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Abstract 

Congenital microcephaly (conMiC) is a manifestation of severely disrupted prenatal brain 

development, caused by genetic defects, toxins, severe maternal malnutrition, or infection. The 

Zika virus outbreak and the devastating impact of Zika infection on the fetal brain have focused 

much attention on the cellular and molecular pathophysiology of conMiC. Mendelian conMiC 

disorders offer a unique opportunity for understanding gene and protein networks that direct 

cellular processes essential for prenatal brain development. Using OMIM and literature searches, 

I analyzed 68 conMiC disorders and their 65 corresponding genes. ConMiC-disorder phenotypes 

were characterized by analyzing the co-occurrence of ID, retinal abnormalities, seizures, and 

short stature. Short stature co-occurred with 70% of conMiC disorders, while seizures and 

retinopathy co-occurred with 68% and 37%, respectively. In 53% of conMiC disorders, seizures 

and short stature overlapped, while all features overlapped in 22% of conMiC disorders; only 7% 

of conMiC disorders lacked one of these co-occurring features. This shows conMiC genes are 

rarely specialized for brain growth, with generalized functions in overall body growth, retinal 

development, and/or regulation of neural activity. ConMiC-gene transcript accumulation in the 

brain is typically greatest during the prenatal period, and then declines postnatally, suggesting 

active transcriptional repression. Nonetheless, in neurons and glia of the adult brain, 44 conMiC 

genes had confirmed persistent protein accumulation. Experimental evidence indicates 

transcription in neural progenitor cells (NPCs) for at least 82% of conMiC genes. The 

spatiotemporal expression patterns of conMiC genes tend to align well with their biological 

functions and corresponding mutant phenotypes. Nearly 60% of conMiC gene products have 

functions in the cell cycle and/or DNA repair. Most conMiC disorders are caused by recessive, 

loss-of-function mutations. There are direct binding and regulatory interactions amongst many 
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conMiC genes, which interact in larger networks and shared pathways. Depletion of single 

conMiC gene products can affect the transcript and/or protein levels of other conMiC gene 

products, which could have a “domino effect”, and disrupt entire networks important for brain 

development. Further evidence for this model is that 22 conMiC genes are consistently 

dysregulated in Zika-infected developing human brain tissue. Due to the complexity of conMiC 

genes and their interactions, there are many unique challenges to developing treatments for 

conMiC, particularly conMiC caused by maternal Zika-virus infection. However, insights to 

treatment strategies could be gained by using human genetics to find potential modifiers, 

screening for drugs that can normalize disrupted cell cycle and DNA-repair processes, or can 

stabilize protein complexes that are disrupted due to a conMiC gene mutation. 
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I. Introduction 

A. Congenital Microcephaly 

At the birth of a child, a small and/or malformed head is a highly salient and alarming 

feature, immediately noticed by medical personnel. Congenital microcephaly (conMiC; Fig. 1) is 

the term used for head circumference (HC) at birth that is ≥2 standard deviations (SD) below the 

mean for age and sex (Roche et al., 1987; Opitz & Holt, 1990; Ashwal et al., 2009). Because 

skull size is directly affected by brain size, conMiC is a manifestation of severely disrupted 

prenatal brain development (Fig. 1B) (Woods, 2005). ConMiC results from reduced volume of 

cerebral cortex, with variable (and occasionally disproportionate) reductions in cerebellum, basal 

ganglia and/or brain stem size. Intellectual disability (ID), the cognitive manifestation of 

developmental brain disorders, very frequently occurs in children with conMiC; the severity of 

ID does not necessarily correlate with the degree of brain-size reduction (Martin, 1970; Dolk, 

1991). The two diagnostic criteria for ID are IQ ≤70 and deficits in adaptive behaviors, such as 

self-care, and the practical, social and cognitive skills necessary for living independently 

(Luckasson et al., 2002; Schalock et al., 2010).  

When conMiC and ID occur in isolation, especially when brain structures are 

proportionately reduced without obvious malformations, the condition is called “primary MiC” 

(Woods et al., 2005; Kaindl et al., 2010; Faheem 2015). ConMiC may be accompanied by 

additional manifestations of disrupted brain development, such as cortical malformations, 

seizures or retinopathy (Abuelo, 2007). ConMiC can also be part of a syndrome with diverse 

phenotypic combinations, including short stature, craniofacial, cardiovascular, limb, or genital 

malformations, among other anomalies of non-CNS structures (e.g., Vasudevan et al., 2005). 
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Figure 1: Head size and brain size. A: Head size in babies: Neurotypical and MiC (Centers for 

Disease Control, see URL list). B. MRI images showing skull and brain size at 18 months of age: 

Neurotypical and MiC (Martin et al., 2014). 

A 

B 

Neurotypical MiC 
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ConMiC has numerous causes, such as genetic defects, maternal exposure to toxins, 

malnutrition or infections during pregnancy (Abuelo, 2007). In light of the recent Zika virus 

(ZKV) outbreak, and subsequent discovery that ZKV infection during pregnancy can cause 

conMiC (Kleber de Oliveira et al., 2016; Calvet et al., 2016; Mlakar et al., 2016), there is even 

greater impetus for understanding the fundamental cellular and molecular mechanisms leading to 

conMiC. Mendelian conMiC disorders, and the functional alterations caused by their 

corresponding mutations, offer a unique window into the complex biology of prenatal brain 

development.  

It might be assumed that the main mechanism underlying conMiC is a disruption of 

neurogenesis that reduces brain-tissue expansion during fetal development. In this analysis, I 

used Mendelian conMiC disorders to demonstrate that, while neurogenesis is often affected, 

disruptions of other processes also contribute. Moreover, there are several distinct ways to 

interfere with neurogenesis, some more direct than others.   

Here, I provide a concise overview of neurogenesis, cortical development, the cell cycle, 

and DNA repair as those processes are intimately linked to prenatal brain growth. I also briefly 

introduce the connection between conMiC and Zika virus. 

 

B. Neurogenesis and Cortical Development 

Neural progenitor cells (NPCs) are typically found in the ventricular zone, directly 

adjacent to the ventricles of the prenatal brain (Fig. 2). NPCs can undergo symmetric, 

proliferative divisions to generate daughter NPCs by vertical, symmetric cleavage during 

cytokinesis. Alternatively, NPCs can divide asymmetrically, by horizontal or vertical cleavage, 

regenerating one NPC and producing a second daughter cell that is more fate-restricted, 
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Figure 2. Neurogenesis and cortical development. 
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Figure 2. Neurogenesis and cortical development. A. Neural progenitor cells, intermediate 

progenitor cells, and post-mitotic neurons. Neural progenitor cells (NPCs) can divide 

symmetrically, and proliferate, or asymmetrically divide to generate an intermediate progenitor 

cell (IPC) and/or neuron. IPCs can generate more IPCs through proliferative divisions, or 

generate neurons. From Molyneaux et al. (2007). B. Histological sections of cortical brain 

development, highlighting proliferative zones and neuronal migration. Low magnification view 

is shown on the left (see URL list, Hill, 2017) and high magnification on the right (adapted from 

Tyler & Haydar (2013). The cortex develops in an “inside-out” fashion, with the earliest born 

neurons and glia forming the deepest layers of the cortex, while the latest born neurons and glia 

migrate to form the most superficial cortical layers. NPCs can undergo proliferative divisions or 

differentiate in the VZ, and the IPCs, glia, and neurons generated by NPCs migrate upward to 

form cortical layers. The SVZ is the first to form, and contains IPCs, which can undergo 

proliferative divisions, or differentiate. The earliest born, post-mitotic neurons are found in the 

IZ (intermediate zone), and the cortical plate (CP) contains later migrating, immature neurons. 
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such as an intermediate progenitor cell (IPC), glial cell or post-mitotic neuron (Fig. 2A). The 

neurons, glia and IPCs created by these asymmetric divisions form more layers, expanding from 

the ventricular zone. The first to form is the subventricular zone (SVZ), a proliferative area 

containing IPCs (Fig. 2B). Like NPCs, IPCs can undergo proliferative divisions that generate 

two identical daughter IPCs. Alternatively, they can undergo asymmetric divisions to give rise to 

an IPC and a neuron, or symmetric divisions to give rise to two post-mitotic neurons (Fig. 2A). 

The ventricular zone gives rise to the earliest-born neurons, which are found in the deepest 

cortical layers, while the SVZ produces later-born neurons that migrate to the most superficial 

layers of cortex (Molyneaux et al., 2007; Taverna et al., 2014). As cortical development 

progresses, a total of six layers are generated, each with unique populations of differentiated 

neurons and glia (Fig. 2B). 

