1099809 80
FGF7 fibroblast	
  growth	
  factor	
  7 MGI:95521 81
FGF8 fibroblast	
  growth	
  factor	
  8 MGI:99604 82
FGF9 fibroblast	
  growth	
  factor	
  9 17
FGFR1 fibroblast	
  growth	
  factor	
  receptor	
  1 Kallmann 147950 83
FGFR2 fibroblast	
  growth	
  factor	
  receptor	
  2 MGI:95523 83
FGFRL1 fibroblast	
  growth	
  factor	
  receptor-­‐like	
  1 MGI:2150920 84
FMN1 formin	
  1 MGI:101815 85
FOXC1 forkhead	
  box	
  C1 MGI:1347466 86
FOXC2 forkhead	
  box	
  C2 MGI:1347481 86
FOXD1 forkhead	
  box	
  D1 MGI:1347463 87
FSTL1 follista0n-­‐like	
  1 MGI:102793 88
GATA2 GATA	
  binding	
  protein	
  2 MGI:95662 89
GDF11 growth	
  differen0a0on	
  factor	
  11 MGI:1338027 90
GDNF glial	
  cell	
  line	
  derived	
  neurotrophic	
  factor MGI:107430 91
GFRA1 glial	
  cell	
  line	
  derived	
  neurotrophic	
  factor	
  family	
  receptor	
  alpha	
  1 MGI:1100842 92
GLCE glucuronyl	
  C5-­‐epimerase MGI:2136405 93
GREM1 gremlin	
  1,	
  DAN	
  family	
  BMP	
  antagonist MGI:1344337 94
GRHL2 grainyhead-­‐like	
  2	
  (Drosophila) 95
HOXA11 homeobox	
  A10 96
HOXD11 homeobox	
  D11 96
HS2ST1 heparan	
  sulfate	
  2-­‐O-­‐sulfotransferase	
  1 MGI:1346049 97
ILK integrin	
  linked	
  kinase MGI:1195267 98
ISL1 ISL1	
  transcrip0on	
  factor,	
  LIM/homeodomain 99
ITGB1 integrin	
  beta	
  1	
  (fibronec0n	
  receptor	
  beta) MGI:96610 100
KIF26B kinesin	
  family	
  member	
  26B MGI:2447076 101
KIF3A kinesin	
  family	
  member	
  3A MGI:107689 102
KISS1R KISS1	
  receptor MGI:2148793 103
LAMA5 laminin,	
  alpha	
  5 MGI:105382 104
LAMC1 laminin,	
  gamma	
  1 MGI:99914 105
LGR4 leucine-­‐rich	
  repeat-­‐containing	
  G	
  protein-­‐coupled	
  receptor	
  4 MGI:1891468 106
LHX1 LIM	
  homeobox	
  protein	
  1 MGI:99783 107
LZTS2 leucine	
  zipper,	
  puta0ve	
  tumor	
  suppressor	
  2 MGI:2385095 108
MMP9 matrix	
  metallopep0dase	
  9 109

MYCN
v-­‐myc	
  avian	
  myelocytomatosis	
  viral	
  related	
  oncogene,	
  
neuroblastoma	
  derived

MGI:97357 110

NFIA nuclear	
  factor	
  I/A MGI:108056 111
NPNT nephronec0n MGI:2148811 112
NR2F2 nuclear	
  receptor	
  subfamily	
  2,	
  group	
  F,	
  member	
  2 113
OSR1 odd-­‐skipped	
  related	
  1	
  (Drosophila) MGI:1344424 114
PARVA parvin,	
  alpha MGI:1931144 115
PAX8 paired	
  box	
  8 116
PBX1 pre	
  B	
  cell	
  leukemia	
  homeobox	
  1 MGI:97495 117
POU3F3 POU	
  domain,	
  class	
  3,	
  transcrip0on	
  factor	
  3 MGI:102564 118

PPP3R1
protein	
  phosphatase	
  3,	
  regulatory	
  subunit	
  B,	
  alpha	
  isoform	
  
(calcineurin	
  B,	
  type	
  I)

MGI:107172 119

PTCH1 patched	
  1 MGI:105373 120
PTGS2 prostaglandin-­‐endoperoxide	
  synthase	
  2 MGI:97798 121
RARA re0noic	
  acid	
  receptor,	
  alpha 122



RARB re0noic	
  acid	
  receptor,	
  beta 122

RBPJ
recombina0on	
  signal	
  binding	
  protein	
  for	
  immunoglobulin	
  kappa	
  J	
  
region

MGI:96522 123

RERE arginine	
  glutamic	
  acid	
  dipep0de	
  (RE)	
  repeats MGI:2683486 124
ROBO1 roundabout	
  guidance	
  receptor	
  1 MGI:1274781 66

