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SUMMARY 

The suppression of genomic instability by the DNA damage response (DDR) is 
critical for preventing human diseases characterized by developmental defects, 
infertility and in some cases, elevated cancer predisposition. After DNA damage, the 
activation of the related ATM and ATR kinases is essential for proper cellular 
responses. Mutations in ATR and other genes involved in the DDR have been 
identified in patients with Seckel syndrome, that is characterized by microcephaly 
and dwarfism. As defects in many centrosomal proteins also underlie Seckel 
Syndrome, it has been suggested that a crosstalk between the DDR and centrosome 
may be important. Supporting this idea, several MCPH/Seckel proteins, such as 
MCPH1, CEP152, and CEP63 have been implicated in both centrosomal and DDR 
functions.  

In this thesis, we describe the in vivo functional characterization of two proteins 
implicated in the DDR, CEP63 and GEMC1. We found that they both have distinct 
critical roles in preventing multisystem pathology in mice.  

Deficiency of the centriole duplication protein CEP63 leads to Seckel Syndrome with 
severe microcephaly due to the attrition of neural progenitor cells (NPCs). The same 
protein in Xenopus was found to be regulated by the DDR. Using genetic analysis, 
we showed that this was through a p53-mediated cell death pathway triggered by 
centrosome-based mitotic errors. On the other hand, p53 activation is independent 
of the ATM and CHK2 kinases, which are known to activate p53 after DNA damage.  

The characterization of mice lacking GEMC1, a protein that has been implicated in 
DNA replication control, revealed its crucial role in regulating two differentiation 
programs in mammals, multiciliogenesis and spermatogenesis. Gemc1-deficient 
mice are growth impaired, develop hydrocephaly and are infertile due to defects in 
the formation of multiciliated epithelial cells in the brain, respiratory tract, oviducts 
and efferent ducts. Although no patients harboring GEMC1 mutations have been 
identified to date, we believe that Gemc1 is a good candidate for the rare mucociliary 
clearance disorder RGMC. This hypothesis is supported by the evidence that 
GEMC1 shares high similarity with MCIDAS, a previously identified as RGMC gene, 
and it also controls MCIDAS expression. The generation of these animal models has 
provided new insights into the molecular functions of these proteins in different 
tissues and expanded our knowledge of the etiology of pathologies associated with 
rare human diseases.  
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RESUMEN 

La supresión de la inestabilidad del genoma mediante la respuesta al daño del ADN 
(DDR) es crítica para prevenir enfermedades humanas caracterizadas por defectos 
en el desarrollo, infertilidad y, en algunos casos, elevada predisposición al cáncer. 
Después del daño en el ADN, la activación de las quinasas ATM y ATR es esencial 
para llevar a cabo respuestas celulares apropiadas. Mutaciones en ATR y otros 
genes implicados en la DDR se han identificado en pacientes con Síndrome de 
Seckel, caracterizado por microcefalia y enanismo. Como defectos en otras 
proteínas centrosomales también causan Síndrome de Seckel, se ha propuesto una 
relación entre la DDR y el centrosoma. A favor de esta idea, varias proteínas 
MCPH/Seckel, incluyendo MCPH1, CEP152 y CEP63, se han asociado con 
funciones en el centrosoma y en la DDR.  

En esta tesis describimos la caracterización funcional in vivo de dos proteínas 
implicadas en la DDR, CEP63 y GEMC1. Hemos encontrado que ambas tienen 
distintas funciones críticas en la prevención de patologías multisistémicas en 
ratones.  

La ausencia de CEP63, una proteína implicada en la duplicación del centriolo 
mutada en el Síndrome de Seckel y regulada por la DDR en Xenopus, causa 
microcefalia debido al agotamiento de progenitores neuronales. Utilizando en 
análisis genético, hemos demostrado que dicha disminución ocurre como 
consecuencia de una muerte celular inducida por p53 causada por errores mitóticos 
basados en defectos del centrosoma y es independiente de las quinasas ATM y 
CHK2, encargadas de activar p53 si hay daño en el ADN.  

La caracterización de ratones deficientes en GEMC1, una proteína que se ha 
asociado con la replicación del ADN, ha mostrado su importancia en dos procesos 
de diferenciación, multiciliogenesis y espermatogénesis. Dichos ratones presentan 
un retraso en el crecimiento, desarrollan hidrocefalia y son infértiles debido a 
defectos en la formación de células multiciliadas en el cerebro, el tracto respiratorio, 
los oviductos y los conductos eferentes. Aunque aún no se han identificado 
pacientes con mutaciones en GEMC1, creemos que es un buen candidato para una 
enfermedad rara causada por alteraciones en la depuración mucociliar (llamada 
RGMC), ya que comparte una alta similitud con MCIDAS, previamente identificado 
como un gen RGMC, a la vez que controla su expresión. La generación de estos 
modelos animales ha proporcionado nuevos conocimientos sobre las funciones 
moleculares de estas dos proteínas en muchos tejidos y ha ampliado nuestro 
conocimiento sobre la etiología de las patologías asociadas con enfermedades 
humanas raras.  
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SC  Sertoli cell 
ssDNA  Single stranded DNA 
Shh  Sonic Hedgehog 
SAS  Spindle assembly abnormal protein 
SAC  Spindle assembly checkpoint 
SVZ  Subventricular zone 
SCP  Synaptonemal complex  
SDSA  Synthesis-dependent strand annealing 
TOPBP1 Topoisomerase-binding protein 1  
TF  Transition fibers 
TZ  Transition zone 
TEM  Transmission Electron Microscopy 
UV  Ultraviolet (UV) 
UTR  Untranslated region 
VZ  Ventricular zone 
WDR62  WD Repeat-Containing Protein 62 
WS  Werner’s syndrome 
Wt   Wild type 
XP  Xenoderma pigmentosum 
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Genomic instability and the DNA damage response 

The integrity of the genome is critical for organismal fitness and reproduction. Cells 
constantly experience DNA damage can compromise the integrity of the genome 
without a proper and timely response to it. DNA lesions can arise following cellular 
exposure to exogenous agents, such as toxic chemicals, ionizing radiation (IR) and 
ultraviolet (UV) light, or during endogenous cellular processes, as byproducts of 
normal cell metabolism or DNA replication. In addition, programmed DNA breaks are 
formed to initiate recombination between homologous chromosomes during meiosis 
and occur as intermediates during controlled genome rearrangements to enhance 
immune-receptor diversity in developing B- and T-lymphocytes through V(D)J 
recombination, class switch recombination (CSR) and somatic hyper-mutation 
(Jackson and Bartek, 2009).  

DNA lesions, if not properly repaired, can be lethal to the cell or give rise to mutations 
that can threaten cell viability or induce altered cellular behavior leading ultimately 
to the development of malignancies, such as cancer. To ensure preservation of the 
genetic information and faithful transmission across generations, cells have 
developed mechanisms to detect and repair DNA damage, collectively known as the 
DNA damage response (DDR) (Ciccia and Elledge, 2010; Jackson and Bartek, 
2009). The DDR orchestrates a complex signal transduction network to control (1) 
cell cycle checkpoint responses, (2) DNA repair mechanisms, (3) transcription and 
DNA replication, and (4) cell fate decisions, such as apoptosis or senescence (Figure 
1). Collectively, the DDR is essential to prevent the accumulation of genomic 
instability.  
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Types of genomic instability: NIN, MIN, CIN and aneuploidy 

Genomic instability collectively refers to a number of distinct DNA alterations that 
can be defined in four main categories based on the genetic disruptions that exist. 
These are nucleotide instability (NIN), microsatellite instability (MIN), chromosomal 
instability (CIN) and aneuploidy (Lengauer et al., 1998).  

NIN is characterized by higher frequencies of base substitutions, deletions and 
insertions of one or few nucleotides due to replication errors and impairment of the 
base and nucleotide excision repair pathways (BER and NER, respectively). BER 
mainly eliminates reactive oxygen species (ROS)-induced lesions in the DNA, 
whereas NER repairs different bulky, helix-distorting lesions, such as those 
produced by UV radiation. Although NIN is the less common form of genomic 

Figure 1. Overview of the DNA damage response. The DNA damage is detected by sensor 
proteins that recruit mediators and transducers (ATM and ATR) to the sites of damage to initiate a 
signaling cascade that amplifies the signal. This leads to the activation of downstream effector 
proteins (like CHK1, CHK2 and p53) that execute specific cellular responses, such as activation of 
transcription, cell cycle arrest, DNA repair, and trigger cell death if necessary.  
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instability, it can lead to dramatic phenotypes. One example is the disorder 
Xenoderma pigmentosum (XP), which results from inhered mutations in components 
of NER system and it is characterized by extreme sunlight sensitivity due to the 
inability to repair UV-induced lesions that predisposes to skin cancers (Dworaczek 
and Xiao, 2007). 

MIN is the result of mutations in DNA mismatch-repair (MMR) genes, a repair 
pathway that ensures the post-replication repair of misincorporated bases. MIN 
consists of the expansion and contraction of short DNA repeats called microsatellites 
(Fishel et al., 1993) and it is associated with frequent DNA breaks, that can resolve 
in gross abnormal rearrangements such as chromosomal translocations, 
duplications, inversions, or deletions. MIN is characteristic of several cancers, 
including endometrial (Risinger et al., 1993), gastric (Rhyu et al., 1994), lung (Kim et 
al., 2000) and colorectal cancer (Fishel et al., 1993).  

CIN refers to a high frequency of chromosome missegregation, leading to 
chromosomal rearrangements and alterations in chromosome number, such as gain 
or loss of whole or fractions of chromosomes (Draviam et al., 2004). This is the most 
prevalent category of genomic instability in solid tumors, with approximately 90% of 
human cancers harboring chromosomal abnormalities (Lengauer et al., 1997). The 
CIN phenotype is mainly caused by mitotic failures during chromosome segregation, 
spindle assembly checkpoint (SAC) defects or the loss of components of the DNA 
break repair apparatus. 

Aneuploidy defines a state of cells with abnormal numbers of chromosomes that can 
arise through defects in mitosis or cell division. Because similar defects can 
contribute to both CIN and aneuploidy, they are often present in the same cells, 
particularly in cancer. However, having an unbalanced number of chromosomes 
does not imply genomic instability per se. This is exemplified by Down Syndrome 
patients, where all cells are aneuploid with a trisomy 21 but they do not have CIN 
(Antonarakis et al., 2004).  

Replication stress, DNA double strand breaks and CIN  

Genomic instability is a hallmark of almost all human cancers, but the instability 
phenotype differs considerably depending on the amount and type of DNA 
alterations a particular cancer cell harbors. Among the different lesions, replication 
stress-induced damage and, specifically, DNA double strand breaks (DSBs), are 
considered the major source of genomic alterations that lead to CIN.  

Replication stress is a complex phenomenon defined collectively as the slowing or 
stalling of replication fork progression and/or DNA synthesis and the accumulation 
of single stranded DNA (ssDNA). Replication stress arises from many different 
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sources, such as unrepaired DNA lesions, lack of sufficient deoxynucleotides or 
other structures that interfere with the movement of the replication-fork (including 
telomeres, repetitive sequences, secondary DNA structures, DNA–RNA hybrids, 
dormant replication origins, collisions between replication and transcription 
complexes) (Zeman and Cimprich, 2014). As a result of replication stress, 
unprotected regions of ssDNA are accumulated due to the activity of DNA helicases 
that dissociate from the stalled DNA polymerase (Pacek and Walter, 2004). Stalled 
replication forks can be rescued through a variety of mechanisms that depend on 
DDR signaling. However, prolonged fork stalling can lead to DSBs through collisions 
with other forks or transcriptional machinery, or through their collapse and active 
processing into DSBs by nucleases (Zeman and Cimprich, 2014).  

Detection of lesions: sensors of replication stress and DSBs  

The DDR acts through a complex network of proteins that function as DNA damage 
sensors, transducers, mediators and effectors, to coordinate repair with cell cycle 
progression. Sensor proteins directly recognize specific types of DNA lesions and 
promote the recruitment or exclusion of particular repair factors to the sites of 
damage.  

One of the major sensors of DSBs is the MRN complex, which is composed of 
Meiotic recombination 11 (MRE11), RAD50, and Nijmegen breakage syndrome 
(NBS1). When DNA breaks arise, they are rapidly recognized by the MRN complex, 
which contributes to the recruitment and activation of Ataxia-telangiectasia mutated 
(ATM) at the sites of DSBs. Once activated, ATM further phosphorylates 
components of the MRN complex as well as other proteins important for cell-cycle 
control and DNA repair. The MRN complex is also upstream of Ataxia-telangiectasia 
mutated and Rad3-related (ATR) in responding to stalled DNA replication forks 
(Stracker and Petrini, 2011).  
Replication protein A (RPA) is a tripartite complex that binds and signals the 
accumulation of ssDNA to generate a signal that activates the replication stress 
response. The ssDNA-RPA platform serves as a signal to recruit ATR and other ATR 
signaling components, such as ATR-interacting protein (ATRIP) and topoisomerase-
binding protein 1 (TOPBP1), to the sites of replication stress. ATR is one of the 
central replication stress-response kinases that, once activated, phosphorylates 
specific targets to faithfully complete DNA replication under stress conditions to 
ensure cell survival. A key substrate of ATR is the Checkpoint kinase 1 (CHK1) that 
is critical for the integrity of DNA replication (Cimprich and Cortez, 2008). The ATR-
CHK1 pathway is also activated in response to DSBs by the process of DSB 
resection. DSB resection is initiated by the endonuclease activity of MRE11, part of 
the MRN complex, and is carried out by the concerted action of the 3’-5’ exonuclease 
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activity of MRE11 and a number of other 5’-3’ exonucleases including EXO1 and 
DNA2. Together, these enzymes generate 3’ overhangs that are bound by RPA and 
trigger ATR-CHK1 signaling. These single-strand overhangs also play important role 
in the choice of DNA repair pathway used (Stracker and Petrini, 2011). 

Signal transduction through the ATM-CHK2 and ATR-CHK1 kinases 

The DDR to chromosomal breaks or replication stress is mediated by two main 
signaling pathways controlled by the ATM and ATR protein kinases (Figure 2). Both 
kinases belong to the phosphatidylinositol 3-kinase-related kinase (PIKK) family of 
Ser/Thr protein kinases, together with DNA-dependent protein kinase catalytic 
subunit (DNA-PKcs), mammalian target of rapamycin (mTOR), suppressor of 
morphogenesis in genitalia (SMG1) and transformation/transcription associated 
protein (TRRAP) (Weber and Ryan, 2015).  

After their activation, ATM and ATR function to amplify a signal transduction cascade 
that is critical to orchestrate the proper cellular responses to ensure genomic 
integrity, such as cell cycle arrest and DNA repair. These two kinases respond to 
different types of DNA lesions: ATM is activated mainly in response to the detection 
of DSBs (Paull, 2015) whereas ATR is activated by ssDNA-RPA to protect genome 
integrity during DNA replication (Cimprich and Cortez, 2008). In addition, ATR 
responds to DSBs following their resection, through a mechanism that depends on 
the MRN complex and ATM (Jazayeri et al., 2006). Thus, ATM and ATR are 
frequently activated simultaneously in cells exposed to various genotoxic stresses. 
Both kinases preferentially phosphorylate Ser/Thr-Gln sites on their targets and they 
share many substrates. The identification of their common and distinct targets has 
been a challenge for the field. 
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Figure 2. Models for ATR and ATM activation (a) When replication is blocked, ssDNA stretches 
are rapidly coated with RPA, a structure that is recognized by ATRIP-ATR complex, but it does not 
yet activate ATR. Next, the 9-1-1 complex, consisting of RAD9, RAD1 and HUS1, is loaded to DNA 
adjacent to RPA-coated ssDNA by RAD17 and this activates TOPBP1, an essential activator of 
ATR. Once activated, ATR triggers the phosphorylation of its direct substrate CHK1 and 
downstream targets, ultimately slowing the origin firing and inducing arrest of cell cycle to stabilize 
and restart stalled replication forks. (b) DNA DSB formation leads to the recruitment of the MRN 
complex which promotes the separation of inactive ATM dimers to a monomeric, phosphorylated 
form. The activated ATM triggers a cascade of events by phosphorylating multiple substrates at the 
site of damage such as the histone variant H2AX at Ser139 (referred to as gH2AX), which binds to 
mediator of DNA damage checkpoint protein 1 (MDC1), leading to additional ATM and MRN 
complex recruitment and further H2AX phosphorylation. Activated ATM also phosphorylates 
downstream effectors, including CHK2, which promote cell cycle arrest, inhibition of origin firing and 
DSB repair.  
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Cell cycle and DNA damage-induced cell cycle checkpoint 
The cell cycle is divided into four stages: G1 (Gap 1), S (DNA synthesis), G2 (Gap 
2), and M (mitosis). Together, G1, S, and G2, are referred to as interphase. 

The progression of the cell cycle is a tightly regulated process and is controlled by 
different Cyclin dependent kinase (CDKs) and cyclin complexes. CDKs are Ser/Thr 
kinases that partner with cyclins which control their catalytic activity and substrate 
specificity. Particularly, the G1/S transition requires the cyclin E/CDK2 complex; 
cyclin A/CDK1 is assembled to allow DNA replication, and cyclin B/CDK1 for G2/M 
transition and mitosis initiation (Lim and Kaldis, 2013). CDK/cyclin complexes are 
also regulated by cell division cycle 25 (CDC25) phosphatases that act as activators 
of CDK complexes, preventing inhibitory phosphorylation by other kinases.  

However, in response to DNA damage, cells can activate cell-cycle checkpoints to 
stop progression through the cell cycle and permit the repair of DNA damage before 
the cell cycle is resumed. Upon DNA damage, three of these checkpoints are 
activated: G1/S, intra-S, and G2/M. A fourth checkpoint, the SAC, is activated during 
M phase if spindle assembly is perturbed, to prevent anaphase onset until all 
chromosomes are properly aligned at the metaphase plate (Rieder and Maiato, 
2004). 

The signals that link DNA damage detection to checkpoint activation rely on the 
ATM-CHK2 and ATR-CHK1 pathways. Specifically, the checkpoint kinases CHK1 
and CHK2 are required to stop cell cycle by reducing CDK activity through two 
mechanisms. One involves the inhibition of the CDC25 family of phosphatases (Yata 
and Esashi, 2009). The other is through the activation of the tumor suppressor p53, 
which integrates several stress signals and acts as a transcription factor to promote 
the expression of the CDK inhibitor p21 and other genes involved in cell cycle 
control, or other cell fate programs such as senescence or apoptosis (Sperka et al., 
2012). The inactivation of CDK activity is essential to slow down or stop cell cycle 
progression throughout the cell cycle to avoid entry into mitosis in the of DNA 
damage (Figure 3).  
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Figure 3. Overview of DNA damage-induced cell cycle checkpoints. In presence of DNA DSBs 
or DNA replication stress, ATM and ATR are activated, respectively. Cell cycle progression is halted 
trough ATM/ATR-dependent phosphorylation of p53, CHK2 and CHK1. G1/S checkpoint arrest is 
mediated by a p53-dependend expression of p21. Key targets of CHK1/2 include CDC25 
phosphatases, that control cyclin/CDK complexes activity, which in turn regulate progression 
through S-phase and mitosis entry. CHK1/CHK2-dependent phosphorylation of CDC25 inhibits their 
activity ensuring the inactivation of CDK/cyclin complexes, leading to cell cycle arrest either in S-
phase or at G2/M transition. Notably, there are overlaps between ATM and ATR-dependent 
checkpoint targets (both CHK1 and CHK2 can phosphorylate CDC25A and CDC25C depending on 
the source of genotoxic stress). Image from (Weber and Ryan, 2015). 
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The G1/S checkpoint 

The G1/S checkpoint prevents cells from entering S phase in the presence of DNA 
damage by inhibiting replication initiation. Its activation is driven by ATM 
phosphorylation and activation of CHK2 and the phosphorylation of p53 by both ATM 
and CHK2, that leads to its stabilization and transcriptional activity. In late G1, 
activated CHK2 phosphorylates the CDC25A phosphatase which targets it for 
ubiquitin-mediated proteolytic degradation. CDC25A is able to remove the inhibitory 
phosphorylations of CDK2 at Thr14 and Tyr15 added by WEE1 and MYT1, a step 
that is required for the activation of CDK2-cyclin complexes (Boutros et al., 2007). 
On the other hand, the phosphorylation of p53 by both ATM and CHK2 at Ser15/S20 
and Thr18/S20 respectively, is important for its stabilization and activity (Lim et al., 
1998; Ou et al., 2005). A key transcriptional target of p53 is the CDK inhibitor p21, 
which promotes G1 arrest mainly by inhibiting CDK2. Other proteins important for 
proper G1/S checkpoint activation include TOPBP1 and p53-binding protein 1 
(53BP1), that probably function to enhance ATM activity (Cescutti et al., 2010).  

The intra-S phase checkpoint 

The intra-S phase checkpoint is activated by DNA damage encountered in S phase 
or by unrepaired damage that evaded the G1/S checkpoint and caused a replication 
block. The predominant mechanism of S-phase arrest is the inhibition of replication 
origin firing to protect the integrity of stalled replication forks. ATM and ATR activate 
two pathways that modulate intra S-phase checkpoint. After the damage is sensed, 
ATM and ATR activate CHK2 and CHK1, which induce phosphorylation and thus, 
degradation, of CDC25A, resulting in the inhibition of cyclin E/A-CDK2 kinase 
complexes. In parallel, ATM initiates a second pathway through the MRN complex, 
which phosphorylates structural maintenance of chromosomes (SMC1) protein, 
necessary for chromatid cohesion after DNA replication during S phase, leading to 
the silencing of replication origins in the damaged region (Bartek et al., 2004). 

The G2/M checkpoint 

The G2/M checkpoint prevents premature entry of cells into mitosis before DNA 
replication is completed or in the presence of DNA damage. Both ATM-CHK2 and 
ATR-CHK1 signal transduction pathways can activate the G2/M checkpoint and the 
contribution of one or another mainly depends on the type of DNA damage. The 
target of this checkpoint is the cyclin B/CDK1 complex, whose activation is inhibited 
by ATR-CHK1/ATM-CHK2-dependent phosphorylation of CDC25C. This 
phosphorylation occurs at Ser216 and creates a binding site for 14-3-3 proteins that 
facilitates the association between these two proteins and promotes the export of 
CDC25C from the nucleus to the cytoplasm, thus preventing the activation of the 
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cyclin B/CDK1 complex (Weber and Ryan, 2015). Activated ATM/ATR also promote 
p53-dependent signaling, where p53 phosphorylated at Ser15 and Ser20 activates 
14-3-3 proteins and p21, to further inhibit cyclin B/CDK1 complexes (Wang et al., 
2009b).  

Additionally, the G2/M checkpoint is also controlled by the centrosome. During G2, 
WEE1 and MYT1 kinases phosphorylate Thr14 and Tyr15 of CDK1 to inhibit its 
activity. Once CDC25 phosphatases overcome the opposing effects of WEE1 and 
MYT1, it triggers a positive feedback regulation. Polo-like kinase 1 (PLK1) is 
phosphorylated by the centrosome-associated kinase Aurora A, which in its turn 
further activates CDC25 phosphatases through phosphorylation. Result is the 
removal of the inhibitory phosphorylations imposed on CDK1 leading to the 
activation of cyclin B/CDK1 complexes and entry to mitosis (Arquint et al., 2014).  

Double-strand DNA break repair pathways 
DNA repair is carried out by the collective action of a plethora of enzymatic activities 
that modify DNA to repair the damage. These include nucleases, helicases, 
polymerases, topoisomerases, ligases, methylases, ubiquitinases, sumolases, 
neddylases, kinases, and phosphatases. Different types of DNA damage activate 
distinct DNA repair pathways and to repair DSBs, cells rely on two major pathways: 
homologous recombination (HR) and non-homologous end joining (NHEJ).  

NHEJ is a potentially error-prone mechanism available throughout the cell cycle, that 
rapidly seals DSBs by religating the broken DNA ends. In this repair mode, the 
exposed ends of the DNA strands are recognized by the Ku proteins that bind and 
activate the kinase DNA-PKcs. This activation leads to the recruitment and activation 
of end-processing enzymes, including the Artemis nuclease and the terminal 
deoxynucleotidyl transferase (TdT), polymerases, such as Pol mu and Pol lambda, 
and, finally, the ligase IV-XRCC4 complex that ligates the DNA end. Despite the 
disadvantage of its low fidelity, this mechanism can act rapidly because it does not 
depend on the presence of a sister chromatid to act as a template (Lieber, 2010).  

By contrast, HR is a high-fidelity pathway that is generally restricted to S and G2 
because it requires an undamaged template, normally the sister chromatid, to 
mediate faithful repair. HR is initiated by ssDNA generation, which is promoted by 
the MRN complex and additional nucleases (DNA2 and EXO1) that are required for 
extensively DNA resection. ssDNA stretches are bound by RPA, which recruits ATR 
via ATRIP, to promote CHK1 activation and checkpoint responses. Subsequently, 
BRCA2 mediates the replacement of RPA by RAD51, to form a nucleoprotein 
filament that searches the homologous sequence of the sister chromatid.  After a 
successful homology search, strand invasion generates a nascent D-loop structure 
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and DNA polymerases start to extend the invading strand. The resulting 
intermediates can be differentially metabolized to produce crossover (CO) or non-
crossover (NCO) products. At this point, DSBs can be resolved by two distinct 
pathways: synthesis-dependent strand annealing (SDSA) or double-strand break 
repair (DSBR). In the SDSA pathway, the migrating D-loop is dissociated and 
anneals with the complementary ssDNA strand, thus only generating NCO products. 
Alternatively, the resolution can be accomplished through the formation of two 
Holiday junctions that resolve to give CO or NCO products in the DSBR pathway 
(San Filippo et al., 2008).  

DNA damage-induced cell death and senescence 

Cells that are unable to repair DNA damage, and some particular cell types with 
intact DNA repair machinery, activate cell fate pathways such as senescence, a 
permanent exit from cell cycle, or programmed cell death also known as apoptosis. 
These mechanisms ensure that cells containing DNA damage will be eliminated from 
the population, thereby suppressing tumorigenesis and potentially other pathological 
conditions arising from genomic instability. Consistently, the presence of chronic 
DDR has been observed in tumors in early stages and tumors frequently acquire 
mutations in p53 and other genes that control apoptosis and senescence 
(Halazonetis et al., 2008).  

p53 is critical in regulating both DNA damage-induced apoptosis and senescence 
and the mechanisms by which p53 controls cell outcomes are considered to be via 
promoter selectivity or response intensity and duration (Khoo et al., 2014). Upon 
DNA damage, p53 can be activated via parallel pathways that are controlled by ATM 
and ATR signaling. Specifically, CHK1 and CHK2 phosphorylate p53 at Ser20, which 
prevents its ubiquitiniation by the E3 ubiquitin ligase MDM2, and prevents its 
proteasome degradation of p53 (Chehab et al., 2000). In addition, ATM and ATR 
can directly phosphorylate p53 at Ser15 to increase its transactivation activity 
(Canman et al., 1998). Consequently, p53 is translocated into the nucleus where it 
activates transcription of its targets genes that will determine the cell fate choice. 
p53 regulates both pro- and anti-apoptotic factors, such as Fas-R, Bax, and Puma, 
as well as anti-apoptotic genes or repair factors, like DDB2, XPC, Fen1, MGMT, and 
MSH2. Therefore, p53 can play a dual roles: it can protect the cell by promoting DNA 
repair and genome integrity, and it can eliminate the cell by activating apoptosis or 
senescence (Roos and Kaina, 2013).  
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Centrosomes 

Centrosome organization 

Centrosomes are subcellular organelles that function as the microtubule-organizing 
centers (MTOC) of most animal cells. In this capacity, they coordinate many critical 
developmental processes such as cell division, motility and polarity. Centrosomes 
are composed of a pair of centrioles embedded within a matrix of proteins known as 
the pericentriolar material (PCM) and surrounded by 70-100nm diameter electron 
dense structures called centriolar satellites (CS) that participate in protein trafficking 
towards the centrosome (Barenz et al., 2011).  

Centrioles themselves consist of cylindrically shape structures composed of nine 
sets of triplet microtubules symmetrically arranged around a central axis (Conduit et 
al., 2015). The two centrioles within a mitotic centrosome are different: the distal 
ends of the old one (named “mother” centriole) carry distal and subdistal 
appendages, which are absent from the daughter centriole. These appendages are 
required for supporting nucleation and organization of microtubules and contribute 
to the formation of primary cilium (Bornens, 2002).  

The centrosome cycle  

Like DNA, centrosomes duplicate only once per cell cycle to assure formation of 
bipolar mitotic spindle. Otherwise, abnormal centrosome numbers can impair the 
fidelity of mitotic divisions and lead to aneuploidy or CIN. In dividing cells, 
centrosome duplication is initiated at the onset of S phase and completed in G2. 
When mitosis starts, cells contain two fully matured centrosomes, each harboring 
two centrioles, that will form the poles of the mitotic spindle. This is a tightly regulated 
process that is coordinated with cell cycle progression to ensure that each daughter 
cell inherits one complete set of chromosomes and a single centrosome (Holland et 
al., 2012).  

At G1, cells contain two centrioles that are joined together by a flexible linker 
Centriole duplication starts during late G1 and early S phase, when a new centriole 
(called “procentriole”), begins to grow orthogonally from the proximal end of each 
mother centriole. In addition, PCM starts to accumulate around the mother centriole. 
The elongation of the procentrioles occur through S and G2 phases and it is 
completed by late G2. As cells enter mitosis (G2/M), the centrosome maturates by 
recruiting much larger amounts of PCM, and the two pairs of centrioles start to 
separate as the linkage between them is broken. By the end of mitosis, the 
chromosomes segregate through the mitotic spindle and each daughter cell inherits 
half chromosomes and one centrosome. During telophase/early G1, mother and 
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daughter centrioles lose their perpendicular organization and separate in a process 
called disengagement (Conduit et al., 2015).  

Besides its function in mitotic spindle formation, centrioles are also required for the 
formation of cilia. In non-cycling cells, the centriole pair migrates to the cell surface 
and forms a basal body (BB) from which a cilium extends. Alternatively, certain 
specialized epithelial cells assemble many centrioles to allow the formation of 
multiple cilia from amplified BB docked at the apical membrane (Figure 4) (Nigg and 
Raff, 2009).  

 

 
 

 

Figure 4. The centrosome/centriole cycle. Centriole (green) duplication begins in S-phase and is 
completed by G2. The contents of the PCM accumulate during this time (blue). In mitosis, the 
centrosomes (centriole pair plus PCM) act as MTOCs. In quiescent G0 cells, the mother centriole 
can dock on the cell surface, becoming a BB. This provides a platform for the growth of the cilium. 
Specialized multiciliated cells (MCCs) require dozens to hundreds of centrioles. These are 
generated by the deuterosome, a poorly understood ring shaped organelle that amplifies centrioles 
to provide BB for MCCs. 
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Centriole duplication and assembly 

Although the centriole duplication process is complex and involves the participation 
of many centrosome-associated proteins, the core machinery for centriole 
biogenesis seem to depend on a small number of key components. These essential, 
evolutionary highly conserved proteins include the centrosomal proteins 192 
(CEP192) and 152 (CEP152), the spindle assembly abnormal proteins 4 (SAS4), 5 
(SAS5), and 6 (SAS6), and the polo-like kinase 4 (PLK4). The levels of SAS6 and 
PLK4 are also critical for centriole biogenesis and their dysregulation has been 
associated with supernumerary centrioles, centrosome amplification and 
chromosomal instability (Habedanck et al., 2005; Strnad et al., 2007). 

The first step in centriole assembly is thought to be the recruitment of PLK4 to the 
pre-existing mother centriole. In mammalian cells, the presence of the centrosomal 
protein 63 (CEP63) is required for the recruitment of CEP152 to the proximal end of 
the mother centriole (Brown et al., 2013; Marjanovic et al., 2015). Although the 
precise role of CEP63 in centriole duplication remains unknown, it is able to co-
localize with CEP152 forming a ring-like structure at the surface of the proximal end 
of the mother centriole at late G1 (Sir et al., 2011). PLK4 activation is mediated by 
CEP152 and CEP192 that interact with PLK4 and promote its recruitment to the 
mother centriole. This step defines the site of origin of centriole duplication along the 
mother centriole (Kim et al., 2013). 

Procentriole formation starts in S phase after the recruitment of SAS6, SAS5, and 
likely the centrosomal protein 135 (CEP135), to the base of the nascent procentriole 
to form the “cartwheel”. SAS4 is then recruited to the outer region of the “cartwheel”, 
where it stabilizes and elongates the procentriole by promoting the assembly of the 
nine triplet microtubules that decorate the perimeter of the centriole. The procentriole 
continues to elongate throughout G2, until the capping protein CP110 and the 
centrosomal protein 97 (CEP97) bind to the distal end of the procentriole to prevent 
further growth and maintain the proper centriole length (Tsang and Dynlacht, 2013). 
In addition, CDK2 activity might be required to ensure that procentriole formation 
and elongation occurs in coordination with the replication of the DNA. At this point, 
the new daughter centriole lacks the ability to accumulate PCM (Conduit et al., 2015). 