 

C. The Cell Cycle 

1. Cell-Cycle Phases  

The cell cycle (Fig. 3) is divided into two main phases: interphase and mitosis. Interphase 

is further divided into three phases: Gap 1 (G1), DNA Synthesis (S), and Gap 2 (G2). Mitosis is 

divided into prophase, prometaphase, metaphase, anaphase, and telophase (Fig. 3, Fig. 4). 

In G1, the cell produces additional organelles, increases protein synthesis, and repairs 

DNA damage. Cells may exit the cell cycle during G1, to G0 (Fig. 3), a quiescent, resting state, 

if conditions are unfavorable for cell-cycle commitment or if is the cell commits to a terminally 

differentiated fate, such as a neuron. If extracellular and intercellular conditions are favorable for 

division, the cell commits to cell-cycle progression and enters S-phase, during which nuclear 

DNA is replicated (Alberts et al., 2015). Centrosomes, which are organelles responsible for 
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Figure 3. Cell-cycle phases and checkpoints. 
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Figure 3. Cell-cycle phases and checkpoints. The cell cycle is divided into two major phases: 

mitosis and interphase. Interphase is further divided into: Gap 1 (G1), DNA Synthesis (S), and 

Gap 2 (G2). Mitosis is divided into prophase, prometaphase, metaphase, anaphase, and 

telophase. There are critical checkpoints at the transition between different phases: G1/S, G2/M 

and the SAC. During G1, the cell grows, repairs DNA damage, increases protein synthesis, and 

produces additional organelles. The cell has not yet committed to division at this point, and may 

enter into G0 (quiescence) if internal and/or external conditions are unfavorable for division, or 

if it is in a terminally differentiated state. Before the cell enters S-phase and commits to division, 

the G1/S checkpoint assesses genomic integrity and favorable extracellular conditions. The cell 

is prevented from entering S-phase if DNA damage is present, or if external conditions are poor. 

During S-phase, genomic DNA and centrosomes are replicated. After this occurs, cells enter G2-

phase. During G2-phase, the cell continues to grow and checks the genome for complete and 

accurate DNA replication, then repairs DNA damage before committing to mitosis at the G2/M 

checkpoint. During metaphase, the SAC monitors spindle-MT attachment to chromosomes as 

well as spindle tension, and will arrest mitosis in response to unattached or inappropriately 

attached spindles. Once spindle attachments are correct, the cell can proceed to anaphase. Based 

on information and figures from chapter 17 of Alberts et al. (2015). 
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Figure 4. Phases of Mitosis (continued on next page). 
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Figure 4, continued. 
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Figure 4. Phases of mitosis. A. Prophase: Replicated chromosomes begin to condense as the 

nuclear envelope remains intact, and kinetochores begin to assemble at the centromere of 

chromosomes. Centrosomes begin to nucleate the mitotic spindle, using interpolar MTs and MT 

motors to begin the process of separating to opposite poles of the cell. B. Prometaphase: Nuclear 

envelope breakdown occurs, exposing the condensed sister chromatids to the cytoplasm. The 

centrosomes have fully separated, now located at opposite poles of the cell. The centrosomes 

begin to extend kinetochore MTs, which can form connections with the fully-assembled 

kinetochores on sister chromatids. C. Metaphase: Each pair of sister chromatids is aligned at the 

metaphase plate. The kinetochores of each sister chromatid pair attach to MTs originating from 

opposite centrosomes. The spindle must be properly attached to sister chromatids with sufficient 

tension before the cell proceeds to anaphase. D. Anaphase: During anaphase, kinetochore MTs 

depolymerize, pulling sister chromatids to opposite ends of the cell. Motor proteins on interpolar 

MTs also help generate force, moving the spindle pole outwards. E. Telophase: Each set of 

chromosomes has reached the spindle pole, while the nuclear envelope begins to reassemble 

around them. Interpolar MTs remain present, and begin to organize into bundles at the equator of 

the cell.  The actin-myosin contractile ring begins to contract at the equator of the cell. F. 

Cytokinesis: The nuclear envelope has completely reformed, and chromosomes begin to 

decondense. The cleavage furrow has formed, soon to be followed by the moody, which is 

derived from the interpolar MT bundles that formed during telophase. This structure creates a 

bridge between the compartments, and once it is cleaved, the two daughter cells may finally 

separate. Adapted from Alberts et al. (2015), Fig. 17-1, pp. 980-981. 
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spindle-microtubule (MT) nucleation and bipolar spindle establishment, are also duplicated in S-

phase. After DNA replication, the cell enters G2-phase, continuing to grow. During G2-phase, 

the cell also assesses the genome for complete and accurate DNA replication and repairs DNA 

damage before committing to mitosis (Alberts et al., 2015). 

In prophase of mitosis (Fig. 4A), nuclear DNA condenses into chromosomes, each with 

two identical sister chromatids, while the nuclear envelope remains intact. Kinetochores are 

protein complexes that begin to assemble at centromeres of sister chromatids during prophase; 

they mediate and monitor spindle-to-chromosome attachments. The mitotic spindle, which is 

comprised of MTs, begins to grow from the two centrosomes and MT-associated motor proteins 

push the two centrosomes apart to opposite sides of the cell. During prometaphase (Fig. 4B), the 

nuclear envelope breaks down and kinetochore assembly is completed, allowing the sister 

chromatids to begin making contacts with spindle MTs radiating from the centrosomes 

(kinetochore MTs). At metaphase (Fig. 4C), the spindle completes alignment of sister chromatids 

at the metaphase plate.  

To ensure proper segregation of chromatids, the kinetochores of each sister chromatid 

pair attach to MTs originating from opposite centrosomes (Alberts et al., 2015). Each 

kinetochore must have spindle MTs attached with appropriate tension before the cell is able to 

progress to anaphase. In anaphase (Fig. 4D) the cohesin ring that holds the sister chromatids 

together opens, while the kinetochore MTs depolymerize, pulling each sister chromatid to 

opposite ends of the cell (Asbury, 2017). Then, partially overlapping anti-parallel MTs from 

opposite centrosomes (interpolar MTs) use motor proteins and plus-end MT polymerization to 

push the spindle poles apart and elongate the cell (Scholey et al., 2016). Once the chromosomes 

and other cell components are divided between opposite sides of the elongated cell, telophase 
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begins (Fig. 4E). In telophase, kinetochore MTs depolymerize and interpolar MTs organize into 

compact bundles in the midzone of the cell, while the nuclear envelope begins to reform around 

decondensing chromosomes. Then, cytokinesis ensues (Fig. 4F), with a contractile actin-myosin 

ring, creating a cleavage furrow between the two compartments. As the cleavage furrow 

ingresses, the midbody, a transient structure derived from MT bundles and MT-interacting 

proteins, forms a bridge between the two cells. Finally, the midbody is cleaved, allowing 

separation of the cell into two daughter cells (Alberts et al., 2015).  

 

2. Cell-Cycle Checkpoints and Regulation 

Cell-cycle checkpoints (Fig. 3 and 5A) regulate the G1/S transition, mitotic entry 

(G2/M), and the progression from metaphase to anaphase, called the spindle-assembly 

checkpoint (SAC). At each checkpoint the cell assesses whether internal and external conditions 

are favorable for continued cell-cycle progression. The G1/S checkpoint assesses the genomic 

integrity of the cell, as well as the environmental conditions, and will arrest the cell in response 

to DNA damage or unfavorable extracellular conditions. The G2/M checkpoint will arrest the 

cell if DNA damage is present and/or extracellular conditions have become unfavorable for entry 

into mitosis. During metaphase, the SAC monitors spindle-MT attachment to chromosomes such 

that improper MT-kinetochore attachments cause arrest before anaphase progression. This 

checkpoint is an important safeguard against chromosome breakage or segregation failure 

(Barnum & O’Connell, 2014; Maiato et al., 2017). 

The cell cycle is tightly regulated by phase-specific waves of transcription and ubiquitin-

mediated degradation of proteins (Fig. 5A). Cyclin-dependent kinases (CDKs) and cyclins form 

temporally-restricted complexes that control cell-cycle progression. Ubiquitin complexes (such 



 

 29

 

Figure 5. Cell-cycle control and DNA damage.  
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Figure 5. Cell-cycle control and DNA damage. A. Cell-cycle regulation. Tight temporal 

regulation of CDK and cyclin activity is critical for proper cell-cycle progression. During G1- 

phase, CDK2 and cyclin E levels rise, which promote the rise of cyclin A levels and activity of 

CDK2-cyclin A complexes. CDK2-cyclin A complexes are active from late G1-phase until early 

mitosis. During G2/M-phase, CDK1-cyclin B complexes become active, promoting mitotic 

progression. Once the cell reaches the SAC, between metaphase and anaphase, and satisfies the 

SAC requirements, APC levels rise, and cyclin B is ubiquitinated by APC then subsequently 

degraded. (Yale University, College of Medicine Team-Based Learning:, see URL list) B. DNA 

damage blocks cell-cycle progression. DNA damage, and replicated DNA can cause cell-cycle 

arrest during interphase. This cell-cycle arrest is mediated by inhibition of CDKs and cyclins, 

which promote cell-cycle progression. Image obtained from Alberts et al., 2015, Fig. 17-16, p. 