SEMA3A
sema	
  domain,	
  immunoglobulin	
  domain	
  (Ig),	
  short	
  basic	
  domain,	
  
secreted,	
  (semaphorin)	
  3A

Kallmann 614897 MGI:107558 125

SHH sonic	
  hedgehog MGI:98297 126
SMAD4 SMAD	
  family	
  member	
  4 MGI:894293 127
SOX11 SRY	
  (sex	
  determining	
  region	
  Y)-­‐box	
  11 128
SOX12 SRY	
  (sex	
  determining	
  region	
  Y)-­‐box	
  12 129
SOX4 SRY	
  (sex	
  determining	
  region	
  Y)-­‐box	
  4 129
SOX8 SRY	
  (sex	
  determining	
  region	
  Y)-­‐box	
  8 130
SOX9 SRY	
  (sex	
  determining	
  region	
  Y)-­‐box	
  9 MGI:98371 130
SPRY1 sprouty	
  homolog	
  1	
  (Drosophila) MGI:1345139 131
TCF21 transcrip0on	
  factor	
  21 MGI:1202715 132
TFCP2L1 transcrip0on	
  factor	
  CP2-­‐like	
  1 MGI:2444691 133
TGFB2 transforming	
  growth	
  factor,	
  beta	
  2 MGI:98726 134
TGFBR3 transforming	
  growth	
  factor,	
  beta	
  receptor	
  III 135
TRPS1 trichorhinophalangeal	
  syndrome	
  I	
  (human) MGI:1927616 136
TSHZ3 teashirt	
  zinc	
  finger	
  family	
  member	
  3 MGI:2442819 137
WNT11 wingless-­‐type	
  MMTV	
  integra0on	
  site	
  family,	
  member	
  11 MGI:101948 138
WNT5A wingless-­‐type	
  MMTV	
  integra0on	
  site	
  family,	
  member	
  5A MGI:98958 66
WNT7B wingless-­‐type	
  MMTV	
  integra0on	
  site	
  family,	
  member	
  7B MGI:98962 139
WNT9B wingless-­‐type	
  MMTV	
  integra0on	
  site	
  family,	
  member	
  9B MGI:1197020 140
WT1 Wilms	
  tumor	
  1	
  homolog Denys	
  Drash	
  syndrome 194080/256370 141
YAP1 yes-­‐associated	
  protein	
  1 MGI:103262 142

c-­‐	
  Relevant	
  funcFonal	
  data	
  (cellular	
  and/or	
  non-­‐mouse	
  models)
ALCAM ac0vated	
  leukocyte	
  cell	
  adhesion	
  molecule 143
ALX1 ALX	
  homeobox	
  1 144
AMOT angiomo0n 145
AMOTL1 angiomo0n-­‐like	
  1 145
AMOTL2 angiomo0n-­‐like	
  2 145
ATF2 glial	
  cell	
  line	
  derived	
  neurotrophic	
  factor 143
BCL2L11 BCL2-­‐like	
  11	
  (apoptosis	
  facilitator) 146
CD151 CD151	
  an0gen 147
CDKN1C cyclin-­‐dependent	
  kinase	
  inhibitor	
  1C	
  (P57) 148

CITED1
Cbp/p300-­‐interac0ng	
  transac0vator	
  with	
  Glu/Asp-­‐rich	
  carboxy-­‐
terminal	
  domain	
  1