Centrosome maturation in mitosis 

As cells prepare to enter mitosis, the amount of PCM around the centrioles begin to 
increase dramatically in a process known as the “centrosome maturation”. Although 
it is not clear if an underlying mitotic PCM scaffold exists in vertebrate cells, it is 
evident that the mitotic kinases PLK1 and Aurora A are recruited to the centrosomes 
in G2 through reciprocal activation that mediates the maturation of the centrosome 
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(De Luca et al., 2006; Macurek et al., 2008). Among their substrates, CDK5 
regulatory subunit-associated protein 2 (CDK5RAP2), CEP192 and pericentrin 
(PCNT) are involved in recruiting g-tubulin ring complexes (g-TuRCs) into the PCM, 
an event that is also promoted by CEP192 through its interaction with the adaptor 
protein NEDD1 (Conduit et al., 2015). Interestingly, in vertebrate cells CDK5RAP2 
and PCNT are also important in centriole engagement and centrosome cohesion to 
keep the two centrosomes close before mitosis, although it is not known if these 
functions are associated with their role in mitotic PCM assembly (Barrera et al., 
2010). 

Centriole number control 

To maintain a constant number of centrioles, cycling cells are likely to be under two 
layers of regulation: (1) a “cell cycle control” to guarantee that centriole duplication 
happens only once in each cell, and (2) a “copy-number control” to ensure that only 
one new centriole is assembled next to the pre-existing one (Nigg, 2007). Thus, to 
avoid reduplication of centrioles during S and G2 phases, newly assembled 
centrioles are tightly associated with the mother centriole, an engagement that 
persists until late mitosis. By this mechanism cells ensure that newly generated 
centrioles only duplicate again once they have passed through mitosis. Although it 
is unclear how centriole disengagement occurs, it requires the action of two key 
regulatory proteins: PLK1 and the separase protease (Tsou and Stearns, 2006). 

Ciliogenesis 

Cilia structure  

Cilia are microtubule based, hair-like organelles that project from the surface of many 
cell types. Each cilium is formed from a specialized type of centriole called the basal 
body (BB), that docks to the plasma membrane (PM) and serves as a platform to 
nucleate growth of the ciliary axoneme. The axoneme is made up of nine outer 
microtubule doublets containing two microtubule subfibers (A and B) each one. They 
are radially arranged with or without a central pair of singlet microtubules, defining 
the 9+2 (for motile cilia) or the 9+0 (for primary cilia) configurations (Wheeler et al., 
2015).  

The region between the axoneme and BB contain the transition zone (TZ) and the 
transition fibers (TF), which are important in regulating the traffic into and out the 
cilium through the intraflagellar transport (IFT), a motor transport process based on 
the kinesin and dynein motor proteins (Figure 5) (Kim and Dynlacht, 2013). 
Specifically, the kinesin-2 complex mobilizes IFT cargo to the distal tip of the cilium 
by an anterograde movement. Analogously, the return of IFT particles to the 
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axoneme through a retrograde movement is driven by the cytoplasmatic dynein-2 
(Yuan and Sun, 2013).  

Cilia classification  

Traditionally, cilia have been classified into two categories based on ultrastructure 
and functional characteristics, primary and motile cilia. A solitary primary cilium is 
found on the apical surface of most cells types in the vertebrates. They are typically 
short and immotile and are required for the response of several developmental 
morphogens, having a key role in Sonic Hedgehog (Shh) signal transduction (Goetz 
and Anderson, 2010).  

On the other hand, motile cilia are longer and have the ability to beat. This category 
has several subtypes, including those existing as a single cilium per cell, also called 
motile monocilia, such as the flagella on unicellular eukaryotes and sperm cells. 
Another unique type of cilia is transiently expressed in the vertebrate embryonic 
node to establish left-right asymmetry during early development. Additionally, 
multiple motile cilia are present in specialized epithelial cells, called multiciliated cells 
(MCCs). These cells can project large numbers of motile cilia from the cell surface 
to act in a coordinated beating fashion for generating fluid or gamete movement over 
the epithelial surface (Choksi et al., 2014b) (Figure 4). 
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Figure 5. The architecture of cilia (a) Schematic illustration of the cilium showing three distinct 
structural segments: axoneme (blue), transition zone (TZ) (orange), and basal body (BB) (green). 
The axoneme is made of nine outer microtubule doublets surrounded by the ciliary membrane that 
is contiguous from the plasma membrane (PM) (gray). Transition fibers (TF) (magenta) at the base 
of the cilium interconnect the microtubules and the PM. (b) Detailed examination of a microtubule 
doublet, formed by A and B subfibers (violet). Motile cilia subfibers A present outer dynein arms 
(ODAs) (cyan), inner dynein arms (IDAs) (magenta), and radial spokes (orange). (c) Cross-section 
diagram of the BB, with nine microtubule triplets (violet) and the cartwheel structure (orange). (d) 
Transverse section of the axoneme of a typical primary cilium with (9+0) configuration or a motile 
cilium with (9+2) configuration (which is identical to a flagellum). Image from (Yuan and Sun, 2013). 
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Multiple motile cilia 

In mammals, MCCs are present in epithelial tissues including the brain ependyma, 
where they are involved in the circulation of the cerebrospinal fluid (CSF) and 
neuronal migration (Sawamoto et al., 2006), in the respiratory airways, where they 
facilitate mucus clearance (Wanner et al., 1996), in the oviduct, where they facilitate 
egg transport (Lyons et al., 2006), and in the efferent ducts of the caput epididymis, 
where they have a key role in the movement of the sperm from the testis to the 
epididymis (Joseph et al., 2011).  

Deuterosome-dependent centriole assembly 

A key step for the differentiation of MCCs is the biogenesis of a large number of BB 
that will dock to the apical PM to seed multiple cilia. Like in cycling, mono-ciliated 
cells, MCCs can also use the mother centriole-dependent (MCD) pathway to 
generate BB. However, the amplification of BB in MMCs mainly occurs using an 
alternatively mechanism that involves a massive de novo expansion of BB, without 
using the mother centriole as a template. This process is known as the deuterosome-
dependent (DD) pathway and requires a poorly understood, electron dense 
cytoplasmic structure called the deuterosome, which serves as a platform for 
centriole nucleation (Sorokin, 1968). Although both pathways share many 
components, including CEP152, PLK4, and SAS6, some additional proteins, such 
as the paralog of CEP63, DEUP1 or the coiled-coil domain containing protein 
CCDC78, play specific roles in the DD centriole biogenesis pathway (Klos Dehring 
et al., 2013; Zhao et al., 2013a) (Figure 6). 
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Transcriptional regulation of MCC differentiation 

The development of MCCs is antagonized by Notch signaling, which is negatively 
regulated by the miR449 family of microRNAs (miRNAs) (Marcet et al., 2011; Song 
et al., 2014). The inhibition of Notch signaling triggers the activation of GEMC1 (also 
known as GMNC or Lynkeas) and MCIDAS (also named Idas or Multicilin), that, 
activate the differentiation program to MCC though the interaction with E2F4/5-DP1 
transcription factors (Ma et al., 2014; Stubbs et al., 2012). RFX2, RFX3, p73, C-MYB 
and FOXJ1 are important targets of MCIDAS and GEMC1  (Choksi et al., 2014b; 
Marshall et al., 2016; Stubbs et al., 2008; Tan et al., 2013), and they are required for 
the transcription of specialized genes involved in the deuterosome formation and 
function such as CCNO (also known as Cyclin O), DEUP1 and CCDC78 (Boon et 

Figure 6. Scheme of multiple ciliogenesis pathways. (a) A primary cilium is transiently extended 
from the mother centriole in quiescent cells, which is lost when cells re-enter the cell cycle. (b) Many 
post-mitotic cells in vertebrates exhibit a single primary cilium that is produced from a mature 
centriole. (c) Hypothetical model for centriole amplification showing the MCD and DD pathways in 
MCCs. The CEP63-CEP152 complex regulates the MCD pathway, whereas DEUP1-CEP152 (Zhao 
et al., 2013a) and CCDC78-CEP152 (Klos Dehring et al., 2013) complexes mediate the DD 
pathway. The DEUP1-CEP152 complex may act as a platform for centriole amplification in MCCs, 
whereas CCDC78 may act as a scaffold protein for CEP152 recruitment to the deuterosome, and 
together, they activate PLK4 and centriole amplification. (d) The amplified centrioles then migrate 
to the cell surface to form multiple cilia. Image from (Tang, 2013) 
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al., 2014; Funk et al., 2015a; Klos Dehring et al., 2013; Ma et al., 2014; Zhao et al., 
2013a) (Figure 7).  

 

 

Notch inhibition  

Notch signaling is required for MCC fate acquisition, such that only cells with low 
levels of Notch will become MCCs. This is supported by the fact that Notch 
intracellular domain overexpression leads to a decreased number of ciliated cells, 
and, conversely, Notch inhibition results in increased numbers of MCCs (Marcet et 
al., 2011; Tsao et al., 2009). How Notch signaling is modulated in different cell types 
of any particular MCC containing tissue has not been fully established. However, 
studies carried out in several systems have demonstrated that the Notch pathway is 
negatively regulated by the miR499 family of microRNAs, which are highly 
expressed in MCCs and encoded by the CDC20B gene (Marcet et al., 2011). For 
example, in the human airway epithelium, the levels of both Notch1 and its ligand 
Delta-like1 (DLL1) proteins are lower in MCCs compared with surrounding cells, and 
they increase after miR499 inhibition (Marcet et al., 2011). In Xenopus leavis, 
silencing of miR449 in the embryonic epidermis leads to an increase of DLL1 levels 
(Marcet et al., 2011). Consistently, experiments disrupting human DLL1 or Notch1 
miR499 target sites repress multiciliogenesis and the impairment of MCC 
differentiation in miR499-deficient cells can be rescued by knocking down DLL1 and 
Notch (Marcet et al., 2011). Remarkably, mice lacking miR34/449 show respiratory 
dysfunction caused by defective mucociliary clearance and impaired formation of 
MCCs in many tissues (Song et al., 2014). 

Figure 7. Current model of MCC differentiation in vertebrates. MCC differentiation is triggered 
by Notch inhibition in progenitor cells (for example, in radial glial cells of the epenydma and basal 
cells in the airway), which leads to the activation of the two master regulators GEMC1 and MCIDAS. 
They interact with E2F4/5 transcription factors to activate a regulatory cascade of downstream 
effectors of the MCC differentiation program, including RFX2/3, FOXJ1 and C-MYB, and additional 
genes needed for centriole amplification, such as CCNO, BB docking, and ciliogenesis. From 
(Meunier and Azimzadeh, 2016). 



 39 

Master regulators of multiciliogenesis 

Downstream of Notch inhibition, two master regulators control MCC differentiation: 
Geminin coiled-coil domain containing protein (GEMC1) and MCIDAS. Together with 
Geminin, that prevents DNA re-replication and controls the transition from 
proliferation to differentiation (Kroll, 2007), these three proteins belong to the 
Geminin superfamily. As their name indicate, they share a coiled-coil (CC) domain 
through which they can interact with each other, although the functional relevance 
of this interaction has not yet been clearly established (Caillat et al., 2015; Caillat et 
al., 2013). In addition to the CC domain, GEMC1 and MCIDAS also share a C-
terminal domain, dubbed the TIRT domain based on its amino acid sequence 
(Stubbs et al., 2012), which is not present in Geminin (Figure 9b). 

GEMC1 

GEMC1 was originally shown to function in DNA replication initiation through 
interactions with Cdc45 and CDK2/Cyclin E, that are important for replication 
initiation, and TOPBP1, a replication fork component critical for activating the ATR 
kinase (Balestrini et al., 2010; Mordes et al., 2008; O'Driscoll et al., 2003). In parallel 
with our findings, GEMC1 has been recently identified as a key protein for MCC post-
mitotic commitment in zebrafish and Xenopus epidermis (Zhou et al., 2015b), as well 
as in the respiratory and ependymal multiciliated epitheliums (Arbi et al., 2016; 
Kyrousi et al., 2015). 

MCIDAS 

MCIDAS was identified as a gene highly expressed in the developing epithelia of 
Xenopus leavis, and it was later found to be required for MCC differentiation in 
Xenopus skin and kidney. In particular, MCIDAS inhibition is able to specifically block 
the generation of MCCs, whereas its overexpression promotes cell-cycle exit and 
triggers DD-centriole assembly. Accordingly, MCIDAS is necessary and sufficient to 
drive ectopic MCC differentiation in MTECs (Stubbs et al., 2012). 

MCIDAS localizes to the nucleus and, although it does not have any predicted DNA-
binding domain, it can interact with the transcription factors E2F4 or E2F5, when 
complexed to their cofactor DP1, through its TIRT domain (Stubbs et al., 2012). This 
binding allow the formation of the EDM complex (formed by E2F4/5, DP1 and 
MCIDAS) that directly activates the transcription of key genes required for 
multiciliogenesis, such as FOXJ1, MYB, RFX2 and RFX3 (Brooks and Wallingford, 
2014; Choksi et al., 2014b). Consistent with MCIDAS being linked to the E2F4/5 
transcription factors, the loss of E2F4 in mice impairs MCC development in the 
airway epithelium (Danielian et al., 2007) and E2f5-deficient mice develop 
hydrocephaly, potentially due to defects in the formation of MCCs in the brain 
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ependyma, although this has not been conclusively demonstrated (Danielian et al., 
2007; Davy and Robinson, 2003). Additionally, MCIDAS and Geminin can interact 
through their CC domains, and this binding inhibits Geminin’s function as a negative 
regulator of DNA replication (Caillat et al., 2013). Conversely, Geminin impairs the 
ability of MCIDAS to activate genes required for centriole biogenesis in MCCs, 
suggesting opposing roles that favor proliferation or differentiation, respectively (Ma 
et al., 2014) 

Interestingly, the MCIDAS gene is located in a conserved chromosomal locus 
(5q11.2 in humans and 13 D2.2 in mice) that appears to be dedicated to MCC 
differentiation. In this region, MCIDAS is flanked by CCNO and CDC20B, the latter 
containing miRNAs of the miR34/449 family (Boon et al., 2014) (Figure 8). Mutations 
in MCIDAS have been identified in human patients with a mucociliary clearance 
disorder with reduced generation of multiple motile cilia (RGMC) (Boon et al., 2014). 
These mutations are located in the TIRT domain and compromise interactions with 
E2Fs that are required for its transcriptional functions, but are unlikely to affect 
interactions with Geminin (Boon et al., 2014). 

 

 

 

 

 

 

Figure 8. Schematic overview of the human chromosome 5 locus, which harbors key regulators 
of MCC formation, including CCNO, MCIDAS, CDC20B and miR449. Overview of the MCIDAS gene 
is shown and mutations identified in RGMC patients are highlighted with arrows.  Image from (Boon 
et al., 2014). 
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Downstream effectors of multiciliogenesis 

MYB 

MYB (myoblastosis) proteins belong to a family of transcription factors involved in 
cell cycle regulation, differentiation and apoptosis (Oh and Reddy, 1999). Myb has 
three paralogs in mammals: A-Myb, B-Myb and C-Myb (in mice, Mybl1, Mybl2 and 
Myb, respectively). As our study is focused in mice, I will refer to C-Myb as solely 
Myb. 

MYB function in hematopoiesis and malignancy has been extensively reported as it 
is required for maintaining the self-renewal capacity of hematopoietic stem cells 
(Lieu and Reddy, 2009), and induces proliferation of stem cells in the colon 
(Malaterre et al., 2007) and brain (Malaterre et al., 2008). Recently, several studies 
have demonstrated that MYB is a key regulatory factor that controls ciliogenesis. 
Particularly, MYB is expressed early in multiciliogenesis, when progenitor cells start 
expanding their centrioles after cell cycle exit, and it is turned off as cells mature into 
post-mitotic MCCs (Tan et al., 2013). Because Myb-deficient mice die during 
embryogenesis, conditional models have been generated to understand its role in 
the airway development. These animals show a block or delay in BB amplification 
and their epithelial basal cells can not differentiate to both MCC and secretory 
phenotypes, suggesting that MYB is expressed in an intermediate population in the 
airway epithelia that has been identified as p63- (Pan et al., 2014). However, 
because there isa partial recovery of MCCs after Myb depletion, its effect appears 
to be redundant with other factors (Tan et al., 2013). Further analysis in MTECs have 
shown that MYB acts downstream of Notch and MCIDAS, it directly activates FOXJ1 
(Tan et al., 2013) and its activity is regulated by the miR34b in zebrafish (Wang et 
al., 2013).  

P73 

P73 is a member of the p53 family of transcription factors that also includes p63 
(Kaghad et al., 1997), which have previously been implicated in cell-cycle control, 
DNA damage signaling, apoptosis, and cell differentiation (Pietsch et al., 2008). 
Moreover, p63 and p73 have two different primary isoforms: the full-length 
transactivating (TA) protein (TAp63 and TAp73) and the N-terminally truncated 
protein (DNp63 and DNp73), that lacks the N-terminal TA domain and acts in a 
dominant-negative manner to the TA isoforms through heteroligomerization (Kaghad 
et al., 1997; Yang et al., 1999). The recently revisited spectrum of phenotypes in 
TAp73 knockout mice have revealed that p73 is a key transcription factor to drive 
multiciliogenesis through the activation of FOXJ1 and the regulation of several 
ciliogenesis genes. Consistently, p73 overexpression induces FOXJ1 expression in 
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MTECs and Chromatin immunoprecipitation-sequencing (Chip-seq) experiments 
identify p73 at the promoters of many cilia-associated genes including FOXJ1.  

The identification of p73 as a regulator of transcription in MCCs has also contributed 
to understanding the molecular mechanisms that drive differentiation of the 
respiratory epithelium. In the conventional model, the basal cells express p63 and 
they represent the progenitor pool, being able to both self-renew and differentiate 
towards a secretory or multiciliated cell fate. Experiments from primary cultures of 
tracheal epithelial cells have demonstrated the existence of a p63-positive 
subpopulation that is committed to the MCC phenotype by also expressing p73. 
Additionally, the identification of p73/FOXJ1 double-positive cells supports the 
hypothesis that p73 directly regulates FOXJ1 expression in a cell autonomous 
manner and suggests a role for p73 in controlling early MCC specification (Marshall 
et al., 2016).  

RFX2/3 

Regulatory factor X (RFX) proteins are transcription factors that contain a highly 
conserved DNA-binding domain, which directly recognizes and binds X-box 
promoter motif sequences found in many genes to positively regulate transcription 
(Gajiwala et al., 2000). In vertebrates, the RFX family is composed by eight members 
(RFX1-8) and they have been associated to different biological processes. For 
example, RFX5 regulates transcription of MHC class II genes in humans (Reith et 
al., 1988), RFX3 is required for differentiation and function of b-cells in mice (Ait-
Lounis et al., 2010), and RFX2 is a key regulator of mouse spermatogenesis (Wu et 
al., 2016). However, the most prominent function of RFX proteins conserved 
throughout evolution is their role in regulating ciliogenesis as multiple members of 
the RFX family have been associated with cilia-related processes (Piasecki et al., 
2010). Especially, RFX1-, -2, -3 and -4 have been shown to control the 
transcriptional program of ciliogenesis of both motile and primary cilia, suggesting 
that they direct the expression of core components of all types of cilia (Choksi et al., 
2014b). In Xenopus epidermis and likely in zebrafish kidney, RFX2 is essential for 
the differentiation of MCCs (Bisgrove et al., 2012; Chung et al., 2012). Genome-wide 
analysis have revealed that RFX2 activates a complex program of gene expression 
that contributes to the assembly of the ciliary machinery and it also plays a crucial 
role in controlling the apical cell movement in newborn MCCs (Chung et al., 2014). 
Likewise, Rfx3-deficient mice develop hydrocephalus due to defects in MCC 
specification in the ependymal cells of the brain (Ait-Lounis et al., 2007). 
Interestingly, these genes share overlapping expression patterns and the 
consequences of losing a single RFX factor cause “mild” ciliary phenotypes, 
supporting a functional redundancy among the different RFX factors (Choksi et al., 
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2014b). 

FOXJ1 

The forkhead box protein J1 (FOXJ1) has recently emerged as a key regulator of 
ciliogenesis, specifically the biogenesis of motile cilia (Yu et al., 2008). FOXJ1 
belongs to the forkhead box (FOX) family of transcription factors, which play crucial 
roles in various biological processes from development and organogenesis to 
metabolism regulation (Hannenhalli and Kaestner, 2009). The first evidences that 
related FOXJ1 with motile ciliogenesis were its in situ hybridization pattern restricted 
to mammalian tissues with motile cilia, such as lungs, oviducts and testes (Hackett 
et al., 1995), and its nuclear localization restricted to ciliated epithelial cells (Blatt et 
al., 1999). This hypothesis was later confirmed by the analysis of FoxJ1-knockout 
mice, that completely lack axonemes of motile multicilia from the airways, choroid 
plexus and the oviducts, and also displays left-right asymmetry defects (Brody et al., 
2000; Chen et al., 1998). Experiments in MTECs from FoxJ1-knockout embryos 
demonstrated that, while the amplification of multiple BB takes place normally, the 
subsequent docking of BB to the apical membrane is impaired (Gomperts et al., 
2004; You et al., 2004). 

In addition, the loss of motile cilia in FOXJ1-knockdown Xenopus and zebrafish have 
revealed that FOXJ1 controls the transcriptional program that governs motile cilia 
biogenesis in evolutionarily distant organisms (Stubbs et al., 2008; Yu et al., 2008). 
Comparable to the mice phenotype, these model organism exhibit dysfunctional 
motile cilia due to a failure in BB docking, affecting both MCCs and cells with one 
motile cilia involved in mediating left-right patterning, although primary cilia are 
unaffected (Yu et al., 2008). Remarkably, gain-of-function studies showed that 
FOXJ1 is sufficient for the formation of an ectopic motile monocilium in different 
tissues in Xenopus embryos and zebrafish (Stubbs et al., 2008). These data suggest 
that FOXJ1 is required to activate key genes for motile ciliogenesis but it functions 
downstream of the mechanisms that control cilium number. Of note, MCIDAS, RFX3 
and MYB are required for the expression of FOXJ1, which in its turn regulates a 
group of ciliary genes generally required for all types of cilia, including IFT proteins, 
tubulins, as well as genes with structural and functional roles in motile cilia (Choksi 
et al., 2014b). 

CCNO 

CCNO is a cyclin-like protein that was first identified as a CKD2 activator in response 
to pro-apoptotic stimuli (Roig et al., 2009). Its contribution to multiciliogenesis was 
only evident after discovering that is highly express in Xenopus epidermal MCCs 
(Stubbs et al., 2012). CCNO is placed downstream of MCIDAS (Ma et al., 2014) and, 
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although its partners and molecular function remain largely unknown, it is necessary 
for de novo BB biogenesis and docking through the DD pathway. Ccno-deficient 
mice exhibit MCCs with fewer properly docked and functional BB due to defects in 
maturation and localization of the newly generated centrioles and a reduced number 
of deuterosomes. However, the MCD mode of centriole amplification does not seem 
to be impaired in the absence of Ccno (Funk et al., 2015a). Like MCIDAS (Boon et 
al., 2014), mutations in CCNO have been identified in human patients with RGMC, 
and it appears to be one of the more frequently mutated genes in that disorder 
(Wallmeier et al., 2014).  

Interaction between the DDR and centrosomes in human disease 

Disease pathologies related to DDR defects  

The importance of effective DDRs in human physiology is indicated by the wide 
spectrum of defects present in individuals with mutations in DNA repair genes. The 
accumulation of DNA lesions can lead to a variety of human genomic instability 
syndromes, which primarily affect the homeostasis of the nervous, reproductive, and 
immune systems, and can contribute to premature aging and cancer predisposition 
(Jackson and Bartek, 2009).  

Diseases of the central nervous system  

The development of the brain is highly susceptible to defects in the DDR, particularly 
to DSBs, which can derive in neurodegeneration, microcephaly or brain tumors. The 
reasons for that are largely unclear since no DSBs occur physiologically during 
neurogenesis as opposed to the meiotic recombination or immune system 
development. One explanation may be that an increase in ROS production, 
associated with high oxygen consumption in neurons, may potentially result in 
oxidative stress and subsequent DNA damage (Jackson and Bartek, 2009). The 
brain vulnerability to DNA damage could also be associated with the limited capacity 
for cell replacement in adulthood, leading to the accumulation of damaged but 
irreplaceable terminally differentiated neurons. In this sense, neurons cannot repair 
DSBs by HR because they are in G0, suggesting that their repair relies on the error-
prone NHEJ mechanism. Furthermore, several DNA repair deficiency syndromes 
primarily affect the cerebellum, responsible for motor coordination, and the 
degeneration of cerebellar neurons often results in ataxia (Katyal and McKinnon, 
2008). A prime example of neurodegenerative disease is Ataxia telangiectasia (A-
T), which results from mutations in the ATM protein kinase. A-T is a disorder 
characterized by profound ataxia and progressive neurodegeneration due to 
cerebellar atrophy and loss of Purkinje cells, as well as immunodeficiency, and 
extreme sensitivity to IR and cancer, especially lymphomas (McKinnon, 2004). Of 
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note, mutations in many genes involved in ATM-dependent DDRs display central 
nervous system (CNS) pathologies, including MRE11, NBS1, RAD50 RBBP8/CTIP, 
ATR, and CEP63 (Alderton et al., 2004; Pacek and Walter, 2004; Sir et al., 2011; 
Stracker and Petrini, 2011; Waltes et al., 2009) among others. Depending on the 
particular gene, mutation, and patient, they can result either in microcephaly or 
neurodegeneration.  

Immunological defects and infertility 

Programmed genome rearrangements involving many DDR factors occur during 
immune system development. Defects in these proteins can affect the integrity and 
surveillance of these processes, leading to immune deficiency. For instance, 
mutations in genes involved in the NHEJ pathway have been associated with B- and 
T-cell immune deficiency. Impaired immunity is also characteristic of A-T patients, 
where CSR is particularly affected. Furthermore, many cancers arising in such 
conditions are lymphomas and leukaemias of B- and T-cell origin that arise from 
oncogenic translocations as a result of impaired V(D)J recombination (Jackson and 
Bartek, 2009). 

The generation of haploid gametes requires meiotic recombination, which involves 
the formation of programmed DSBs by the nuclease SPO11 and their repair through 
the HR pathway (Neale and Keeney, 2006). Consistently, DDR signaling is 
detectable during human gametogenesis, primarily during meiotic DSB formation 
and resolution. Given the requirement of a functional DDR for meiotic progression, 
various human DDR deficiencies, like A-T, are characterized by infertility or 
subfertility (Matzuk and Lamb, 2008).  

Cancer 

A fundamental hallmark of many cancers is genomic instability, highlighting the role 
of the DDR in tumor suppression. Deficiencies in DDR-encoding genes have been 
shown to contribute during many stages of tumorigenesis and inherited DDR defects 
commonly predispose to cancer (Negrini et al., 2010). This has been extensively 
studied for breast and ovarian cancer, were women that carry a defective allele of 
the BRCA1 or BRCA2 genes (involved in DNA DSBs repair by HR), have higher risk 
of developing cancer (Levy-Lahad and Friedman, 2007). Furthermore, the DDR is 
commonly activated in early neoplastic lesions in response to replicative stress 
induced by oncogene activation (Gorgoulis et al., 2005). This is likely a mechanism 
to limit tumor growth at its early stages by stopping proliferation through checkpoint 
activation, apoptosis or senescence, mainly through p53 activation. It is therefore 
not surprising that many malignant tumors harbor mutations in key DDR genes 
involved in p53 signaling, most notably p53, CHK2 and ATM (Meek, 2009). 
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Collectively, evidence suggest that deregulation of DDR responses contributes to 
genomic instability, through the acceleration of genetic alterations that drive tumor 
development and the loss of tumor suppressive mechanisms such as apoptosis and 
senescence (Negrini et al., 2010). 

Progeroid syndromes 

Progeroid syndromes are human disorders that cause premature aging and are 
heritable. All the progeroid syndromes known to date have revealed defects in DNA 
repair and DDR, suggesting that progressive genomic instability represents an 
important aspect of the aging process. Among them, the Werner syndrome (WS) 
closely reproduces normal aging features and it is characterized by short stature, 
delayed sexual development, diabetes, and increased susceptibility to various 
cancers. The mutation causing WS affects a member of the RecQ family of 
helicases, the WRN gene (Yu et al., 1996), implicated in maintaining and repairing 
DNA, particularly telomeres, through its helicase and exonuclease activities (Crabbe 
et al., 2004). Molecular studies have implicated decreased cell proliferation and 
altered DDR as causal mechanisms in its pathogenesis (Bohr, 2005). 

Disease pathologies related to centrosome/cilia defects 

Many developmental abnormalities and rare diseases in humans are caused by 
defects in the centrosome and cilia function. As several of these present extensive 
clinical overlap with DDR related disorders, much attention has been given to links 
between the DDR and centrosome biology.  

Human ciliopathies  

The term “ciliopathies” embraces a group of rare human genetic diseases caused 
by defects in cilia. They can be classified in motile and immotile ciliopathies, if they 
affect motile or primary cilia, respectively.  

Motile ciliopathies:  

Primary Ciliary Dyskinesia and Reduced Generation of Multiple 
Motile Cilia  

Primary ciliary dyskinesia (PCD) was the first human disorder associated with the  
dysfunction of motile cilia (Afzelius, 1976). It is a rare, autosomal recessive condition 
characterized by respiratory manifestations and sterility. In both cases this is due to 
defective ciliary motility, leading to impaired mucociliary clearance or defects in 
sperm tail axonemes respectively (Leigh et al., 2009). When PCD is accompanied 
with heterotaxy, a human disorder characterized by discordant positioning of 
numeral visceral organs across the left-right axis, it is referred to as Kartagener 
syndrome (KS), which accounts for more than 50% of PCD patients (Ferkol and 
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Leigh, 2012). The most common mutations in PCD affect motile cilia components 
themselves, such as the dynein axonemal intermediate chain 1 (DNAI1) and the 
dynein axonemal heavy chain 5 (DNAH5) (Leigh et al., 2009).   

A part from PCD and KS, excessive mucus accumulation and reduced ciliary motility 
characterizes other mucociliary clearance disorders such as cystic fibrosis (CF), and 
a newly identified subclass of PCD characterized by the loss of MCCs, and referred 
to as Reduced Generation of Multiple Motile Cilia (RGMC). RGMC patients exhibit 
hydrocephaly, chronic airways disease and infertility (Figure 9a). Thus far, mutations 
in only two genes have been implicated in these patients, MCIDAS and CCNO, both 
genes encoded in the same chromosomal region (5q11), emphasizing the 
importance of this locus in underlying RGMC (Boon et al., 2014; Wallmeier et al., 
2014). Sanger DNA sequencing of MCIDAS from RGMC patients without CCNO 
mutations revealed biallelic mutations (c.441C>A; c.1079G>A; c.1142G>A) all 
affecting its C-terminus (Boon et al., 2014) (Figure 8). These have been show to 
affect the TIRT domain, which is required for E2F4/5-DP1 binding and transcriptional 
functions (Ma et al., 2014). Although the impact of mutations in CCNO remain less 
clear, there is some evidences that they impair CDK activity and affect deuterosome 
stability (Kim et al., 2014) (Figure 9b). 
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Immotile ciliopathies 

Alterations in primary cilium or centrosome components, as well as mutations 
leading to abnormal structure and function of the cilium have been associated with 
a plethora of rare disorders that affect multiple organs, such as the brain, retina, 
kidney, bones and liver (Bettencourt-Dias et al., 2011). 

Renal and retinal-renal syndromes 

The polycystic kidney diseases (PKD) are caused by defective immotile cilia and 
include the autosomal dominant PKD (ADPKD), autosomal recessive PKD (ARKD) 
and the autosomal recessive cystic kidney disease, nephronophthisis (NPHP). 

Figure 9. RGMC disorder and causative mutations (a) Summary of the pathologies associated
 

with RGMC in human patients with MCIDAS or CCNO mutations. (b) Schematic of Geminin, 
GEMC1 and MCIDAS common domains and CCNO. RGMC mutations are shown in red (Amirav et 
al., 2016; Boon et al., 2014; Funk et al., 2015a). 
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ADPKD is characterized by the formation of a massive cyst in both kidneys, that 
commonly leads to kidney failure, and it is caused by mutations in polycystin-1 (PC1) 
and polycystin-2 (PC2), that localize to the primary cilia. Studies using the mouse 
model for cystic kidney disease Tg737orpk (Oak Ridge Polycystic Kidney) have 
revealed a role for primary cilia in the pathogenesis of this disease (Lehman et al., 
2008). Mutations in fibrocystin (PKHD1), a protein that is also in the primary cilia, is 
responsible for ARKD, commonly associated with in utero renal cyst formation (Ward 
et al., 2003). NPHP is an autosomal recessive cystic kidney disease that represent 
the major cause of renal failure in children and it has been associated with defects 
in members of the nephrocystins (NPHP) family of proteins, found in the centrosome, 
cilium, and TZ (Hildebrandt and Zhou, 2007). Interestingly, several DDR proteins 
have also been implicated in PKD, although whether these are related to cilia 
function remains unclear (Chaki et al., 2012; Choi et al., 2013). 

Joubert syndrome and Meckel-Gruber syndrome  

Joubert syndrome (JS) is a rare recessive disease caused by defects in brain stem 
and cerebellum development, often resulting in hypotonia and mental retardation, 
and frequently ocular motor apraxia, ataxia, and abnormal pattern of breathing 
(Parisi et al., 2007). The autosomal recessive Meckel–Gruber syndrome (MKS) is 
prenatally lethal and is characterized by dysplasia andmalformation of multiple 
organs. Both JS and MKS arise from mutations affecting an overlapping pool of 
ciliopathy-associated genes, and the manifested phenotype depends on the severity 
and combination of the alleles involved.  