973. 
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as APCCDH1, APCCDC25, SCFSKP2) control the degradation of cyclin-CDK complexes, among 

other cell-cycle proteins that must be present only during particular phases of each cycle (Fisher, 

2012).  

 

3. The Cell Cycle and DNA Repair 

The cell cycle and DNA repair are intimately linked (Fig. 5B), as damaged DNA halts the 

progression of the cell cycle during interphase, allowing for repair. DNA damage can occur by 

many routes, including exposure to chemicals, reactive oxygen species, or radiation. For 

example, UV exposure induces dimerization of adjacent thymidines, which distorts the helix 

(Cervelli et al., 2012). Single-strand breaks and helix-distorting lesions stall the replication fork, 

while base mismatches can cause base deletion or substitution (Caldecott, 2008; Cervelli et al., 

2012). Double-strand breaks (DSBs) – which are chromosomal breaks – may be the most toxic, 

as they increase the risk of deletions and chromosomal rearrangements, such as inversions and 

translocations. DSBs can lead to apoptosis if not if not efficiently repaired, a safeguard against 

retention of highly damaged cells that could become malignant (Burma et al., 2006).  

Different mechanisms are used for DNA repair, depending on damage type and cell-cycle 

phase (Cervelli et al., 2012). Base-excision repair primarily targets single-strand breaks, 

replacing the area of damaged bases with newly synthesized DNA. Mismatch repair recognizes 

and excises areas containing helix-distorting base mismatches, and re-synthesizes correctly base-

paired DNA in its place. Nucleotide-excision repair targets helix-distorting bulky adducts, such 

as thymidine dimers (Cervelli et al., 2012). 

DSBs can be repaired by two different mechanisms: homologous recombination or non-

homologous end joining (NHEJ). Homologous recombination, the higher-fidelity method, is 
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typically active during S and G2 phases, during which each chromosome has a homologue that 

can be used as a template for synthesizing the exact DNA sequence flanking the DSB. NHEJ is 

more error-prone and typically occurs during G0 or G1, when cells do not have a second copy of 

genomic DNA to use as a template. NHEJ works by ligating the DSB ends together, which 

increases the risk of deletions or other erroneous ligations (Cuddihy et al., 2003; Burma et al., 

2006; Cervelli et al., 2012).  

ATR and ATM kinases regulate cellular responses to DNA damage (Cervelli et al., 

2012). ATR typically coordinates the response to single-strand DNA damage and stalled 

replication forks, while ATM addresses DSBs (Sengupta & Harris, 2005; Flynn & Zou, 2011). 

 

D. Zika Virus as a cause of conMiC 

There was an alarming rise in conMiC cases in Brazil and other countries with ZKV 

outbreaks during 2015-2016, leading to a concern that ZKV infection during pregnancy caused 

brain damage (Kleber de Oliveira et al., 2016). Reports of ZKV in amniotic fluid (Calvet et al., 

2016) and in brain tissue of fetuses with conMiC (Mlakar et al., 2016) supported this hypothesis. 

In response to growing evidence for a causal link between ZKV and conMiC, the World Health 

Organization declared ZKV a “Public Health Emergency of International Concern” in February 

2016 (Heymann et al., 2016).  

A growing number of research labs have begun to examine how ZKV impacts NPCs. 

Tang et al. (2016) discovered that ZKV infects human embryonic cortical NPCs, causing cell-

cycle dysregulation and increased apoptosis. Garcez et al. (2016) found ZKV-infected NPC-

derived brain organoids and neurospheres have increased apoptosis and reduced growth rates. 

McGrath et al. (2017) showed ZKV infection significantly dysregulates gene expression in fetal 
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NPCs. This raises the question of whether ZKV-dysregulated genes overlap with genes whose 

mutations cause Mendelian conMiC disorders. 

 

E. Goals of this Analysis 

Although there is a large body literature on individual Mendelian conMiC disorders and 

review articles that focus on small groups of genes and disorders (such as the autosomal 

recessive primary microcephalies), there has not been an integrative assessment of molecularly 

identified conMiC genes and disorders. I used the Online Mendelian Inheritance in Man (OMIM) 

database and the peer-reviewed literature to compile a list of 68 Mendelian conMiC disorders, 

and their 65 corresponding genes (which will be referred to as “conMiC genes”). By considering 

the whole set, I identified common themes, while also looking for the differences that allowed 

biologically meaningful classifications or interpretations.  

I first assessed phenotypic complexity based on co-occurrence of intellectual disability, 

retinopathy, seizures and short stature in conMiC disorders. This data allows inferences about 

how specialized or general the developmental functions of conMiC genes are. The phenotype 

data informed the understanding of conMiC gene-expression patterns, biological functions, and 

the functional consequences of mutations (e.g., loss-of-function, gain-of-function), especially 

when qualitatively different phenotypes are caused by mutations in the same gene. 

I then used two comprehensive databases to assess spatiotemporal expression patterns of 

conMiC genes in the brain in hopes of inferring how they may contribute to conMiC disorder 

phenotypes. These included transcript-accumulation patterns during the prenatal period and the 

postnatal lifespan (Human Brain Transcriptome Project, http://hbatlas.org). Protein-localization 

data revealed which conMiC genes were persistently expressed in adult neurons and glia (Human 
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Protein Atlas, http://www.proteinatlas.org). I asked whether conMiC genes are expressed in 

NPCs, or if some could exert their effects on brain development through functions in post-

mitotic neurons or glia. Furthermore, I drew upon data to assess if conMiC gene expression in 

NPCs is significantly dysregulated in response to ZKV infection.  

The third goal of this analysis was to classify conMiC-gene biological functions, 

especially those outside of canonical neurogenesis-related processes, defects of which have been 

presumed to be primary causes of conMiC (Woods, 2005; Thornton & Woods, 2009; Mahmood 

et al., 2011). Biological-function and expression data are inextricably linked to understanding the 

functional outcomes of mutations in conMiC genes at molecular and cellular levels. 

A final step based on integrating the information collected was creating a diagrammatic 

network of regulatory and binding interactions among the products of conMiC genes. Many 

conMiC genes encode sets of proteins with shared or interdependent functions, for example, 

centrosome components. In addition they have direct and indirect interactions through large 

regulatory networks. This suggests that a mutation in a single conMiC gene is particularly 

deleterious because it disrupts an entire interdependent network of proteins that are critical for 

early events in brain development. Integrating the information on ZKV-induced conMiC gene 

dysregulation within this network may provide a preliminary understanding of why ZKV 

infection can be so devastating for prenatal brain development, creating enormous challenges to 

developing effective treatments. 
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II. Sources and Methods 

A. Finding/Defining ConMiC Disorders and their additional Phenotypes 

I searched the Online Mendelian Inheritance in Man (OMIM) database (http://omim.org; 

Amberger et al., 2015) for terms such as “primary microcephaly,” “congenital microcephaly,” 

and “microcephaly at birth” to find disorders caused by a known mutation in a single gene that 

included conMiC as part of their phenotype. I used the primary literature to confirm each 

disorder had at least one genotyped patient with conMiC, and to look for reports of additional 

phenotypes, in particular, ID, retinopathy, seizures or short stature. A given phenotype was 

considered to accompany the disorder if it was reported in at least one patient with a confirmed 

mutation. I attempted to assess penetrance (“high” or “low”) but this information was not readily 

available for many of the conMiC disorders. A diagram of phenotypic overlap was created using 

BioVenn, an area-proportionate Venn diagram generator for biological list data (see URL list; 

Hulsen et al., 2008). 

 

B. Transcript-Accumulation Profiles across the Lifespan 

The Human Brain Transcriptome project (http://hbatlas.org) was the source of 

quantitative and graphical information about conMiC-gene transcript accumulation in six 

different brain regions (neocortex, hippocampus, cerebellum, thalamus, striatum and amygdala) 

across the life span (Kang et al., 2011). In that study, Affymetrix GeneChips® were used to 

assess total RNA extracted from dissected brain tissues from post-mortem brain samples, starting 

at ~50 days of gestation and extending through 80 years of age, organized into 15 developmental 

periods, with the first seven representing prenatal life. Expression values represent the log2-

transformed signal intensity of complimentary oligonucleotide probes for a given transcript 
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compared to probes with single-nucleotide mismatches that serve as specificity controls. In the 

graphs provided on the website as downloadable PDF files, the Y-axes display log2-transformed 

signal intensity, with the scale depending on transcript-accumulation levels, and the X-axes 

represent time, also using a log2 scale. These graphs were used for classification of gene-

expression profiles based on transcript accumulation. For ease of assigning categories, stylized 

drawings of exemplary profiles were created with Microsoft Office PowerPoint 2014. All genes 

except CEP152, ANKLE2, OCLN, RAB3GAP1 were in the database, with some listed under 

older names.  