149

CRLF1 cytokine	
  receptor-­‐like	
  factor	
  1 150
DCHS2 dachsous	
  2	
  (Drosophila) 151
DKK1 dickkopf	
  WNT	
  signaling	
  pathway	
  inhibitor	
  1 64
ELF5 E74-­‐like	
  factor	
  5 152
ESRP1 epithelial	
  splicing	
  regulatory	
  protein	
  1 unpublished
ESRP2 epithelial	
  splicing	
  regulatory	
  protein	
  2 unpublished
FJX1 four	
  jointed	
  box	
  1	
  (Drosophila) 79
FRS2 fibroblast	
  growth	
  factor	
  receptor	
  substrate	
  2 153
FRY FRY	
  microtubule	
  binding	
  protein unpublished
FZD3 frizzled	
  class	
  receptor	
  9 143
FZD4 frizzled	
  class	
  receptor	
  4 154
FZD7 frizzled	
  class	
  receptor	
  7 155
FZD8 frizzled	
  class	
  receptor	
  8 154
GLI1 GLI-­‐Kruppel	
  family	
  member	
  GLI1 156
GNB3 guanine	
  nucleo0de	
  binding	
  protein	
  (G	
  protein),	
  beta	
  3 49
GPC1 glypican	
  1 157
HAS3 hyaluronan	
  synthase	
  3 158
HCN3 hyperpolariza0on-­‐ac0vated,	
  cyclic	
  nucleo0de-­‐gated	
  K+	
  3 159
HGF interleukin	
  6 160
HOXB5 homeobox	
  B5 161
HOXB6 homeobox	
  B6 161
HOXC11 homeobox	
  C11 96
HOXD10 homeobox	
  D10 162
HOXD3 homeobox	
  D3 161
HOXD8 homeobox	
  D8 161
HOXD9 homeobox	
  D9 161
IRX3 Iroquois	
  related	
  homeobox	
  3 163
KDR kinase	
  insert	
  domain	
  protein	
  receptor 164
KEAP1 kelch-­‐like	
  ECH-­‐associated	
  protein	
  1 unpublished
KIT kit	
  oncogene 165
LATS1 large	
  tumor	
  suppressor 166
LLGL1 lethal	
  giant	
  larvae	
  homolog	
  1	
  (Drosophila) 167
MAGED1 melanoma	
  an0gen,	
  family	
  D,	
  1 168
MDM2 transformed	
  mouse	
  3T3	
  cell	
  double	
  minute	
  2 169
MDM4 transformed	
  mouse	
  3T3	
  cell	
  double	
  minute	
  4 unpublished
MECOM MDS1	
  and	
  EVI1	
  complex	
  locus 170
MEOX2 mesenchyme	
  homeobox	
  2 171



MET met	
  proto-­‐oncogene 172
MMP13 matrix	
  metallopep0dase	
  13 173
NCAM1 neural	
  cell	
  adhesion	
  molecule	
  1 174
NF2 neurofibromatosis	
  2 175
NKX2-­‐1 NK2	
  homeobox	
  1 176
NR2F1 nuclear	
  receptor	
  subfamily	
  2,	
  group	
  F,	
  member	
  2 177
NR4A2 nuclear	
  receptor	
  subfamily	
  4,	
  group	
  A,	
  member	
  2 178
OSR2 odd-­‐skipped	
  related	
  2 179
PAXIP1 PAX	
  interac0ng	
  (with	
  transcrip0on-­‐ac0va0on	
  domain)	
  protein	
  1 180
Pik3c3 phosphoinosi0de-­‐3-­‐kinase,	
  class	
  3 unpublished
PLAC8 placenta-­‐specific	
  8 181
PPM1B protein	
  phosphatase	
  1B,	
  magnesium	
  dependent,	
  beta	
  isoform 182
PRKX protein	
  kinase,	
  X-­‐linked 183
PTPN11 protein	
  tyrosine	
  phosphatase,	
  non-­‐receptor	
  type	
  11 184
RARG re0noic	
  acid	
  receptor,	
  gamma 122
RSPO3 R-­‐spondin	
  3 185
RXRA re0noid	
  X	
  receptor	
  alpha 177
SCRIB scribbled	
  planar	
  cell	
  polarity 186
SH2B1 SH2B	
  adaptor	
  protein	
  1 187
SHOX2 short	
  stature	
  homeobox	
  2 188
SIM1 single-­‐minded	
  homolog	
  1	
  (Drosophila) 189
SMO smoothened,	
  frizzled	
  class	
  receptor 190
SNAI1 snail	
  family	
  zinc	
  finger	
  1 191
SOST scleros0n 192
SPRY2 sprouty	
  homolog	
  2	
  (Drosophila) 193
SULF1 sulfatase	
  1 194
SULF2 sulfatase	
  2 194
TAZ WW	
  domain	
  containing	
  transcrip0on	
  regulator	
  1 178
TBX1 T-­‐box	
  1 162
TBX3 T-­‐box	
  3 Ulnar	
  mammary	
   181450 195
TIMP1 0ssue	
  inhibitor	
  of	
  metalloproteinase	
  1 173
TJP2 0ght	
  junc0on	
  protein	
  2 196
USF2 upstream	
  transcrip0on	
  factor	
  2 14
VEGFA vascular	
  endothelial	
  growth	
  factor	
  A 197
VSNL1 visinin-­‐like	
  1 198
WNT5B wingless-­‐type	
  MMTV	
  integra0on	
  site	
  family,	
  member	
  5B 199
ZEB2 zinc	
  finger	
  E-­‐box	
  binding	
  homeobox	
  2 200

d-­‐	
  Role	
  in	
  ureter/bladder	
  development

ADAMTS1
a	
  disintegrin-­‐like	
  and	
  metallopep0dase	
  (reprolysin	
  type)	
  with	
  
thrombospondin	
  type	
  1	
  mo0f,	
  1

MGI:109249 201

AHR aryl-­‐hydrocarbon	
  receptor MGI:105043 202
BMP5 bone	
  morphogene0c	
  protein	
  5 MGI:88181 202
BMPR1A bone	
  morphogene0c	
  protein	
  receptor,	
  type	
  1A 202
BMPR1B bone	
  morphogene0c	
  protein	
  receptor,	
  type	
  1B 202