Bardet-Biedl syndrome  

Bardet-Biedl syndrome (BBS) is a heterogeneous autosomal recessive disorder that 
affects many organs and is characterized by a broad spectrum of phenotypes, such 
as PKD, obesity, diabetes, blindness, polydactyly, mental retardation, male 
hypogonadism and congenital heart defects. The causative proteins of BBS 
associate in a large complex that localizes to the BB and cilium called the BBSome 
(Ansley et al., 2003; Nachury et al., 2007).   

Diseases of brain development 

Hydrocephaly 

Hydrocephaly is a pathological condition characterized by the enlargement of the 
brain ventricles resulting from the accumulation of cerebrospinal fluid (CSF) in the 
brain ventricles due to an impairment CSF flow, excess production of CSF or 
abnormal CSF reabsorption (Garton and Piatt, 2004).  
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Both motile and non-motile cilia play central roles in regulating the CSF. In particular, 
the ependymal cells that cover the ventricular walls exhibit multiple motile cilia (9+2). 
These cilia beat in a synchronized fashion to generate a laminar flow of CSF through 
the brain and its orientation is guided by the planar cell polarity signaling pathway 
(Guirao et al., 2010). 

In contrast, the choroid plexus epithelial cells (CPEC), that are in charge of producing 
CSF (Damkier et al., 2013), present a special mode of ciliary development. CPECs 
have one or two dozens of cilia that are initially motile with 9+2 or atypical 9+1 
configurations, and then shift to 9+0 non-motile cilia (Narita et al., 2012). Although 
the precise involvement of these clusters of cilia in CPECs is not clear, it is thought 
that they function as a sensitive chemosensors to control CSF production and 
content (Narita et al., 2010).  

The evidence that ependymal cilia dysfunction was responsible for causing 
hydrocephalus became apparent from the analysis of different mouse models 
(Ibanez-Tallon et al., 2004). Knockout mice for the transcription factor E2f5 exhibit 
hydrocephalus due to an excessive CSF production that has been attributed to 
increased secretory activity of the choroid plexus (CP) (Lindeman et al., 1998). Rfx3, 
another transcription factor involved in both ependymal and CPECs ciliogenesis, 
also results in hydrocephalus when mutated in mice (Baas et al., 2006).  

Disruption of the Dnah5 in mice impairs cilia motility on ependymal cells, causing the 
loss of CSF flow and subsequent hydrocephalus (Ibanez-Tallon et al., 2004). 
Moreover, mice lacking cilia genes encoding Spag6 and Hydin, show reduced and 
dysfunctional ependymal cilia (Lechtreck et al., 2008; Sapiro et al., 2002), and 
mutations in the transcription factor FoxJ1 result in ependymal cells devoid of motile 
cilia (Jacquet et al., 2009). Consequently, all these animals develop hydrocephalus.  

The mouse model for the PKD, Tg737orpk, which has altered the gene encoding for 
a component of the IFT complex Ift88, is an example of how defects in both motile 
and immotile cilia can lead to hydrocephalus. Although these animals have 
asynchronous ciliary beating and impaired CSF flow across the ependymal surface, 
this does not seem to be the initiating factor for hydrocephalus, as the appearance 
of hydrocephaly is prior to the formation of multiciliated ependymal cells. Rather, the 
current model suggests that cilia dysfunction of CPEPs results in abnormal ion 
transport activity of the CPEPs that leads to a marked increase in CSF production 
(Narita and Takeda, 2015). Hydrocephalus has also been observed in several DDR 
or DNA replication deficient mice, suggesting that genome duplication and integrity 
is also important to support the proper development of the CP (Bakker et al., 2013; 
Roset et al., 2014).  
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Microcephaly 

Microcephaly in humans refers to a disorder in which the head circumference 
measures more than two standard deviations below the mean., and it is 
accompanied by intellectual disability (Barbelanne and Tsang, 2014). The smaller 
size of the brain is indicative of decreased number of neurons, premature 
differentiation of the neural progenitors or excessive cell death. Even though most 
of the genes identified have roles in centrosomal-associated activities some of them 
have also been associated with DNA damage responses. For that reason, this part 
is addressed in the section “DDR/Centrosomes and primary microcephaly”. 

Infertility 

Sperm immotility contributes significantly to male infertility. Thus, most males 
suffering from immotile-cilia syndromes have immotile sperm as well as immotile 
cilia. Despite the structure and composition of the sperm flagella is similar of that in 
the respiratory ciliated cells, they are not identical. Specifically, they differ in the 
spatial localization of some axonemal proteins along the ciliary and flagellar 
axonemes, such as the outer dynein arm (ODA). This might explain why flagellar 
dyskinesia (characterized by abnormal sperm movement) and PCD are usually, 
although not always, observed together (Fliegauf et al., 2007). Another consideration 
are the possible differences in assembling a cilia or a sperm flagellum, since data 
from Drosophila revealed that the sperm axoneme is assembled in the cytoplasm of 
the spermatid, likely independent of IFT (San Agustin et al., 2015). 

Besides being motile, the amount of spermatozoa in the ejaculate is also critical to 
ensure fertilization success. When leaving the testes, the sperm is not capable to 
move and it is only fully mature and able to fertilize the oocyte once it reaches the 
cauda epididymis. The transit from the testes to the epididymis occurs via the 
efferent ducts, a partially ciliated epithelium important to assist the movement of 
spermatozoa out from the testes (Hess, 2002). Although very few functional and 
ultrastructural studies have analyzed this ciliated tissue, a reported case of an 
infertile KS patient, showed a lack of dynein arms in the efferent duct ciliated cells 
despite having normal motile spermatozoa with dynein arms, confirming the 
importance of these ciliated epithelia in male fertility (Phillips et al., 1995).  

In the female reproductive system, the oviduct is structured as a pseudostratified 
epithelium with two major cell types: ciliated and secretory cells. Throughout the 
ovarian cycle, this epithelium undergoes hormonally mediated morphological 
changes that affect both cell types and also modulate the ciliary beat frequency 
(Lyons et al., 2006), probably by sensing extracellular signals through their cilia 
(Teilmann and Christensen, 2005). Importantly, the propulsion of gametes and the 
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egg transport along the oviduct tube is a requisite for successful pregnancy. This is 
accomplished at least in part through its ciliated epithelia, although a complex 
association between muscle contractions, ciliary activity and flow of tubal secretions 
is required (Afzelius, 2004). Thus, it is not surprising that female fertility is affected 
when these cilia are immotile, dysfunctional or missing, for example, in PCD (Storm 
van's Gravesande and Omran, 2005). 

Cancer 

Centrosome abnormalities are commonly observed in many different cancers and 
sometimes they are already present in premalignant lesions (Lingle et al., 2002; 
Pihan et al., 2003), supporting a direct link between centrosomes and cancer. Yet, 
a causal relationship has been difficult to establish and to date it is still not clear if 
centrosome defects are a consequence of mitotic abnormalities or they actively 
promote tumorigenesis. Transplantation experiments in flies have provided 
evidences that mutations causing gain or loss of centrosome numbers contribute to 
tumor formation (Castellanos et al., 2008).  

In humans, it is postulated that centrosome abnormalities favor tumorigenesis by 
promoting chromosomal instability (CIN), and both phenomena are usually present 
in human cancer (Vitre and Cleveland, 2012). The use of mouse models to 
understand the association between CIN and cancer have suggested a complex 
relationship where high levels of CIN are detrimental for cells whereas low CIN levels 
favor cancer (Schvartzman et al., 2010). Although the original model supports that 
centrosome amplification might lead to large amounts of CIN by fostering aberrant 
spindle formation during cell division and thereby promoting cancer, several 
evidences suggest that extra centrosomes do not always induce multipolarity. In 
some cases, somatic cells with extra centrosomes can efficiently inactivate or cluster 
extra centrosomes at just two dominant spindle poles to divide in a bipolar fashion 
during mitosis (Quintyne et al., 2005). Notably, multipolar spindle intermediates often 
exhibit residual merotelic attachments (where a single sister kinetochore becomes 
simultaneously attached to two spindle poles) that can resolve in lagging 
chromosomes and lead to chromosomal missegregation (Ganem et al., 2009). Thus, 
although in most somatic cells centrosome amplification does not trigger large-scale 
CIN, it could contribute to relatively low levels of CIN that facilitate cancer 
progression. 

The close relationship between centrosome defects and p53 is also relevant to 
cancer. In many vertebrate cells, centrosome loss triggers a p53-dependent 
response. Sas4 deletion in mice leads to a progressive loss of centrioles, and 
mutants are very small and only survive until midgestation due to a dramatic increase 
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in p53-dependent apoptosis. The activation of p53 seems to occur as a result of 
prolonged spindle assembly in the absence of centrosomes (Bazzi and Anderson, 
2014). Cell death is rescued in Sas4-/- p53-/- mouse embryos, consistent with p53 
having a pro-apoptotic role, but these embryos die later likely due to problems 
related to the lack of primary cilia. Strikingly, Sas4-null embryos do not show any 
detectable aneuploidy, DNA damage or increased chromosome segregation errors. 
Similar results have been observed when Sas4 is specifically removed from the 
developing mouse brain (Insolera et al., 2014). Thus, these results suggest that 
mouse cells can survive without centrosomes in vivo, as long as p53 is not activated 
(Figure 10).  

The development of a specific PLK4 inhibitor, centrinone, has provided a powerful 
tool to study centrosome depletion in human and other vertebrate cells. Centrinone 
treatment revealed that, in the absence of centrosomes, normal human cells arrest 
at G1 in a p53-dependent manner, whereas transformed cells continue to divide 
irrespective of their basal amplification state despite exhibiting mitotic defects (Wong 
et al., 2015) 

Although the mechanisms by which p53 is activated in these cultured cells is not 
completely clear, it does not seem to rely on the Hippo pathway, the p38-mediated 
stress signaling, or aneuploidy (Lambrus et al., 2015; Wong et al., 2015). Two recent 
studies have identified USP28 and 53BP1 as activators of p53 after centrosome loss 
or prolonged mitosis upon PLK4 inactivation in epithelial transformed cells (RPE1) 
(Fong et al., 2016; Lambrus et al., 2016).  
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All these studies converge with the idea that, although many vertebrate cells can 
segregate their chromosomes in the absence of centrosomes, p53-dependent 
responses detect centrosome loss and trigger apoptosis or cell cycle arrest. 
Furthermore, studies using tetraploid cells have shown that p53 is also activated 
after centrosome amplification involving the Hippo pathway, suggesting a different 
mode of activating p53 than that in cells depleted of centrosomes (Ganem et al., 
2014). By contrast, the presence of supernumerary centrosomes in the mouse 
developing brain induced by PLK4 overexpression does not trigger tumorigenesis 
but results in microcephaly that is partially rescued by p53 inactivation (Marthiens et 
al., 2013). 

Figure 10. Consequences of centrosome loss on cell division dependent on p53. Sas4-
deficient embryos lack centrioles, centrosomes and cilia. The mitotic spindle assembly is slowed 
(indicated by the unaligned chromosome) and triggers p53-dependent cell death causing early 
embryonic death at mid-gestation. Sas4-/-p53-/- mutants suppress apoptosis and survive until at least 
embryonic day 9.5 showing typical features of mutants that lack cilia (situs inversus and abnormal 
brain phenotype). Notably, these embryos do not exhibit cells with increased lagging chromosomes, 
aneuploidy or DNA damage. Image from (Conduit et al., 2015). 
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Because centrosome defects often trigger p53 activation thus inhibiting proliferation 
in normal vertebrate cells, it is surprising how common they are in human cancer 
cells (Zyss and Gergely, 2009). One plausible hypothesis is that defects in the 
centrosome accumulate as a consequence of p53 inactivation, as these cells are not 
efficiently eliminated. Alternatively, centrosome defects might be actively involved in 
promoting tumor progression by generating low levels of CIN or, as recently 
suggested, by favoring metastasis through an increased microtubule-nucleating 
capacity of cells with extra centrosomes (Godinho et al., 2014). 

Links between the DDR-centrosomes and cilia 

DDR components at centrosomes 

Several DNA repair proteins, such as BRCA1, BRCA2, PARP1, NBS1, ATM, CHK1, 
CHK2, RAD51 and p53, have been reported to localize to centrosomes, enforcing 
the idea of a functional link between the DDR and centrosomes (Shimada and 
Komatsu, 2009). Moreover, alteration in these DDR proteins is often associated with 
overduplication of centrosomes and abnormal cell division patterns, suggesting that 
these factors are important to regulate centrosome number through cell cycle 
checkpoints or by modifying target proteins at the centrosome.  

One example is the E3 ubiquitin ligase BRCA1, which is crucial to restrict 
centrosome over-duplication through the ubiquitination of g-tubulin (g-tub) at the 
centrosome (Sankaran et al., 2006), that, in turn, is regulated by NBS1 through ATR 
interactions (Shimada et al., 2009). Antibody cross-reactivity, however, has to be 
considered carefully when reporting unexpected centrosome-associations of 
proteins (Arquint et al., 2014). This is illustrated by two contradictory studies 
reporting CHK1 localization to the centrosome. Initially, CHK1 was identified at the 
centrosome to prevent premature activation of Cyclin B/CDK1 (Kramer et al., 2004), 
suggesting a spatio-temporal regulation of cell division as well as a role in mediating 
cyclin B/CDK inhibition induced by DNA damage. More recently, CHK1 centrosomal 
localization has been associated with antibody cross-reactivity with the centrosomal 
protein CCDC151 (Matsuyama et al., 2011), favoring the hypothesis that it is the 
nuclear, and not centrosomal CHK1, the one regulating cyclin B/CDK1 complexes. 
Similarly, the reported CEP63-dependent localization of CDK1 at centrosomes 
(Loffler et al., 2011) may be due to antibody cross-reactivity with CEP152 
(Lukinavicius et al., 2013a).  

Centrosomal proteins involved in the DDR 

Besides DNA repair factors being important in centrosomal functions, several 
centrosomal proteins have also been implicated in the DDR. One example is Centrin-
2, a component of the distal centriolar lumen that is essential for the formation of BB 
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in ciliates (Ruiz et al., 2005; Stemm-Wolf et al., 2005). Although it shows a centriolar 
localization, centrin-2 is mainly found into the nucleus where it functions to repair 
UV-induced DNA damage through the NER repair machinery by interacting with 
Xenoderma pigmentosum group C (XPC) protein (Araki et al., 2001; Paoletti et al., 
1996).  

Other centrosome components associated with DDR functions include: PCNT, a 
core protein of the centrosomal PCM (Delaval and Doxsey, 2010), and CEP164, a 
protein that localizes at the distal appendages of mature centrioles and it is involved 
in the formation of primary cilia (Graser et al., 2007). Mutations in PCNT were 
identified in Seckel syndrome patients, which cells are impaired in responding to the 
ATR-dependent checkpoint signaling (Griffith et al., 2008). Similarly, CEP164 
mutations are associated with ciliopathies (Chaki et al., 2012). Upon DNA damage, 
CEP164 is phosphorylated by ATM and ATR and it helps to activate the G2/M 
checkpoint (Sivasubramaniam et al., 2008). CEP164 has also been associated with 
the efficient repair of UV-induced damage though the interaction with Xenoderma 
pigmentosum group A (XPA), a protein that mediates its localization to the sites of 
UV damage (Pan and Lee, 2009). 

DDR/centrosomes and primary microcephaly 

Primary microcephalies 

The term “primary microcephalies” embraces a broad spectrum of disorders 
characterized by a reduction in the head size already present at birth as a 
consequence of neurodevelopmental defects. Among others, they include primary 
autosomal microcephalies (MCPH) and Seckel Syndrome (SS).  

MCPH loci and brain development 

MCPH is a rare hereditary neurodevelopmental disorder characterized by a 
significant reduction in brain size accompanied by intellectual disability, although the 
brain architecture is not grossly affected. MCPH is genetically heterogeneous and 
can comprise additional clinical features that overlap with SS or other related 
disorders (Barbelanne and Tsang, 2014).  

Not surprisingly, MCPH gene products are highly expressed in neuroepithelial (NE) 
and neural progenitor cells (NPC) during brain development, highlighting their 
importance in early neurogenesis. The complexity of the neuronal patterning in the 
cerebral cortex has its origin in the ventricular zone (VZ) of the telencephalon, which 
is composed of NE cells that line along the ventricles of the embryonic brain and 
spinal cord. NE cells are the primary progenitor cells of all neural types of the CNS. 
They exhibit apical-basal polarity and, during mitosis, its nuclei undergo “interkinetic 
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nuclear migration” (INM), a movement of NE cell nuclei along the apical-basal axis 
correlated with the cell cycle. Specifically, NE cells undergo mitosis at the apical 
surface of the VZ, whereas S-phase occurs in a more basal location, with apical-to-
basal nuclear migration in G1, and basal-to-apical nuclear migration in G2. Hence, 
INM is responsible for the pseudostratified architecture of the neuroepithelium 
(Taverna and Huttner, 2010). At the beginning of neurogenesis, early symmetric 
divisions of NE cells or NPC are required for the expansion of the progenitor pool 
and between embryonic day 10-12 in mice, the polarity division progressively 
changes towards an asymmetric pattern. The asymmetric division of progenitors is 
neurogenic, producing either one neuron (or neuronal precursor) and one renewed 
stem cell (thereby maintaining the progenitor pool) or two differentiated daughter 
cells (for example, one neuron and one neuronal precursor) (Taverna et al., 2014). 
Remarkably, the spindle position dictates the plane of cell cleavage that will define 
between symmetric or asymmetric division, and control over this process is crucial 
for the accurate production of neurons in the cerebral cortex (Figure 11).  

 

 

Figure 11. The division plane of NPCs is determined by the orientation of the mitotic spindle. 
Symmetric divisions are proliferative and result in two NPCs whereas asymmetric divisions are 
neurogenic and yield to one NPC and one differentiating cell. Mutations in the MCPH-associated 
genes MCPH1, CDKRAP5, ASPM and WDR62, affect proper divisions of NPCs and cause 
microcephaly. Modified from (Paridaen and Huttner, 2014) 
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A link between dysfunctional centrosomes and the reduced number of NPCs 
observed in MPCH patients could be explained by an altered balance between 
symmetric and asymmetric divisions within the neurogenic period resulting in the 
exhaustion of the neural progenitor pool (Figure 11). Additional non-exclusive 
mechanisms including defects in cell proliferation, increased neuronal cell death, 
and abnormal migration and differentiation on neurons, may also account for the 
decrease in brain size (Kaindl et al., 2010).  

To date, thirteen causative genes have been implicated in MCPH which are 
numbered from MCPH1 to MCPH13 and include: MCPH1, WDR62, CDK5RAP2, 
CASC5, ASPM, CENPJ, STIL, CEP135, CEP152, ZNF335, PHC1, CDK6 and 
CENPE. All of them encode for proteins related to the mitotic spindle or 
centrosomes, and although most of them localize at these two structures, some of 
them also have defined roles in the DDR. For example, MCPH1 is involved in DNA 
damage repair, cell cycle control and chromatin remodeling (Liu et al., 2016), 
evidencing a possible association between microcephalies and the DDR.  

Many animal models harboring mutations in several MCPH1 loci have been 
generated and they have provided a useful system for understanding the underlying 
mechanism of primary microcephaly (Table 1). Below are detailed the phenotypes 
observed in mutations affecting ASPM, WDR62 and MCHP1, the most prevalent 
MCPH-causative genes (Pulvers et al., 2015).  
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MCPH1 

MCHP1 was the first gene identified in MCPH patients and it encodes for the protein 
Microcephalin that participates in multiple cellular processes such as transcription 
activation (Yang et al., 2008), mitotic spindle and centrosomes (Gruber et al., 2011), 
and DNA damage repair (Zhou et al., 2013). The MCPH1 protein contains three 
BRCT (BRCA1 C-terminal) domains, commonly found in proteins involved in DDR 
signaling and cell cycle control.  

Several studies have demonstrated the pleiotropic functions of MCPH1 in controlling 
DNA repair, genomic stability, and chromatin remodeling. First, MCPH1 can function 
as a mediator for both ATM and ATR pathways in response to DNA damage. After 
exposure to UV or IR, MCPH1 forms nuclear loci and co-localizes with gH2AX, the 
first protein recruited to the sites of damage (Wood et al., 2007). MCPH1 recruitment 
precedes the recruitment of other DNA-damage mediators downstream of the ATM 
and ATR pathways, such as RAD51, 53BP1, MDC1, active ATM, NBS1, RPA, and 
RAD17 (Liu et al., 2016). Experiments in U2OS cells revealed that MCPH1 interacts 
with TOBP1 at the sites of damage to amplify and maintain ATR activity under 
replication stress, which depends on MCPH1 phosphorylation by ATM and ATR 

Table 1. Animal models of MCPH. From (Faheem et al., 2015). 
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(Zhang et al., 2014). Moreover, the interaction of MCPH1 with the chromatin 
remodeling complex switch/sucrose nonfermentable (SWI/SNF) is increased after 
DNA damage in an ATR-dependent fashion, which relaxes the chromatin to facilitate 
the access of DNA repair proteins (Peng et al., 2009). MCPH1 is also implicated in 
regulating the G2/M checkpoint as it binds to E2F1 on the promoters of CHK1 and 
BRCA1 and controls their expression (Yang et al., 2008).  

Data from lympoblastoid cells derived from individuals with MCPH1 mutations 
revealed that MCPH1 interacts with PCNT at the centrosome to ensure the 
recruitment of CHK1, required for maintaining the inhibitory phosphorylations of 
CDK1 to prevent mitotic entry. Specifically, perturbations in MCPH1 results in 
reduced CHK1 levels at the centrosomes followed by an early mitotic entry, which is 
manifested as a premature chromosome condensation (Tibelius et al., 2009).  

Several mouse models for Mcph1 loss-of-function have been generated and, 
although there is some variability between them, they mostly recapitulate the primary 
microcephaly features mimicking human MCPH1 symptoms. Consistent with data 
from MCPH1-derived cells, Mcph1 disruption in mice compromises CHK1 loading to 
centrosomes, leading to premature CDK1 activation and early mitotic entry, thereby 
uncoupling the centrosome cycle and mitosis. As a consequence, the mitotic spindle 
is misoriented triggering a premature switching from symmetric to asymmetric 
division of NPCs. This phenotype can be rescued by silencing CDC25B, a substrate 
of centrosomal CHK1, suggesting that MCPH1 functions to couple the centrosome 
duplication with mitosis via CHK1-CDC25-CDK1 pathway (Gruber et al., 2011). 
However, the ectopic expression of CHK1 by crossing Mcph1-null mice with Super-
Chk1 mice (Lopez-Contreras et al., 2012), which harbors an extra Chk1 allele, does 
not rescue the brain phenotype, suggesting that MCPH1 may regulate this pathway 
independently of CHK1 (Liu et al., 2016). Finally, Mcph1-deficient NPCs are 
hypersensitive to IR and show massive apoptosis, probably due to compromised 
DNA repair and genomic instability (Zhou et al., 2013).   

Taken together, these results suggest that MCPH1 has a dual role to ensure proper 
NPC expansion and differentiation by controlling the DDR through the ATR-CHK1 
pathway, and also functioning in the centrosome for the precise division plane to 
regulate the mode of division in NPCs (Gruber et al., 2011).  

Finally, in addition to a smaller brain, infertility of both male and female was also 
observed in Mcph1-deficient mice (Liang et al., 2010), as well as in mutant Aspm 
models (Pulvers et al., 2010), raising the possibility that MCPH1 functions in the 
germline. However, no clinical cases have been associated with infertility so far.   
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WDR62 (MCPH2) 

Mutations in WD repeat-containing protein 62 (WDR62) are the second most 
common cause of MCPH. This protein contains several beta-transducin repeats 
(WD-40) that mediate protein-protein binding. WDR62 is mainly nuclear during 
interphase and accumulates at the spindle poles through mitosis. It functions to 
maintain structural integrity of the centrosome/spindle pole after bipolar spindle 
assembly and its loss causes dispersion of several PCM components from 
metaphase centrosomes, including PCNT, g-tub and CDK5RAP2. Moreover, 
WDR62 is a substrate of c-Jun N-terminal Kinase (JNK), and its phosphorylation is 
required for organizing the mitotic spindle (Bogoyevitch et al., 2012). Depletion of 
WDR62 or JNK cause premature differentiation of neurons in rats due to the 
misorientation of the spindle favoring asymmetric division of NPCs (Xu et al., 2014). 
Likewise, loss of Wdr62 in mice results in spindle assembly checkpoint activation, 
delayed mitotic progression and cell death of the NPC, which leads to reduced brain 
size. Mechanistically, WDR62 associates with Aurora A, a Ser/Thr kinase important 
for spindle assembly and mitotic progression, suggesting that WDR62 controls NPC 
fate partially through Aurora A (Chen et al., 2014). 

ASPM (MCPH5) 

Mutations in the abnormal spindle-like microcephaly-associated protein (ASPM) 
gene have been identified to be the most prevalent cause of MCPH in humans. 
ASPM protein has a putative microtubule-interacting domain, two calponin homology 
domains (frequently present in cytoskeletal proteins), and multiple isoleucine 
glutamine motifs acting as a calmodulin-binding domain. Like WDR62, ASPM is 
mostly nuclear and it relocates to the spindle pole during mitosis, suggesting a role 
in maintaining the integrity of centrosome/spindle pole (Zhong et al., 2005). ASPM 
localization to the spindle pole is dramatically reduced in MCPH patient fibroblasts 
that express a truncated variant of ASPM. Similarly, siRNA depletion of ASPM in 
human cells diminish its localization to spindle poles and perturbs the orientation of 
the mitotic spindle by switching the division mode from symmetrical to asymmetrical, 
leading to cytokinesis failure (Higgins et al., 2010). In zebrafish, morpholino-
mediated knockdown of Aspm causes significant reduction in head and eye size and 
Aspm mutant flies exhibit mini-brains associated with abnormal spindle morphology, 
mitotic arrest and increased apoptosis (do Carmo Avides and Glover, 1999).  

In mammalian neurogenesis, ASPM is highly expressed at the VZ and particularly 
higher at the poles of mitotic spindle in NE cells that undergo proliferative (rather 
than neurogenic) divisions. Loss of Aspm upon knockdown results in alterations in 
the cleavage plane orientation of NE, favoring asymmetric division and reducing the 
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NE progenitor pool (Fish et al., 2006). Additionally, two Aspm gene-trap mouse 
models mimicking human mutations have been generated and, although no major 
alterations of cleavage plane orientation were reported, they are still microcephalic 
and have impaired fertility due to a massive loss of germ cells (Pulvers et al., 2010). 
The defects in primordial germ cells together with the fact that ASMP expression is 
upregulated in many cancers, suggest that ASPM could regulate proliferation in 
many different cell types (Kouprina et al., 2005).  

Seckel Syndrome 

Seckel Syndrome (SS) is an autosomal recessive disorder characterized by prenatal 
proportionate short stature, severe microcephaly and mental retardation, and a 
typical “bird-head” facial appearance (Majewski and Goecke, 1982). It is a 
genetically heterogeneous disorder and, to date, eight different genes have been 
identified (SCKL1-8), including ATR, RBBP8 (CTIP), CENPJ, CEP152, CEP63, NIN, 
DNA2, and ATRIP, with CEP152 being the most frequently mutated in patients. 
Recently, mutations in PLK4 and CDK5RAP2 have also been identified in SS 
patients (Martin et al., 2014; Yigit et al., 2015).  

ATR (SCKL1) 

ATR (SCKL1) was the first identified causal defect in SS. As discussed above, ATR 
is a key protein to activate the DDR signaling after replication stress and it is 
essential for survival as cells have to cope with DNA damage during most cycles of 
replication (de Klein et al., 2000). Although complete abrogation of ATR expression 
is lethal, two different mutations have been identified in SS patients. One is an 
hypomorphic splicing mutation and the other are compound heterozygous 
mutations, a deletion of 540kb in one allele and a missense mutation leading to 
aberrant splicing events on the other. Both mutations lead to a sharp decrease in 
ATR expression that is sufficient for viability. Taking this into account, SS mouse 
models harboring ATR hypomorphic alleles have been developed, which 
recapitulate the main phenotypes of the human disease and provide viable models 
to study ATR functions in mammals (Murga et al., 2009; Ruzankina et al., 2007). 
Studies from Seckel-derived fibroblasts show impaired phosphorylation of ATR 
substrates, failed G2/M checkpoint activation, hypersensitivity to UV, and elevated 
micronucleus formation upon UV treatment and exposure to replicative stress agents 
(Alderton et al., 2004). Chromatid breaks and telomeric-free ends are also observed. 
Taken together, these results strongly suggest that ATR deficiency causes genomic 
instability due to defective DDR signaling dependent on ATR (Mokrani-Benhelli et 
al., 2013). Further characterization of patient-derived cells revealed spontaneous 
accumulation of DNA damage that activates ATM-dependent DDR. Strikingly, ATM 
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inhibition exacerbates the genomic instability observed in these cells, demonstrating 
that ATM partially counteracts the genomic instability caused by ATR deficiency 
during replication (Mokrani-Benhelli et al., 2013). Finally, ATR-Seckel cells also 
exhibit increased centrosome numbers in mitosis, proposing a novel role for ATR in 
controlling centrosome stability (Alderton et al., 2004).  

ATRIP (SCKL8) 

ATRIP is a component of the DNA damage checkpoint pathway that is crucial for 
ATR activation. It is phosphorylated by ATR and it regulates ATR expression. In 
particular, upon DNA damage ATR is recruited and accumulated to the damage sites 
via stable interactions with ATRIP, which recognizes and binds to RPA-coated 
ssDNA (Cortez et al., 2001). Further activation of ATR/ATRIP complexes requires 
the binding of TOPBP1 (Burrows and Elledge, 2008). Compound heterozygous 
mutations in ATRIP were identified in SS patients that expressed lower levels of both 
ATR and ATRIP. A nonsense mutation in one ATRIP allele resulted in a C-terminal 
truncated protein that impaired ATR-ATRIP binding, while a splicing defect occurred 
in the other allele. Patient-derived cells display compromised DDR and difficulties 
during replication from which cells cannot recover (Ogi et al., 2012).  

CEP152 (SCKL5) 

Although different mutations in CEP152 cause either MCPH and SS, they are the 
most common cause of SS (Kalay et al., 2011). The initiation of centriole duplication 
requires that CEP152 associates with CEP192 to recruit PLK4 at the site of the 
nascent centriole (Sonnen et al., 2013). It is known that CEP152 interacts with 
CEP57 and CEP63, another SS protein (Brown et al., 2013; Lukinavicius et al., 
2013b). CEP63 and CEP152 depend on one another to localize at the centrosome, 
but only CEP152 is absolutely necessary for centriole duplication. Reduction of 
CEP152 levels in cells results in a failure in centriole duplication, which leads to 
centriole loss and monopolar spindle configurations (Cizmecioglu et al., 2010).  

CEP152-deficient Seckel fibroblasts exhibit multiple nuclei and fragmented 
centrosomes and karyotypic analysis show aneuploidy and incorrect alignment of 
chromosomes at the metaphase plate, as well as aberrant numerical centrosomes 
and cell divisions. Moreover, only few CEP152-deficient cells progress to G2/M and 
hydroxyurea (HU)-induced replicative stress results in enhanced ATM signaling and 
increased gH2AX, providing evidences that CEP152 protein is required to ensure 
genomic stability (Kalay et al., 2011). CEP152 also binds to the CDK2-interacting 
protein, CINP, a genome maintenance factor that interacts with ATRIP and it is 
important to mediate ATR-dependent checkpoint activation (Lovejoy et al., 2009). 
Thus, this association supports a role of CEP152 in DDR and genome maintenance.  
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CEP152 mutations have also been identified in MCPH patients (Guernsey et al., 
2010), providing further evidences of its function underlying microcephaly.  

CEP63 (SCKL6) 

CEP63 was first identified as a centrosomal protein by mass spectrometry (Andersen 
et al., 2003) and its centrosome localization is mediated by its N-terminus (Brown et 
al., 2013). Experiments in Xenopus laevis egg extract demonstrated that CEP63 is 
a target of ATM and ATR and its phosphorylation inactivates centrosome-dependent 
spindle assembly in response to DNA damage. In addition, CEP63-deficient DT40 
cells exhibit extremely slow growth and an increased G2/M population, associated 
with delayed and abnormal spindle formation (Smith et al., 2009) and studies in 
U2OS cells showed that CEP63 directly interacts and recruits CDK1 to the 
centrosome, and thereby regulates mitotic entry (Loffler et al., 2011). Further 
analysis revealed that CEP63 localizes at the proximal end of the parental centriole, 
where it interacts and recruits CEP152 and together form a ring-like structure 
required for proper centriole duplication through the MCD pathway (Sir et al., 2011) 
(Brown et al., 2013). Contrary, its paralogue DEUP1 is involved in centriole 
amplification through the DD pathway in MCCs (Zhao et al., 2013a). Finally, a recent 
study has showed that hierarchically interactions between the centrosomal proteins 
CDK5RAP2, CEP152, WDR62 and CEP63 and with their centriolar satellites (CS) 
partners in a step-wise manner are needed for their centrosomal localization and, 
ultimately, for the recruitment of CDK2 to the centrosome to allow centriole 
duplication. They identified CCDC14 and CEP90 as the particular CS partners of 
CEP63, which control its loading to the centrosome  and, markedly, mutations in 
CEP90 may also contribute to microcephaly (Kodani et al., 2015).  

Hypomorphic mutations in CEP63 have been reported in three cousins from a 
consanguineous Pakistani family that were diagnosed as mild SS or MCPH (Sir et 
al., 2011) and a novel mutation in CEP63 has been found to co-segregate with 
developmental dyslexia, further proving the importance of centrosome function in 
neuronal development (Einarsdottir et al., 2015).  