 

C. Cellular Expression and Localization in the Nervous System 

The Human Protein Atlas database (http://www.proteinatlas.org; Uhlén et al., 2015) was 

the source of information for adult tissue and cell-type localization of proteins encoded by 

conMiC genes. This qualitative data was derived from human tissue microarrays and 

immunohistochemistry. The complete dataset can be retrieved as a file, normal_tissue.csv, which 

opens in Excel (see URL list). For each protein, semi-quantitative information (high, medium, 

low, not detected) and evidence type (validated, approved, supported, uncertain) are provided for 

a large number of tissues and cells. Using a few search strategies, I found protein-localization 

data for conMiC proteins in neurons and glia of the hippocampus, cerebral cortex, caudate, and 

cerebellum. Using this information, I classified each gene product as detected in neurons only, 

glia only, neurons more than glia, glia more than neurons, neurons and glia equally, or neither 

neurons nor glia. This was a holistic assessment, as expression levels could vary among brain 

regions. If a protein was detected at medium/high levels in glia, but at low/undetectable levels in 

neurons, it was classified as having only glial expression. There was no information available for 
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ATR, ARX, CENPJ, CEP135, ERRC6, RTTN, SLC25A19 and ZNF335; those data and 

annotations were pending as of May 18th, 2017.  

McGrath et al. (2017) studied transcript dysregulation in NPCs infected by ZKV. They 

isolated human neural stem cells from three male fetal autopsy brain samples, at estimated 

gestational age 9 weeks (K048) or 13 weeks (K054 and G010). The neural stem cells from each 

source were grown as neurospheres, which were infected with the Mex1-7 ZKV strain and 

assessed 11 days later; uninfected neurospheres from each source served as controls. The cells 

were dissociated and RNA-Seq was performed on extracts from each ZKV-infected sample and 

control. An .xlsx data file for each sample, showing genes that were significantly dysregulated 

by ZKV infection, is downloadable from Stem Cell Reports (see URL list). I focused on conMiC 

genes dysregulated by ZKV in both the K048 (9-wk) and G054 (13-wk) samples. The G010 

sample was excluded from the ZKV analysis because McGrath et al. (2017) showed that its 

pattern of gene expression after ZKV infection was significantly different from those observed in 

the other two samples – for reasons that are unclear. McGrath et al. (2017) data from all three 

uninfected samples provided information on some conMiC genes that are expressed in fetal 

NPCs. For the 21 conMiC genes not found in that dataset, we cannot infer transcript presence or 

absence in NPCs, or effects of ZKV in other cell types. Other publications provided laboratory 

data on conMiC-gene expression in mammalian NPCs. 

 

D. Biological Functions and Functional Consequences of Mutations 

Each conMiC gene was placed in a biological-function category, based on a literature 

review: regulators of cell-cycle progression, cohesin-ring components, centriole duplication, 

nuclear envelope breakdown and reformation, structure/function of the mitotic spindle, 
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cytokinesis, DNA repair, transcriptional regulation, amino acid biosynthesis, protein synthesis, 

post-translational modification, and cell-cell interaction. Several genes that did not fit into any of 

these were considered to have “complex biological function” or, because of limited information 

available, were classified as “uncertain”. 

To evaluate the functional consequences of disease-causing mutations, I reviewed the 

primary literature, focusing on the experimental data pertaining to their molecular and cellular 

effects. The primary distinction is between loss-of-function (LOF) and gain-of-function (GOF) 

alterations. However, within LOF, some genes have haploinsufficiency – when 50% gene 

function is insufficient for a WT phenotype. In addition, LOF mutations may be complicated by 

dominant-negative effects of an altered mutant protein that is stable enough to accumulate (e.g., 

a truncated or enzyme-activity-dead protein). The transmission pattern of a given disorder, in 

combination with the nature of the molecular lesions, guided my interpretation. A dominant 

mutation that reduces protein levels is likely to represent haploinsufficiency, while a dominant 

mutation that allows accumulation of a truncated protein is more likely to be dominant-negative. 

GOF mutations that result in elevated levels or activity of the encoded protein may also be 

dominant, and also may have interference/dominant-negative effects.  Comparing cellular 

phenotypes of patient-derived cell lines to cells with a “knockout” or knockdown of the affected 

gene reveals if the mutation is qualitatively similar to a simple LOF, or if it potentially has GOF 

or dominant-negative effects. If protein accumulation was not assessed and functional studies 

were not performed in any analysis, the functional consequences of mutations in a given conMiC 

gene were deemed to be “unknown”. 
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III. RESULTS 

A. Phenotypic Characterization of Mendelian ConMiC Disorders 

1. ConMiC and ID 

All 68 Mendelian conMiC disorders include ID (or “psychomotor retardation”) as a 

phenotype. ID is generally fully penetrant, but variable in severity among patients with the same 

disorder. However, in a small fraction of conMiC disorders, there are some patients without ID. 

For each of the conMiC disorders caused by mutations in CENPJ, CKAP2L, PHC1 and WDR62, 

there are one or two reported patients who have normal to low-normal cognitive, social and/or 

adaptive skills. Due to the rarity of these disorders, the patients without ID represent a relatively 

large fraction of individuals with mutations in these conMiC genes. 

 

2. ConMiC with Retinopathy, Seizures, or Short Stature 

Retinopathy is a non-specific umbrella term for non-inflammatory retinal disorders that 

impair visual function. Examples of retinopathies found in patients with conMiC disorders 

include retinal folds, retinal “lesions” not otherwise specified, retinal dysplasia, macular 

degeneration and “salt-and-pepper” retinopathy, which refers to patches of hypo- and 

hyperpigmentation that reflect abnormal rod and/or cone formation. Retinopathy is a phenotype 

of 25 (37%) conMiC disorders. Fifteen of these (60%) also had short stature and seizures, while 

only three of 25 lacked both short stature and seizure phenotypes (Fig. 6).  

Because of the association between conMiC and ID noted above, and between seizures 

and ID (N. Panayi and LLR, unpublished), I surveyed the conMiC disorders for any seizure 

phenotypes. Seizures are manifestations of 46 conMiC disorders (68%). Seizures were most 

often part of a complex phenotype: 21 had seizures and short stature, five had seizure and  
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Figure 6. Phenotypic overlap in conMiC disorders. Numbers in each circle represent the 

number of conMiC disorders with a particular phenotype or combination thereof. Figure created 

using BioVenn, an area-proportionate Venn diagram generator for biological list data 

(http://www.biovenn.nl; Hulsen et al., 2008) The overlap of circles is not directly proportional to 

the overlap of the data, because there are not enough degrees of freedom in two dimensions 

(Hulsen et al., 2008).  
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retinopathy, and 15 had all three. It was rare for seizures to be accompanied by retinopathy and 

not short stature; there were only five conMiC disorders with that exact combination (Fig. 6). 

Short stature is a phenotype of 48 conMiC disorders (70%). Short stature occurred in 

isolation more frequently than retinopathy or seizures, as ten conMiC disorders with short stature 

lacked seizures or retinopathy. It was rare for short stature to be accompanied solely by 

retinopathy, as only two conMiC disorders had co-occurring retinopathy and short stature.  

 

3. Complex Phenotypic Overlap within conMiC Disorders 

Fifteen conMiC disorders (20%) have complex phenotypes that include seizures, 

retinopathy, and short stature (Fig. 6). Thirty-six conMiC disorders (52%) were accompanied by 

both seizures and short stature, which was the most frequent phenotype combination. ConMiC 

disorders were most frequently accompanied by two of the three phenotypes assessed, as 28 

conMiC disorders (46%) fell into this category. The most common two-phenotype combination 

was short stature and seizures without retinopathy; 21 conMiC disorders (32%) had this 

combination. Only 5 conMiC disorder phenotypes (7%) did not include short stature, 

retinopathy, or seizures. This emphasizes the fact that conMiC rarely occurs in isolation, and that 

many conMiC genes have roles beyond developing a brain of a sufficient size.  