BMPR2
bone	
  morphogene0c	
  protein	
  receptor,	
  type	
  II	
  (serine/threonine	
  
kinase)

MGI:1095407 202

HOXD13 homeobox	
  D13 202
ID2 inhibitor	
  of	
  DNA	
  binding	
  2 MGI:96397 202
KLF5 Kruppel-­‐like	
  factor	
  5 203
MYOCD myocardin 202
SCARB2 scavenger	
  receptor	
  class	
  B,	
  member	
  2 MGI:1196458 202

e-­‐	
  PotenFal	
  targets	
  of	
  WT1	
  or	
  HNF1B
ACTN3 ac0nin	
  alpha	
  3 204
ADCY8 adenylate	
  cyclase	
  8 204
Aip aryl-­‐hydrocarbon	
  receptor-­‐interac0ng	
  protein 204
ASIC4 acid-­‐sensing	
  (proton-­‐gated)	
  ion	
  channel	
  family	
  member	
  4 204
C1QTNF3 C1q	
  and	
  tumor	
  necrosis	
  factor	
  related	
  protein	
  3 204
CALCR calcitonin	
  receptor 204
CEBPA CCAAT/enhancer	
  binding	
  protein	
  (C/EBP),	
  alpha 204
CHST9 carbohydrate	
  (N-­‐acetylgalactosamine	
  4-­‐0)	
  sulfotransferase	
  9 204
CRYM crystallin,	
  mu 204

DEAF1
asparagine-­‐linked	
  glycosyla0on	
  10B	
  (alpha-­‐1,2-­‐
glucosyltransferase)

204

DES desmin 204
DUSP6 dual	
  specificity	
  phosphatase	
  6 204
EGR1 early	
  growth	
  response	
  1 204
ENC1 ectodermal-­‐neural	
  cortex	
  1 204
FGF14 fibroblast	
  growth	
  factor	
  14 204
FGF16 fibroblast	
  growth	
  factor	
  16 204
FGF18 fibroblast	
  growth	
  factor	
  18 204
FST follista0n 204
GAS1 growth	
  arrest	
  specific	
  1 205
GBX2 gastrula0on	
  brain	
  homeobox	
  2 204
GPR173 G-­‐protein	
  coupled	
  receptor	
  173 204
GPX6 glutathione	
  peroxidase	
  7 204



HIC1 hypermethylated	
  in	
  cancer	
  1 204
HOXA3 homeobox	
  A3 204
HOXB1 homeobox	
  B1 204
HOXB3 homeobox	
  B3 204
HS3ST6 heparan	
  sulfate	
  (glucosamine)	
  3-­‐O-­‐sulfotransferase	
  6 204
IRX1 Iroquois	
  related	
  homeobox	
  1	
  (Drosophila) 206
IRX2 Iroquois	
  related	
  homeobox	
  2	
  (Drosophila) 206
KRT23 kera0n	
  23 204
LRFN2 leucine	
  rich	
  repeat	
  and	
  fibronec0n	
  type	
  III	
  domain	
  containing	
  2 204
MATN4 matrilin	
  2 204
Mybph myosin	
  binding	
  protein	
  H 204
NRXN3 neurexin	
  III 204
NTN1 netrin	
  1 204
PDE3B phosphodiesterase	
  3B,	
  cGMP-­‐inhibited 204
PHF19 PHD	
  finger	
  protein	
  19 204
PPP1R1B protein	
  phosphatase	
  1,	
  regulatory	
  (inhibitor)	
  subunit	
  1B 204
PTGIR prostaglandin	
  I	
  receptor	
  (IP) 204
RAI2 re0noic	
  acid	
  induced	
  2 204
RCSD1 RCSD	
  domain	
  containing	
  1 204
REM1 rad	
  and	
  gem	
  related	
  GTP	
  binding	
  protein	
  1 204
RORA RAR-­‐related	
  orphan	
  receptor	
  alpha 204
RSPO1 R-­‐spondin	
  1 204

SLC16A6
solute	
  carrier	
  family	
  16	
  (monocarboxylic	
  acid	
  transporters),	
  
member	
  6

204

SLC6A18 solute	
  carrier	
  family	
  6	
  (neurotransmiker	
  transporter),	
  member	
  18 204