PLK4 

Recently, mutations in both PLK4 and its direct phosphorylation target TUBGCP6 
have been identified in individuals with microcephaly, primordial dwarfism and other 
clinical features such as generalized retinopathy, which has not been previously 
associated with other MCPH and SS genes. Analysis of patient-derived fibroblasts 
revealed a reduced number of centrioles and frequent monopolar spindle 
configuration. However, these aberrant spindles can be predicted to successfully 
resolve as no defects in chromosome segregation or aneuploidy were observed 
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(Martin et al., 2014), in controversy with the results from PLK4-inhibition in cell 
culture (Wong et al., 2015). Although not all mitosis were affected in fibroblasts from 
PLK4 mutated individuals, it can be expected that most dividing cells would 
encounter monopolar spindles at some point during development. Thus, a reduction 
of mitotic efficiency together with increased cell death caused by aberrant mitosis 
could be sufficient to explain the dwarfism in these patients. Importantly, the 
identified mutations result in a reduction of PLK4 levels, likely due to reduced stability 
of the truncated protein, but the kinase domain remains intact in all cases (Martin et 
al., 2014).  

The retinopathy phenotype described in these patients was also observed in 
zebrafish plk4-morphants, which exhibit a loss of photoreceptor cilia and a reduction 
in eye size. This could result from perturbed mitosis in the eye or dysfunctional cilia 
or, alternatively, it may explain a new specialized function of PLK4 in photoreceptors 
(Martin et al., 2014). Despite the fact that several Plk4-deficient models have been 
generated, the early embryonic lethality of these mice has limited the developmental 
studies in mammals. The arrest of Plk4-/- mice at E7.5  supports a role for PLK4 in 
development at the time when organs start to pattern and organize (Hudson et al., 
2001). Consistent with this hypothesis, disruption of plk4 in amphibians triggers 
somite morphogenesis and patterning defects (Rapchak et al., 2015).  

CDK5RAP2 (MCPH3) 

CDK5RAP2 is a PCM protein that interacts with CDK5 and g-tub and is key for 
microtubule nucleation  (Fong et al., 2008). Its depletion delocalizes g-tub from 
centrosomes preventing microtubule nucleation. PCNT also interacts with 
CDK5RAP2 to favor its recruitment at the centrosome (Buchman et al., 2010). 
CDK5RAP2 is also important for centrosome cohesion and centriole engagement, 
as its loss induces unscheduled centriole splitting, triggering centrosome 
amplification and multipolar spindles (Barrera et al., 2010). In addition, CDK5RAP2 
is able to bind DNA and activate the transcription of Mitotic arrest deficient 2 (MAD2) 
and Budding uninhibited by benzimidazole-related 1 (BuBR1), two genes required 
for the spindle checkpoint (Zhang et al., 2009b). 

The role of CDK5RAP2 during neurogenesis has been examined in mice. In utero 
electroporation knock-down experiments showed premature neuronal differentiation 
without substantial apoptosis, causing a depletion in the neural progenitor pool of 
the developing mouse cortex (Buchman et al., 2010). In contrast, the study of 
Hertwig's anemia (an), a mutant mouse that harbors a deletion in the Cdk5rap2 gene 
and exhibits microcephaly, revealed that most NPCs do not differentiate into neurons 
after exciting the cell cycle abruptly but they undergo apoptosis instead. Thus, 
CDK5RAP2 could function in controlling NPC death and neuronal differentiation 
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(Lizarraga et al., 2010), probably by affecting the accessibility of the microtubules 
required for mitotic spindle assembly.  

A recent study found splice-site mutations in CDK5RAP2 in two consanguineous 
families with mild SS. Studies from patient-derived fibroblasts show that loss of 
functional CDK5RAP2 leads to severe defects in mitosis and spindle organization, 
resulting in cells with abnormal nuclei and centrosomal defects, for example 
duplicated and misplaced centrosome, although ATM and ATR-dependent DNA 
damage responses were unaffected. Moreover, cerebral organoids derived from 
patient-specific induced-pluripotent stem cells (iPSCs) deficient for CDK5RAP2 
exhibit premature differentiation in progenitor zones at expenses of the neural 
progenitor pool and contain aberrant oriented spindles preventing expansion of 
NPCs through symmetric divisions, thus resulting in smaller organoids that 
recapitulate human microcephaly (Lancaster et al., 2013). 

DDR signaling and cilia 
Recently, emerging evidences have connected the DDR signaling with cilia. For 
example, whole exome resquencing experiments identifiy three genes involved in 
the DDR (MRE11, ZNF423, and CEP164) as novel genes causing 
Nephronophthisis-related ciliopathies (NPHP-RC). Consistent with a link between 
ciliary functions and the DDR, several proteins encoded by ciliopathy genes related 
to NPHP colocalize with known DDR proteins in response to DNA damage, and 
knockdown of cep164 in zebrafish results in increased DDR and NPHP-RC 
phenotype (Chaki et al., 2012).  

In a converse fashion, ATR localizes at the BB of mouse photoreceptor cells, and 
reduction of its activity triggers photoreceptor cell degeneration resembling human 
retinitis pigmentosa (Valdes-Sanchez et al., 2013). Moreover, ATR-deficient cells 
exhibit slightly shorter cilia and show dramatically impaired signaling functions, such 
as growth factor and Shh signaling. Additionally, zebrafish embryos depleted of Atr 
exhibit similar cilia abnormalities than human cells, and additional defects in left-right 
patterning (Stiff et al., 2016). Thus, these observations reveal a new function for ATR 
in regulating cilia-dependent signaling in a manner that can be uncoupled from its 
canonical function during DNA replication. 

Another finding supporting this link is that ATMIN, the binding partner of ATM initially 
identified as a DDR protein, is implicated ciliogenesis during lung and kidney 
morphogenesis in mice though its ability to function as a transcription factor by 
modulating Wnt signaling (Goggolidou et al., 2014a; Goggolidou et al., 2014b).  

Finally, GEMC1, that was originally identified in Xenopus as a pro-replication factor 
that interacts with Geminin and TOPBP1 (Balestrini et al., 2010), has been recently 
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demonstrated to be indispensable for multicilia formation in mammalian epithelia 
(Arbi et al., 2016; Terre et al., 2016). 

Taken together, these results suggest that multiple proteins are required for both 
DDR regulation and the maintenance of a functional cilium but it is not clear whether 
if there is a causative relationship between these two. However, studies in zebrafish 
revealed that, although some cilia-associated mutants exhibit increased DDR, IFT 
mutants show no significant difference in DDRs when compared to their wild type 
(wt) counterparts, suggesting that the DDR is not impaired by defective cilia. Thus, 
this opens the possibility that proteins with functions in both DDR and cilia are 
involved in separate pathways, both cilia specific and cilia independent (Zhao et al., 
2013b).  

DDR and centrosomes in fertility 

Several mouse mutants for MCPH and SS genes exhibit both male and female 
subfertility or complete infertility, suggesting a causal association between defective 
centrosome function and germ line development. Specifically, MCPH1 is required 
for DSB repair during meiotic recombination in spermatocytes and its loss causes 
male and female infertility in mice. MCPH1-deficient spermatocytes exhibit aberrant 
chromosomal synapsis and they arrest at late zygotene stage of meiotic prophase I. 
Further characterization revealed that MCPH1 is involved in mediating the 
recruitment of RAD51 and BRCA1 to the DSB-induced damage when meiotic 
recombination takes place (Liang et al., 2010). 

Germline phenotypes have also been reported for mouse models of ASPM, and 
deficient animals show reduced fertility with decreased size in both testis and ovary. 
A reduction in male germ cells was already observed at birth, before the onset of 
meiosis and differentiation, indicating that the origin of the defect relies very early in 
the specification or proliferation of primordial germ cells (Pulvers et al., 2010). 
Additionally, Drosophila mutants for ASPM also show major germline defects, 
including defects in germ cell proliferation and spermatogenesis and oocyte 
differentiation due to abnormal meiotic spindle (Riparbelli et al., 2004). 

Finally, Cep63-deficient mice display male-specific infertility associated with 
impaired chromosome dynamics in prophase I of meiosis, accompanied by deficient 
centriole duplication (Marjanovic et al., 2015).  

These phenotypes raise the question of whether infertility is seen in human primary 
microcephaly. To date, no cases have been reported and the relationship between 
primary microcephaly and infertility in humans remains to be proven.  
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Generation and analysis of mice. The generation of Cep63 gene-trapped mice 
was described previously (Brown et al., 2013). Mice lacking p53 were purchased 
from Jackson Laboratories, Chk2 deficient mice were obtained from Tak Mak (Hirao 
et al., 2002) and Atm deficient mice from Anthony Winshaw-Boris (Barlow et al., 
1996). All animals were maintained on a mixed 129/SvEv-C57BL/6 background. 
Mice lacking GEMC1 were generated in the IRB Barcelona mutant mouse core 
facility. Mouse embryonic stem (ES) cells were targeted with a Gemc1 targeting 
construct that was designed and constructed using standard recombineering 
methods (Copeland et al., 2001). The targeting vector was confirmed by sequencing 
and linearized vector was transfected into ES cells for targeting and blastocyst 
injections were performed. All animals were maintained in C57BL/6 background in 
strict accordance with the European Community (86/609/EEC) guidelines in the 
Specific-Pathogen Free (SPF) animal facilities in the Barcelona Science Park (PCB). 
Protocols were approved by the Animal Care and Use Committee of the PCB 
(IACUC; CEEA-PCB) in accordance with applicable legislation (Law 5/1995/GC; 
Order 214/1997/GC; Law 1201/2005/SG). All efforts were made to minimize use and 
suffering.  

Genotyping was performed by PCR using genomic DNA extracted from samples of 
mouse tail lysed and digested with Proteinase-K (0.4 mg/ml in 10 mM Tris-HCl, 20 
mM NaCl, 0.2% SDS, 0.5 mM EDTA) overnight at 56 ºC. DNA was recovered by 
isopropanol precipitation, washed in 70% ethanol, dried and resuspended in 10 mM 
TE for use in PCR reactions. Primers p1_C63 (5’-
GTAGGACCAGGCCTTAGCGTTAG-3’) and p2_C63 (5’-
TAAGTGTAAAAGCCGGGCGTGGT-3’) to detect the Cep63 wt allele (758bp); 
p1_C63 and p3_C63 (5’-CAAGGCGATTAAGTTGGGTAACG-3’) to detect the 
Cep63 gene-trap allele (1232bp); p1_P53 (5’-ACAGCGTGGTGGTACCTTAT-3’) 
and p2_P53 (5’-TATACTCAGAGCCGGCCT-3’) to detect the p53 wt allele (400bp); 
p1_P53 and p3_P53 (5’-CTATCAGGACATAGCGTTGG-3’) to detect p53 KO allele 
(600bp); p1_G1 (5’-GAGTTGGGAACTTGGCTGAGCC-3’) and p2_G1 (5’-
TGAGAGAGCTGAGCAGCTCC-3’) to detect the Gemc1 wt allele (398bp); p1_G1 
and p3_G1 (5’- CTCTGAACTGTAAGGCAGCTCG-3’) to detect the Gemc1 KO allele 
(478bp). PCR reactions were performed with Taq polymerase (Biotools) and run for 
35 cycles with an annealing temperature of 58 ºC. 

Total testicular cell numbers and sperm counts. Tunica albuginea was removed 
from testes and transferred to 10 mL of Hanks Balanced Salt Solution (HBSS, Lonza) 
with 0.5 mg/mL collagenase IV (Sigma) and 1 µg/ml DNAse I (Sigma) for 15 min at 
33 ºC. The suspension was incubated for 5 min at room temperature (RT) and 
washed with cold HBSS to remove the interstitial tissue. Cellular aggregates were 
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disrupted using a Pasteur pipette and strained with a 40 µm mesh to achieve a single 
cell suspension. To determine sperm counts, cauda epididymis was dissected from 
8-10 week old mice, cut with scissors in 5 places and incubated in 1 mL of warm 
PBS at 37 ºC for 10 min to let the sperm exit the tissue. Then, total testicular extracts 
or sperm suspension were manually counted under the microscope on a Neubauer 
glass slide counter. 

Germ cell isolation for fluorescence-activated cell sorting (FACs) analysis. 
Testes from adult male mice were isolated, decapsulated and processed together in 
a 15 ml falcon tube. Testes were first digested in EKRB medium (120 mM NaCl, 4.8 
mM KCl, 25.2 mM NaHCO3, 1.2 mM KH2PO2, 1.2 mM MgSO4, 1.3 mM CaCl2, 11 
mM Glucose, non-essential aminoacid (Invitrogen), penicillin-streptomycin 
(Invitrogen)) with collagenase (0.5 mg/ml, Sigma T6763) in shaking water bath at 32 
ºC for 10 min. Seminiferous tubules were let sediment by gravity for 1-3 min and 
washed twice with EKRB. The tubules were further dissociated in EKRB with trypsin 
(1 mg/ml, Sigma T6763) and DNase (5 µg/ml, Sigma D4263) in shaking at 32 ºC for 
15 min. Cells were resuspended thoroughly with a pipette until obtaining a single cell 
suspension and 1 ml of FBS was added to neutralize the Trypsin. Cell suspension 
was filtered with a 70 µm cell strainer and total cell number was counted using the 
Neubauer chamber. 1 million cells/ml were resuspended in EKRB supplemented 
with 10% FBS and Hoechst 33342 (10 µg/ml) (Life Technologies) in shaking at 32 
ºC for 30-60 min. Propidium iodide (PI, 30 µg/ml) (Life Technologies) was added for 
the discrimination of dead cells. Flow cytometric experiments were carried out using 
a FacsAria I SORP cell sorter (Beckton Dickinson, San Jose, California), using a 70-
micron nozzle at 60PSI. Excitation of the sample was done using a blue (488nm) 
laser for forward scatter (FSC) parameter; green-orange laser (561nm) was used for 
the excitation of PI and side scatter (SSC) signal, and a UV laser (350nm) was used 
for Hoechst 33342 excitation. Cells were gated according to their scatter (FSC vs 
SSC) parameters; fluorescence of Hoechst 33342 was measured on live (not stained 
with PI), non-aggregated cells. Red emission (660/40 nm) vs. blue emission (395/25 
nm) from the UV laser was used on a dot plot in order to discriminate populations. 
Results were analyzed using the FlowJo software. 

Meiotic squashes. Spermatocyte squashes were performed as previously 
described (Page et al., 1998; Sitaram et al., 2014). In brief, tubules from 10 days or 
8-10 week old mice (unless stated otherwise) were placed directly in fixative solution 
(2% formaldehyde, 0.05% Triton-X 100 in PBS) for 10 min or frozen in liquid nitrogen 
and fixed in ice-cold 95% ethanol for 10 min followed by 4% formaldehyde for 7 min 
(the latter protocol improves centrosome morphology). To release spermatocytes 
from tubules, a small aliquot of the tubules was minced with tweezers on a glass 
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slide pre-treated with poly-L lysine. Cells were covered with a coverslip and gently 
squashed by applying pressure with the thumb. The slide was snap-frozen in liquid 
nitrogen, the coverslip was removed and the slide was immediately processed for 
immunofluorescence.  

Immunofluorescence analysis. Freshly dissected oviducts, epididymis, tracheas 
and brains of the indicated age were fixed in 4% PFA (Santa Cruz) overnight at 4 
ºC, cryoprotected in 30% sucrose and frozen in optimal cutting temperature (OCT) 
compound at -80 ºC. Cryosections were cut at 10 µm thickness and fixed to frosted 
glass slides by incubation for 20 min in ice-cold acetone at -20 ºC. Slides containing 
frozen sections, meiotic squashes or sorted germ cells were then washed several 
times in PBS followed with washing in PBS-T (0.4% Triton X-100 in PBS) and 
blocked with 5% goat serum and 1% BSA in PBS-T for 1 h. Slides were incubated 
overnight at 4 ºC with primary antibody, washed several times in PBS-T and stained 
with the Alexa Fluor-conjugated complementary antibody (Life Technologies) for 1 h 
at RT. After final washing, DNA was counterstained with DAPI. Slides were mounted 
using Vectashield Antifade reagent (Vector Laboratories) and imaged using a Leica 
TCS SP5 confocal microscope equipped with 63x NA 1.40 oil immersion objective 
and HyD detectors. For FOXJ1, RFX3, SOX2, TBR1, TBR2, CTIP3, SAATB2 and 
TUJ1 stainings, an antigen retrieval procedure was performed before the blocking 
step by incubating tissue sections in citrate-based buffer for 5min in a microwave 
pressure cooker at 70% power. For TUNEL staining, cryosections of 4% PFA fixed 
mouse embryonic brains were labeled with In Situ Cell Death Detection Kit (TUNEL) 
according to the manufacturer’s instructions (Roche, 11684795910). 

Histopathology and immunohistochemistry. Samples (tissues or embryos) were 
harvested and fixed in 4% PFA overnight at 4 ºC. Dissected ovaries, oviducts, 
epididymis and testes of the indicated age were also fixed in Bouin’s solution 
(Electron Microscopy Sciences) overnight at 4 ºC. Tissues were embedded in 
paraffin using standard procedures and sections were cut at 5-10 µm thickness and 
stained with hematoxylin and eosin (H&E), Periodic acid/Schiff reagent (PAS, 
Sigma-Aldrich, testes and epididymis) or Cresyl Violet Staining (embryonic brains). 
For colorimetric visualization, sections were incubated with primary antibody 
overnight at RT after quenching endogenous peroxidase using 0.6% H2O2 (vol/vol) 
in methanol. Slides were washed and incubated with biotinylated secondary 
antibody and avidin-biotin complex (Vectastain Elite kit, Vector Labs). 
Immunoreactive signals were visualized with the VIP substrate kit (Vector Labs) 
using the manufacturer's protocol. Sections were counterstained with 0.1% methyl 
green (wt/vol), dehydrated, and mounted in DPX (Fluka).Slides were imaged using 
Olympus DP25 camera mounted on Olympus BX45 microscope or using an E600 
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Nikon epifluorescence microscope equipped with 40X NA 0.75 objective and a 
charge-coupled Olympus device camera.  

Antibodies 

 
 

Secondary antibodies used: FITC- and Cy3-conjugated secondary antibodies 
(Jackson Immunologicals), Alexa fluor 350-, 488-, 568-, 594- and 647-conjugated 
goat anti-mouse, Alexa fluor 488-, 568- and 647-conjugated goat anti-rabbit, Alexa 

Antigen Species Source reference# Dilution
Cep63 Rabbit Millipore  06-1292 1:500 

Cep152 Rabbit GeneTex GTX128027 1:500 
Cleaved Caspase-3 Rabbit BD Biosciences 559565 1:500 
gH2AX (Ser139) Rabbit Cell Signalling #2577 1:500
gH2AX (Ser139) Mouse Millipore 05-636 1:500

g-tub Mouse ExBio 11-465-C100 1:500 
g-tub Rabbit Sigma  T5192 1:500-1:750 
g-tub Mouse Sigma T6557 1:500

pH3 (Ser10) Rabbit Milipore 05-598 1:500
pH3 (Ser10) Rabbit Cell Signalling 97015 1:1000

PCNA (FL-261) Mouse Santa Cruz sc-7907 1:500
p53 (CM5) Rabbit Vector Labs VP-P956 1:500

Sox2 Rabbit Invitrogen 48-1400 1:500
Sox2 Rabbit Abcam ab97959 1:200

Tuj1 (b -tub III) Mouse Covance MMS-435P 1:1000
Tbr2-Eomes Rabbit Abcam ab23345 1:200

Tbr1 Rabbit Abcam ab31940 1:200
Ctip2 Rat Abcam ab18465 1:200
Satb2 Mouse Abcam ab51502 1:200
SCP3 Mouse Abcam ab97672 1:500-1:800
SCP1 Rabbit Abcam ab15087 1:500-1:800

FOXJ1 (2A5) Mouse eBioscience 14-9965-82 1:500
RFX3 Rabbit Sigma HPA035689 1:100
Ac-tub Mouse   Sigma T6793 1:500
Arl13b Rabbit Proteintech 17711-1-AP 1:100

isolectin-B4 Alexa conj-647 Invitrogen 132450 1:200
a-tub Rabbit Milipore 04-1117 1:500

p63 clone 4A4 Mouse  Biocare Medical 901-366-042915 1:100
Vimentin Rabbit Abcam ab92547 1:2000
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fluor 594-conjugated goat anti-rat, Alexa fluor 488-conjugated goat anti-guinea pig 
and Alexa fluor 568-conjugated anti-human antibodies (Life technologies).  

Microscopy. Brain histological sections were imaged with a macroscope (Olympus 
MVX10) and neocortical thickness was measured in comparative sections from the 
pia to the white matter. At P2 cortical thickness was measured in motor, 
somatosensory and visual cortex (2.31 mm, 3.75 mm and 4.23 mm, respectively 
according to reference (Paxinos, 2007)) and at P60 in motor and visual cortex 
(Bregma: 1.42 and -2.70, respectively). Fluorescent images were acquired with an 
Orca AG camera (Hamamatsu) mounted on a Leica DMI6000B microscope 
equipped with 1.4 NA 63× and 100× oil immersion objectives. AF6000 software 
(Leica) was used for image acquisition and deconvolution of z-stack images 
(distance between z-slices was 0.2 μm). Coronal/sagittal serial brain sections from 
embryos at E14.5 from multiple animals per genotype were analyzed in each 
experiment (details in figure legends). For cell counts in the cortex all cells from the 
ventricular surface to the pial surface were counted and normalized with the area 
selected (mm2). Additional image processing and maximum intensity z-projections 
were done in ImageJ software. Mitotic figure classification was done using apical 
mitosis within cortical sections imaged with a Leica TCS SP5 laser scanning spectral 
confocal microscope set up on a Leica DMI600 inverted microscope. Confocal Z-
stacks were acquired with 0.2 μm of step size and using laser parameters which 
minimized the presence of saturated pixels. g-tubulin distribution in mitotic 
centrosomes was calculated assigning centrosomes to the “2 bright poles” category 
when both g-tubulin signals fell within the 40-60% of distribution of their bright/dim 
ratio and “1 dim or absent pole” category if one of the g-tubulin signals fell within a 
60-100% distribution of bright/dim ratio. 

Transmission Electron Microscopy (TEM). Postnatal or embryonic brain and adult 
trachea tissues were dissected, fixed in 4% PFA in PBS and cut into 200 µm 
transverse sections using a vibratome (Leica VT1200S). After an overnight 
incubation with 0.25% glutaraldehyde in buffer, the tissue was post-fixed with 1% 
osmium tetroxide, dehydrated, washed and contrasted with 0.2% tannic acid in water 
for 10 min. After washing, it was incubated with 0.5% uranyl acetate in water for 1 h 
in dark and dehydrated through a graded series of ethanol at RT (15–30 min for each 
step), before infiltration with Epon replacement resin (Roth), and polymerization at 
60°C. Ultrathin sections (70 nm) were cut on a UCT microtome (Leica 
Microsystems), stained with uranyl acetate and lead citrate and viewed under an 
electron microscope (Morgagni; FEI Company). Micrographs were taken with a 
charge-coupled device camera (Morada; EMSIS) and ITEM software (EMSIS). 
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Immunoprecipitation, transfection and Western Blotting. HEK293 cells (ATCC) 
were cultured in DMEM (Gibco) with 10% FBS (Hyclone) and were routinely tested 
for mycoplasma and found negative. For pull-down experiments, cells were 
transiently transfected with equal amounts of desired vectors using FuGENE 6 
Transfection Reagent (Promega) according to the manufacturer’s instructions. Cells 
were harvested 24 h after transfection, washed twice in cold PBS and resuspended 
in FLAG-IP buffer (50 mM Tris HCl pH 7.4, 200 mM NaCl, 1 mM EDTA, 1% Triton 
X100) supplemented with fresh protease (Millipore) and phosphatase inhibitors (0.1 
mM NaOVan, 10 mM NaF). Samples were incubated 10 min on ice, sonicated using 
a Bioruptor Standard sonication device (Diagenode) for 4 min with a 30 s interval 
and centrifuged for 15 min at 13000 rpm. FLAG and GFP-Flag immunoprecipitations 
were carried out using anti-FLAG M2 affinity gel (Sigma A2220) or GFP-Trap beads 
(ChromoTek). For a single reaction, 40 μl of gel suspension were washed twice with 
FLAG-IP buffer and 1.5 mg of total protein was incubated with washed resin for 2 h 
on a rotating wheel at 4˚C. Resin was then washed 5 times with FLAG-IP buffer and 
once with TBS 1X. Proteins were eluted by boiling in Laemmli buffer, loaded on a 
SDS-PAGE Gel and transferred to PVDF membrane (Millipore) for Western Blot 
analysis. For siRNA transfection, HEK293T cells were co-transfected with siRNAs 
and GFP or GFP-GEMC1 using Lipofectamine 2000 (Invitrogen) and after 16 h a 
second transfection with siRNAs was done using Lipofectamine RNAi MAX 
(Invitrogen). We used siGFP (GGCUACGUCCAGGAGCGCCGCACC) as a 
negative control for siRNA transfection unless indicated. siMCIDAS#1: 
CCACCAAACGGAAGCAGACUUCAAU; siMCIDAS#2: GAGACGCGCUUGU 
UGAGAAUAAUCA. For transient transfections, HEK293 cells were seeded in 6 cm 
plates at 70% confluence and 5 µg of plasmid were transfected the day after with 
Polyethylenimine (Polysciences). The medium was changed 12 h post-transfection 
and cells were collected 48 h after with RIPA buffer (50 mM TrisHCl pH 8, 150 mM 
NaCl, 1% NP-40, 0.1% SDS, 0.5% Sodium Deoxycholate). Samples were incubated 
10 min on ice and sonicated using a Bioruptor XL sonication device (Diagenode) for 
15 min with 15 s interval and centrifuged at 4 ºC for 20 min at 13000 rpm. Antibodies 
to the following epitope tags were used: Flag (Sigma, F3165), GFP-tag (Abcam, 
ab6556), HA HRP-conjugated (Sigma), Myc (Santa Cruz), Myc (Abcam, ab9132). 
Additionally, the follow antibodies were used to detect endogenous proteins:  

 

Antigen Species Source reference# Dilution
p73 EP436Y Rabbit Abcam ab50658 1:500

Vinculin Mouse Sigma  V9264 1:10000
GEMC1 Rabbit Sigma SAB3500629 1:1000
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Primary antibodies were detected with appropriate secondary antibodies conjugated 
to HRP (DAKO) and visualised by ECL substrate (GE) or WesternBright ECL 
(Advansta) on Amersham Hyperfilm (GE). Ponceau staining of anti-FLAG M2 IgG 
light chain was used as a loading control for immunoprecipitation.  

DNA constructs. Human GEMC1 cDNA corresponding to transcript 
NM_001146686.2 was amplified from total cDNA generated from human AG2603 
cells and cloned into pCR-Blunt II-TOPO vector (Invitrogen) and then into the 
Gateway compatible pDONR221 vector (Invitrogen) and pcDNA5FRT/TO 
(Invitrogen) vector, modified with an N-terminal Flag-tag (gift from Zuzana Horejsi, 
Clare Hall Laboratories). Full-length GFP-GEMC1 (1-334), GFP-GEMC1-∆TIRT 
(∆C67) and GFP-GEMC1-∆CC (∆N138) cDNAs were cloned into the pIRESpuro3 
vector (Clontech), modified with an N-terminal GFP-Flag-tag (gift from Tohru Takaki, 
Clare Hall Laboratories). GFP-GEMC1-G313D was generated by site directed 
mutagenesis (Quick-Change site-directed mutagenesis kit (Qiagen)) using 
pIRESpuro3-GFP-Flag-GEMC1 as template and the primer 5’-
CATTCCTTCCACCAGGACCAAGCCTTTGTGCG-3’. E2F4 and DP1 cDNAs 
(Addgene plasmids #10914 and #37968) were cloned into the mammalian 
expression vector pcDNA3.1-HA (Addgene) at the EcoRI and BamHI restriction sites 
to produce proteins N-terminally fused to HA under the control of the constitutive 
CMV promoter. pCMV-HA-E2F5 and pCMV-HA-E2F1 were a gift from Kristian Helin 
(Addgene plasmids #24213 and #24225). Human Geminin cDNA (OriGene 
SC319331) was cloned into pcDNA5FRT/TO (Invitrogen) vector, modified with an N-
terminal YFP-tag. Human MCIDAS Myc-DDK-tagged cDNA was obtained by 
OriGene (RC231199). 

Human CCNO cDNA was obtained from Expressed Sequence Tag EST IMAGE: 
6421733 (gi22331975) as a template and amplified using 5’- 
GCGAATTCCATGGTGACCCCCTGTCCCACCAGCC-3’ and 5’- 
GCTCTAGATTATTTCGAGCTCGGGGGCAGG-3’ primers. hCCNO cDNA was 
cloned into the pBluescript (I) SK(+) vector (Addgene) at the EcoRI and XbaI 
restriction sites and then into the mammalian expression vector pCDNA3.1 
(Invitrogen) modified with an N-terminal myc-tag to produce proteins N-terminally 
fused to myc under the control of the constitutive CMV promoter. pCMX-flag plasmid 
used as empty-vector control was a gift from Ron Evans (Salk Institute). 

Generation of inducible cell lines (Gemc1 paper suppl). GEMC1 inducible 
expression systems were obtained transfecting U2OS-TRexTM cell line or T98G-
derivative cell lines that stably express the Tet-repressor protein (Mailand and 
Diffley, 2005) with pcDNA4/TO vectors containing GFP-FLAG, GFP-FLAG-GEMC1 
full length or GFP-FLAG-GEMC1 deletion mutants. Clones selection was obtained 
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with Zeocin 100 μg/ml. U2OS-TRexTM were grown in cell media containing 
Tetracycline-free serum. Tetracycline at a final concentration of 1 μg/ml was added 
in order to induce protein expression. 

Quantitative real-time PCR (RT-PCR). Dissected tissues were collected on ice, 
washed in PBS and frozen. Tissues were disrupted in Tri-Reagent (Sigma) by 
zirconium beads in a mechanical tissue disruptor (Precellys 24, Bertin technologies). 
If working with HEK293T cells, they were washed in cold PBS and harvested in Tri-
Reagent .Total RNA was isolated according to manufacturer recommendations 
(PureLink RNA mini kit, Ambion). cDNA was generated using 0.5-1 μg of total RNA 
and a High Capacity RNA-to-cDNA Kit (Applied Biosystems). Quantitative real time-
PCR (RT-QPCR) was performed using the comparative CT method and a Step-One-
Plus real-time PCR Applied Biosystems Instrument. Amplification was performed 
using Power SYBR Green PCR Master Mix (Applied Biosystems) or TaqMan 
Universal PCR Master Mix (Applied Biosystems). All assays were performed in 
triplicate. For TaqMan assays, mActB or mB2m probes were used as an 
endogenous control for normalization and a specific Taqman probe was used for 
mouse or human Cep63, Anapc13, Plk4, Cep152, Deup1, Gemc1, Mcidas, Ccno, 
FoxJ1, Myb and TAp73. Primers (Sigma) used for SYBR Green assays are listed 
below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oligo sequence (5'-3')
Ccdc78_FW TCTTTCCTCTATGGAGTATGTG
Ccdc78_RV GCTCCTTAGAAATCTGCAAC
CCNO_FW CAGAAAGCAGACAAGTCAAG
CCNO_RV AGACCACTCTGACTTCTAAC
Cep152_FW AGTCCAAGATGAAAAGGATG
Cep152_RV GTGAGCTTCTCTTCACTAAC
Cetn2_FW TTTTGACAGTGATGACTCAG
Cetn2_RV TCAATCATTTCCTGCAGTTC
Deup1_FW GAAAAGGAATTAAGCAAGGC
Deup1_RV GGAGTCTTTCGTTCTCATATTC
Hydin_FW CCCATGGACTCCTCTAGCCT
Hydin_RV TTCTTATGCGACCCTGAAGC
Myb_FW CACAAAACATCTCCAGTCAC
Myb_RV TCTTCGTCGTTATAGTGTCT

Plk4_A_FW ATCTGGTGCATGAAGTGCCT
Plk4_A_RV CCTGGTATTGGAAATGTGCC
18S_FW ATGGTAGTCGCCGTGCCTAC
18S_RV CCGGAATCGAACCCTGATT
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Microarray analysis and GSEA. Transcriptional profiling of trachea and oviduct 
tissues in wild type and Gemc1-/- mice were performed by the Microarray Unit-
Cogentech at IFOM-IEO campus. Microarrays from HEK293T cells were carried by 
the Genomic Facility at IRB. Biotin-labeled cDNA targets were synthesized starting 
from 150 ng of total RNA from tissue and 25ng of RNA from cells. Double stranded 
cDNA synthesis and related cRNA was performed with GeneChip® WT Plus Kit 
(Affymetrix) that was also used to synthesize the sense strand cDNA before it was 
fragmented and labeled. All steps of the labeling protocol were performed as 
suggested by Affymetrix. Hybridization was performed using the GeneChip® 
Hybridization, Wash and Stain Kit. Targets were diluted in hybridization buffer at a 
concentration of 25 ng/ul, denatured at 99°C for 5 min incubated at 45°C for 5 min 
and centrifuged at maximum speed for 1 min prior to introduction into the GeneChip® 
cartridge. A single GeneChip® Mouse Transcriptome Array 1.0 or a GeneChip 
PrimeView Human (Affymetrix) was then hybridized with each biotin-labeled sense 
target for 16 h at 45 °C in a rotisserie oven. GeneChip® cartridges were washed and 
stained with GeneChip®. Hybridization, Wash and Stain Kit in the Affymetrix Fluidics 
Station 450. GeneChip arrays were scanned using an Affymetrix GeneChip® 
Scanner 3000 7G using default parameters. Affymetrix GeneChip® Command 
Console software (AGCC) was used to acquire GeneChip® images and generate 
.CEL files for analysis. Arrays were imported to R applying RMA background 
correction and probe summarization. For each tissue, fold changes between 
conditions were computed after mean and variance normalization and centering 
using a generalized additive model (GAM). An empirical Bayesian partial density 
model was used to identify differentially expressed genes with a false discovery rate 
(FDR) of 5% and log2 fold change larger (smaller) than 3 (-3). Gene set enrichment 
analysis (GSEA) was performed using all genes in the array sorted by fold change 
computed in each tissue (Subramanian et al., 2005). We tested the GOslim gene 
sets (version from January 2015) and a list of custom gene sets extracted from 
various publications or databases (Ashburner et al., 2000; Choksi et al., 2014a; 
Geremek et al., 2011; Inglis et al., 2006; Lee et al., 2011; Ma et al., 2014; Treutlein 
et al., 2014; van Dam et al., 2013; Wheway et al., 2015; Zhao et al., 2011). Additional 
information and references are provided in Appendix Table S1. The microarray data 
has been submitted to NCBI’s Gene Expression Omnibus (GEO) and has been 
assigned the reference number GSE71746. 