There are many other phenotypes that can accompany conMiC beyond those examined 

here, for example brain malformations (e.g., lissencephaly, polymicrogyria), dysmorphic facial 

features, ambiguous genitalia, ataxia, or hearing loss. Despite the large phenotypic overlap, 

individual conMiC disorders are usually distinguishable by the unique constellations of 

phenotypes. However, in some cases, mutations in different genes can cause very similar 

constellations of phenotypes, and these require genotype-based distinctions. 
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B. ConMiC Gene Expression 

1. Classification of Temporal Transcript-Accumulation Patterns 

Spatiotemporal transcript-accumulation patterns of conMiC genes in human brain tissue 

across the lifespan (Kang et al., 2011) were available for 61 conMiC genes. We (Gina Williams, 

Dr. Linda Restifo, and I) first classified the prenatal and postnatal periods separately. Categories 

used for both periods were “stable”, “increase”, and “decline”, while “up-blip” and “down-blip” 

pertain to prenatal only (Fig. 7). We defined “stable” as less than a two-fold change between the 

maximum and minimum levels. Prenatal blip refers to a distinct, narrow U-shaped pattern, 

indicating a brief, but dramatic rise or fall in transcript accumulation prenatally. For example, 

KIF11 was classified as a prenatal decline, postnatal stable (Fig. 8A), while PHC1 was classified 

as prenatal increase, postnatal stable (Fig. 8D). In combination with the fold-change values, these 

patterns provide a semi-quantitative picture of conMiC-gene expression at the transcript level 

and allow inferences about their transcriptional regulation (see Table 1 for summary of results). 

In general, the six brain regions showed remarkably similar patterns. If one brain region, 

typically the cerebellar cortex, was different from the others, only the others were considered for 

classification. 

Forty-one (67%) conMiC genes had a decline in transcript accumulation during the 

prenatal period (Fig. 7A, 8A, and 8B). Of these 41 conMiC genes, 34 had stable transcript 

accumulation postnatally. The most extreme example of prenatal decline was KIF11, which had 

a 64-fold decrease during the prenatal period (Fig. 8A), followed by stable transcript 

accumulation postnatally.  

Ten of 61 conMiC genes (16%) showed stable transcript accumulation prenatally (Fig. 

7B) and eight of these remained stable postnatally (e.g., KATNB1, Fig. 8C). These genes encode 
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Figure 7. Transcript-accumulation pattern categories.  
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Figure 7. Transcript-accumulation pattern categories. A. Prenatal stable. B. Prenatal increase 

C. Prenatal decline D. Prenatal up-blip. E. Prenatal down-blip. Note that each prenatal pattern 

can be followed by stable, increase, or decline in transcript accumulation postnatally (indicated 

by dotted lines). Stylized figures were drawn based on exemplars obtained from the Human 

Brain Transcriptome database. 
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Figure 8. Selected conMiC-gene transcript-accumulation profiles (continued on next two 
pages). 
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Figure 8, continued. 

Age (Days)

S
ig

n
a

l 
in

te
n
s
it
y
 (

L
o

g
2
)

50 100 200 500 2000 10000 30000

3

4

5

6

7

8

9

●●
●

● ●

●●
●

●●
●●

●
●

●● ●●
●

●

● ●

●

●

●

●

●
●

●

●
●

●

●

●
●

● ●

●

●
●

●

●

●

●

●●

●

●●

● ●
●
●

●

●

●

●

●

●
● ●●●

●

●●
●

●

●

●

●
●

●

●●

●

●

●● ●

●

●

●

● ● ●

●

●

●

●

●

●

●

●

●

●

●

●

●●

●
●

●

● ●

●

●

●

● ●

●

●

● ●

●

●
●

●

●
●

●●●●
●●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

Period: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

KATNB1

●

●

●

NCX

HIP

AMY

STR

MD

CBC

Age (Days)

S
ig

n
a
l 
in

te
n
s
it
y
 (

L
o

g
2
)

50 100 200 500 2000 10000 30000

3

4

5

6

7

8

9

10

11

12

●
● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●
●

●●

●

●

●

●

●

●

●

●

●
●

●

●
●

●

●

●

●

●

●

●

●

● ●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●
●

●

●●

●

●

●

●

●

●

●

●

●

●

●

●

●

● ● ●

●●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●

●
●

Period: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

PHC1

●

●

●

NCX

HIP

AMY

STR

MD

CBC

C 

D 

1 5

  

81 7 14 28 27 

Weeks  

Post-Conception 
Age (Years)  

1 5

  

81 7 14 28 27 

Weeks  

Post-Conception 
Age (Years)  



 

 47

 

Figure 8, continued. 
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Figure 8. Selected conMiC-gene transcript-accumulation profiles. A. KIF11: Prenatal 

decline, steady postnatal B. TUBB: Prenatal decline, postnatal decline. C. KATNB1: Prenatal 

stable, postnatal stable. D. PHC1: Prenatal increase, stable postnatal. E. FRMD4A: Prenatal “up-

blip”. F. CIT: Prenatal “down-blip”. Brain-region key: NCX, Neocortex (dark blue); CBC, 

Cerebellum (red); HIP, Hippocampus (cyan); AMY, Amygdala (yellow); STR, Striatum (black); 

MD, Mediodorsal nucleus of the thalamus (green). Images obtained from Human Brain 

Transcriptome Project, http://hbatlas.org. 
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Table 1. ConMiC-gene transcript-accumulation profile classifications. 

 Prenatal 

Decline 

Prenatal 

Stable 

Prenatal 

Increase 

Prenatal 

Up-Blip 

Prenatal 

Down-Blip 

Postnatal 

Decline 

CENPJ 

EFTUD 

QARS  

TUBB 

TUBA1A N/A FRM4DA 

CASK 

N/A 

Postnatal 

Stable 

AIMP1 

ALDH18A1 

ALG3  

ARX  

ASPM  

KNL1  

CDK6 

CENPE 

CEP135 

CKAP2L 

CTNNB1 

DIAPH1 

DPAGT1 

DYRK1A 

IGFR1 

KIF11 

MCPH1 

NHEJ1 

NIPBL  

PLK4  

PNKP 

RAB3GAP2 

RBBP8  

RTTN 

SASS6 

SMC1A 

SMC3 

SPATA5  

STIL  

TRAIP 

TSEN15 

TUBGCP4 

WRD62 

XRCC4 

ATR  

ATRIP 

ERCC6 

KATNB1 

PCHD12 

SLC25A19 

SSR4 

ZNF335 

ASNS 

CLPB 

PHC1 

TUBGCP6 

CDK19 

CEP63 

CIT 

PHGDH 

Postnatal 

Increase 

HDAC8 

NDE1 

CDK5RAP2 

AARS N/A N/A N/A 

Total 41 10 4 4 2 
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proteins with biological functions in DNA repair, transcriptional regulation, protein 

modification, cell cycle and amino-acid biosynthesis. The prenatal-increase pattern was the least 

common, seen in only four (7%) conMiC genes (Fig. 7C, 8D). The most extreme prenatal 

increase was in PHC1, which showed a 16-fold increase prenatally over the lifespan (depending 

upon brain region; see Fig. 8D). PHC1 encodes a protein with functions in transcriptional 

regulation, DNA repair, and the cell cycle. Overall, the most common prenatal transcript 

accumulation pattern was decline (41 conMiC genes, 67%) while stable was the most common 

postnatal transcript-accumulation pattern (52 conMiC genes, 85%).  

 

2. CNS Cell-Type Expression  

a. Prenatal Expression and ZKV-induced Dysregulation 

At least forty-four conMiC genes (67%) expressed RNA in human embryonic NPCs. 

These conMiC genes were dysregulated in ZKV-infected neurospheres grown from at least one 

late-first- or early-second-trimester sample (McGrath et al., 2017). Twenty-two conMiC genes 

were dysregulated in two ZKV-infected samples, which we believe represent the most 

interpretable of the data (see Methods). Twenty were downregulated compared to uninfected 

samples: ARX, ASPM, KNL1, CDK5RAP2, CDK19, CENPE, CENPJ, CEP152, CIT, CKAP2L, 

DIAPH1, KIF11, NDE1, PLK4, SMC3, SMC1A, STIL, TRAIP, TUBB and WDR62. With the 

exception of ARX and TRAIP, which encode a transcriptional regulator and DNA repair protein, 

respectively, all of these genes play important roles in the cell cycle. Only two (ASNS and 

RAB3GAP2) were upregulated compared to uninfected samples. 
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b. Protein Accumulation in the Adult Brain 

Protein-accumulation data was available for 56 proteins encoded by conMiC genes. Of 

these, 44 (79%) were detectable in the adult brain. Hence, despite the very early mutant 

phenotype, there is a possibility that these persistent proteins serve ongoing neurobiological 

functions as well. Of those, nearly half (20) conMiC proteins were detected in both neurons and 

glia of the adult brain (Fig. 9). Six of these 20 conMiC genes had more protein in neurons than 

glia. Only two conMiC proteins accumulated at higher levels in glia than neurons (ATRIP and 

PHGDH). Twelve conMiC genes had similar protein accumulation between neurons and glia.  