SNAP91 synaptosomal-­‐associated	
  protein	
  91 204
SPACA4 sperm	
  acrosome	
  associated	
  4 204
SPOCK2 sparc/osteonec0n,	
  cwcv	
  and	
  kazal-­‐like	
  domains	
  proteoglycan	
  2 204
STMN4 stathmin-­‐like	
  4 204
SYPL2 synaptophysin-­‐like	
  2 204
TGM5 transglutaminase	
  5 204
TNNT2 troponin	
  T2,	
  cardiac 204
TRAF1 TNF	
  receptor-­‐associated	
  factor	
  1 204
UNCX UNC	
  homeobox 204
WNT8B wingless-­‐type	
  MMTV	
  integra0on	
  site	
  family,	
  member	
  8B 204
ZNF106 zinc	
  finger	
  protein	
  106 204

f-­‐	
  gene	
  related	
  to	
  gene(s)	
  in	
  group	
  (a)	
  to	
  (e),	
  expressed	
  during	
  kidney/LUT	
  development	
  	
  
ALDH1A3 aldehyde	
  dehydrogenase	
  family	
  1,	
  subfamily	
  A3
BMP2 bone	
  morphogene0c	
  protein	
  2
BMP6 bone	
  morphogene0c	
  protein	
  6
FAT3 FAT	
  atypical	
  cadherin	
  3
FGF1 fibroblast	
  growth	
  factor	
  1
FGF2 fibroblast	
  growth	
  factor	
  13
GRIP2 glutamate	
  receptor	
  interac0ng	
  protein	
  2
HNF1A HNF1	
  homeobox	
  A
HNF4A hepa0c	
  nuclear	
  factor	
  4,	
  alpha
HPSE heparanase
HS6ST1 heparan	
  sulfate	
  6-­‐O-­‐sulfotransferase	
  1
SIX4 sine	
  oculis-­‐related	
  homeobox	
  4
TBX2 T-­‐box	
  2
UPK1A uroplakin	
  1A
UPK1B uroplakin	
  1B
UPK2 uroplakin	
  2
UPK3B uroplakin	
  3B
WNT2B wingless-­‐type	
  MMTV	
  integra0on	
  site	
  family,	
  member	
  2B
WNT6 wingless-­‐type	
  MMTV	
  integra0on	
  site	
  family,	
  member	
  6



Table	
  S3.	
  List	
  of	
  the	
  120	
  variants	
  of	
  unknown	
  significance	
  iden>fied	
  in	
  candidate	
  genes	
  in	
  CAKUT	
  cases,	
  	
  
that	
  are	
  absent	
  in	
  ExAC	
  and	
  our	
  in-­‐house	
  database

Gene Ref	
  seq Nucleo.de	
  change Protein	
  change

Number	
  of	
  
damaging	
  scores	
  for	
  

missense	
  variants	
  a

ADCY8 NM_001115 c.2603T>G p.Ile868Ser 4/5
AMOT NM_001113490 c.1601G>A p.Arg534Lys 3/5
AMOTL1 NM_130847 c.1519G>A p.Glu507Lys 5/5
AMOTL1 NM_130847 c.1258C>T p.Pro420Ser 3/5
BMPR1A NM_004329 c.1189C>T p.Phe397Ser 5/5
CDKN1C NM_000076 c.17T>C p.Leu6Pro 3/5
CITED1 NM_001144885 c.16C>T p.Gln6*
CRIM1 NM_016441 c.1901G>A p.Gly634Glu 5/5
CRLF1 NM_004750 c.853A>G p.Lys285Glu 3/5
CRLF1 NM_004750 c.431G>A p.Trp144*
DACT1 NM_016651 c.169G>A p.Glu57Lys 5/5
DCHS1 NM_003737 c.6647C>T p.Ala2216Val 3/5
DCHS1 NM_003737 c.5140C>T p.Gln1714*
DCHS1 NM_003737 c.2789C>G p.Thr930Ser 4/5
DCHS1 NM_003737 c.868G>T, p.Val290Leu 4/5
DEAF1 NM_021008 c.694dup p.Glu232Glyfs*10
ECM1 NM_004425 c.527A>T p.Asn176Ile 4/5
EGFR NM_005228 c.1717G>A p.Gly573Arg 5/5
ENC1 NM_003633 c.658T>C p.Tyr220His 4/5
ETV4 NM_001986 c.626A>G p.Tyr209Cys 5/5
FAT1 NM_005245 c.5759A>C p.Glu1920Ala 4/5
FAT1 NM_005245 c.6367C>T p.His2123Tyr 5/5
FAT3 NM_001008781 c.1729C>G p.Leu577Val 3/5
FAT3 NM_001008781 c.9814A>T p.Thr3272Ser 3/5
FAT3 NM_001008781 c.3724G>C p.Val1242Leu 3/5
FAT4 NM_001291303 c.6533C>T p.Ala2178Val 4/4
FAT4 NM_001291303 c.5410A>G p.Arg1804Gly 4/4
FAT4 NM_001291303 c.11584G>C p.Glu3862Gln 4/4
FAT4 NM_001291303 c.14201A>G p.Glu4734Gly 4/5
FGF8 NM_033163 c.362C>G	
   p.Thr121Ser 3/5
FGFR1 NM_001174067 c.271C>T p.Arg91Trp 4/5
FOXC1 NM_001453 c.1016C>T p.Ser339Phe 3/5
FOXC2 NM_005251 c.610C>T p.Pro204Ser 3/5
FRY NM_023037 c.4928C>T p.Ala1643Val 3/5
FRY NM_023037 c.7097C>T p.Thr2366Ile 4/5
FZD4 NM_012193 c.1327C>A p.Leu443Met 3/5
FZD7 NM_003507 c.650C>T p.Pro217Leu 4/5
FZD8 NM_031866 c.314C>G p.Pro105Arg 3/5
GAS1 NM_002048 c.644dup p.Ala216Glyfs*52
GBX2 NM_001485 c.151C>G p.Arg51Gly 4/5
GBX2 NM_001485 c.185C>T p.Pro62Leu 3/5
GLI1 NM_005269 c.968G>A p.Arg323Gln 4/5
GLI1 NM_005269 c.3239C>T p.Pro1080Leu 4/5