Phylogenetic analysis. To check the evolutionary relationships among different 
proteins (MCIDAS, GEMC1, and GEMININ) we screened for homologues in the 
representative proteomes database rp55 (Chen et al., 2011) to account for diversity 
while reducing the noise. Full sequences were used for queries in iterative hidden 
Markov-based searches using HMMER3 (Eddy, 2011) until convergence was 
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reached. The best scoring hits were proteins annotated as GEMC1, MCIDAS, and 
GEMININ, and the common region was the coiled-coil region common to the three 
of them. Coiled-coil regions are a challenge for accurate detection of homology as 
they may provide highly significant e-values while not being homologues (Mistry et 
al., 2013). To alleviate this problem, in addition to standard searches, we also used 
a specific scoring matrix derived from coiled-coil regions (Surkont and Pereira-Leal, 
2015). To identify potential problematic sequences we excluded those exhibiting 
biases of the same order of magnitude as the scores in further analyses (for more 
details, (Eddy, 2011)). The filtered sequences were aligned to the profile of the 
Geminin domain (PFAM PF07412), and were also aligned using MAFFT (Katoh and 
Standley, 2013). The resulting sequence alignments were very similar. To infer 
phylogenies we used probabilistic inference with PhyML (Guindon et al., 2009) 
where two models of evolution were compared, one being derived from coiled-coil 
regions (Surkont and Pereira-Leal, 2015), while the other was estimated from the 
sequence alignment using ProTtest (Abascal et al., 2005). Phylogenetic analyses 
were run in 16 nodes in a cluster under the mpi-PhyML version of the program. All 
the parameters were estimated from the model, and we ran 1000 bootstrap 
replicates in unrooted tree. 

  



 81 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

OBJECTIVES 
 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 



 82 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  



 83 

The aim of this thesis is to examine the in vivo functions of CEP63 and GEMC1 in 
mice to understand the underlying molecular pathology of Seckel syndrome and 
RGMC disorders. To achieve that, the specific objectives are the following: 

 

1. To determine the role of CEP63 during cortical development  

To accomplish this objective, we will characterize the Cep63 gene-trap mouse 
model focusing on the following specific points: 

Analysis of mitosis, bipolar spindle configuration and primary cilia of Cep63-
deficient neural progenitor cells  

Identification of cell death pathways in Cep63-deficient neural progenitors 
during cortical development 

 

2. To assess the function of GEMC1 during mammalian development  

To achieve this purpose, we will characterize the germline Gemc1 knockout 
mice focusing on the following specific points: 

Characterization of multiciliated epithelia in the absence of GEMC1 

Analysis of GEMC1’s role in the transcriptional program required for 
multiciliogenesis  

Identification of Gemc1 domains responsible to interact with transcription 
factors (E2F4/5) or MCIDAS/Geminin 

Identification and validation of the transcriptional targets of GEMC1 and 
MCIDAS using HEK293T cells 

 

3. To identify the causes of male infertility in Gemc1-deficient mice  

To reach this goal, we will analyze the germline phenotype of GEMC1-deficient 
males focusing on the following specific points: 

Characterization of Gemc1-/- testes during the first wave of spermatogenesis 

Analysis of Gemc1 expression during spermatogenesis  

Examination of the efferent ducts multiciliated epithelia in Gemc1-deficient 
mice 
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Chapter 1: CEP63 deficiency promotes p53-dependent microcephaly  
 
Berta Terré1, Carlos Sánchez-Huertas1, Marko Marjanović1,2, Michaela Wilsch-Bräuninger3, 
Wieland B. Huttner3, Peter J. McKinnon4, Vincenzo Costanzo5, Jens Lüders1 and Travis H. 
Stracker1.  
 

1Institute for Research in Biomedicine (IRB Barcelona), The Barcelona Institute of Science and 
Technology, Barcelona 08028, Spain 

2Division of Molecular Medicine, Ruđer Bošković Institute, 10000 Zagreb, Croatia. 
5Max Planck Institute of Molecular Cell Biology and Genetics, Pfotenhauerstr. 108, 01307 Dresden, 

Germany 
4Department of Genetics, St. Jude Children’s Research Hospital, 38105 Memphis, TN, USA 

5FIRC Institute of Molecular Oncology, 20139 Milan, Italy 
 

(adapted from Nat Commun. 2015 Jul 9;6:7676) 
 
 
 
Chapter 1 background 

Many mutations in genes encoding proteins involved in the DDR and/or centrosomal 
functions have been identified in human patients with MCPH or SS (Bond et al., 
2005; Griffith et al., 2008; Guernsey et al., 2010; Kalay et al., 2011; Klingseisen and 
Jackson, 2011; Kumar et al., 2009; Lancaster et al., 2013; Mahmood et al., 2011; 
Nicholas et al., 2010; O'Driscoll et al., 2003; Qvist et al., 2011; Sir et al., 2011; 
Thornton and Woods, 2009). This has suggested that a crosstalk between the DDR 
and the centrosome may be highly relevant to the etiology of microcephaly. 
Supporting this idea, several MCPH/Seckel proteins, such as MCPH1 and CEP152, 
have been implicated in both centrosomal and DDR functions (Alderton et al., 2006; 
Jeffers et al., 2008; Kalay et al., 2011; Liang et al., 2010). In addition, signaling 
through the central transducer of DNA damage, ATR (also mutated in SS), involves 
the PCNT/MCPH1 dependent localization of CHK1 to the centrosome (Kramer et al., 
2004; Tibelius et al., 2009). 

The development of microcephaly has been attributed to the attrition of NPCs due 
to defective self-renewal capacity or as a result of sporadic DNA damage, resulting 
from checkpoint defects, DNA repair deficiencies, replication stress, mitotic errors 
and increased apoptosis (Gillies and Cabernard, 2011; Thornton and Woods, 2009). 
In addition, defective nuclear partitioning and the death of migrating differentiated 
cells have also been shown to influence cortical development (Zhang et al., 2009a). 
The relative importance of these, or other mechanisms, in the pathology of 
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microcephaly in MCPH and SS, and to what extent other organ systems are affected, 
remain open questions. 

The centrosomal protein CEP63 was identified as a target of the apical DDR kinases 
ATM and ATR during mitosis in Xenopus, although this association is not conserved 
in mammals. CEP63 promotes efficient centriole duplication through interactions 
with CEP152 (Brown et al., 2013; Kalay et al., 2011; Sir et al., 2011; Smith et al., 
2009), and mutations in both CEP63 and CEP152 have been identified in SS 
(Guernsey et al., 2010; Kalay et al., 2011; Sir et al., 2011).  

In this Chapter, we describe the phenotypic analysis of mice lacking expression of 
the Cep63 gene.  

Cep63 deficiency leads to growth defects and microcephaly  

Previous work from our laboratory, in collaboration with that of Vincenzo Costanzo, 
demonstrated an interaction between CEP63 and CEP152, two proteins encoded by 
established MCPH and SS genes (Brown et al., 2013; Kalay et al., 2011; 
Lukinavicius et al., 2013b; Sir et al., 2011). To determine if Cep63 deficiency in mice 
would phenocopy the human diseases, we generated animals with a gene-trapped 
allele of the Cep63 gene (Cep63T) (Brown et al., 2013). Cep63T/T pups were born at 
expected Mendelian ratios and newborn animals were similar in weight to wt or 
heterozygous littermates (Figure 1A). However, by 1 to 2 months, Cep63T/T mice 
exhibited a significant reduction in the average weight (Figure 1B and C), indicating 
growth retardation, a hallmark of human SS patients (Kalay et al., 2011; O'Driscoll 
et al., 2003; Sir et al., 2011). 

As CEP63 mutations cause microcephaly in humans (Sir et al., 2011), we examined 
neurodevelopment in Cep63T/T mice. In newborn (p2) animals, forebrain size was 
reduced compared to wt, despite similar body weight (Figure 1D and A). Strongly 
reduced Cep63 mRNA levels were confirmed in the cortex of Cep63T/T mice (Figure 
1E), while Anapc13, a gene positioned head-to-head with Cep63, was not affected. 
In addition, we did not observe changes in the expression of key centriole duplication 
components Plk4 and Cep152, or the Cep63 paralogue, Deup1 (Figure 1E). 
Characteristic of MCPH and SS, cortical development was impaired (Figure 1F) and 
examination of p2 cortices revealed a consistent reduction in thickness at all 
positions examined (Figure 1G). Despite reduced cortex size, longevity of Cep63T/T 
animals was similar to wt and no obvious motor defects were observed in an aging 
cohort (Figure 1H). Together, these data demonstrated that Cep63 deficiency 
recapitulated the major pathologies of SS.  
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Cep63 loss impairs CEP152 recruitment at the centrosome and leads to 
delocalization of neural progenitors 

The attrition of NPCs in the cortex has been clearly linked to microcephaly, and can 
be provoked by increased DNA damage, impaired NPC self-renewal or centrosomal 
defects (Bazzi and Anderson, 2014; Gruber et al., 2011; Insolera et al., 2014; Murga 
et al., 2009). CEP63 has been linked to the DNA damage response and its deficiency 
leads to centriole loss due to impaired recruitment of CEP152 (Brown et al., 2013; 
Sir et al., 2011). We therefore examined colocalization of CEP152 or CEP63 with 
the centrosome marker g-tub in the developing cortex of E14.5 embryos (Brown et 
al., 2013; Sir et al., 2011). While focal CEP152 was readily detected at centrosomes 
in wt animals, we could not identify focal staining that overlapped with g-tub in 
Cep63T/T mice (Figure 2A). Since Cep152 mRNA expression levels in the Cep63T/T 
brain were not reduced relative to wt (Figure 1E) and similar amounts of CEP152 
protein could be immunoprecipitated from wt and Cep63T/T tissues (data not shown), 
this likely reflects a defect in the centrosomal recruitment of CEP152, similar to what 
we have previously reported in Cep63T/T mouse embryonic fibroblasts (MEFs) 
(Brown et al., 2013). In addition, while we could detect CEP63 localization to the 
centrosomes in wt E14.5 embryos, we did not observe its localization in Cep63T/T 
embryos, consistent with its reduced levels of expression (Figure 1E and 2B). 

As defective CEP63/CEP152 recruitment and impaired centriole duplication could 
lead to mitotic defects, we next examined the status of the proliferative NPC 
population and cell death in the developing cortex of E14.5 animals using antibodies 
against histone H3 phosphorylated on Serine10 (p-H3Ser10), a marker of mitosis, 

Figure 1. Cep63 deficiency leads to growth defects and microcephaly. (A) Weights of newborn 
mice (p2) of the indicated genotype (Cep63+/+, +/T n = 11, Cep63T/T n = 5 pups). (B) Weight of p30 and 
p60 mice of the indicated sex and genotype (n = 13, 11, 16, 14, 13, 13, 18, 14 animals, respectively). 
(C) Examples of female littermate Cep63+/+ and Cep63T/T mice at p60. (D) Examples of p2 dissected 
brains of the indicated genotype with the relative cerebral cortex area compared. (E) RT-PCR of the 
indicated genes using cDNA prepared from the cortex of p2 animals. Levels of mRNA expression 
relative to wt littermates is graphed using B2M and ACTB as a reference. (n=3 animals per genotype). 
(F) H&E stained coronal sections of Cep63+/+ and Cep63T/T cortices from p2 animals with approximate 
area of higher magnification indicated (top panels). Higher magnification panels of the motor cortex 
stained with H&E (bottom panels). Scale bar = 0.2 mm). (G) Quantification of p2 cortical thickness 
from the indicated genotypes and area (2 hemispheres per brain section were averaged, n = 3 animals 
is graphed). (H) Kaplan-Meier curve of mouse survival. No significant differences (Log-rank test) were 
observed over 600 days. The number of animals per genotype is indicated. In panels 1A and 1B, the 
median (thick line) with the 1st and 3rd quartiles of the boxplot (thin lines) are indicated. In 1E and 1G 
graphics with error bars represent the average plus standard deviation. Asterisks denote statistical 
significance (n.s.= not significant, * = p-value <0.05, ** = p-value < 0.01, *** = p-value < 0.001) 
determined by the unpaired two-way Student’s T-test (1A and G) or the unpaired two-way Wilcoxon 
rank sum test (1B). 
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and the apoptotic marker cleaved caspase-3. At E14.5 we observed slightly elevated 
numbers of p-H3Ser10 positive cells in the VZ of the cortex of Cep63T/T animals 
compared to wt (Figure 2C and D) and high levels of cleaved caspase 3 throughout 
the cortex (Figure 2E). In addition, we observed an increased number of extra-VZ p-
H3Ser10 positive cells, similar to what has been recently reported in mice lacking 
SAS4 (Figure 2C and D) (Insolera et al., 2014). We examined the identities of these 
misplaced proliferating cells using a marker for intermediate progenitors (IPs), Tbr2, 
and found that this displaced population was composed of both Tbr2 positive and 
negative cells suggesting that these mitotic cells belong to multiple classes of NPCs, 
including radial glial progenitors and IPs (Figure 2F). 
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Mitotic defects and decreased primary cilia in CEP63-deficient brains 

The increased number of mitotic cells, coupled with the increased cell death we 
observed, suggested the presence of mitotic errors or delays. We next examined the 
spindle configurations in wt and Cep63T/T cortices using anti-g-tub antibodies and 
DAPI, to label centrosomes and DNA respectively. This revealed a strong increase 
in the percentage of monopolar spindle configurations in the VZ of Cep63T/T cortices 
(Figure 3A). Moreover, in cells with bipolar spindles, the g-tub signal at one of the 
poles was frequently dim or absent, suggesting that spindle poles were formed by 
defective centrosomes or were acentrosomal (Figure 3B and C).  

A part from being the main MTOC, the centrosome also provides the basal body that 
serves as a template for the assembly of cilia and flagella. To investigate if primary 
cilia was affected in the absence of Cep63, we stained E14.5 brains for basal bodies 
(g-tub) and primary cilia (ARL13B). We observed a decrease in the total number of 
primary cilium from NPCs at the VZ surface and DAPI staining revealed an increase 
of NPC arrested in mitosis in Cep63T/T brains when compared to wt (Figure 3D and 
E). Interestingly, we did not observe any gross defects in the morphology or length 
of the cilium when analyzing their structure by TEM (Figure 3F). Collectively, these 
data indicated that CEP63 ensures proper duplication and formation of functional 
centrosomes, which in NPCs is crucial for mitotic fidelity, proper positioning of 
proliferating NPCs and cell survival. 

 

 

 

Figure 2. Impaired CEP152 localization and delocalization of NPCs in Cep63 deficient brains. 
(A) CEP152 is detectable at centrosomes, marked by g-tub, in the cortex of wt (left panel) but not 
Cep63T/T (right panel) E14.5 embryos. Scale bars = 5 µm (left panel) and 2 µm (right panel). (B) 
CEP63 is detectable at centrosomes, marked by g-tub, in the cortex of wt (left panel) but not Cep63T/T 
E14.5 embryos (right panel). Scale bars = 5 µm (left panel) and 2µm (right panel). (C) Increased 
number and defective localization of mitotic cells (positive for p-H3Ser10) in the E14.5 cortex of 
Cep63T/T and Cep63T/T p53-/- embryos (right panels) compared to wt (left panel) Scale bar = 50 µm. 
(D) Quantification of VZ surface and extra-VZ p-H3Ser10 positive mitoses in the indicated genotype 
(n = 5 for wt and Cep63T/T and n= 3 for Cep63T/T p53-/-). Error bars are represented as the average 
plus standard deviation. Asterisks denote statistical significance between extra-VZ p-H3Ser10 positive 
cells (* = p-value <0.05, ** = p-value < 0.01, *** = p-value < 0.001) determined by the unpaired two-
way Student’s T-test. (E) Increased cleaved caspase-3 staining indicates increased cell death in the 
cortex of Cep63T/T embryos at E14.5 (right panel) compared to wt (left panel). Scale bar = 50 µm. (F) 
Some misplaced mitotic cells in the Cep63T/T cortex are intermediate progenitors (IPs) identified by 
positivity for Tbr2. Scale bars = 50 µm (left panel) and 20 µm (right panel). 
 



 93 
 



 94 

 

CEP63 deficiency leads to p53-dependent NPC attrition  

NPCs lacking centrioles are misplaced from the subventricular zone (SVZ), exhibit 
prolonged mitoses, and trigger cell death through p53 signaling (Bazzi and 
Anderson, 2014; Carvajal and Manfredi, 2013; Marthiens et al., 2013). However, 
opposing genetic interactions with p53 deficiency have been described in other 
models of microcephaly, such as in Atr deficient mice, and CEP63 has been 
previously linked to the ATM/ATR-dependent DNA damage response (Frappart et 
al., 2005; Marthiens et al., 2013; Murga et al., 2009; Novorol et al., 2013). To address 
the cell death pathways triggered by loss of CEP63, we stained the cortices of E14.5 
mice with antibodies for the DNA break marker gH2AX or p53. Little staining for either 
marker was observed in wt animals while a striking upregulation of p53 was apparent 
in the cortex of Cep63T/T embryos (Figure 4A-D). The majority of p53 staining was 
observed in the PCNA positive cells of the VZ, suggesting that p53 is primarily 
activated in the proliferating NPC population (Figure 4B). Only a minor increase in 
gH2AX was seen in the cortex of Cep63T/T animals but the staining was not punctate, 
as expected for DNA breaks, and may reflect cells already undergoing apoptosis 
(Figure 4C and D).   

 

 

 

 

 

 

Figure 3. Cep63-deficiency leads to mitotic defects and decreased primary cilia. (A) Scoring of 
mitotic configurations in the E14.5 VZ. Categories and genotypes are indicated (n = 3 animals per 
genotype used, 102 Cep63+/+ and 150 Cep63T/T cells scored). (B) Scoring of g-tub foci in metaphase 
and anaphase cells in VZ of E14.5 brain cortex. Mitotic cells were identified by staining sections with 
DAPI (DNA) and g-tub (centrosome) and scored by morphology and g-tub spot numbers (n = 3 animals 
per genotype used, 64 Cep63+/+ and 62 Cep63T/T cells scored). (C) Example images of acentrosomal 
(white arrowheads) and monopolar (yellow arrowhead) mitoses in Cep63T/T embryos Scale bar = 2 
µm. (D) Representative images of the VZ surface at E14.5 stained for g-tub (green), a centrosomal 
marker, ARL13B (magenta), a primary cilium marker, and DAPI (blue) Scale bar = 10 µm. Arrowheads 
indicate NPCs undergoing mitosis at the VZ. (E) Quantification of the number of g-tub puncta and 
primary cilia relative to the surface quantified (mm2) (Cep63+/+ n = 1, Cep63T/T n = 2). (F) TEM from 
E12.5 primary cilium of Cep63+/+ and Cep63T/T NPC. Basal body (BB) and cilium (C) are indicated 
Scale bar = 5 µm. All graphics with error bars are presented as the average plus standard deviation. 
Asterisks denote statistical significance (n.s.= not significant, * = p-value <0.05, ** = p-value < 0.01, 
*** = p-value < 0.001) determined by the unpaired two-way Student’s T-test (3B and E) 
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Figure 4. p53-dependent attrition of neural progenitors in Cep63 deficient embryos. (A) Strong 
induction of p53 in the cortex of Cep63T/T embryos compared to wt at E14.5. Scale bar = 50 µm. (B) 
Scoring of p53-positive cells in (A) (n = 2 animals per genotype). (C) Slightly increased levels of gH2AX 
can be visualized in the E14.5 cortex of Cep63T/T embryos compared to wt. Scale bar = 50 µm. (D) 
Quantification of gH2AX-positive cells in (C) (n = 1 animal per genotype). (E) Dissected p60 brains 
(upper panel) and representative coronal sections from Cep63T/T and Cep63T/Tp53-/- mice (lower 
panel). (F) Representative examples illustrating relative p60 motor cortex thickness in mice of the 
indicated genotype. Scale bar = 0.2 mm. (G) Measurement of cortex thickness from sections of the 
motor or visual cortex with colors corresponding to genotypes in panel f (n = 3, 3, 2, 3, 2, 2 animals 
used per genotype, respectively). (H) Representative coronal sections of adult brains of the indicated 
genotype. The sub regions of the hippocampus proper CA1, CA2 and CA3 are indicated. All graphics 
with error bars are presented as the average plus standard deviation. Asterisks denote statistical 
significance (n.s.= not significant, * = p-value <0.05, ** = p-value < 0.01, *** = p-value < 0.001) 
determined by the unpaired two-way Student’s T-test (4B and G).  
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To determine if p53 activation was sufficient to drive NPC attrition in Cep63T/T mice, 
we intercrossed them with p53-/- animals. Strikingly, we observed a complete rescue 
of brain size in Cep63T/T p53-/- mutants (Figure 4E, F and G). Consistent with these 
observations, TUNEL staining revealed increased numbers of apoptotic cells in 
E14.5 cortices of Cep63T/T mice, which was rescued by loss of p53 (Figure 5A and 
B). To determine if the loss of p53 rescued the proliferating NPC population, we 
stained the cortex with antibodies for the NPC marker SOX2 and quantified cell 
number (Figure 5C and D) (Hutton and Pevny, 2011). In the Cep63T/T cortex we 
found a reduced total number of SOX2+ cells but an increased percentage that were 
mislocalized (Figure 5D). The reduction of NPC number in Cep63T/T mice was 
rescued by p53 but the majority of the rescued NPCs were misplaced from the VZ 
(extra-VZ), most likely corresponding to p-H3Ser10 positive cells (Figure 2C and D), 
consistent with the loss of this misplaced progenitor mitotic population underlying the 
microcephaly phenotype (Figure 5C and D). Although Cep63T/T p53-/- mice showed 
normal brain size and survive without displaying any major problems, these animals 
remained smaller. In addition, histological examination of the adult brain revealed 
hippocampal malformations with many folds in some cases, which were never 
observed in single Cep63T/T or p53-/- mutants (Figure 4H), probably as a 
consequence of aberrant distribution and increased proliferation of neurons.  

In response to DNA DSBs, the CHK2 and ATM kinases play important roles in 
mediating p53 dependent apoptosis (Stracker et al., 2013). However, in contrast to 
p53 deficiency, neither the loss of CHK2 or ATM rescued the reduced brain size 
observed in Cep63T/T animals (Figure 4F and G). This suggested that chromosome 
breaks are unlikely to be a primary trigger for p53 activation and cellular attrition in 
vivo, consistent with the lack of extensive gH2AX staining (Figure 4C and D). In 
addition, we have observed normal ATM/ATR-dependent DDRs in MEFs and intact 
physiological repair in the immune system of Cep63T/T mice (data not shown). 
Collectively our data showed that CEP63 deficiency causes centrosomal defects that 
lead to mitotic errors and misplacement of NPCs, triggering p53-mediated cell death 
and microcephaly.  
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Figure 5. Cep63 deletion leads to NPC delocalization and death (A) Quantification of TUNEL 
staining (n = 6, 10, 4, 4 sections per animal were scored, sections from 2, 3, 1, 1 animals per genotype 
were used, respectively) (B) Representative images of the indicated genotype. TUNEL positive cells 
are stained in green and nuclei is labelled with PI. Scale bar = 50 µm (C) Misplacement of neural/stem 
cell progenitors (Sox2 positive) in Cep63T/T and Cep63T/Tp53-/- animals. Scale bar = 50 µm. (D) Rescue 
of misplaced progenitors in Cep63T/Tp53-/- animals compared to Cep63T/T (n = 5, 3 and 3 animals per 
genotype, respectively). All graphics with error bars are presented as the average plus standard 
deviation. Asterisks denote statistical significance (n.s.= not significant, * = p-value <0.05, ** = p-value 
< 0.01, *** = p-value < 0.001) determined by the unpaired two-way Student’s T-test (A and D).  
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Chapter 2 background 

The generation of diverse types of cilia is required for many aspects of development 
and organismal function (Choksi et al., 2014b; Fliegauf et al., 2007). Most cells can 
form a single immotile cilia involved in sensory functions, while particular cell types, 
such MCCs, exhibit multiple motile cilia that act in a coordinated beating pattern to 
promote fluid flow or ovum transport along epithelia. In mammals, MCCs are located 
in the brain, respiratory system and reproductive tracts (Brooks and Wallingford, 
2014; Fliegauf et al., 2007) and, although the events that trigger MCC differentiation 
are not completely understood , they require the inhibition of Notch/Delta signaling 
that is mediated, in part, by the miR34/449 (Marcet et al., 2011). Notch inhibition 
leads to the activation of MCIDAS, that through the formation of the EDM complex, 
promotes the transcription of crucial genes required for the DD centriole 
amplification, including DEUP1, CCNO and CCDC78 (Boon et al., 2014; Funk et al., 
2015b; Klos Dehring et al., 2013; Ma et al., 2014; Zhao et al., 2013a). 
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Dysfunction of motile cilia causes disorders in the respiratory system. One example 
is RGMC, a variant of PCD, characterized by recurring respiratory infections and 
hydrocephaly and reduced fertility in some cases, due to reduced numbers or 
function of MCCs (Boon et al., 2014). RGMC results from mutations in the CCNO or 
MCIDAS genes (Boon et al., 2014; Wallmeier et al., 2014). The identification of 
GEMC1 as a member of the Geminin superfamily that shares high homology with 
MCIDAS (both CC and TIRT domains) (Appendix Figure S1B), suggested that 
GEMC1 could be a potential RGMC candidate gene in humans.  

In this Chapter, we report that mice lacking GEMC1 are growth impaired, develop 
bilateral hydrocephaly and are infertile. 

GEMC1 deficient mice are runted and develop hydrocephaly 

As previous work linked GEMC1 to the control of DNA replication, we sought to 
examine its functions in vivo (Balestrini et al., 2010). For this purpose, we generated 
mice with a targeted deletion of the Gemc1 gene (Figure 1A). Gemc1-/- mice were 
notably smaller at birth while no obvious phenotypes were observed in Gemc1+/- 
animals (Figure 1B). Gemc1-/- mice presented with symmetrical hydrocephaly with 
almost complete penetrance (Figure 1C) and for this reason, we were obligated to 
cull a number of animals in the first months of life (Figure 1D). However, those less 
severely affected lived up to 16 months (at which time the study was terminated) 
without incident. Post-mortem analysis revealed hydrocephaly in all but a single 
Gemc1-/- animal. Given the strong effect on brain development and growth, we 
examined the expression of Gemc1 in wt animals. Although there was considerable 
variability between animals, Gemc1 was expressed at low levels in the kidney, 
spleen, heart, muscle, liver and intestine, and at the highest levels in the brain, 
respiratory system and some reproductive tissues (Figure 1E and F). No Gemc1 
mRNA expression was detected in any tissues examined from Gemc1-/- mice (Figure 
1F). These results established that Gemc1 was required for normal development 
and that its expression was variable between tissues.  
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GEMC1 is required for fertility and multiciliated cell generation 

Despite numerous breedings and copulation with wt mice, we did not obtain any 
offspring from Gemc1-/- females and males (the male germline phenotype is 
addressed in Chapter 3). Gemc1-/- females were infertile and presented with severe 
defects in germline development. The ovaries of the Gemc1-/- mice examined were 
smaller, contained few primordial and secondary follicles, and were primarily 
composed of degenerated antral follicles (Figure 2A). Additionally, the oviduct was 
smaller in Gemc1-/- mice and was completely devoid of MCCs, in comparison to the 
wt epithelia where they were clearly abundant (Figure 2B). To address this 
phenotype in more detail we performed immunofluorescence (IF) analysis with 
markers of cilia (g-tub for basal bodies and acetylated a-tubulin (Ac-tub) for cilia), as 
well as key transcription factors required for MCC differentiation, FOXJ1 and RFX3 
(Choksi et al., 2014b). In wt oviducts, an organized layer of basal bodies with cilia 
extending from them was clearly visible (Figure 2C, left panels). However, in Gemc1-

/- animals, only sporadic, punctate g-tub staining was observed, likely representing 
individual centrosomes, and there appeared to be a complete absence of detectable 
cilia, as no Ac-tub staining was detected (Figure 2C, right panels). Consistent with 
this, staining for either FOXJ1 or RFX3 was clearly positive in wt animals, but no 
signal was detected in Gemc1-/- oviducts. These results demonstrated that GEMC1 
was required for female fertility potentially due to its role in the differentiation of 
MCCs in the oviduct. 

 

 

Figure 1. Gemc1 deficient animals are growth impaired and develop hydrocephaly. (A) Example 
of littermate males of the indicated genotypes 26 days post partum. (B) Weights of mice of the 
indicated genotypes from 18 to 120 days post partum. Boxplots indicate 5-95 percentile. A minimum 
of 8 animals is plotted at each age. Asterisks denote statistical significance (NS, not significant, *P 
value <0.05, **P value <0.01 and ***P value <0.001) determined by the unpaired two-way Wilcoxon 
rank-sum test. (C) Example of dissected brains (upper panel) and coronal sections (left and right 
panels) stained with H&E of the indicated genotypes. Note the severe hydrocephaly and ventricular 
dilation of the lateral ventricle (LV) and third ventricle (TV) in a Gemc1-/- mouse (bottom right panel) 
compared to a Gemc1+/+ littermate animal (bottom left panel). Periventricular malacia (asterisks) and 
hippocampal atrophy (arrow) is also evident in the Gemc1-/- sample. Scale bars = 500 µm. (D) Kaplan 
Meyer survival curve of a cohort of mice of the indicated genotypes and numbers (n). The study was 
terminated at 16 months and mice were examined for histology. 97% (31/32) of the Gemc1-/- mice 
examined to date exhibited hydrocephaly. (E) RT-QPCR analysis of Gemc1 expression in murine 
tissues from Gemc1+/+ mice using a Taqman probe. Data is compiled from duplicate samples of 3 
male mice per tissue and mean and standard deviation are plotted. (F) RT-QPCR analysis of Gemc1 
in trachea, oviduct and ovary tissue from Gemc1+/+ and Gemc1-/- mice shows that the knockout 
reduces Gemc1 mRNA to undetectable levels. Mean and standard deviation of duplicate samples 
from 2 female mice are plotted. 
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GEMC1 is required for MCCs in the brain and respiratory system 

Given the homology of GEMC1 to the MCIDAS protein (Appendix Figure S1) and 
the phenotypes we observed in the oviduct, we considered, that GEMC1 could be 
important for the development of MCCs in other tissues where it was expressed, 
such as the brain and respiratory tract (Figure 1E). To address this, we first examined 
cilia formation in the nasal and tracheal mucosa of wt and Gemc1-/- embryos at 
embryonic day 17.5 and 18.5 (E17.5 and E18.5). At this stage, wt respiratory 
epithelia exhibit a ciliated, pseudostratified columnar morphology with large numbers 
of MCCs interspersed with secretory goblet cells (Figure 3A). In sharp contrast, 
Gemc1-/- embryos presented with a flat columnar to squamous, non-ciliated 
epithelium in the nasal mucosa and no cilia were identifiable by H&E (Figure 3A). 
We next used Periodic Acid-Schiff (PAS) staining to detect secretory cells, as 
previous work demonstrated that the loss of E2F4 disrupted the development of the 
respiratory epithelium, leading to the loss of MCCs and increased numbers of PAS 
positive cells (Danielian et al., 2007). Gemc1-/- mutants exhibited a similar phenotype 
as that reported for E2F4, as most of the epithelium in Gemc1-/- mice had abundant 
PAS-positive material (Figure 3B, right panels), in contrast to the normal epithelium 
where the distinct goblet cells were normally interspersed between columnar MCCs 
(Figure 3B, left panels). 