A total of 42 conMiC proteins had medium or high accumulation in neurons, and 20 were 

detected only in neurons. A total of 24 conMiC proteins had medium or high accumulation in 

glia. Four conMiC proteins were found in glia only (CEP63, FRM4DA, NHEJ1, SASS6). 

However, it is important to note that the data are classified as “uncertain” for SASS6 and 

FRM4DA, but “approved” for CEP63 and NHEJ1.   

Twelve conMiC genes, ALDH18A1, ALG3, ANKLE2 (LEM4), ASPM, KNL1, CDK6, 

CTNNB1, HDAC8, IGF1R, OCLN, RBBP8 and TSEN15, had low and/or undetectable protein 

accumulation in both neurons and glia from adult cortex, caudate, hippocampus and cerebellum. 

Of these, all 10 genes with available transcript profiles (see section B.1.) showed a prenatal-

decline pattern, followed by stable postnatal transcript accumulation. In combination with the 

overt mutant phenotypes of conMiC, these expression data suggest a specialized and specific role 

in prenatal development, possible with lesser requirement for function in the adult brain. These 

genes may be actively down-regulated postnatally, perhaps because high expression levels could 

induce or promote cell-cycle dysregulation or disrupted differentiation.   
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Figure 9. Adult brain cell-type protein accumulation. Immunohistochemistry data from the 

Human Protein Atlas was available for 56 of 65 conMiC proteins. Forty conMiC genes showed 

protein accumulation in adult neurons and twenty-four conMiC genes showed protein 

accumulation in adult glial cells, with 20 conMiC-gene protein products accumulating in both 

neurons and glia. Twelve conMiC genes did not have detectable protein expression in adult 

neurons or glia. Figure created using BioVenn, an area-proportionate Venn-diagram generator 

for biological list data (see URL list; Hulsen et al., 2008). 
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C. Classification of Biological Functions and Functional Consequences of Mutations 

1. Biological Functions Classification 

Each of the sixty-five conMiC genes was classified by the major biological function(s) of 

the encoded protein (Fig. 10). The largest group (39) have biological functions in various aspects 

of the cell cycle (26), DNA repair (5), or both (8); one of the latter group also functions in 

transcriptional regulation. Three conMiC proteins are primarily transcriptional regulators. 

ConMiC proteins are involved at all levels of protein production: amino-acid biosynthesis (3), 

translation (5), and several kinds of post-translational modification (4). Four conMiC genes have 

functions in cell-cell interactions. Four conMiC genes encoded proteins with biological functions 

not listed above: IGF1R (signal transduction), SLC25A19 (metabolism), RAB3GAP1 and 

RAB3GAP2 (regulation of vesicle trafficking) and CASL (pre- and post-synaptic scaffolding 

protein). The functions of RTTN and SPATA5 are largely uncharacterized, and have been 

classified as “unknown”. In the following summaries, biological functions are briefly reviewed, 

and consequences of mutations are classified as simple loss-of-function (LOF), LOF with 

haploinsufficiency, LOF with dominant-negative or interference effects; gain-of-function (GOF); 

or unknown, based on available experimental data.   

 

2. Regulators of Cell-Cycle Progression 

a. CIT (MIM# 605629) 

i. Normal Function: Roles Throughout the Cell Cycle 

CIT encodes citron rho-interacting serine/threonine kinase (CITK), which, in contrast to 

most other conMiC genes, plays many different roles and regulates many different processes 

during the cell cycle (Fig. 11A). CITK interacts with RAD51 in the nucleus during interphase, 
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Figure 10. Biological functions of conMiC genes. Of 65 conMiC genes, 30 had functions in the 

cell cycle (teal), nine in DNA repair (fuchsia), three in transcriptional regulation (blue), three in 

amino-acid biosynthesis (light green), five in protein synthesis (yellow), four in post-

translational modification (orange), four in cell-cell interaction (red), and seven had complex 

biological functions (pink).  
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where it is proposed to play a role in homologous recombination during this period (Bianchi et 

al., 2017). CITK is diffusely distributed throughout the cytoplasm during interphase. During 

metaphase, CITK is enriched at the spindle poles, localizing with ASPM (see section C.4.c.i.) 

and regulating spindle orientation and astral MT nucleation (Gai et al., 2016). At the onset of 

anaphase, CITK becomes enriched at the cleavage furrow where it plays an additional role in 

cytokinesis (Fig. 11). During telophase, CITK is enriched at and organizes the midbody, a 

protein-decorated structure derived from interpolar MTs and located between the two 

compartments of the dividing cell. CITK is required for proper abscission, the final step of 

cytokinesis (D’Avino, 2017). 

ii. CIT mutations causing Autosomal Recessive Primary Microcephaly 17 (MCPH17)  

Patients with MCPH17 have conMiC, severe psychomotor delay and seizures, 

accompanied by dysmorphic facial features, lissencephaly, agenesis of the corpus callosum, and 

hypoplasia of the brainstem and cerebellum. Li et al. (2016) identified homozygous missense 

CIT mutations (encoding G106V, D230V, K126Q), all lacking kinase activity, that cause 

MCPH17. Immunofluorescence showed patient NPCs had WT appearance of CITK localization 

and expression, suggesting normal levels of protein accumulation. Patient-derived NPCs had 

multiple spindles and slower cytokinesis than WT NPCs. Binucleated cells and cellular fusion 

were found in 25% of patient-derived NPCs, indicating CIT mutations cause spindle and 

cytokinesis defects that result in incorrect chromosome segregation and cleavage during mitosis. 

Neurospheres generated from patient NPCs had higher-than-WT rates of apoptosis. The mutant 

phenotypes in G106V NPCs were rescued by CRISPR-Cas restoration of WT sequence, 

confirming the CIT mutation caused the NPC defects. In contrast, patient fibroblasts/iPSCs did 

not have defects in mitosis or proliferation assays, indicating NPCs are selectively impaired by 
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Figure 11. CITK and cytokinesis.  

A 

B 

CIT    
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Figure 11. CITK and cytokinesis. A. CITK in the cell cycle. CITK (also known as CIT) has 

numerous roles throughout the cell cycle, and is known to have roles in DNA damage repair 

during interphase, spindle orientation during metaphase, and midbody formation during late 

telophase. Image from D’Avino (2017). B. Cytokinesis. An actin-myosin contractile ring forms 

at the equator of the cell, and interpolar MTs remaining from the spindle form bundles. As the 

actin-myosin ring forms the cleavage furrow, the midbody is formed from the MT bundles. 

During abscission (not shown), the midbody is cleaved, allowing the two daughter cells to 

separate. Images from Alberts et al. (2015), Figures 17-41 and 17-42, pages 996 and 997, 

respectively. 
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CIT mutations. The mutation is likely LOF, but the immunofluorescence data indicates these 

proteins accumulate and an interference effect cannot be ruled out.  

Harding et al. (2016) identified one nonsense, one missense, one 10-bp deletion, and one 

splice-site mutation in CIT. Functional studies were not performed but all were predicted to 

interfere with the kinase domain, like the missense mutations above. Post-mortem histology 

revealed one patient had multi-nucleated neurons. Rats with a null mutation in CIT also had 

multinucleated neurons (Sarkisikan et al., 2000), consistent with LOF in the human patients. 

Shaheen et al. (2016) identified a homozygous nonsense mutation (D221X) and a homozygous 

in-frame deletion (G353-377delinsA) in patients. Functional studies were not performed, but 

both mutations were in exons encoding the kinase domain.  

While all disease-causing CIT mutations affected the kinase domain, patients with 

truncation mutations generally had the most severe phenotypes, with neonatal mortality and 

extreme microcephaly (-9 to -10SD) at birth (Shaheen et al., 2016; Harding et al., 2016). In other 

words, the truncation alleles are more damaging. Either the missense and truncation mutations 

are weaker and stronger LOF mutations, respectively, or the truncating alleles produce proteins 

with a negative interfering effect that is worse than no CIT function.  

 

b. CDK6 (MIM# 603368) 

i. Normal Function: Promoting the G1-S Transition 

CDK6 encodes cyclin-dependent kinase 6, which regulates the transition from G1 to S. 

CDK6 kinase activity, which requires binding and activation by cyclin D, allows transcription of 

genes required for the transition to S-phase. CDK6-cyclin D complexes phosphorylate RB (the 

Retinoblastoma protein), releasing RB-mediated inhibition of E2F transcription factor (Fig. 12).  
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Figure 12. Cell cycle regulation by CDKs and cyclins.  
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Figure 12. Cell cycle regulation by CDKs and cyclins. During G1, cyclin D-cdk4/6 complexes 

are active, and regulate the cellular commitment to cell cycle progression by phosphorylating and 

inhibiting RB. Phosphorylation of RB allows de-repression of the E2F transcription factor. This 

allows the transcription of cyclin E, which forms a complex with CDK2. This complex promotes 

progression to the G1/S checkpoint by further phosphorylation of RB. The G1/S checkpoint is 

important for ensuring cellular DNA is not damaged before it is replicated. If cells have DNA 

damage, CKIs (cyclin kinase inhibitors) become active, arresting the cell cycle at this phase. 