GNB3 NM_002075 c.827T>G p.Val276Gly 4/5
GPR173 NM_018969 c.428T>C p.Val143Ala 4/5
GREM1 NM_013372 c.24-­‐25insTGTA p.Gly9Cysfs*16
GRHL2 NM_024915 c.1156G>A p.Gly386Arg 5/5
GRHL2 NM_024915 c.1255A>G p.Lys419Glu 5/5
HCN3 NM_020897 c.2053C>T p.Arg685Trp 4/5
HIC1 NM_006497 c.1099G>C p.Gly386Arg 3/5
HIC1 NM_006497 c.2105G>A p.Gly702Asp 4/5
HIC1 NM_006497 c.688C>T p.Pro230Ser 3/5
HNF1A NM_001306179 c.955G>A p.Gly319Ser 3/4
HOXA11 NM_005523 c.881T>C p.Met294Thr 3/5
HOXB1 NM_002144 c.881C>T p.Ala294Val 4/5
HOXB5 NM_002147 c.542G>C p.Arg181Trp 5/5
HOXC11 NM_014212 c.185C>G p.Pro62Arg 4/5
HOXD11 NM_021192 c.259G>C p.Gly87Arg 3/5
HOXD13 NM_000523 c.241G>T p.Glu81*
HPSE NM_006665 c.2T>C p.Met1?
HS6ST1 NM_004807 c.252G>T p.Lys84Asn 3/5
IRX2 NM_033267 c.1193T>C p.Leu398Ser 3/5
KIF26B NM_018012 c.5788C>G p.Arg1930Gly 4/5
KIF3A NM_007054 c.1135G>A p.Glu379Lys 3/5
KISS1R NM_032551 c.403G>T p.Ala135Ser 5/5
LAMA5 NM_005560 c.9200del p.Gly3067Alafs*40
LAMA5 NM_005560 c.5789T>C p.Leu1930Pro 3/5
LAMA5 NM_005560 c.3245C>T p.Pro1082Leu 4/5
LAMC1 NM_002293 c.1427+1G>C c.1427+1G>C
LAMC1 NM_002293 c.3850-­‐1G>A c.3850-­‐1G>A
LGR4 NM_018490 c.2590_2591insAA p.Phe864*
LHX1 NM_005568 c.688A>C p.Asn230His 4/4
LHX1 NM_005568 c.269C>T p.Thr90Ile 4/4

MAGED1 NM_001005333 c.2213C>T p.Ala738Val 4/5
MATN4 NM_003833 c.131G>A p.Ser44Asn 3/5
MDM4 NM_002393 c.1192G>A p.Ala398Thr 3/5
MECOM NM_001105077 c.932C>T p.Ala311Val 3/5
MET NM_001127500 c.356C>T p.Ala119Val 5/5
MMP9 NM_004994 c.798delC p.Arg267Glyfs*71
MMP9 NM_004994 c.964C>T p.Arg322Trp 3/5
MMP9 NM_004994 c.1814del p.Gly605Alafs*9
MMP9 NM_004994 c.1004C>A p.Ser335*
MYOCD NM_001146312 c.722A>G p.Lys241Arg 3/5
MYOCD NM_001146312 c.1304C>T p.Ser435Phe 4/5
NPNT NM_001184690 c.1450C>T p.Arg484Cys 4/5
NR2F2 NM_021005 c.130G>A p.Gly44Ser 3/5
NTN1 NM_004822 c.1814A>G p.605Trpext*84
PAXIP1 NM_007349 c.1074T>G p.His358Gln 3/5
PDE3B NM_000922 c.275_194del p.Leu92Argfs*241
PIK3C3 NM_002647 c.1790C>A p.Phe597His 4/4
PTGIR NM_000960 c.48del p.Pro17Argfs*6
RAI2 NM_001172739 c.506T>C p.Leu169Pro 4/5