To further characterize the identity of this abnormal population in the respiratory 
airways, we performed TEM in adult tracheas. The normal MCC and goblet cells 
were readily observed in wt mice (Figure 3C). In contrast, no ciliated cells were 
identifiable in the Gemc1-/- respiratory epithelium and all cells appeared to have a 
secretory cell-like morphology (Figure 3C). In addition, no evidence of basal body 
expansion was readily detectable (Figure 3C). These results were further confirmed 

Figure 2. GEMC1 is required for female fertility and multiciliogenesis. (A) Examples of ovaries 
from Gemc1+/+ (top panels) and Gemc1-/- mice (bottom panels) at 6 weeks of age. Ovaries were 
smaller in Gemc1-/- mice and contained primarily degenerated antral follicles. A histologically normal 
antral follicle is indicated in the Gemc1+/+ ovary (top right, black arrow) and degenerated antral follicles 
with high levels of cell death are indicated in the Gemc1-/- ovaries (bottom right, red arrows). Scale 
bars = 200 µm (left panels) and 100 µm (right top panels and right bottom panel respectively). (B) 
Morphological abnormalities in the oviduct of 3-week-old Gemc1-/- mice (right panels) compared to 
Gemc1+/+ (left panels). A clear lack of cilia (bottom panels) in Gemc1-/- oviducts is observed by H&E 
staining. Scale bars = 50 µm (top panels). (C) Staining of frozen sections of oviduct with antibodies 
for Ac-tub (cilia) and g-tub (basal bodies) reveals normal cilia organization in the wt oviduct (left) while 
basal bodies and cilia are not detectable in Gemc1-/- oviducts (Ross et al.). (D) FOXJ1 and (E) RFX3 
staining that is characteristic of MCCs was clearly evident in Gemc1+/+ oviducts and absent in Gemc1-

/- mice. Scale bars = 50 µm (C-E). 
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by IF staining in the trachea, where no MCCs were detectable in Gemc1-/- mice using 
antibodies for both RFX3 and Ac-tub staining (Figure 3D).  

To assess if other cell types were affected in Gemc1-/- airways, we stained tracheas 
from embryonic (E18.5) nasal mucosa, laryngeotracheal mucosa and bronchi with 
p63, a marker for basal cells, and the proliferative indicator ki67. Proliferative and 
basal cell populations look largely normal in absence of GEMC1 (Figure 4A), 
consistent with previous data (Arbi et al., 2016). Similarly, no differences in basal 
progenitors were detected in adult trachea by staining with Isolectin-B4 (Figure 4B), 
4, also expressed in basal cells (Shimizu et al., 1991).  

Next, we examined the brain of Gemc1-/- mice using g-tub and ARL13b as a cilia 
marker. In this organ, two types of epithelium with MCCs are distinguished: the 
ependyma lining the brain ventricles and the CP, required to circulate and produce 
the CSF, respectively (Narita and Takeda, 2015). While wt animals exhibited a 
robust hairy-like signal for ARL13b, and punctuate g-tub, indicating multiple cilia and 
basal bodies (Figure 4C), the ependymal and CP epithelia of Gemc1-/- mice was 
devoid of MCCs and only one cilia at the plasma membrane was identified. This 
observation was further validated by TEM of newborn brains where numerous basal 
bodies and cilia were detected on the surface of ependymal cells but only a single 
primary cilia was identified in Gemc1-/- ependymal epithelium (Figure 4D), 
suggesting that Gemc1 is not implicated in the formation of the primary cilium in this 
cell type. All together, these results were consistent with the development of 
hydrocephaly in Gemc1-/- mice resulting from defects in the CP and accumulation of 
CSF in the ventricles (Figure 1C). Thus, Gemc1-/- mice exhibited an apparently 
complete lack of MCCs in multiple tissues. 
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GEMC1 controls the MCC transcriptional program  

As we were unable to detect basal body expansion by IF or TEM, FoxJ1 or Rfx3 
expression, or MCCs in the oviduct, respiratory tract or brain of Gemc1-/- mice 
(Figure 3 and 4), we considered that GEMC1 likely played an early role in MCC 
differentiation. To address this, we performed transcriptional profiling of tissues 
enriched for MCCs (trachea and oviduct) using microarrays. Loss of Gemc1 led to a 
large number of gene expression differences in both tissues when compared to wt 
littermate controls (Figure 5). Consistent with our histopathological observations, 
gene ontology analysis of differentially expressed genes revealed that the category 
most enriched for downregulated genes in both tissues was cilium (Figure 5A). In 
addition, enrichment of downregulated genes related to the microtubule organizing 
center (MTOC) and protein folding was common to both tissues from Gemc1-/- mice 
(Figure 5A). To further analyze the gene expression differences, we performed 
geneset enrichment analysis (GSEA) using the GOSlim dataset, several custom 
datasets collated from previously published work describing targets of E2F4, FOXJ1 
and Myb, known ciliopathy genes, and other suspected genes in current human 
screening panels (Choksi et al., 2014b; Geremek et al., 2011; Lee et al., 2011; Li et 
al., 2015; Ma et al., 2014; Treutlein et al., 2014; Zhao et al., 2011). We found that 
the genes downregulated in Gemc1-/- mice were highly enriched for those implicated 
in human ciliopathies, FOXJ1 and E2F4 transcriptional targets and to a lesser extent 
Myb target genes (Figure 5B-D).  

 

 

 

Figure 3. GEMC1 is required for MCCs differentiation in the airway. (A). H&E staining of the nasal 
mucosa of E17.5 embryos of the indicated genotype. Normal respiratory pseudostratified columnar 
ciliated epithelium is shown in Gemc1+/+ embryos compared to the attenuated, flat columnar to 
squamous epithelium of Gemc1-/- embryos. Scale bars = 20 µm. (B) PAS staining (purple) of the nasal 
mucosa of E18.5 embryos of the indicated genotype. Normal PAS positive goblet cells (inset, red 
arrows) are interspersed between MCCs (inset, black arrows) with their characteristic goblet or cup-
like shape in Gemc1+/+ embryos. The Gemc1-/- mucosa has abundant PAS positive materials that 
accumulate in the apical borders of almost every columnar epithelial cell (inset, red arrows) and lacks 
typical goblet cells. Scale bars = 20 µm. (C) Transmission electron micrographs of cross-sections of 
adult trachea from Gemc1+/+ animals revealed the presence of secretory cells (SC) and multiciliated 
cells (MCC). The apical membrane of MCCs accumulated basal bodies (BB) nucleating multiple cilia 
(C) and microvilli (MV). In the Gemc1-/- airway epithelium, no MCCs are identifiable and only secretory-
like cells with MV at the apical surface are detectable. Scale bars = 5µm. Higher magnifications of the 
boxed regions are shown below, scale bars = 0.5µm. (D) Lack of Ac-tub (top panel) and RFX3 (second 
panel from top) staining in the trachea of 1 month old mice.  
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To validate these results and investigate the status of particular genes of interest in 
more detail, we performed quantitative real-time PCR for a number of key genes 
normally induced in MCCs, including the transcription factors Mcidas, FoxJ1, and 
Myb, as well as genes involved in basal body expansion, such as Ccno, Deup1 and 
Ccdc78. In wt mice, we observed robust expression of all of those genes in both the 
trachea and oviduct, but the expression levels were significantly reduced in both 
tissues of Gemc1-/- mice (Figure 5E and F). In contrast, several other genes involved 
in centriole biogenesis including Cep152, Plk4 and Centrin-2 (Cetn2) were only 
mildly affected or unaffected (Figure 5E and F). Thus GEMC1 is required for the 
early induction of the MCC transcriptional program and affects a wide array of known 
targets of both E2F4 and FOXJ1 including genes required for the amplification of 
centrioles through the deuterosome mediated pathway.  

 

Figure 4. GEMC1 is required for the generation of multiciliated tissues in the trachea and brain. 
(A) p63 and ki67 staining of the nasal mucosa of E18.5 embryos of the indicated genotype and 
quantification of ki67 positive cells. Scale bars = 20µm. (B) IF staining with Isolectin-B4, Ac-tub and 
g-tub revealed no obvious differences in basal cell progenitors in the adult trachea. Scale bars = 20 
µm (C) Multiple cilia (ARL13b positive staining) are not detectable in the ependymal cells of the lateral 
ventricle (LV) and choroid plexus (CP) of p6 Gemc1-/- mice (right panels). Only single cilia are detected 
in Gemc1-/- mice (left panels). Insets of CP and ependyma are shown below. Scale bars = 20 µm. (D) 
TEM of cross-sections of p0 brain ependymal cells showed the presence of multiple cilia (red 
arrowheads) and basal body (BB) docked at the cell surface (inset for more detailed view). In the 
Gemc1-/- brains, an ependymal cell exhibiting a primary cilium (C) is shown. Scale bars = 5 µm. 
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GEMC1 interacts with E2F4/5-DP1 and MCIDAS via distinct domains 

As GEMC1 loss had a pronounced effect on the expression of E2F4 targets, and 
E2F4 was reported to interact with MCIDAS through its C-terminal TIRT domain, 
which is highly conserved in GEMC1 (Appendix Figure S1), we performed 
immunoprecipitation (O'Driscoll et al.) experiments to determine if GEMC1 bound to 
E2F family members and/or MCIDAS. The IP of FLAG tagged GEMC1 brought down 
co-expressed HA tagged E2F4 or HA tagged DP1 (Figure 6A, lanes 5 and 6). 
However, the IP of both E2F4 and DP1 was greatly enriched when they were co-
expressed, similar to what has been reported for the MCIDAS containing EDM 
complex (Figure 6A, lane 7) (Ma et al., 2014). GEMC1 could also pull down E2F5, 
that is the most similar E2F family member to E2F4, but not E2F1 (Figure 6B). 
Following the nomenclature established for the EDM complex, we termed this 
tripartite complex of E2F4/5-DP1-GEMC1 the EDG complex. 

We next sought to identify the domains of GEMC1 involved in EDG complex 
formation and found that the C-terminal TIRT domain was required for EDG complex 
formation (Figure 6C, compare a-HA lane 5 to lane 7 in the GFP-IP panel), while the 
Geminin like CC domain was dispensable for this interaction (Figure 6C, lane 6 in 
the GFP-IP panel). In addition, a point mutation in the conserved G313 to D residue, 
mimicking the MCIDAS TIRT mutation identified in human RGMC patients, disrupted 
the E2F4-DP1 interaction suggesting a similar mode of binding (Figure 6D) (Boon et 
al., 2014). In contrast to E2F4/5-DP1, GEMC1 interacted with MCIDAS through its 

Figure 5. GEMC1 controls the MCC transcriptional program in vivo. (A) Gene ontology (GO) 
analysis of microarray data from the trachea and oviduct. GO scores (negative enrichment) of 
differentially expressed genes from the trachea and oviduct of Gemc1-/- mice. (B) Geneset enrichment 
analysis of the microarray data using standard and custom genesets, Gene rank lists from the 
individual tissues were analyzed against genesets for gene ontology (GOSlim, top row), a custom 
geneset containing all known or suspected ciliopathy genes (second row), the Ciliome database (DB), 
the SYSCILIA consortium gold standard cilia gene list version 1 (SYSCILIA GS)(Roosing et al., 2015; 
van Dam et al., 2013), E24F target genes (Lee et al., 2011; Ma et al., 2014) and FoxJ1 target genes 
(Choksi et al., 2014a). Several additional genesets generated from analysis of ciliopathy patient data 
(Geremek et al., 2011; Li et al., 2015) or multiciliated cells (Hoh et al., 2012; Treutlein et al., 2014) 
were also queried. Negative enrichment scores are shown for genes downregulated in Gemc1-/- 
tissues. (C) The most differentially expressed genes related to cilia in the trachea (Tr) and oviduct 
(Ov) of Gemc1-/- mice are plotted in a heatmap. Normalized, centered and scaled Affymetrix probeset 
intensities are plotted. (D) Heatmap of differential expression of known human ciliopathy genes in the 
trachea and oviduct of Gemc1-/- mice compared to wt littermates. (E) and (F) RT-QPCR analysis of 
individual genes related to MCC formation in the oviduct (E) and trachea (F) of Gemc1-/- mice 
compared to wt littermates, using 18S rRNA as a reference (n=2). Genes examined generally fall into 
3 classes: centriole duplication (Cep152, Plk4, Cetn2), Deuterosome mediated centriole expansion 
(Deup1, Ccdc78, Ccno) and transcription of genes required for MCC differentiation (FoxJ1, Myb, 
Mcidas). 
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CC domain and independently of its TIRT domain (Figure 6E, compare lanes 4-6 of 
the anti-Myc blot). These data indicated that GEMC1 can interact with E2F4/5-DP1 
and MCIDAS through distinct domains (Figure 6F).  
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GEMC1 activates the MCC transcriptional program 

As a primary function of GEMC1 in vivo appeared to be the activation of 
transcriptional programs required for multiciliogenesis, similar to what has been 
reported for MCIDAS, we asked whether the ectopic expression of GEMC1 was 
sufficient to activate endogenous FOXJ1 or MCIDAS. Transient overexpression of 
GEMC1, led to the robust activation of FOXJ1, and to a lesser extent MCIDAS 
(Figure 7A). Previous work established that the CC and TIRT domains of MCIDAS 
contributed to the transcriptional activation of FOXJ1 (Stubbs et al., 2012). To 
identify the domains of GEMC1 required for its transcriptional activity, we transfected 
a panel of mutant GEMC1 cDNAs. Both the CC and TIRT domains of GEMC1 were 
required for the efficient induction of FOXJ1 in both HEK293T and U2OS cell lines 
(Figure 7B). 

As available data indicated that GEMC1, MCIDAS and Geminin could interact 
through their CC domains, we next examined their relative influence on FOXJ1 
activation (Caillat et al., 2015; Caillat et al., 2013). The co-expression of Geminin 
with GEMC1 resulted in the near complete inhibition of FOXJ1 transcriptional 
activation (Figure 7C). In contrast, the co-expression of MCIDAS with GEMC1 did 
not lead to higher levels of FOXJ1 expression than MCIDAS alone (Figure 7D), 
suggesting that GEMC1’s influence on FOXJ1 could be partially indirect, through its 
ability to induce MCIDAS. To determine the extent to which MCIDAS contributed to 
the activation of FOXJ1 by GEMC1, we depleted MCIDAS mRNA levels using siRNA 
in cells transfected with GEMC1. The siRNA-mediated depletion of MCIDAS reduced 
it to basal levels or below (Figure 7E) and FOXJ1 activation by GEMC1 was strongly 
attenuated, but not eliminated (Figure 7F). These data indicated that GEMC1 could 

Figure 6. GEMC1 interacts with E2F4/5 and MCIDAS through distinct domains. (A) GEMC1 
interacts with E2F4 and DP1. Western blot of HA or FLAG tagged protein expression in the input 
lysates are shown in the top panel. FLAG immunoprecipiation (O'Driscoll et al.) of GEMC1 co-IPs DP1 
(a-HA, lane 5) and E2F4 (a-HA, lane 6). The interaction is enhanced upon co-expression of HA tagged 
E2F4 and DP1 (a-HA, lane 7). (B) GEMC1 interacts with E2F5 but not E2F1. Co-IP of E2F5 (a-HA, 
lane 3) and E2F5-DP1 (a-HA, lane 6) but not E2F1 or E2F1-DP1 (a-HA, lanes 2 and 5). In the FLAG-
IP panels, a short (top) and long (second from top) exposure of the Western are shown. (C) 
Identification of the domain required for E2F4 interaction. GFP tagged GEMC1 and mutant forms were 
expressed and IPs were performed against GFP. Wt GEMC1 (lane 5) or GEMC1 lacking the CC 
domain (lane 6) pulled down E2F4-DP1. A GEMC1 protein lacking the TIRT domain or GFP alone did 
not IP E2F4-DP1 (lanes 7, 8). (D) Mutation of the single amino acid analogous that identified in 
MCIDAS in human RGMC patients (G313D) impairs the interaction with E2F4-DP1 (compare land 5 
and 6). (E) GEMC1 interacts with MCIDAS through its CC domain. Wt GEMC1 or a mutant lacking 
the TIRT domain pull down Myc-tagged MCIDAS (anti- Myc blot, lanes 4 and 6) while a CC domain 
mutant does not (anti-Myc blot, lane 5). (F) Schematic summary of the GEMC1 mutants used in A-E 
and their effect on EDG complex or MCIDAS interactions. 
 



 114 

activate MCIDAS and that its induction contributed significantly, but was not 
absolutely required, for the activation of FOXJ1 observed upon GEMC1 
overexpression. 

Collectively, our results identify GEMC1 as a critical regulator of MCC differentiation 
that acts through its C-terminal TIRT domain, that facilitates the formation of the EDG 
complex (E2F4/5-DP1-GEMC1), and through its CC domain that mediates 
interactions with Geminin or MCIDAS. GEMC1 can activate MCIDAS and FOXJ1, 
as well as other genes involved in MCC differentiation (Figure 5) and this activation 
is strongly enhanced by the presence of MCIDAS (Figure 7E and F). Available data 
suggests that GEMC1 and MCIDAS appear to initiate similar transcriptional 
programs required for MCC differentiation (Figure 5) and are similarly inhibited by 
Geminin (Figure 7E) (Ma et al., 2014; Stubbs et al., 2012). Although both GEMC1 
and MCIDAS can activate FOXJ1 (Figure 7E), and presumably other common 
targets, GEMC1 is required for MCIDAS expression, the activation of FOXJ1 and the 
generation of MCCs in vivo.  
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Figure 7. GEMC1 transcriptionally activates the MCC program. (A) Transient overexpression of 
GEMC1 leads to increased levels of FOXJ1 and MCIDAS expression (RT-QPCR) in HEK293T cells. 
Results for MCIDAS are graphed on a smaller scale in the right panel: V = vector and G = GEMC1. 
The mean and standard deviation of 3 individual experiments in HEK293T cells are graphed. (B) Both 
the CC and the TIRT domain of GEMC1 are required to activate FOXJ1 (RT-QPCR). A corresponding 
Western blot showing relative expression levels of the mutant GFP tagged GEMC1 variants is shown 
from HEK293T cells. The mean and standard deviation of 3 individual experiments in HEK293T cells 
are graphed. (C) Activation of FOXJ1 by GEMC1 is inhibited by the co-expression of Geminin 
(compare 3rd and 4th lanes). Example Western blot is shown below. Results graphed are the mean 
and standard deviation of 3 individual experiments in HEK293T cells. (D) Co-expression of GEMC1 
and MCIDAS results in similar levels of FOXJ1 expression (measured by RT-QPCR) as MCIDAS 
alone in HEK293T cells. The mean and standard deviation of 4 individual experiments in HEK293T 
cells are graphed. E and F. The activation of FOXJ1 by GEMC1 is partially dependent on MCIDAS. 
HEK293T cells were transfected with a control siRNA (siC) or 2 different siRNAs against MCIDAS (si1 
and si2) prior to being transfected with GFP or GFP-GEMC1 expression vectors. Relative MCIDAS 
(E) and FOXJ1 (F) expression levels were assessed by RT-QPCR. The mean and standard deviation 
of a representative experiment performed in triplicate is graphed.  
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Appendix Figure S1. Evolutionary relationship and sequence homology of GEMC1 and 
MCIDAS. (A). Phylogenetic analysis strongly suggests that GEMC1 and MCIDAS are out-paralogues 
that arose from primordial GEMININ, likely at the time of the two round genome duplication that 
shaped vertebrate genomes. This is supported by 1) the species distribution of proteins containing 
this domain, which resembles the species tree, 2) the absence of identifiable similar proteins in the 
databases when excluding the common coiled-coil sequence, 3) the presence of a common additional 
domain at the C-terminal region of both proteins, and 4) by the bootstrap values separating the 
GEMININ-MCIDAS group. A possible evolutionary scenario is that after duplication, the C-terminal 
region was acquired by a domain-shuffling event and GEMC1 began to diverge faster. A plausible 
explanation for this would be a relaxation of purifying selection in this region (the CC domain), which 
would yield a large divergence, although the acquisition of a novel function (positive selection) could 
also have played a role in such a divergence. Along these lines, we can observe large branches 
separating the GEMC1 group, while the branches separating the GEMC1 sequences are very short. 
This is indicative of strong purifying selection, although this should be explored in more depth in future 
analyses. (B) The amino acid sequences of GEMC1 and MCIDAS from human, mouse and Xenopus 
were aligned using T-Coffee (Notredame et al., 2000) and alignments exported using ESPript (Robert 
and Gouet, 2014) and further annotated in Adobe Illustrator. The Geminin like coiled coil domain is 
indicated in blue and the TIRT domain in green. Phosphorylated residues reported in Phosphosite 
Plus (Bateman et al., 2002; Li et al., 2002; Obenauer et al., 2003) are notated in blue and patient 
mutations in MCIDAS or corresponding mutations in GEMC1 analyzed in this study are indicated 
(Boon et al., 2014). 
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Chapter 3 background 

Spermatogenesis is a highly controlled and conserved developmental process that 
supports the generation of haploid sperm capable of fertilization. Such a program 
requires three sequential phases: (1) the self-renewal based amplification of diploid 
spermatogonia through mitosis, (2) a meiosis step to ensure the haploidization of 
recombined genomes and (3) the terminal differentiation of haploid germ cells into 
mature spermatozoa This last phase, known as spermiogenesis, is characterized by 
dramatic morphological changes including the remodeling of chromatin (histone to 
protamine replacement), the specific arrangement of mitochondria, the development 
of the flagellum and the generation of the acrosome. At this point, global transcription 
ceases, as the DNA condenses in the nucleus and post-transcriptional events 
become crucial to regulate translation (Steger, 2001). RNA-binding proteins are 
essential for the temporal regulation of translation by elongating mRNA poly(A) tails 
(Kashiwabara et al., 2002) or through interactions with 5’ and 3’ untranslated regions 
(UTRs) of target genes (Han et al., 1995). Recent findings showed the importance 
of post-transcriptional microRNA (miRNA) gene-silencing in regulating 
spermatogenesis since mice lacking the miRNA34/449 are infertile due to an 
impairment on meiosis and maturation of spermatozoa (Comazzetto et al., 2014) 

Once the “first wave” of spermatogenesis is completed in the testis, germ cell types 
are arranged topographically within the epithelium of the seminiferous tubules with 
immature spermatogonia residing in the tubule walls and germ cells moving towards 
the lumen as they differentiate (Eddy, 2002). A crucial cell type for spermatogenesis 
are the Sertoli cells (SC), which provide nourishment and structural support for germ 
cell proliferation and progression. Moreover, specialized junctions between adjacent 
SC establish the blood-testis-barrier (BTB) that divides the seminiferous epithelium 
into two differentiated regions: the basal compartment harboring spermatogonial 
stem cells and spermatogonia, and the adluminal side where pachytene 
spermatocytes and postmeiotic spermatids are located (Cheng and Mruk, 2010). 
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This physical barrier functions to separate the different events occurring in 
spermatogenesis by restricting the entry of specific factors required for postmeiotic 
spermatid development and it also ensures immune surveillance (Cheng and Mruk, 
2012). Recently, it has been reported that TAp73, a specific isoform of the p53 family 
member p73, regulates the transcription of adhesion and migration related genes in 
germ cells to ensure cell-cell adhesion between SC and developing haploid cells 
(Holembowski et al., 2014; Inoue et al., 2014). TAp73 knockout testis show a “nearly-
empty seminiferous tubule” phenotype caused by a loss of premature germ cells, 
similarly to what we report here for Gemc1-deficient mice. Interestingly, we have 
identified p73 as a GEMC1 target gene in our transcriptomic analysis from HEK293T 
overexpressing cells (see Chapter 4).   

To become fully capable of fertilizing the oocyte, the developed spermatids must 
detach from the seminiferous epithelium, enter the tubule lumen and travel through 
the epididymis that provides the proper environment spermatozoa maturation. The 
region that connects the testis with the epididymis is known as the efferent duct and 
it is important for sperm concentration as it reabsorbs part of the luminal 
seminiferous fluid. The epithelia of the efferent ducts contains MCCs that are 
important to stir the luminal fluids (Hess, 2002). As reported for the respiratory 
epithelia (Danielian et al., 2007), ablation of E2F4/5 in the mouse efferent ducts 
results in MCC lost and accumulation of aberrant sperm in the rete testis (Danielian 
et al., 2016), a phenotype that resembles that for Gemc1-/- mice characterized in this 
Chapter. We have previously identified an interaction between E2F4/5 transcription 
factors and the C-terminus of GEMC1 (see Chapter 2 from Results), and the 
similarity between both phenotypes in the male reproductive system reveals a 
common regulatory program for MCC differentiation in the efferent ducts as that 
described in the airways  

In this Chapter, we demonstrate that GEMC1 plays multiple roles in male fertility.  

Mice lacking GEMC1 are infertile  

In Chapter 2 we have characterized Gemc1-deficient mice and demonstrated that 
they have growth defects, develop hydrocephaly and are infertile. Consistent with 
these phenotypes, Gemc1 expression was higher in the respiratory tract, the brain 
ependyma and the reproductive system, all tissues that require the differentiation of 
MCCs. Interestingly, the testis showed the highest expression of Gemc1 mRNA 
(Figure 1E from Chapter 2), suggesting a function potentially independent of 
multiciliogenesis. To further analyze the role of Gemc1 in spermatogenesis we bred 
Gemc1-/- males with wt females and never obtained any offspring. However, we did 
not observe changes in testis size and weight when compared with wt or 
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heterozygous littermates (Figure 1A and B). We considered that the hypothalamic-
pituitary-gonadal axis may be affected due to the hydrocephaly, but this was 
discarded by confirming the normal appearance of the seminal vesicle (Figure 1G), 
that is extremely sensitive to changes in androgen levels and can serve as an 
indicator for the status of hormonal regulation.  

To study the impact of Gemc1 on spermatogenesis, we analyzed adult testes by 
histology and observed a thinning of the epithelium and larger lumens within the 
seminiferous tubules when compared to controls (Figure 1C). Although all 
spermatogenic cell types were present we observed a highly reduced cellularity in 
Gemc1-deficient tubule sections (Figure 1D) similar to what has been described in 
the miR34bc-/-; 449-/- triple knockout (Comazzetto et al., 2014; Wu et al., 2014; Yuan 
et al., 2015). Interestingly, Gemc1 has a conserved miR34/449 predicted target site 
on its 3’-UTR, suggesting a that it could be regulated at the post transcriptional level 
by this family of miRNAs during spermatogenesis.  

In order to determine if meiosis was altered in the absence of Gemc1, we next 
analyze the longest phase of meiosis, prophase I, in spermatocytes spreads. To 
assess the progression through this phase, we used markers for the lateral and 
central elements of the synaptonemal complex (SCP3 and SCP1, respectively), that 
facilitate the identification of diplotene, pachytene, zyotene and leptotene cells. We 
found that each population of prophase I cells was present at similar ratios to wt 
(Figure 1E), suggesting that Gemc1 is not required for that particular sub-phase of 
meiosis I. Notably, elongated spermatids with normal hook-head shape were 
detected in spermatocyte spreads from adult testis (Figure 1F). Thus, in contrast to 
CEP63 mutants (Marjanovic et al., 2015), the loss of GEMC1 causes male infertility 
due to a loss of cellularity that is independent of meiotic defects during prophase I.  
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GEMC1 is required for later stages of post-mitotic spermatogenesis  

The first wave of spermatogenesis in mouse starts only a few days after birth in a 
semi-synchronized manner, making it an excellent system to study gene expression 
during sperm development. Successive germ cell populations appear at key time 
points during this first cycle of spermatogenesis: at postnatal day 7 (p7) testes are 
composed only by sertoli cells (SC) and spermatogonia while spermatocytes start to 
appear by p9. Next, at day 10 germ cells enter into the sub-stage of prophase I 
leptotene, followed by zygotene (p12), pachytene (p14) and diplotene (p18). At day 
20, and after two meiotic divisions, round spermatids (RS) arise and by p30 
spermatids have already reached the elongation phase to become sperm around 
p35 (Bellve et al., 1977) (Figure 3D). 

Taking advantage of this synchronized progression of juvenile testes development, 
we sought to determine at which step of spermatogenesis Gemc1 was required. 
Histological evaluation of testes at different time points (p0, p7, p9, p14, p20 and 
p27) showed no obvious differences between Gemc1 and wt or heterozygous testes 
during the first 20 days (Figure 2A) but the thinning of the seminiferous epithelia 
became obvious after p27 (Figure 2C), when elongating spermatocytes (ES) first 
arise. Since no antibody for tissue IF is currently available to detect GEMC1, we 
performed RT-PCR analysis of testicular RNA and detected a peak in its expression 
at p27 that was maintained through adulthood (Figure 2B), consistent with 
histological observations. In contrast, Mcidas transcripts remain constant and very 
low throughout the first spermatogenic wave (Figure 2B). Collectively, these results 
suggest that Gemc1 has a role in the late stages of spermatogenesis through a 
transcriptional program that is at least partially distinct to that required for MCC 
differentiation. 

 

Figure 1. Gemc1 loss impairs male fertility in mice. (A) Example of dissected testes from littermate 
mice of the indicated genotypes at 2 months of age. (B) Testes weight relative to the whole body at 
the age of 1,2 and 3 months (n = 2 per genotype and age) show no significant differences compared 
with wt  animals. (C) Histological analysis of tubules from 6-week-old Gemc1-/- mice revealed thinning 
of the spermatogenic cell layer and decreased numbers of elongated spermatids. Scale bars = 100 
µm (left panels) and 50 µm (right panels). (D) Testes from Gemc1-/- mice have strongly reduced 
cellularity compared to wt or Gemc1+/- animals, as measured by disaggregation of the tissue and cell 
counting with a Neubauer Chamber (n = 3). (E) Quantification of prophase I stages in meiotic cells of 
the indicated genotype based on SCP1 and SCP3 co-staining (n = 2 animals per genotype). (F) 
Examples of sperm morphology from spermatocyte spreads from 2 month old mice. Scale bars = 10 
µm. (G) Gross morphology of the seminal vesicle of adult wt and Gemc1-/- mice. All graphics with error 
bars are presented as the average plus standard deviation (ns = not significant, determined by the 
unpaired two-way Student’s T-test). 
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Decreased round and elongating spermatids in GEMC1 deficient testes 

In order to quantitate the influence of Gemc1 deficiency on different testicular cell 
types, we used Hoechst 33324 staining of testicular cells to isolate enriched 
populations by FACs. This methodology allows the discrimination of spermatogenic 
populations (leptotene-zygotene (LZ), pachytene-diplotene (PD), round spermatids 
(RS) and elongating spermatids (ES)) with a purity of > 90% (Figure 3A, E and F). 
Normal amounts of prophase cells at LZ and PD stages were present in Gemc1-/- 
testes, but a significant reduction in RS and ES was observed in the absence of 
GEMC1 when compared to wt animals (Figure 3B). This was consistent with its peak 
of mRNA expression at later stages of spermatogenesis (Figure 2C) and the 
histological abnormalities at p27 (Figure 2B). By this time, terminal spermatozoa 
differentiation is taking place, characterized by relevant changes such as chromatin 
condensation and formation of the acrosome and flagellum (Tanaka and Baba, 
2005). Similar results were obtained when analyzing the levels of Gemc1 in each 
sorted population. Although we found a similar trend in Gemc1 expression, 
increasing its expression by RS and ES (Figure 3C), the detection of Gemc1 mRNA 
in each population was highly variable among experiments making this result not 
conclusive.  

Interestingly, whereas the majority of wt ES showed a hook-like shape, 
morphologically abnormal sperm heads (known as teratozoospermia) were 
observed in Gemc1-/- testes, exhibiting defects in DNA compaction as sperm tails 
also stained with DAPI (Figure 3F, lower panels). However, we cannot discard the 
possibility that the observed phenotype is caused by physical damage resulting from 
the sorting process, considering that Gemc1-/- ES may be less fit and more sensitive 
to stress. Consequently, in combination with the histological analysis we can 
conclude that GEMC1 supports spermatogenesis by functioning in late stages of 
spermatozoa differentiation (Figure 3D). 

 

Figure 2. Gemc1 is expressed in late stages of spermatogenesis. (A) Histology of developing 
testes from wt, Gemc1+/-  and Gemc1-/- littermates at ages p0, p7, p9, p14 and p20. Scale bar = 100µm. 
(B) Histology of p27 testes show thinner seminiferous tubules and cell loss in the absence of Gemc1. 
Scale bar = 1 mm (left panels), 200 µm (central panels) and 100 µm (right panels). (C) RT-PCR 
analysis of Gemc1 and Mcidas expression from testicular RNA at the indicated postnatal days, using 
ACTB as a reference (n = 2 animals per genotype). Data are presented as the average plus standard 
deviation. (D) Vimentin intermediate filaments staining of p39 testis from the indicated genotypes. 
Note that vimentin filaments are seen as cytoplasmic arms surrounding the nucleus and extending 
from the basal region toward the lumen. Asterisks indicate broken tails in ES. Scale bar = 100 µm (left 
panels) and 50 µm (right panels).  
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Loss of GEMC1 causes disruption of Sertoli cells and detachment of 
spermatogenic cells 

Spermatogenesis critically depends on interspersed SC, which provide nutrition and 
structural support to developing germ cells  (Griswold, 2006) and are involved in the 
release of mature spermatids into the seminiferous tubule lumen (Kopera et al., 
2010). Because Gemc1-/- seminiferous tubules showed dramatic thinning of the 
epithelium accompanied with germ cell loss (Figure 1C and 3B), we next evaluated 
the implication of SC in this phenotype. Immunostaining of Vimentin intermediate 
filaments, one of the main components of the Sertoli cytoskeleton (Aumuller et al., 
1988), revealed marked structural abnormalities in SC by exhibiting abnormally 
shorter and thinner cytoplasmic projections (Figure 2D, bottom panels). In contrast, 
wt SC extended long cytoplasmic arms to house germ cells (Figure 2D, top panels) 
to maintain the epithelia of seminiferous tubules highly organized (Griswold, 2006). 
This phenotype is reminiscent of that reported for TAp73 knockout mice, that 
identifies TAp73 as an adhesion and maturation factor required for spermatogenesis 
(Holembowski et al., 2014). 