During S-phase, cellular DNA and centrosomes (which are essential structures for spindle-MT 

nucleation, see Fig. 14) are duplicated, and CDK2-cyclin A complexes become active. In late 

G2-phase, CDK1-cyclin B complexes become active, promoting mitotic entry. Image from 

Aguilar & Fajas (2010). 



 

 61

Among E2F’s target-gene products is cyclin E (Alberts et al., 2015). Cyclin E forms a complex 

with CDK2 in late G1, which further phosphorylates RB, promoting more transcription of genes 

involved in progression to S phase. This creates a positive feedback loop to promote an 

irreversible entry into S phase (Tigan et al., 2017). However, first the cell must pass the G1/S 

checkpoint. If DNA damage is detected at the G1/S checkpoint, CKIs (cyclin kinase inhibitors) 

become active, arresting the cell cycle until the damage can be repaired (Fig. 5B). Once a cell 

enters S phase, CDK6 indirectly promotes centriole duplication, as it continues to release RB-

inhibition of E2F, allowing transcription of cyclin E, which promotes centriole duplication. 

CDK6 was recently found to localize to the centrosome (Hussain et al., 2013), however, the 

particular functions of CDK6 at the centrosome are largely uncharacterized at this time.   

 

ii. CDK6 mutations causing Autosomal Recessive Primary Microcephaly 12 (MCPH12) 

  Hussain et al. (2013) identified and characterized a homozygous missense mutation 

(A197T) in CDK6 causing MCPH12. Immunoblots showed patient cells had normal amounts of 

full-length CDK6. However, patient cells had reduced RB phosphorylation, indicating the 

mutation impairs CDK6 kinase activity. The reduction in phosphorylated RB would limit 

transcription of cyclin E, an important regulator of centriole duplication. Mutant fibroblasts 

lacked CDK6 at centrosomes, indicating that A197T interferes with CDK6 localization. Some 

A197T fibroblasts had too few centrosomes, while others had supernumerary centrosomes that 

tended to aggregate. This is likely due to a yet-uncharacterized direct impact of CDK6 on 

centrosome duplication, as well as the reduced ability of CDK6 to repress RB-inhibition of 

Cyclin E transcription, causing an indirect effect upon centriole duplication. Abnormal spindles 

and misshapen nuclei were also present, likely a result of the centrosome abnormalities. The 
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mutant cells had reduced growth and increased apoptosis, likely to be a consequence of the 

defects observed in centrosomes, spindles, and nuclei.  

Thus, A197T is clearly LOF, but a negative interference effect of this mutation could not 

initially be ruled out because full-length protein accumulates and the cellular phenotype is severe 

and complex. However, experimental modeling of CDK6-LOF using shRNA to knockdown 

expression recreated the supernumerary centrosomes, disorganized spindles, misshapen nuclei, 

and impaired proliferation observed in patient cells (Hussain et al., 2013). The data demonstrate 

that a simple LOF mutation in CDK6 can cause a cascade of dysfunction in other cell-cycle 

genes, amplifying the phenotype.  

 

c. DYRK1A (MIM# 600855) 

i. Normal Function: Slowing G1-Phase Progression 

 DYRK1A encodes dual-specificity tyrosine phosphorylation-regulated kinase 1A. 

DYRK1A is elevated in G0 and G1, but decreased in S, G2 and M, correlating with cyclin D 

expression (Liu et al., 2016). Its phosphorylation targets include NFAT-family and REST 

transcription factors, which have critical roles in development (Gwack et al., 2006), and cyclin 

D. As noted above, cyclin D activates CDK6, allowing RB phosphorylation (Fig. 9). DYRK1A 

phosphorylates cyclin D, promoting cyclin D degradation and countering CDK6 activities (Yabut 

et al., 2010). Therefore, increasing DYRK1A expression reduces cyclin D levels, which 

lengthens G1 duration (Najas et al., 2015; Smith & Calegari, 2015). G1-phase timing is 

particularly significant in NPCs, as lengthening G1 promotes differentiation, while a shorter G1 

promotes proliferative divisions (Lange et al., 2009). 
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ii. DYRK1A mutations causing Autosomal Dominant Mental Retardation 7 (MRD7) 

 De novo heterozygous microdeletions, frameshift, missense and splice-site mutations in 

DYRK1A cause MRD7 (Moller et al. 2008; Van Bon et al. 2011; Courcet et al. 2012; O’Roak et 

al., 2012; Luco et al., 2015; Ji et al., 2015; Evers et al., 2017). Most mutations were predicted to 

cause nonsense-mediated decay of transcripts, or impair the kinase domain if protein were 

produced. The most severe phenotypes were associated with mutations affecting the catalytic 

loop and substrate-binding sites of the kinase domain (Evers et al. 2017). However, functional 

studies have not been performed. Nonetheless, the overall similarity in phenotypes caused by 

heterozygous point mutations and microdeletions of DYRK1A lead all authors to suggest LOF 

with haploinsufficiency as the basis for MRD7.  

 

d. CDK19 (MIM# 614720) 

i. Normal Function: Regulation of Cell-Cycle Gene Expression 

 CDK19 encodes the CDK19 kinase, which is part of the Mediator co-activator complex, a 

“master coordinator” of many aspects of transcriptional regulation (Yin & Wang, 2014). 

However, the specific cellular and molecular functions of CDK19 are poorly understood. Kim et 

al. (2016) proposed Med12 and CDK19 increase transcription of genes regulating G1 and S 

phase and, thereby promote NPC proliferation. CDK19 knockdown causes reduced cell 

proliferation and mitotic gene expression (E2F targets, G2/M-associated genes), and increased 

activation of p53-associated genes (Audetat et al., 2017), consistent with CDK19 promoting 

proliferation and blocking p53-mediated apoptosis. 
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ii. CDK19 mutations causing Microcephaly with or without Chorioretinopathy, 

Lymphedema, or Mental Retardation (MCLMR) 

 Mukhopadhyay et al. (2010) identified a de novo heterozygous pericentric inversion that 

solely disrupted CDK19 and caused MCLMR. RT-PCR on lymphoblastoid cell line (LCL) 

extracts from patients showed CDK19 transcripts were reduced by 54%, indicating LOF with 

haploinsufficiency. No further functional studies were performed. RNAi-mediated knockdown of 

Cdk8 (the Drosophila ortholog of CDK19) in Drosophila mushroom body neurons caused 

reduced dendritic branching and altered morphology in vitro. Protein and mRNA were not 

assessed in these neurons, but ubiquitous expression of cdk8-RNAi reduced cdk8 mRNA to 68% 

of WT, and was lethal during metamorphosis. This lends further support to haploinsufficiency in 

the patient, and indicates phenotypic severity is likely inversely dose-dependent. 

 

3. Cohesin-Ring Components 

a. Normal Functions of SMC1A, SMC3, NIBPL, and HDAC8: Cohesin-Ring Assembly 

SMC1A (structural maintenance of chromosomes 1A) and SMC3 (structural maintenance 

of chromosomes 3), along with RAD21 and sororin, form the multi-subunit cohesin ring around 

sister chromatids (Fig. 13). This complex is essential for keeping sister chromatids together until 

they separate at anaphase (Nasymth et al., 2009; Dorsett et al., 2011). SMC3 and SMC1A each 

form homodimers with nucleotide-binding head domains and hinge domains, flanking long 

coiled-coil domains. The hinge domains of SMC3 and SMC1A heterodimerize with one another, 

while the head domains of SMC3 and SMC1A bind with Rad21, forming a tri-partite bracelet-

like structure (Fig. 13A) (Deardorff et al., 2012; Alberts et al., 2015). During G1, NIPBL 

Nipped-B-like) and MAU2 load the cohesin complex (Fig. 13B) onto sister chromatids 
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Figure 13. The cohesin complex.  
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Figure 13. The cohesin complex. A. Cohesin complex structure. SMC1A and SMC3 both have 

hinge domains, which directly interact with one another. Both SMC1A and SMC3 have ATPase 

domains that bind RAD21, which allows the formation the cohesin “bracelet” around sister 

chromatids, then, sororin binds. Image from Alberts et al. (2015), Fig. 17-19, page 977. B. 