RARG NM_000966 c.245C>T p.Pro82Leu 4/5
RCSD1 NM_052862 c.500G>A p.Arg167Lys 4/5
ROBO1 NM_002941 c.4241C>A p.Ala1414Asp 3/5
RSPO3 NM_032784 c.481A>C p.Lys161Gln 3/5
SCRIB NM_182706 c.4547C>T p.Ala1516Val 5/5
SCRIB NM_182706 c.1186C>T p.Leu396Phe 3/5
SCRIB NM_182706 c.352T>C p.Ser118Pro 3/5

SEMA3A NM_006080 c.401C>T p.Thr134Met 4/5
SHH NM_000193 c.1097T>C p.Val366Ala 3/5

SLC6A18 NM_182632 c.661A>T p.Thr221Ser 3/5
SOX4 NM_003107 c.1001C>A p.Phe334His 3/5
SOX4 NM_003107 c.406T>G p.Ser136Ala 3/5

SPOCK2 NM_014767 c.1114G>T p.Gly372Trp 4/5
SPOCK2 NM_014767 c.620T>G p.Leu207Arg 4/5
SPOCK2 NM_014767 c.1192A>G p.Lys398Glu 4/5
SULF2 NM_018837 c.1967G>T p.Arg656Leu 4/5
SULF2 NM_018837 c.2297C>T p.Thr766Ile 5/5
TFCP2L1 NM_014553 c.155G>T p.Cys52Phe 4/5
TGM5 NM_201631 c.1769C>G p.Thr590Arg 4/5
TJP2 NM_001170416 c.2477C>A p.Pro826Gln 3/5

WNT11 NM_004626 c.1034A>C p.Glu345Ala 3/5
WNT2B NM_024494 c.407G>T p.Ser136Ile 5/5
WNT6 NM_006522 c.663G>C p.Glu221Asp 4/5
WNT6 NM_006522 c.568_586dup p.Gly196Alafs*123
WNT9B NM_003396 c.434G>A p.Cys145Tyr 5/5
ZEB2 NM_014795 c.1049C>T p.Thr350Met 3/5

ZNF106 NM_022473 c.5569T>C p.Phe1857Leu 3/5

ZNF106 NM_022473 c.1444dup p.Ser482Phefs*17

(a)	
  	
  according	
  to	
  Polyphen2	
  (probably	
  and	
  possibly	
  damaging),	
  Si[	
  (deleterious),	
  Muta.on	
  Taster	
  (deleterious),	
  
Grantham	
  (considered	
  as	
  deleterious	
  when	
  ≥	
  50)	
  and	
  GVGD	
  (considered	
  as	
  deleterious	
  when	
  ≥	
  C25)



Table	
  S4.	
  Analysis	
  of	
  microsatellite	
  markers	
  for	
  valida8on	
  of	
  de	
  novo	
  PBX1	
  dele8on	
  in	
  family	
  4	
  and	
  paternity	
  and	
  maternity	
  tes8ng	
  in	
  the	
  5	
  families

Microsatellite	
  
markers

Posi/on	
  (Ensembl	
  GrCh38) nb	
  
alleles

%	
  het

Fa
th
er

M
ot
he

r

K1
75

Fa
th
er

M
ot
he

r

K1
79

Fa
th
er

M
ot
he

r

K1
86

Fa
th
er

M
ot
he

r

K1
81

M
ot
he

r

K1
36

140 158 140
160 160 158
175 173 173
177 173 175
286 286 288
288 286 del
214 212 214
230 226 del
156 164 156
162 166 del
330 320 332
332 322 del
228 240 240
242 244 242
271 269 269
273 271 271

146 146 148 146 148 146
148 150 150 150 150 150
172 178 172 182 174 178 170 170 170 172 172 172 170 170
172 178 178 182 178 182 170 170 170 172 178 178 178 172
165 165 165 165 165 165 165 165 165 165 163 165 153 153
165 173 173 169 169 165 173 165 165 165 165 165 167 167
238 238 238 238 238 238 234 234 238 238 234 234 238 238
246 246 246 246 238 246 238 238 238 242 242 238 238 238
248 248 248 256 248 248 252 248 248 248 248 248 248 256
248 252 252 256 248 256 260 256 252 260 256 256 260 260
182 198 198 186 176 186 174 182 174 178 178 178 182 182
202 198 202 210 202 202 186 190 182 186 178 178 182 182
112 104 104 112 112 112 104 104 104 104 114 114 100 118
112 120 112 122 122 122 104 114 104 114 114 114 118 118
98 106 106 104 104 104 98 98 98 98 98 98 106 106