Another interesting finding was the presence of ES in the lumen of the tubules of 
Gemc1-/- testes (Figure 2D, bottom panels), suggesting that spermatogenic cells 
were progressive detached from SC. In this line, several reports have shown that 
disruption of SC may lead to premature release of germ cells, and the detached cells 
may undergo apoptosis due to the lack of support from SC (Alam et al., 2010). 
Additionally, some of the ES that remained attached to SC exhibit broken sperm 
flagellum (Figure 2D, right-bottom panel). Although we cannot rule out fixation 
artefacts, this phenomenon was never observed in wt samples (Figure 2D, top 
panels). Combined, these results indicate that alterations in SC morphology could 
be responsible for the premature detachment of spermatogenic cells and the 
consequence germ cell loss observed in Gemc1-/- seminiferous tubules. 
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GEMC1 is required for normal development of the epididymis 

To examine if the sperm in Gemc1-/- testes was capable of transit through the 
epididymis, we performed sperm counts from the cauda epididymis and found that 
Gemc1-/- mice had no identifiable sperm (Figure 4B). When sperm exit the testes 
and enter the caput epididymis, they are immature and unable to fertilize, as they 
only acquire motility and fertilization competency when reaching the cauda 
epididymis, where they are stored until ejaculation (Figure 4D). This suggested that 
sperm transit in Gemc1-/- was defective, independent of defects in flagella function.  

We next addressed whether if Gemc1-deficient sperm was released from the testes 
using histological analysis of the three major segments of the epididymis (caput, 
corpus and cauda) and found no detectable sperm in any of the regions (Figure 4C). 
In addition, the lumen of the epididymis was often filled with PAS-positive material, 
a typical phenotype observed in the absence of spermatozoa (Abe and Takano, 
1988) and all Gemc1-deficient epididymides analyzed appeared paler and smaller 
when dissected (Figure 4A).  

Figure 3. The loss of Gemc1 causes depletion of round and elongating spermatids. (A) FACs 
plot of adult testes showing the four sorted populations: LZ (leptotene-zygotene), PD (pachytene-
diplotene), RS (round spermatids) and ES (elongating spermatids). A representative example of the 
wt profile is shown. (B) Comparative abundance of each spermatogenic cell type of control and 
Gemc1-/- mice (wt n = 10, Gemc1-/- n =5).  Data are presented as the average plus standard deviation. 
Asterisks denote statistical significance (ns = not significant, * = p-value <0.05, ** = p-value < 0.01) 
determined by the unpaired two-way Student’s T-test. (C) Gemc1 RT-PCR from wild type sorted 
populations. Levels of mRNA relative to total testes suspension (TS) is graphed using ACTB as a 
reference (n = 2 animals per genotype). Results are shown in log2 scale and standard deviation is 
indicated. (D) Schematic diagram of spermatogenesis indicating the expression of Gemc1 (adapted 
from(Comazzetto et al., 2014)). (E) and (F). Representative images of sorted cells from each genotype 
identified by IF. Leptotene, zygotene and pachytene cells were discriminate by SCP3 and gH2AX 
distribution among the cell whereas a-tub and DAPI staining were used to identify round spermatids 
(RS) and elongating spermatids (ES). Examples of aberrant ES from Gemc1-/- sperm (D); DAPI 
stained tails are indicated with yellow arrowheads. Scale bars = 10µm.  
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The efferent duct epithelium is the link between the rete testes and the epididymis 
(Figure 4E) and it is frequently discarded at necropsy because it is surrounded by 
fat pad. The primary function of the efferent ducts is the reabsorption of the 
seminiferous tubular fluid to concentrate the sperm and they are comprised of two 
epithelial cell types: absorptive cells and MCCs (Hess, 2002). Since we have shown 
that Gemc1 is required for multiciliogenesis in the airway, brain ependyma and 
fallopian tube epithelium, we assessed the differentiation of MCCs in Gemc1-
deficient efferent ducts. Staining of Ac-tub, a component of the motile cilia, and 
FOXJ1, a transcription factor required for multiciliogenesis, confirmed the lack of 
MCCs in Gemc1-/- efferent ducts (Figure 5A and B), consistent with our previous 
results. Aberrant sperm were accumulated in Gemc1-/-  efferent ducts while they are 
normally not detected due to the rapid transit through this region in wt animals 
(Figure 4F). This phenotype is very similar to that reported recently in E2F4F/F/5+/- 
vil-cre knockout mice (Danielian et al., 2016), strongly suggesting that Gemc1 acts 
together with E2F4/5 through its TIRT domain to induce MCC differentiation in the 
efferent ducts in a similar mechanism than in the airway epithelium, oviduct and 
brain. 

Figure 4. The epididymis of Gemc1-deficeint mice are devoid of sperm. (A) Gross morphology 
of the epididymis from the indicated genotypes. (B) Sperm counts from the cauda epididymis revealed 
no sperm in Gemc1-/- mice (n = 3). Mean and standard deviation are indicated. (C) Histological 
analysis by PAS staining of the three major regions of the mouse epididymis (caput, corpus and 
cauda) from adult mice of the indicated genotype. Scale bar = 100 µm. (D) Graphical representation 
of the three major regions of the mouse epididymis. Sperm state (immature, intermediate, and mature) 
is annotated (Skerget et al., 2015). (E) Scheme of a vertical section of the testis, epididymis and 
efferent ducts. (F) Histological evaluation of the efferent ducts (ED) from adult mice. Black arrowheads 
in central panels indicate the accumulation of aberrant sperm in the Gemc1-/- mice compared to wt. 
Scale bars = 500 µm (upper panel), 100 µm (central panel) and 50 µm (lower panel).  
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Figure 5. Gemc1 is required for the generation of MCCs in the efferent ducts. (A) 
Immunohistochemistry for Ac-tub shows no MCCs in Gemc1-/- efferent ducts of adult mice. Scale bars 
= 200 µm (upper panel) and 100 µm (lower panel). (B) No signal for FOXJ1 (magenta) staining is 
detected in the efferent ducts epithelia of Gemc1-/- mice. Scale bar = 50 µm. ED = efferent ducts, IS 
= initial segment 
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Chapter 4 background 

The in vivo importance of GEMC1 in controlling multiciliogenesis has been 
extensively addressed in Chapter 2. However, a major question raised by our 
previous work is whether GEMC1 and MCIDAS, that are structurally very similar, 
play distinct or redundant roles in MCC differentiation. Available data suggests that 
both factors regulate transcription in part through interactions with E2F4/5-DP1 
through their C-terminal TIRT domains (Ma et al., 2014; Terre et al., 2016). 
Moreover, although both genes are required for MCC formation in vivo (Arbi et al., 
2016; Boon et al., 2014; Kyrousi et al., 2015; Terre et al., 2016), several evidences 
support the hypothesis that GEMC1 acts upstream of MCIDAS (Arbi et al., 2016; 
Terre et al., 2016). 

In this Chapter, we describe the use of an in vitro system to address the 
transcriptional programs controlled by GEMC1 and MCIDAS in order to determine 
the common and distinct transcriptional targets. This approach has allowed us to 
identify specific target genes induced by GEMC1 and MCIDAS to better understand 
the complex transcriptional network that allows MCC differentiation and function. 

GEMC1 and MCIDAS activate common and distinct target genes 

To identify the specific transcriptional targets of GEMC1 and MCIDAS we performed 
microarrays of HEK293T cells overexpressing flag-tagged GEMC1 or MCIDAS 
recombinant proteins separately (Figure 1E, FLAG panel). Gene expression analysis 
revealed that ectopic expression of GEMC1 activated many genes including several 
involved in the early induction of MCC differentiation, such as CDC20B, MYB, 
CCNO, FOXJ1 and p73 (Figure 1A). Consistent with a similar mode of function, 
those hits were also found enriched following MCIDAS expression. FOXJ1 and p73 
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upregulation in GEMC1 and MCIDAS overexpressing cells was further validated by 
RT-PCR (Figure 1B and D).  
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GSEA analysis of the genes altered by either GEMC1 or MCIDAS revealed that the 
expression of MCIDAS alone led to a significant enrichment for cilium genes that 
was not observed with GEMC1 alone. Some examples include Rhophilin associated 
tail protein 1 like (ROPN1L), identified as a RFX2 target (Chung et al., 2014), and 
Hes family BHLH transcription factor 7 (HES7), a direct target of Notch (Sparrow et 
al., 2013) (Figure 1A). In addition, although both GEMC1 and MCIDAS were able to 
induce the cilia genes CCNO and MYB (Funk et al., 2015a; Tan et al., 2013; 
Wallmeier et al., 2014), this upregulation was higher upon GEMC1 overexpression 
and we categorize them as GEMC1-induced targets according to the established cut 
off. Another interesting targets that were found upregulated by GEMC1 and MCIDAS 
alone or co-expressed were the transcription factors Forkhead box N4 (FOXN4), that 
has been reported to activate Notch signaling in early retinal progenitors to control 
its expansion (Luo et al., 2012), and SOX3, which overexpression leads to 
hydrocephalus in mice (Lee et al., 2012) (Figure 1A). Although we have no functional 
validation proving that GEMC1 or MCIDAS activation directly alters the Notch 
pathway, these data suggest a complex regulatory circuit involving transcriptional 
and post-transcriptional events. All together, these findings establish that the 
overexpression of either GEMC1 or MCIDAS leads to the activation of core MCC 
differentiation genes, but also to unique signatures. 

GEMC1 activates the expression of p73  

Recent studies have shown that the TAp73 isoform of p73 is a critical transcriptional 
factor for MCC differentiation acting upstream of FoxJ1 (Marshall et al., 2016; 
Nemajerova et al., 2016). Because we observed a strong activation of p73 mRNA 
and protein when overexpressing GEMC1 and MCIDAS in HEK293T cells, (Figure 
1D and E), we next investigated the expression of p73 in Gemc1-/- tissues. 
Consistent with the microarray data, histology analysis showed a dramatic 
decreased of p73 positive cells in the brain ependyma and CP epithelia from the 

Figure 1. GEMC1 and MCIDAS activate a common core set of genes but also differential targets 
(A). The most differentially expressed genes when overexpressing GEMC1 or MCIDAS are shown in 
a heatmap. Analysis of GEMC1 vs control and MCIDAS vs control results are plotted in the first and 
second heatmaps, respectively. Common and unique cilia genes to GEMC1 and MCIDAS are 
highlighted in different colors. Positive enrichment scores are shown in red and negative enrichment 
scores in green. Genes were filtered for >1 or <-1 log2 fold change. (B-D) RT-PCR analysis of FoxJ1, 
c-Myb and p73 expression from HEK293T overexpressing cells. Levels of mRNA relative to empty-
vector are graphed using ACTB as a reference. Data are presented as the average plus standard 
deviation of three technical replicates. (E) Western blot showing P73 activation (first panel) and 
relative overexpression levels in HEK293T cells of FLAG-tagged GEMC1 and FLAG/MYC-tagged 
MCIDAS (second panel). Vinculin was used as loading control. E = empty vector, G = GEMC1 vector, 
M = MCIDAS vector. 
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lateral and 4th ventricles of Gemc1-deficient animals whereas wt mice showed 
nuclear p73 signal in the majority of both types of epithelial cells in the brain (Figure 
2D). Accordingly, when we examined the activation of p73 in Gemc1-/- tracheal 
epithelial cells we found that only a subset of basal cells were able to induce p73 in 
the absence of Gemc1 compared to wt (Figure 2B). Together, these preliminary 
results indicate that Gemc1 is required for the activation of p73 in multiple epithelial 
cells, including CP, ependymal and tracheal cells.  

Given that ectopic expression of GEMC1 and MCIDAS are able to induce p73 in vitro 
and Gemc1 loss partially impairs the activation of both Mcidas and p73 in vivo, we 
next wish to identify the direct targets of Gemc1 and Mcidas. For that propose, we 
are currently performing ChIP-seq experiments from GEMC1 and MCIDAS 
HEK293T overexpressing cells.  

  

Figure 2. GEMC1 activates p73 in vivo (A). Immunohistochemistry of p73 showing the choroid 
plexus from the 4th and lateral ventricles and the brain ependymal from wt and Gemc1-/- mice. Scale 
bars = 25µm. (B) Immunohistochemistry of p73 in the trachea of wt and Gemc1-/- mice. Scale bar = 
10µm. Red arrows indicate p73+ cells that are likely to persist after Gemc1 depletion, showing a more 
basal localization in the epithelium. Red arrowheads point to the remaining p73+ cells in the absence 
of Gemc1.   
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Our results have demonstrated critical roles for 2 proteins implicated in the DDR, 
CEP63 and GEMC1 from preventing multisystem pathology. While CEP63 was 
identified as a Seckel Syndrome gene during the course of our work, no patients 
harboring GEMC1 mutations have been identified to date. However, we believe that 
they will likely emerge, given the similarity to MCIDAS that has been identified in 
several RGMC patients. The generation of these animal models has allowed us to 
assess the functions of these proteins in many tissues and has led to important 
insights regarding the molecular details underlying pathologies associated with rare 
human diseases. 

The molecular pathology of microcephaly in Cep63-deficient mice is distinct 
from that of Mcph1 and Atr deficient mice. In Chapter 1 we have shown that 
Cep63-deficient mice recapitulate two key aspects of human SS associated with 
CEP63 mutations; growth retardation and microcephaly (Sir et al., 2011). Our 
analysis suggests that the etiology of microcephaly in Cep63T/T animals is partially 
distinct from that reported for Atr or Mcph1-deficient mice. Atr deficiency causes 
more severe facial dysmorphia and runting than either Mcph1 or Cep63 deficiency 
(Murga et al., 2009; Trimborn et al., 2010). In addition, deletion of p53 in Atr deficient 
animals exacerbates the neurodevelopmental phenotypes, whereas deletion of p53 
in Cep63T/T mice rescued microcephaly (Figure 4E-G from Chapter 1). Rescue of 
microcephaly following p53 deletion has also been reported in other models with 
more severe centriole loss (Insolera et al., 2014). On the other hand, microcephaly 
in Mcph1-deficient mice has been linked to abrogated CHK1 recruitment to 
centrosomes and premature CDK1 activation that compromises the timing of division 
modes and self-renewal capacity of NPCs, resulting in their premature decline 
(Gruber et al., 2011).  

Additional assays not included in this thesis revealed that, although NPCs isolated 
from Cep63T/T mice were able to grow fewer neurospheres, the serial passing of 
dissociated neurosphere cells did not decline its capacity to form secondary 
neurospheres with passaging as it was reported in Mcph1 mutants, but rather there 
was a constant loss of this capacity. This suggests that self-renewal defects are likely 
not the major cause of NPC depletion in Cep63T/T mice. However, to rule out that 
self-renewal capacity of NPCs is not compromised in the absence of Cep63 in vivo, 
5’-bromo-2’-deoxyuridine (BrdU) pulse-chase labeling experiments would be 
needed. The combination of two markers (Brdu labels cells that are or have been in 
S-phase while Ki67 identifies all cycling cells) allows the measurement of the cell 
cycle exit index of NPCs in the cortex (calculated by dividing BrdU+ Ki67- with total 
all BrdU+ cells). 
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In addition, previous work has implicated CEP63 in CDK1 recruitment to 
centrosomes, arguing against a mechanism of premature centrosomal CDK1 
activation (Gruber et al., 2011; Loffler et al., 2011). However, because some of the 
CDK1 antibodies used for cytology cross-react with CEP152, this issue requires 
further investigation. That could be validated, for example, using primary 
neurosphere culture synchronized at early-S phase after a double-thymidine block 
through the analysis of CDK1 phosphorylation by immunoblotting after thymidine 
release.  

The localization of CEP152 to the centrosome is disrupted in the absence of 
CEP63. Consistent with previous reports (Brown et al., 2013; Sir et al., 2011), our 
studies support the notion that CEP63 is required for proper recruitment of CEP152 
to the centrosome in NPCs (Figure 2A from Chapter 1). However, although no focal 
staining for CEP152 was observed in NPCs of Cep63T/T embryos, we were able to 
immunoprecipitate comparable amounts of CEP152 protein from Cep63T/T and wt 
tissues, suggesting a defect in localization rather than CEP152 destabilization. The 
identification of a sequential recruitment of proteins at the centrosome starting with 
CDK5RAP2 at the apex, and CEP152, WDR62 and CEP63 at subsequently lower 
positions (Kodani et al., 2015) would support the hypothesis that CEP152 is still 
present in the centrosome, although at lower levels, when CEP63 is lost, suggesting 
some limitations in the imaging techniques used in our study. This would be 
compatible with the proposed role of CEP63 in maintaining CEP152 at the centriole 
(Sir et al., 2011). Another non-mutually exclusive possibility to explain why CEP152 
localization is particularly affected would be that CEP63 is able to counteract an 
activity that removes or modified CEP152 at the centrosome. One good candidate 
would be PLK1, since the treatment of CEP63+/- human lymphocytes with an inhibitor 
of PLK1 increased the levels of centrosomal CEP152 in mitosis (Sir et al., 2011).  

Moreover, the loading of CEP152 to the centrosome is also dependent on its binding 
to CEP192 (Sonnen et al., 2013), as well as on the association with centriolar 
satellite proteins, such as CEP131 (Kodani et al., 2015), thus suggesting a complex 
network of centrosomal protein interactions required to ensure CEP152 localization 
to the centriole to promote its duplication. Residual recruitment of CEP152 by other 
proteins may explain the incomplete penetrance of centriole loss in CEP63 deficient 
mice compared to other situations, such as PLK4 or SAS4 loss (Hudson et al., 2001; 
Insolera et al., 2014). 

As a mechanism to control that only one new centriole is assembled next to the pre-
existing one, the daughter centriole can neither duplicate itself nor nucleate PCM 
until it has passed through mitosis (Wang et al., 2011a). This process, known as 
“centriole-to-centrosome conversion” relies, at least in part, in CEP152 and its 
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depletion in Drosophila abolishes the ability of the mature mother centriole to 
duplicate (Fu et al., 2016). Specifically, the loading of CEP152 occurs sequentially 
after CEP135 followed by CEP295 are recruited to the daughter centriole thus 
enabling the conversion of a daughter to a duplication-competent mother centriole 
(Fu et al., 2016). Next, the centriole recruits the activity of PLK4 by the scaffold 
CEP152 and CEP192 to start its duplication. The crucial role of PLK4 in centriole 
duplication has been extensively demonstrated, as its disruption prevents centriole 
duplication (Habedanck et al., 2005) and mice lacking Plk4 die early in 
embryogenesis (Hudson et al., 2001). In addition, PLK4 contributes to the assembly 
of mitotic spindles in the absence of centrosomes, as it occurs during early mouse 
development, in a process that requires an active complex between PLK4 and 
CEP152 (Coelho et al., 2013).  

Taking all this information into consideration, one could postulate that complete 
CEP152 deficiency would be lethal. To date, only CEP152-SS-derived fibroblasts 
and siRNA-depleted cells have been analyzed in mammals, making it unclear if 
Cep152 knockout is compatible with life.   

CEP63 loss and defective centriole duplication impair the mitotic spindle. We 
have demonstrated that defective CEP63/CEP152-dependent centriole duplication 
in Cep63T/T mice leads to aberrant mitotic spindle configurations in NPCs, including 
monopolar and acentriolar spindle poles (Figure 3A-C from Chapter 1). This 
phenomenon can be explained by a delay in procentriole assembly in the absence 
of CEP63, as postulated for CEP63KO DT40 chicken B cells (Sir et al., 2011). This 
might be successfully completed in some cases whereas some cells would fail to 
complete centrosome duplication on time, thus activating cell-death pathways that 
efficiently work to remove cells with aberrant spindles from the tissue. Why some 
CEP63-deficient cells accomplish the duplication of the centriole at once, whereas 
other do not, remains an open question. Notably, the fact that NPCs lacking Cep63 
show a more stochastic, rather than progressive depletion of centrosomes over time 
suggests that CEP63 is not a core centriole assembly factor but rather acts as an 
accessory protein that ensures the timely and accurate initiation of centriole 
duplication by recruiting essential factors such as CEP152.  

Analysis of CEP63KO DT40 cells shows multipolar spindles containing 4 centrioles 
in total distributed as singlets between 3 or 4 different spindle poles, suggesting 
aberrant engagement between mother centriole and procentrioles (Sir et al., 2011). 
With regards to neurogenic mitosis in NPCs, it is well established that after cell 
division, newborn neurons inherit the new mother centriole whereas progenitors 
keep the old mother centriole and this is important to determine fate specification 
(Wang et al., 2009a). Hence, delayed procentriole assembly and defective 
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engagement between centrioles caused by the absence of CEP63 could also impair 
the maintenance of NPCs in the developing cortex by altering the stem-cell fate. 

As several studies have associated abnormal spindle orientations with premature 
differentiation of NPCs by favoring asymmetric divisions (Fish et al., 2006; Gruber et 
al., 2011), one could speculate that CEP63 also acts to define the mode of cell 
division in NPCs. This question could be addressed by performing analysis of the 
cleavage plane orientation of NPC in the E15.5 embryonic cortex using g-tub to stain 
centrosomes and E-cadherin to delimit the plasma membrane and quantify vertical 
vs horizontal divisions relative to the ventricular surface. Alternatively, a more 
challenging approach, but perhaps a system more closely related to the actual 
human disease, would be to establish cerebral organoid cultures with iPSc from 
reprogrammed patient-derived fibroblasts (Lancaster et al., 2013). We could then 
perform BrdU pulse-chase experiments to study premature neural differentiation as 
well as the spindle orientation plane.   

Delocalization and loss of NPCs in the absence of CEP63 might reflect a role 
of centrosomes in maintaining NPCs attached to the VZ. The observed 
phenotype is very similar to what has been reported recently in conditional mice 
lacking the essential centriole biogenesis factor SAS4 in the developing brain 
(Insolera et al., 2014) and it is consistent with the previous proposition that centriole 
duplication defects in NPCs may be a major cause of human primary microcephaly 
(Lin et al., 2013). Comparable with Sas4-deficient mice (Insolera et al., 2014), 
immunological studies from the Cep63T/T neocortex revealed a significant increase 
in p-H3Ser10-labelled mitotic NPCs at the VZ, as well as outside the VZ, a population 
that increases after the removal of p53. In depth characterization of these cells in 
the Sas4-/- p53-/- cortex demonstrated that these cells do not belong to a new class 
of neural progenitor cells, called outer radial glial (oRG) cells, which has been 
recently identified at the outer SVZ (Wang et al., 2011b). Instead, they are NPCs 
that remain proliferative (Insolera et al., 2014). 

Furthermore, the VZ is considered to be a neural stem cell niche and the detachment 
of NPCs from the VZ has been correlated with premature differentiation (Wang et 
al., 2009a). One possibility to explain the presence of delocalized mitotic NPCs in 
the CEP63-deficient cortex is that these cells might have lost the ability to anchor to 
the VZ surface, whereas those harboring functional centrosomes are selectively 
maintained in the VZ.  Interestingly, the depletion of NPCs from the VZ has also been 
shown by removing NIN (SCKL7), an appendage/satellite-specific protein required 
for centriole maturation that it is also associated with SS (Wang et al., 2009a).  
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Analysis of the primary cilia, which grow from the mother centriole, revealed a slight 
decrease of this organelle in NPCs from the VZ in the absence of CEP63 (Figure 
3D-F from Chapter1). This reduction could be simply a consequence of an overall 
reduction of NPCs as well as increase in M-phase arrested cells. Alternatively, that 
could suggest a novel role for CEP63 in the assembly of primary cilia although 
preliminary TEM studies revealed no gross morphological defects in primary cilia 
and no phenotypes related from defective primary cilia, such as situs inversus, were 
identified in Cep63T/T animals.   

Mitotic arrest of Cep63-deficient NPCs leads to p53 activation. The increased 
amounts of mitotic NPCs depleted for CEP63 indicates that the impaired centriole 
duplication in these cells causes prolonged mitotic arrest that leads to p53-
dependent activation of cell death (Figure 1). 

Taking into consideration that the association between chromosome 
missegregation, which generates aneuploid daughter cells, and p53 activation has 
been largely proposed (Santaguida and Amon, 2015) and the fact that polyploidy 
has been observed in several Cep63T/T cell types (Marjanovic et al., 2015) as well 
as in other systems (Loffler et al., 2011), a reasonable hypothesis to explain p53 
activation would be the accumulation of polyploid cells. However, an in depth FISH 
analysis in the developing cortex of SAS4-depleted animals, that have an even more 
dramatic centriole loss phenotype than Cep63T/T mice, was unable to detect 
poly/aneuploid cells, suggesting that stringent control mechanisms exist in the 
murine brain to prevent the accumulation of aneuploid cells (Loffler et al., 2011; Sir 
et al., 2011).  

The DDR has also been extensively demonstrated to activate p53-dependent cell 
death (Roos and Kaina, 2013). However, our results showing a lack of extensive 
gH2AX staining (Figure 4C and D from Chapter 1), the grossly normal DDR in 
cultured fibroblasts and during the immunological development of Cep63T/T mice 
(Marjanovic et al., 2015), as well as the inability of Chk2 or Atm mutations to rescue 
the phenotype (Figure 3F and G from Chapter 1), strongly suggest that DNA damage 
is not responsible for activating p53 in Cep63-deficient NPCs.  

Other proposed mechanisms implicated in p53 activation in response to increased 
poliploidy include the Hippo pathway (Ganem et al., 2014) and the p38-mediated 
stress signaling (Mikule et al., 2007; Uetake and Sluder, 2007). Because 
upregulation of p38 was not observed in Sas4-/- embryos (Bazzi and Anderson, 
2014) and experiments depleting PLK4 from cells showed no activation of any of 
these pathways (Lambrus et al., 2015; Wong et al., 2015), it seems unlikely that 
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either MAPK or Hippo signaling are involved in p53 stabilization after centriole 
duplication failure in CEP63-deficient mice. 

Although it still remains unclear how p53 is activated in response to centrosome 
dysfunction in mammalian cells, several recent studies recently published have 
contributed to this field. Together they demonstrate the existence of a new signaling 
pathway responsible to for p53 activation in response to a signal linked to 
centrosome loss that they named the centrosome surveillance pathway (Cuella-
Martin et al., 2016; Fong et al., 2016; Lambrus et al., 2016) (Meitinger et al., 2016). 
Using specific inhibition of PLK4 through a chemical genetic system, they identify 
the p53-interacting tumor suppressor 53BP1 and the ubiquitin-specific protease 
USP28 as components required upstream of p53. Following some types of mitotic 
delays, such as the experienced after centrosome depletion, cells activate p53/p21-
dependent cell cycle arrest (Lambrus et al., 2016). Mechanistically, 53BP1 binds 
simultaneously to both p53 and USP38 through two distinct BRCT domains and this 
promotes p53-DNA interactions that enhance p53-dependent transcriptional 
programs (Cuella-Martin et al., 2016). Furthermore, they showed that the USP28-
53BP1-p53-p21 signaling axis is activated as a result of prolonged mitosis after 
centrosome loss independently of the SAC (Fong et al., 2016). This hypothesis has 
been further validated by experiments using the p53 activating drug Nutlin (Cuella-
Martin et al., 2016). Thus, it is tempting to speculate that the p53-dependent cell 
death observed in the absence of Cep63 occurs via 53BP1/USP28 activation. To 
test that hypothesis, we could analyze the status of these two proteins in p53-positive 
neural cells by IF in the Cep63T/T developing brain or in cerebral organoids. In 
addition, to prove the relevance of this pathway in vivo, we could perform rescue 
experiments by crossing Cep63T/T animals with USP28-null mice generated in our 
laboratory (Knobel et al., 2014) to confirm that the depletion of USP28 is sufficient 
to abolish the activation of p53 in CEP63-deficient NPCs and rescue the 
microcephaly phenotype.  
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Activation of CEP63 through ATM/ATR after DNA damage may not be 
preserved in mammals. We have not obtained any evidence for defects in 
ATM/ATR related signaling in Cep63T/T mice and the ATM/ATR dependent 
phosphorylation site identified in Xenpus and chicken CEP63 is not conserved in the 
mammalian protein. However, as additional ATM/ATR consensus phosphorylation 
sites (Hornbeck et al., 2012) exist in CEP63, it remains possible that CEP63 is a 
target of ATM/ATR or other damage induced modifications that affect its function 
after DNA damage. It is also possible that the CEP63 paralogue, Deup1 (Zhao et al., 
2013a), provides some compensation, although we did not see evidence of 
increased Deup1 mRNA levels in the brain (Figure 1E from Chapter 1). As CEP63 
has been described to interact with the UVRAG protein that influences DNA repair 
and autophagy, we cannot exclude that CEP63 has a role in the damage responses 
in tissues that we have not investigated or affects the DDR in a more subtle manner 
than cannot be detected by our assays (Zhao et al., 2012). 

P53 depletion rescues the microcephaly phenotype but not the size of the 
animals. The intercrossing with p53-null mice was sufficient to completely rescue 
the brain size in Cep63T/T mice but not the smaller size nor the body weight. Instead, 
they remained even smaller. Determination of body size and proper growth is a very 
complex process since each tissue and organ show different regulatory programs. 
Thus, it requires the integration of several fundamental processes including signaling 
through Notch, Wnt, Shh and the Hippo pathway, as well as proper cellular 

Figure 1. Model of CEP63 function in normal brain. Defective CEP63/CEP152-dependent centriole 
duplication in Cep63T/T mice leads to mitotic spindle defects in NPCs, including monopolar spindles 
and acentriolar spindle poles. as well as detachment and mislocalization of NPCs. As a consequence, 
mitotic delay triggers p53-dependent cell death of NPC causing microcephaly. 
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processes like centrioles and centrosomes functions, cell cycle and DNA damage 
checkpoints (Khetarpal et al., 2016), all of which impinge on growth. The growth 
defects observed in Cep63T/T p53-/- mice suggest the existence of p53-independent 
cell death mechanisms in tissues different than the brain or, alternatively, slower 
proliferative rates of CEP63-deificent cells promoted by defective centriole 
duplication. Additionally, it could represent dysfunctional signaling through primary 
cilia which appear to be mildly reduced in the mouse cortex lacking CEP63. 

It is important to highlight that we did not perform any behavioral tests to assess 
brain function in Cep63T/T p53-/- animals. Thus, we cannot exclude the possibility that 
they present cognitive defects as a consequence of abnormal brain distribution 
observed, in some cases, by preliminary histological analysis (Figure 4H from 
Chapter 1). The most affected structure was the hippocampus, which is critical for 
learning, memory and cognition. In particular, the region I, II and III of the 
hippocampus proper (CA1,2 and 3, respectively) appeared increased in Cep63T/T 
p53-/- adult brains. These areas of the cortex are specialized through development 
and they are composed by neurons that have to “bend” clockwise by roughly 90º 
during hippocampal formation while growing in number (Zeidman and Maguire, 
2016). Although in depth analysis are needed, we could speculate that in the 
absence of p53-induced cell death, the hippocampal neurons accumulate in this 
regions and push the stream of neurons to compact forming these wave-like 
structures in the hippocampus. One piece of data that supports these findings is the 
association of CEP63 mutations with developmental dyslexia, the most common 
learning disorder in children (Einarsdottir et al., 2015). 

CEP63 is required for male fertility. In addition to microcephaly, CEP63 deficiency 
also causes male infertility that is potentially consistent with defective chromosome 
movement in meiosis (Marjanovic et al., 2015). The unexpected role for CEP63 in 
meiotic recombination establishes a crosstalk between the centrosome and the 
recombination machinery, which is crucial for the fidelity of male gamete generation. 
We hypothesize that distinct requirements for the organization and function of the 
centrosome during meiotic prophase in males and females may explain the dramatic 
sex specificity we observe.  

In this light, it is interesting to note that other mouse models for MCPH and SS also 
display impaired fertility. For example, Mcph1-deficient mice show defective meiotic 
homologous recombination caused by a failure in repairing SPO11 induced DSBs 
(Liang et al., 2010), whereas mutations in ASPM cause massive germ cell loss in 
the testis (Pulvers et al., 2010). One could speculate that the function of these genes 
in the germline may have been the target of positive selection during primate 
evolution, although the reduction in lifespan in many of these diseases may preclude 
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a definitive analysis of fertility. To our knowledge, CEP63 deficient mice are the first 
example of male specific infertility associated with centrosome disorders, but as only 
3 female SS patients have been identified to date (Sir et al., 2011), we cannot confirm 
that this is the case in humans. Future work will be needed to understand precisely 
why female mice lacking GEMC1 do not suffer impaire meiotic recombination and 
infertility.  

GEMC1 is a master regulator of the MCC differentiation program. The work 
presented in Chapter 2 demonstrates that GEMC1 is one of the most upstream 
activators of the MCC transcriptional cascade that has been identified thus far, as it 
is required for the expression of key transcriptional regulators in MCCs, including 
Mcidas, FoxJ1, Rfx3 and Myb, and components of the deuterosome mediated 
centriole amplification program, such as Ccno, Deup1 and Ccdc78 (Klos Dehring et 
al., 2013; Ma et al., 2014; Zhao et al., 2013a). This conclusion is supported by the in 
vivo evidence that the depletion of GEMC1 in mice leads to hydrocephaly, 
respiratory defects and infertility, as these animals completely lack MCCs in the 
brain, respiratory epithelia, oviduct and efferent ducts of the epididymis. This 
phenotype resembles many aspects of FoxJ1, E2F4, E2F5, Rfx2, Rfx3 and Ccno 
knockout mice, and also mimics the major pathologies of human patients with CCNO 
or MCIDAS mutations (Boon et al., 2014; Chung et al., 2012; Danielian et al., 2007; 
El Zein et al., 2009; Funk et al., 2015b; Lindeman et al., 1998; Wallmeier et al., 
2014). 