106 108 106 104 104 104 106 98 106 108 106 98 106 106
122 118 118 118 120 136 120 130 120 118 134 134 120 120
136 140 136 136 140 140 120 136 136 140 136 140 142 120
210 204 204 214 204 212 202 202 202 212 202 202 206 202
212 214 210 216 212 216 212 210 212 214 212 214 216 206
244 248 248 248 248 248 244 248 248 244 248 244 252 248
256 248 256 252 248 252 248 248 248 252 248 248 252 252

226 220 242 220 224 228
246 242 246 246 228 246

245 255 245 255 249 257 255 245 245 241 245 245 241 241
257 261 261 257 257 257 257 257 257 253 245 253 249 259

206 206 206 206 206
210 210 210 206 206

84
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UK

8

5

6

9

8

9

UK

UK

UK

7

9

9

UK

UK

UK

9
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  5
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72
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UK

UK

UK

UK

81

73
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  1 Family	
  4Family	
  3Family	
  2	
  

ch1:	
  168398939-­‐168399082	
   59

chr1:164651931-­‐164651970

82

Those	
  8	
  
markers	
  are	
  
refered	
  to	
  as	
  
A-­‐H	
  in	
  Figure	
  

1B	
  

D15S1510	
  

D13S1268	
  

D21S1446	
  

D14S997	
  

D15S211	
  

D21S1903	
  

D1S_PBX1_intron1

D1S_PBX1_intron2-­‐1	
  

D1S_PBX1_intron2-­‐2	
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D1S2643	
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D4S3351	
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  46617673-­‐46617893
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ch1:162979036-­‐162979218	
  

chr1:164562453-­‐164562494

chr1:164707419-­‐164707456

chr1:164834030-­‐164834070

ch1:166986900-­‐166987137	
  

ch1:167635063-­‐167635195	
  

ch3:	
  81919331-­‐81919574	
  

ch13:66939348-­‐66939481	
  

ch14:62233775-­‐62233986	
  

ch15:	
  80528302-­‐80528551

ch15:80900569-­‐80900799	
  

ch6:	
  131016434-­‐131016547	
  

ch8:	
  28140086-­‐28140196	
  

ch1:	
  175553723-­‐175553898	
  

ch3:1406588-­‐1406749	
  

ch3:	
  82542137-­‐82542386	
  

ch4:	
  158626043-­‐158626231	
  

14

UK

8

UK

25

76

52

94

83

76



Table	
  S5.	
  Burden	
  analysis	
  of	
  rare	
  variants	
  in	
  the	
  unsolved	
  CAKUT	
  casesa	
  (n=168)	
  	
  versus	
  controls	
  (n=426)

GENE
number	
  of	
  
variants

PVALUE STAT PVALUE STATRHO

Variant	
  frequency	
  <	
  0.1%,	
  	
  LOF	
  +	
  Missense	
  damaging	
  with	
  polyphen	
  2	
  and	
  SiS
DCHS2 6 0.003261 34677 0.0037375 0.2
FZD3 2 0.02437 35358 0.037478 1
GRHL2 2 0.02437 35358 0.037478 1
HOXD13 4 0.037197 35228 0.067466 0.8

ANOS1b 3 0.037197 35228 0.042087 1
ECM1 4 0.03771 35229 0.064325 0.7
SULF1 4 0.03771 35229 0.064325 0.7
SPOCK2 4 0.038232 35230 0.065785 0.7
TBC1D1 3 ns ns 0.037546 1

Variant	
  frequency	
  <	
  0.01%,	
  	
  LOF	
  +	
  Missense	
  damaging	
  with	
  polyphen	
  2	
  and	
  SiS
ECM1 2 0.02437 35358 0.037478 1
FZD3 2 0.02437 35358 0.037478 1
GNB3 2 0.02437 35358 0.037478 1
GRHL2 2 0.02437 35358 0.037478 1
HOXD13 2 0.024371 35358 0.03938 1
DCHS2 3 0.037884 35230 0.039858 0.2
TBC1D1 3 ns ns 0.037546 1

(a)	
  cases	
  with	
  no	
  mutaLon	
  idenLfied	
  in	
  PBX1	
  and	
  highly	
  penetrant	
  CAKUT	
  genes	
  
(HNF1B,	
  PAX2,	
  EYA1,	
  ANOS1,	
  GATA3,	
  CHD7	
  or	
  KIF14)
(b)	
  heterozygous	
  variants	
  in	
  female	
  cases
ns:	
  non	
  significant

Madsen Skat
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