One of the earliest events known to occur in MCC specification is the expression of 
the miR34/449 families of microRNAs that have been implicated in the inhibition of 
Notch signaling (Marcet et al., 2011; Song et al., 2014). Of note, the mRNA of Gemc1 
contains a large 3’UTR with a highly conserved consensus binding site for the 
miR34/449 microRNA families (Friedman et al., 2009; Garcia et al., 2011; Grimson 
et al., 2007; Lewis et al., 2005) that are not present in the Mcidas or Ccno 3’UTR 
regions. At face value, this data would suggest that the expression of miR34/449, 
that is highly expressed in MCCs, would paradoxically suppress Gemc1 expression 
that is required for MCC generation (Song et al., 2014). We propose that GEMC1 
protein levels are likely to be strictly controlled by translational regulation. This could 
occur through RNA binding proteins, as consensus target sites for both Musashi and 
cytoplasmic polyadenylation element binding proteins (CPEBs) are present in the 
3’UTR of Gemc1. Interestingly, the predicted cytoplasmic polyadenylation element 
(CPE) site in the Gemc1 3’UTR overlaps with the miR34/449 consensus target 
sequence, suggesting a potential mechanism of competition to repress or promote 
GEMC1 translation. A role for Musashi in the regulation of the MCC transcriptional 
program would be consistent with a previous report that the deletion of Musashi 1 
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and 2 (Msi1 and Msi2) leads to defects in the generation of ependymal cells and 
hydrocephaly in mice (Sakakibara et al., 2002). However, further work to address 
the complex mechanisms of GEMC1 regulation in different tissues will be required.  

The transcription of MCC genes is regulated by GEMC1 and MCIDAS through 
E2F4/5 and DP1 interactions.  We have established that GEMC1 forms a ternary 
complex with E2F4/5 and DP1 through its C-terminal TIRT domain, as has been 
previously described for MCIDAS (termed the EDG complex for GEMC1 and EDM 
complex for MCIDAS)(Ma et al., 2014). Because GEMC1 and MCIDAS do not have 
any consensus DNA-binding domain	 (Stubbs et al., 2012), they likely activate 
transcription by interacting with the E2F family of transcription factors and promoting 
transcriptional activation. However, another group failed to reproduce the interaction 
between GEMC1 and E2F4/5-DP1 using a similar approach (Zhou et al., 2015a) and 
this discrepancy could be explained by using different experimental conditions or 
differences in the affinity tags used. Regardless, given the phenotypic similarity of 
Gemc1 and E2f4 deficient mice (Danielian et al., 2007), as well as the high negative 
enrichment in E2F4 targets, such as Mcidas, Ccno and FoxJ1, in tissues of Gemc1-

/- mice, GEMC1 is clearly required to activate E2F4 target genes in tissues that give 
rise to MCCs (Ma et al., 2014).  

GEMC1 and MCIDAS appear to function in a mechanistically similar manner within 
the respective EDG/M complexes, as mutation in the analogous residues that impair 
the transcriptional activity of MCIDAS in human patients also block GEMC1’s binding 
to E2F4/5 and transcriptional functions (Ma et al., 2014). However, these two 
complexes seem to have both redundant and specific functions. First, GEMC1 is not 
located in the same genomic region containing Mcidas, Ccno, miR449 and Cdc20B, 
a key locus for MCC differentiation, suggesting that it may be under a different 
mechanism of regulation. Secondly, several pieces of evidence have demonstrated 
that the expression of Gemc1 precedes that of Mcidas as it has been shown that 
Gemc1 activates Mcidas expression in MTECs (Kyrousi et al., 2015), zebrafish and 
Xenopus (Zhou et al., 2015a), similar to what we have observed in Gemc1-/- tissues, 
where we can detect little expression of Mcidas (Figure 5E and F from Chapter 2). 
Moreover, studies in mouse ependymal cells have revealed that Gemc1 is transiently 
expressed in radial glial cells as they become committed to the ependymal lineage, 
whereas Mcidas is maintained postnatally (Kyrousi et al., 2015). Considered 
together, these data reveal a functional hierarchy between these two Geminin 
homologs, where GEMC1 would be first expressed to initiate fate specification by 
turning on MCC target genes, including Mcidas, which would participate in the 
establishment and maintenance of the MCC fate. This hypothesis would fit with a 
model were the EDG complex is formed first to initiate the transcription of Mcidas, to 
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allow the formation of the EDM complex, which then takes over MCC transcriptional 
activity. Considering this, it is also notable that Mcidas is able to transactivate its own 
promoter (Arbi et al., 2016), suggesting a positive feedback loop to lock commitment 
toward multiciliation. A non-exclusive possibility to explain the overlapping pattern of 
Gemc1 and Mcidas expression would be that both proteins co-operate to establish 
the multiciliated cell fate and potentially function in MCCs, maybe by regulating MCC 
homeostasis, as Gemc1 mRNA persists in adult tissues. Consistent with this, the 
expression of both genes was reported to be specific to MCCs from single cell 
analysis of lung tissues (Treutlein et al., 2014). These two different scenarios sustain 
the assumption that the regulation of these two proteins may be tissue-dependent. 
Hence, further experimental validation is needed to understand how GEMC1 and 
MCIDAS are regulated to activate transcription of MCC-specific programs in each 
particular tissue or cell type.  

GEMC1 and MCIDAS transcriptional activities may be regulated through 
binding with Geminin. The three members of the geminin superfamily (Geminin, 
MCIDAS and GEMC1) have important roles in controlling the balance between 
proliferation and differentiation. Geminin is a regulator of DNA replication during cell 
cycle progression (McGarry and Kirschner, 1998), whereas GEMC1 and MCIDAS 
are the major activators of MCC gene expression (Kyrousi et al., 2015; Ma et al., 
2014; Stubbs et al., 2012; Terre et al., 2016; Zhou et al., 2015b). Consistent with 
these functions, Geminin expression ceases just as GEMC1 and MCIDAS levels 
increase during MCC differentiation, suggesting that GEMC1 and MCIDAS are under 
tight negative control in dividing cells, when Geminin is maintained at higher levels.  

Biochemical evidences has demonstrated that the three proteins can interact 
through their CC domains to form homo- and heterodimers and these interactions 
are required to regulate each other’s activity (Caillat et al., 2015; Caillat et al., 2013; 
Pefani et al., 2011). In particular, it has been shown that Geminin can bind to the 
EDM complex to suppress its activity (Ma et al., 2014), and it can also block the 
ability of GEMC1 to induce FoxJ1 expression (Figure 7C from Chapter 2). Several 
hypotheses can be postulated to explain Geminin’s ability to block the transcriptional 
activity of GEMC1 and MCIDAS in cycling cells. One option is that, through their 
binding with Geminin, GEMC1 and MCIDAS are sequestered from the EDG/M 
complexes, thus impairing the activation of MCC differentiation genes. Another 
possibility would be that the binding of Geminin to the EDG/M complexes themselves 
suppresses their transcriptional activity. Such inhibitory interactions may be 
essential to prevent the activation of the MCC program prior to cell cycle exit, as a 
premature initiation of deuterosome mediated centriole expansion could be 
deleterious to cycling cells, for example by causing multipolar spindles and mitotic 
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defects (Stubbs et al., 2012).  

GEMC1 and MCIDAS have distinct and redundant roles in MCC differentiation. 
A major question raised is whether GEMC1 and MCIDAS play distinct or redundant 
roles in MCC differentiation. To understand the contribution of each protein to the 
expression of ciliary genes, we have compared direct transcriptional targets in 
overexpressing cells. Our preliminary data suggests that they cause the activation 
of distinct gene sets with a small degree of overlap (Figure 1A from Chapter 4). As 
expected, the overexpression of either GEMC1 or MCIDAS leads to the activation of 
core MCC differentiation genes, including CDC20B, FOXJ1 and p73. Other MCC 
target genes that were upregulated after GEMC1 and MCIDAS ectopic expression 
include CCNO and MYB, despite the fact that we have classified them as mainly 
induced by GEMC1 after establishing an arbitrary cut off (Figure 1A from Chapter 
2). Consistent with these results, MCIDAS-dependent activation of MYB has 
previously been described in several systems, including MTECs (Tan et al., 2013) 
and luciferase reporter assays in HEK293T cells (Kyrousi et al., 2015). In addition, 
MCIDAS mutant respiratory cells exhibit reduced levels of CCNO protein (Boon et 
al., 2014). It is worth noting that the fold-increase of all the above mentioned MCC 
targets, a part from CDC20B, was considerably higher after GEMC1 overexpression 
when compared to MCIDAS, and these differences in expression were also validated 
by RT-PCR. Thus, it is intriguing to speculate that the primary function of GEMC1 
could be to activate the entire genomic locus specialized in multiciliogenesis, which 
harbors MCIDAS, CCNO and CDC20B, in parallel to other complementary genes 
important at early steps of MCC differentiation, such as MYB and p73 (Marshall et 
al., 2016; Tan et al., 2013). After the initiation of this cascade, maximum activation 
of MCC-specific genes to allow the completion of the multiciliogenesis program could 
be taken over by MCIDAS. 

Our transcriptome data also identified two gene candidates with cilia-related roles 
that were only induced by MCIDAS. These are Rhophilin associated tail protein 1 
like (ROPN1L) and Hes family BHLH transcription factor 7 (HES7). ROPN1L, 
formerly known as AKAP-associated sperm protein (ASP), is predominantly 
expressed in motile cilia of epithelial cells and plays a role in ciliary motility	(Fiedler 
et al., 2012). It was also found upregulated in microarrays from MCIDAS 
overexpressing cap cells in Xenopus (Stubbs et al., 2012), reinforcing our results. In 
addition, ROPN1L was identified as a RFX2 target gene by ChIP-seq analysis from 
Xenopus mucociliary epithelium grown in organotypic cultures (Chung et al., 2014). 
HES7 is another interesting MCIDAS-target gene, which encodes for a 
transcriptional repressor that is controlled by the Notch pathway (Bessho et al., 
2001a). It is expressed in a oscillatory manner during somitogenesis, being 
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absolutely required for correct somite formation in mice (Bessho et al., 2001b) and, 
mutations in humans cause Spondylocostal dysotosis (SCD), a rare developmental 
congenital disorder characterized by the presence of extensive hemi vertebrae 
(Sparrow et al., 2013). HES7 is able to suppress Notch signaling in a periodic 
manner that is required for somite formation (Sparrow et al., 2010). This data 
strengthens the evidence of a complex relationship between the Notch cascade that 
controls both MCIDAS and GEMC1, and it can help to elucidate new players that 
control the balance between Notch signaling and GEMC1/MCIDAS activation. 

Given the fact that the major transcriptional targets identified from the microarrays 
are known to have important roles in MCC differentiation, our preliminary analysis 
suggests that the HEK293T system we used is robust and many findings will be 
applicable to the relevant tissues. However, we cannot rule out the possibility that 
some of the observed effects can be artefactual, as HEK293T cells do not mimic 
many qualities of the specialized cell types that give rise to MCCs in vivo. Thus, 
further experimental validation to understand the relevance of the specific and 
common target genes is on-going. In particular, we are currently addressing the 
identification of GEMC1 and MCIDAS genomic targets using ChIP-seq and their 
interactomes by employing the BioD technology	 (Roux et al., 2013), as we 
hypothesize that they exert their influence and specificity through protein-protein 
interactions, as they do not have a recognizable enzymatic domain.  

P73 is a GEMC1 target gene. Our expression profiling analysis identified p73 as a 
differentially expressed gene after GEMC1 or MCIDAS induction and additional 
experiments using in vitro and in vivo approaches validated this activation (Figure 
1D and E and 2A and B from Chapter 4). This is consistent with the recently 
described role for the tumor protein p73 in multiciliogenesis (Marshall et al., 2016; 
Nemajerova et al., 2016). In addition to being present in MCCs, it has been proposed 
that p73 marks a subset of p63+ basal cells committed to a MCC fate. The p63/p73-
expressing basal cells have been reported to account for around 50% of the total 
progenitor pool, although it is unclear what isoform of p73 predominates in these 
cells (Marshall et al., 2016). Preliminary examination of p73 expression in adult 
trachea and postnatal brains by histology suggests that GEMC1 is required at the 
very early stages of lineage commitment for p73 activation (Figure 2A and B from 
Chapter 4). Although no quantitative analysis has been done yet, very few cells were 
positive for p73 in the tracheas of GEMC1 deficient mice and all the positive cells 
identified were positioned lower in the epithelium, were the basal progenitors reside. 
Due to the completely absence of MCCs in Gemc1-/- respiratory, CP or ependymal 
epithelium, we conclude that the p73-expressing cells that remain in the absence of 
GEMC1 are likely to be p63+. How this subset of p63+ cells can express p73 in the 
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absence of GEMC1 is a remaining outstanding question. Thus far, there is only 
evidence that TAp73 is required for murine MCC differentiation, but one could 
postulate that TAp73 could also have overlapping functions with its other isoform 
DNp73 and that they could be differentially regulated by GEMC1.  

The characterization of TAp73 knockout mice also revealed that TAp73 has a role in 
controlling the cellular composition of the respiratory epithelia, since its loss 
significantly increased the abundance of differentiated cells, such as mucin-
producing cells, club cells and neuroendocrine cells, at the expense of basal cells 
(Marshall et al., 2016). Instead, no major differences in basal progenitor numbers 
were found in Gemc1-deficient airways when using p63 and Ki67 markers (Figure 
4A and B from Chapter 2, suggesting that TAp73 (or DNp73), but not GEMC1, is 
required for the maintenance of the progenitor pool. This idea, however, is contrary 
to our proposed model where GEMC1 controls p73 expression to commit cells for 
MCC differentiation. These controversial results could be merely explained by the 
different composition of both epitheliums: whereas GEMC1 depletion suppresses 
the appearance of MCCs, the disruption of TAp73 dramatically reduces, but does 
not completely abolish, the specification to MCC. Hence, comparisons between the 
two scenarios are not proportionate, hindering any conclusion taken from these 
quantifications. Differences could also account from isoform-specific roles of 
different p53 family members that may have compensatory effects in the progenitor 
pool when GEMC1 is lost.  

To determine whether p73 is a direct target of GEMC1 and MCIDAS, we are currently 
performing ChIP-seq experiments from overexpressing cells to validate the direct 
binding of these two proteins at the promoter of the specific targets. This will help to 
define the order of events during the activation of their transcriptional cascades and 
clarify how the transcription of p73 and other cilia-associated target genes are 
regulated, which we presume that will occur through E2F4/5 binding.  
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Figure 2. Working model for the role of GEMC1 in differentiation of MCCs in the airway 
epithelia. A subpopulation of p63+ basal cells are marked for MCC commitment by p73 expression 
maybe through GEMC1 activation of p73. MYB+ progenitors can give rise to secretory cells (which 
they can also trans-differentiate to MCCs) or MCCs, if Notch is inhibited by miR34/449. GEMC1 
activates the early MCC gene program that is further amplified by MCIDAS, both acting in conjunction 
with E2F4/5-DP1. This leads to the optimal activation of additional transcription factors such as 
FOXJ1, MYB, RFX2 and RFX3 play key roles in activating genes needed for centriole amplification 
(CCNO, DEUP1, CCDC78), BB docking and cilia formation (Funk et al., 2015b; Klos Dehring et al., 
2013; Ma et al., 2014; Tan et al., 2013; Wallmeier et al., 2014; Zhao et al., 2013a). 
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GEMC1 does not play a major role in DNA replication in vivo. While the 
phenotypes of Gemc1-/- mice indicate that the primary function of GEMC1 in vivo is 
to promote MCC differentiation, it remains unclear whether its roles in the regulation 
of DNA replication impact the pathologies we observed or cause additional 
developmental defects that we have not yet identified. The smaller size of Gemc1-/- 

mice could result from reduced cellularity as a consequence of defective DNA 
replication control, or from the loss of other specialized functions of GEMC1 
unrelated to DNA replication or transcriptional function. Alternatively, that could be a 
consequence of an impaired endocrine control caused by a malfunction of the 
pituitary gland induced by hydrocephaly. 

Given the limited expression of Gemc1 in adult tissues together with the 
undetectable expression of Gemc1 in MEFs, we feel it is unlikely that GEMC1 is a 
general regulator of DNA replication in most somatic cell types. A non-exclusive 
possibility is that GEMC1 and/or MCIDAS could function to restrict Geminin activity 
in particular cell types where it is highly expressed, especially during embryogenesis. 
Compensatory mechanisms that attenuate Geminin mediated replication inhibition 
might mask the potential Geminin inhibitory role of GEMC1 in Gemc1-/- cells. 
Increased Geminin expression has also been reported in many cancer cell types and 
the elevated expression of GEMC1 or MCIDAS could provide an alternative mode 
for facilitating DNA replication in this context (Kapoor, 2012). In addition, we have 
observed that the overexpression of Geminin, that also has transcriptional roles, 
including the inhibition of MCIDAS, impairs GEMC1-mediated activation of target 
genes (Karamitros et al., 2015; Ma et al., 2014; Yellajoshyula et al., 2012), 
suggesting the existence of reciprocal regulatory mechanisms between GEMC1 and 
Geminin. 

GEMC1 is a good candidate for RGMC disorders. Our data indicate that GEMC1 
could be a strong candidate gene for human RGMC disorders, as Gemc1-/- mice 
recapitulate some of the phenotypes described in patients harboring mutations in 
CCNO and MCIDAS	(Boon et al., 2014; Wallmeier et al., 2014), two genes that are 
activated by GEMC1. In this regard, Gemc1-/- mice may be a powerful tool for the 
identification of new ciliopathy candidate genes, as we find a large number of 
common genes negatively affected in both the trachea and oviducts of these mice. 
In addition, Gemc1-/- mice provide a useful system to test therapeutically strategies 
for PCD patients to promote multiciliogenesis as the absence of MCC facilitates the 
evaluation of differentiation success ratios. Several studies in mice have 
demonstrated that the delivery of wt genes through viral vectors can correct cilia 
dysfunction	 (McIntyre et al., 2013). In order to restore MCC formation in the 
respiratory airways, we could introduce a healthy copy of the Gemc1 allele using 
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adeno-associated virus (AAV) by intra-tracheal or intra-nasally administration. 
Analogously, we could use organoid disease models to investigate the molecular 
etiology of RGMC. For this reason, we have recently initiated a collaboration to 
generate tracheal organoid cultures, a system that is amenable to viral infection, as 
well as drug screenings and other manipulations. 

GEMC1 plays multiple roles in male fertility. A part of being essential for MCC 
differentiation, GEMC1 is also required for male fertility as demonstrated in Chapter 
3. In particular, GEMC1 is required for transcriptional activation of genes that control 
development of spermatids and it is also needed for the generation of MCCs in the 
efferent ducts. 

GEMC1 is crucial for the terminal differentiation of spermatozoa. The absence 
of a working GEMC1 antibody for IF analysis has required alternative methods to 
assess its expression during spermatogenesis. Histological examination of 
developing testes during the first wave of spermatogenesis together with the 
isolation of testicular RNA for RT-PCR experiments revealed that GEMC1 is critical 
at the late stages of spermiogenesis, the process by which spermatids 
morphologically and structurally transform into mature spermatozoa, and its 
expression is maintained constant afterwards (Figure 2 from Chapter 3). The fact 
that Gemc1 transcripts were higher in late spermiogenesis was puzzling considering 
the generally accepted view that transcription decreases throughout 
spermatogenesis (Steger, 2001). In this light, further characterization of Gemc1 
expression pattern could be addressed by in situ hybridization analysis of testicular 
seminiferous epithelium. However, the hypothesis that GEMC1 is important to 
successfully complete spermiogenesis was strengthened through the study of 
isolated germ populations from testis using a FACs-sorting approach, that revealed 
a significant decrease of total amounts of RS and ES in adult testes (Figure 3B and 
C from Chapter 3).  

This brings the outstanding question of how the transcription of Gemc1 is regulated 
during spermatogenesis. One explanation could be that Gemc1 transcript levels are 
controlled by miR34/449, as it has been shown that Gemc1 is a bona fide target of 
miR34/449 in the testes and its deletion in mice phenocopies GEMC1 deficiency in 
the testes (Comazzetto et al., 2014; Wu et al., 2014; Yuan et al., 2015). In particular, 
RNA-seq analysis found that Gemc1 expression is upregulated in miR34bc-/- 449-/-  
RS’s (Wu et al., 2014), suggesting that the presence of miR34/449 in the testes 
would directly suppress Gemc1 expression through binding to its 3’UTR. 
Additionally, as previously discussed, GEMC1 protein levels in the testis could be 
controlled by RNA binding proteins. Specifically, CPEB2 has been shown to be 
abundantly expressed in mouse post-meiotic germ cells, as well as tracheal MCCs, 
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(Kurihara et al., 2003; Marshall et al., 2016). In a preliminary study to asses CPEB2 
levels during the first wave of spermatogenesis we have observed that CPEB2 
mRNA levels follow a similar expression pattern as Gemc1, showing higher 
expression in testis at p27.  

Taken together, one could speculate that Gemc1 transcripts are repressed by 
miR34/449 at the onset of meiosis, when miR34/449 is first expressed, and when 
CPEB2 enters into play at late stages of spermatogenesis, it could bind to the 3’-
UTR of Gemc1 with higher affinity and impair the inhibitory action of miR34/449. This 
mechanism of competition could regulate GEMC1 expression in a unique 
spatiotemporal manner and it would explain the increased abundance of Gemc1 
mRNA at latter steps of spermiogenesis without the need for higher levels of 
transcription, which are generally very low in haploid spermatids. It also reinforces 
the importance of translational control as an essential mechanism for gene 
regulation in spermatogenesis. However, this does not explain why depletion of 
GEMC1 and miR34/449 cause such similar phenotypes in the testes, considering 
that knockout of miR34/449 results in Gemc1 mRNA upregulation in RS. Further 
examination of the complex feedback loop of transcriptional and translational 
regulation will be needed to fully understand this paradox.  

GEMC1 might control transcription of cilia/flagella-related genes required for 
spermiogenesis. One of the most intriguing questions that remains to be answered 
is what is the function of GEMC1 in late spermiogenesis. Analogous to its role in 
multiciliated epithelial cells, it is tempting to speculate that GEMC1 could control 
transcription of cilia-related genes later in spermiogenesis since one of the 
morphological changes that occur by this time is the formation of the sperm 
flagellum, that shares the same internal structure than a cilium.  

To date, several mouse models of male infertility have been associated with 
spermiogenic defects, including mutations in genes required for the generation of 
the flagella (Tekt2/4, Vdac3, Sepp1, Akap4 and Spag6) as well as genes essential 
for the expression of late spermatid genes (Crem , Tbpl1 (Trf2),  Tpap, Rnf17, Ddx25, 
Boule, Miwi and FoxJ2) (Miao et al., 2016; Wu et al., 2016; Yan, 2009). Among the 
latter group, only four genes have been identified as transcription factors, including 
CREM (Nantel et al., 1996), TRF2 (Zhang et al., 2001), RFX2 (Wu et al., 2016) and 
FOXJ2 (Miao et al., 2016) , whereas the rest are related to post-transcriptional RNA 
processing, storage and translation. Collectively, these knockout mice exhibit a 
postmeiotic arrest at RS frequently accompanied by the formation of multinucleated 
giant cells and massive apoptosis although all these regulators start to be expressed 
around the pachytene stage. Exceptionally, FoxJ2 germ cell-specific knockouts 
display an early arrest in pachytene due to defects in repairing SPO11-induced 
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DSBs during meiosis caused by a transcription deficiency of DSB repair and meiotic 
arrest-related genes (Miao et al., 2016). Of note, FOXJ2, which contains two 
conserved miR34 binding sites, was found upregulated in miR34/449-deficient 
pachytene spermatocytes (Comazzetto et al., 2014), suggesting that its expression 
might be repressed by this family of miRNAs. In contrast to the above described 
models, Gemc1 expression is maintained relatively low until the ES stage and 
Gemc1-/- germ cells are capable to differentiate to ES, suggesting that GEMC1 
functions later in spermiogenesis. In this regard, it has been demonstrated that 
testis-specific genes can be transcribed from highly condensed chromatin during 
spermiogenesis (Koga et al., 2000). 

Remarkably, the newly identified transcription factor essential for spermatogenesis 
RFX2, has been previously associated with ciliogenesis during vertebrate 
development and it is required for proper differentiation of MCCs (Bisgrove et al., 
2012; Chung et al., 2012). In the testis, RFX2 was identified as a direct target of the 
transcription factor A-Myb (Horvath et al., 2009), a master regulator of 
spermatogenesis as its depletion in mice completely arrests spermatogenesis at the 
pachytene stage (Bolcun-Filas et al., 2011). A recent RNA-seq analysis of Rfx2-/- 

testes revealed that RFX2 regulates numerous cilia/flagella-related genes as well as 
testis-specific genes (Wu et al., 2016). Interestingly, many of these genes were also 
significantly dysregulated in our microarray analysis from Gemc1-/- oviducts (Terre 
et al., 2016). These include components of the axoneme apparatus such as three 
members of CC domain-containing family (Ccdc39, Ccdc40, Ccdc65) and the light 
intermediate chain (Dnali1), the tubulin tyrosin ligase-like proteins Ttll3 and Ttll6 
involved in ciliary tubulin posttranslational modications (Pathak et al., 2011), and the 
accessory structures of the flagellum like tektin4 (Tekt4) (Sapiro et al., 2002) and 
sperm flagellar 2 (Spef2) (Sironen et al., 2011). Other genes not identified in RFX2 
but downregulated in Gemc1-deficient tissues include spermatogenesis-associated 
18 (Spata18), and sperm-associated antigen 6 (Spag6), both being previously 
associated with the formation and maintenance of the structure of the flagellum, 
respectively (Bornstein et al., 2011; Sapiro et al., 2002). Moreover, the inactivation 
of several genes associated with flagellar dysfunction, including Ccdc39, Ccdc40, 
Ccdc65, Spag6, Spef2 and Hydin (Blanchon et al., 2012; Horani et al., 2013; 
Lechtreck et al., 2008; Sapiro et al., 2002; Sironen et al., 2011), have also been 
implicated in primary ciliary dyskinesia (PCD). Together, these findings further 
support a role for Gemc1 in controlling the expression of a set of cilia/flagella-
associated genes required for the late stages of spermiogenesis. This hypothesis is 
consistent with the observation of broken sperm flagellum from some Gemc1-
deficient ES although ultrastructural analysis of the flagellum by TEM would be 
required to assess the morphological alterations in Gemc1-/- testes observed by 
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conventional histology. 

One of the most intriguing revelations is the importance of RFX, MYB, and FOX 
families of transcription factors as well as the miR34/449 in regulating 
spermatogenesis, as they are also required in the MCC differentiation program. 
However, contrary to what it has been described for MCCs (Arbi et al., 2016; Terre 
et al., 2016), GEMC1 seems to be placed downstream of all of them in the testis.  

Whether this transcriptional cascade also requires the association with E2F4/5 and 
the cofactor DP1 is a remaining question. Notably, Mcidas mRNA levels are 
maintained constantly low through the first wave of spermatogenesis, suggesting 
that GEMC1 transcriptional control is independent of MCIDAS, whereas Geminin is 
not required for meiosis and spermiogenesis but it is essential for the proliferation of 
spermatogonia (Kerns et al., 2012). To gain further insights of the direct targets of 
GEMC1 responsible for the late spermiogenic defects we could perform RNA-seq 
analysis of testes at p27, when the thinning of Gemc1-/- seminiferous epithelium 
starts to be obvious, combined with the screening for E2F-binding sites in the 
promoters of differentially expressed genes and the subsequent validation by ChIP-
seq. 

Premature detachment of GEMC1-deficient spermatogenic cells from SC could 
drive germ cell loss. The production of spermatozoa in the seminiferous tubules 
relies on Sertoli cells (SC), tall columnar somatic cells that directly interact with 
developing germ cells throughout spermatogenesis. One of the main functions of 
SCs is to provide structural support to developing germ cells as well as to control the 
release of spermatids into the tubular lumen in spermiation. Moreover, tight junctions 
between adjacent SC create the blood-testis-barrier (BTB), which has to be 
recurrently opened to allow the passage of germ cells during spermatogenesis. All 
these processes require disassembling and reassembling of cell-cell junctions 
between SC-SC and SC-germ cells. This dynamic restructuring requires a thigh 
transcriptional regulation of genes encoding for junction proteins. In this regard, 
recent studies have revealed an unexpected function of the TAp73 isoform of p73 in 
orchestrating spermiogenesis through the transcriptional activation of adhesion and 
migration-related genes necessary for the assembly of junctions between SC-germ 
cells (Holembowski et al., 2014; Inoue et al., 2014).TAp73 knockout testis exhibit a 
“nearly-empty seminiferous tubule” phenotype caused a selective loss of RS and 
ES, similarly to what we found in Gemc1-deficient testes although TAP73 deficiency 
triggers a more severe phenotype. Like TAp73 knockouts, Gemc1-deficient testis 
showed abnormal structure of SC’s and accumulate aberrant ES in the lumen of the 
seminiferous tubules, suggesting a premature detachment of these cells from the 
nursing SC. The collapse of SC vimentin filaments has been previously associated 
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with the premature detachment of spermatogenic cells from SC and the subsequent 
death through apoptosis caused by SC dysfunction that fail in providing support 
(Alam et al., 2010). However, in contrast to TAp73-deficient mice, we did not detect 
an increase in cell death of Gemc1-depleted spermatozoa in a preliminary TUNEL 
experiment, consistent with a milder testis phenotype. In this regard, we think that 
the number of aberrant Gemc1-/- ES is not high enough to activate apoptotic 
programs and they can be eliminated solely by the phagocytic action of SCs.  

One hypothesis to explain the transcriptional changes in both flagellum and cell-cell 
adhesion-related genes would be that GEMC1 functions as a co-activator of 
transcription in the testis. Considering available data, it is tempting to presume that 
this occurs through the binding with E2Fs, which have already been associated with 
gene expression regulation in the testis (El-Darwish et al., 2006). However, we 
cannot exclude alternative candidates as the main phenotypes of E2F knockout mice 
mostly rely on SC or spermatogonial populations (El-Darwish et al., 2006).     

Although our findings strengthen a germ cell autonomous phenotype, this has not 
been directly addressed. To rule out the possibility that abnormal SC or changes in 
the levels of hormones are the driving force of Gemc1-/- male infertility, we could use 
the spermatogonial stem cell transplantation assay. This method consists in 
transplanting wt spermatogonia in busulfan pretreated Gemc1-/- seminiferous 
tubules to remove endogenous germ cells (Wang et al., 2010) to evaluate the 
capacity of transplanted cells in completing spermatogenesis in the recipient mice 
(Brinster, 2002). Finally, as we depleted Gemc1 using a conventional knockout 
strategy, it remains possible that the observed spermatogenic failure results from 
alterations in the hypothalamic-pituitary-gonadal axis. Despite the fact that the gross 
morphology of the seminal vesicle in Gemc1-/- animals was normal, further 
examination of serum levels of follicle-stimulating hormone (FSH), luteinizing 
hormone (LH), and testosterone will be conclusive to exclude any direct or indirect 
influence of hormonally dysregulation in the GEMC1 reproductive phenotype.  

GEMC1 is required for the differentiation of MCCs in the efferent ducts of the 
epididymis. Besides a defect in spermatogenesis, the loss of GEMC1 in mice also 
impairs the development of the efferent ducts. This region connects the seminiferous 
tubules of the testes with the initial segment of the epididymis and its epithelia 
contains MCCs, although they have been far less studied than the ones identified in 
the trachea, oviduct, ependymal or CP multiciliated epithelium. GEMC1 loss 
completely impairs MCC differentiation in the efferent ducts and this completely 
abrogates the transit of spermatozoa through the epididymis. This is likely to be 
controlled by a similar mechanism as the one described in the MCCs of the 



 158 

respiratory epithelia since mice with impaired E2F4/5 expression display a very 
similar phenotype (Danielian et al., 2016).  

We consider that our study presents GEMC1 as a relevant candidate for male 
infertility through the regulation of two differentiated processes: (1) spermiogenesis 
in the seminiferous tubules and (2) differentiation of MCCs in the efferent ducts. 
Thus, our findings contribute to a better understanding of the underlying mechanisms 
of human infertility as well as future diagnosis and therapeutic strategies.  
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• CEP63 is a Seckel Syndrome gene and its deficiency leads to centrosome loss, 
mitotic defects and p53-dependent microcephaly 

o Cep63T/T mice recapitulate the major pathologies of SS: growth 
retardation and microcephaly 

o The recruitment of CEP152 at the centrosome is impaired in Cep63T/T 
NPCs 

o Cep63 loss leads to mitotic spindle defects and delocalization of mitotic 
NPCs  

o Cep63T/T  NPCs undergo p53-dependent cell death 

o Depletion of p53 in Cep63T/T mice rescues the microcephaly phenotype   

• GEMC1 is a critical regulator of the MCC transcriptional program 

o Gemc1-/- mice lack MCCs in the respiratory airways, oviducts, choroid 
plexus and brain ependymal epitheliums 

o GEMC1 activates the expression of MCC-specific genes such as Mcidas, 
FoxJ1, Myb, p73 and Ccno 

o GEMC1 transcriptional activity requires  an interaction with E2F4/5-DP1 
and MCIDAS  

o GEMC1 and MCIDAS have distinct and overlapping functions in MCC 
differentiation  

• GEMC1-deficient males are infertile due an impairment in spermiogenesis and 
a lack of MCCs in the efferent ducts 

o Gemc1-/- mice show no spermatozoa in the epididymis 

o Gemc1-deficient testes exhibit a reduction of round and elongating 
spermatids, correlating with the peak of expression of Gemc1 

o GEMC1 expression in testes peaks at p27, when elongating spermatids 
begin to differentiate 

o Loss of GEMC1 affects the architecture of Sertoli cells and causes 
premature detachment of spermatogenic cells  

o The efferent ducts from Gemc1-/- mice are devoid of MCCs 
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