Cohesin complex loading. As mentioned above, SMC3 and SMC1A bind at the hinge domains, 

and Rad21 forms the linker. SMC3 is unacetylated at this point, and NIPBL/MAU2 load the 

cohesin complex onto sister chromatids. Then, ESCO1 and ESCO2 acetylate SMC3, “locking” 

the complex together, and sororin binds to RAD21. The cohesin bracelet can be cleaved by 

seperase, and HDAC8 deacetylates SMC3, allowing the cleaved RAD21 and sororin to 

dissociate from the complex, leaving only SMC3 and SMC1A. Alternately, if seperase cleavage 

does not occur, HDAC8 can deacetylate SMC3, allowing sororin to dissociate, but leaving an 

“unlocked” RAD21 on the complex, allowing the “refreshed” cohesin complex to load on to 

sister chromatids. Image from Deardorff et al. (2012). 
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(Nasymth et al., 2009; Deardorff et al., 2012). ESCO1 and ESCO2 acetylate SMC3 during S 

phase, which allows sororin to bind to the cohesin complex, further stabilizing it. Seperase 

cleaves RAD21 at anaphase onset, opening the cohesin ring and allowing sister chromatids to 

separate. Then, HDAC8 (Histone deacetylase 8) de-acetylates SMC3, releasing RAD21 and 

soronin from the complex, allowing efficient recycling of cohesin-ring components for further 

rounds of cell division (Deardorff et al., 2012). 

NIPBL, HDAC8 and the cohesin complex are also transcriptional regulators. The cohesin 

complex and NIPBL physically interact with the Mediator complex on chromatin, where they 

regulate cell-type-specific gene-expression programs (Kagey et al., 2010). The cohesin complex 

also regulates the spread of phosphorylation on H2AX (Caron et al., 2012). H2AX, a variant of 

histone H2, is phosphorylated at the site of DNA damage, which initiates recruitment of DNA 

repair proteins. The presence of phosphorylated H2AX foci has a 1:1 relationship with DSBs 

(Kuo & Yang, 2008). 

 

b. SMC1A (MIM#: 300040) mutations causing Cornelia de Lange syndrome 2 (CdLS2) 

CdLS is a genetically heterogeneous dominant disorder characterized by impaired 

growth, ID, characteristic facial malformations, and limb abnormalities (Boyle et al., 2015). 

Heterozygous mutations in SMC1A, SMC3, NIBPL, and HDAC8 cause CdLS with conMiC. 

There are many reports of CdLS2 patients with heterozygous or hemizygous mutations in 

SMC1A (Musio et al., 2006; Deardorff et al., 2007; Hoppman-Chaney et al., 2011; Ansari et al., 

2014). SMC1A is X-linked, but escapes X-inactivation in females. Most CdLS2 patients are 

females with mutations thought to be dominant-negative, while mutations in males are generally 



 

 68

thought to be partial LOF, as complete LOF is likely to be lethal in males (Deardorff et al., 2007; 

Hoppman-Chaney et al., 2011; Liu et al., 2009; Parenti et al., 2014). 

Revenkova et al. (2009) functionally characterized a handful of known SMC1A mutations 

(R498H, R496C, R1122L and V58_R62, an in-frame deletion) in patient-derived LCLs. All 

LCLs were from females, with the exception of LCLs carrying R496C, which were from a male. 

An immunoblot showed all mutant LCLs produced SMC1A bands of WT size and intensity 

LCLs with SMC1A mutations had spontaneous chromosome aberrations and genomic instability. 

R498H and F1122L mutant cells had higher sensitivity to ionizing radiation-induced DNA 

damage. E493A, R496H and R496C had dramatically increased DNA-binding affinity compared 

to WT. The increased DNA-binding affinity, genomic instability and defects in DNA repair 

suggests these mutations may cause the cohesin complex to bind DNA too tightly, interfering 

with proper separation of sister chromatids during mitosis, and DNA-repair protein access to 

damaged DNA. This data indicates the mutant SMC1A proteins function in a dominant-negative 

manner, as patients produce stable, full-length protein that interferes with normal cohesin-

complex function.  

 

c. SMC3 (MIM# 606062) mutations causing Cornelia de Lange syndrome 3 (CdLS3) 

Gil-Rodriguez et al. (2015) modeled the impact of novel and previously reported 

heterozygous SMC3 mutations on protein domains in silico. Frameshift mutations causing 

internal deletions or insertions and missense mutations were most common. Only one nonsense 

mutation was identified. Three mutations affected the head domain, three affected the hinge 

domain and nine affected the coiled-coil domain. Of particular interest, in silico modeling 
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showed Q1147E, a missense mutation in the head domain, was predicted to disrupt ATPase 

activity and the SMC3-SMC1A binding.   

Revenkova et al. (2009) performed the only functional characterization of a mutation in 

SMC3. The mutation caused an in-frame deletion of a single amino acid, E488del, which was 

located in the coiled-coil domain. E488del LCLs had an SMC3 signal of comparable size and 

intensity to WT on an immunoblot, showing a stable, full-length protein is produced. E488del 

had dramatically increased DNA binding affinity, associated with increased genomic instability 

and sensitivity to DNA damage. E488del acts in a dominant-negative manner, likely disrupting 

proper cohesin-complex function through binding chromatids too tightly. This suggests other 

SMC3 mutations may also have dominant-negative effects, especially if a stable protein is 

produced. 

 

d. NIBPL (MIM# 609667) mutations causing Cornelia de Lange syndrome 1 (CdLS1) 

Mutations in NIPBL cause roughly 50% of all CdLS cases, with more severe phenotypes 

than seen with SMC1A or SMC3 mutations. Kaur et al. (2005) analyzed metaphase chromosome 

spreads of cells from forty patients with nonsense, missense and frameshift NIBPL mutations 

causing CdLS. Precocious sister chromatid separation occurred in cell lines from 16 patients with 

NIBPL mutations, presumably by impairing cohesin ring loading. The authors reported mutation 

type did not correlate with presence or absence of precocious sister chromatid separation. It 

would be of interest to assess if protein levels correlate with cellular phenotypes. 

Bhuiyan et al. (2006) and Selicorni et al. (2007) identified large cohorts of patients with 

heterozygous frameshift, missense, nonsense and splice-site NIBPL mutations. Functional studies 

were not performed. Nonsense and frameshift mutations were associated with the most severe 
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phenotypes in this cohort (Bhuiyan et al., 2006; Selicorni et al., 2007). Missense mutations were 

associated with phenotypes of varying severity (Selicorni et al., 2007). Splice-site mutations 

were associated with the least severe phenotypes (Selicorni et al., 2007).  

Pehlivan et al. (2012) identified several patients with deletions in NIBPL, with sizes 

ranging from one to 45 exons (NIBPL has 47 exons). The deletions typically cause more severe 

phenotypes than nonsense, missense or frameshift mutations. Phenotype severity correlated with 

the number of exons deleted. One less severely affected patient had an in-frame deletion of exon 

11, but many of the more severely affected patients had multi-exon deletions that are predicted to 

affect the open-reading frame. Protein accumulation was not characterized, and functional 

studies were not performed. However, this offers support for the dose-sensitivity of NIPBL, and 

indicates NIBPL mutations may range from partial LOF to complete LOF (Pehlivan et al., 2012).  

 

e. HDAC8 (MIM# 300269) mutations causing Cornelia de Lange syndrome 5 (CdLS5) 

HDAC8 mutations, mostly de novo, cause X-linked semi-dominant CdLS of varying 

severity, but typically more severe than SMC1 or SMC3 and less severe CdLS than NIBPL 

(Mordaunt & McLauchlan, 2015). HDAC8 is subject to X inactivation in females; meaning 

males are hemizygous for the mutation, while affected females are heterozygous, but 

functionally mosaic. Unaffected female carriers, who transmit to 50% of their sons, had skewed 

X-inactivation, with nearly 100% inactivation of the HDAC8 mutation-carrying X-chromosome.  

Deardorff et al. (2012) identified de novo missense and nonsense HDAC8 mutations 

causing CdLS5. P108R, from a hemizygous male patient, completely lacked deacetylase activity 

(as measured by acetylated SMC3) while 320R, T311M, H334R had significantly reduced 

deacetylase activity. Transfection with WT, but not mutant HDAC8 rescued these defects. P108R 
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lymphoblasts showed widespread transcriptional dysregulation. The reduction in deacetylase 

activity suggests these mutations are LOF. 

Kaiser et al. (2014) identified numerous additional HDAC8 mutations, 14 missense and 

one internal deletion, causing CdLS5 in males and females. Both affected and unaffected females 

had skewed X-inactivation patterns, with most females showing more than 95:5 mutant:WT X-

inactivation. Female phenotypes varied greatly and were less severe than in males; presumably 

this is due in part to the X-inactivation ratios in the developing brain cells of individual patients. 

Mutant HDAC8 enzyme activity was completely lost in the deletion mutant and ranged from 0 to 

50% in the missense mutants. The authors reported a weak association between more residual 

enzyme activity and milder phenotypes in males. These data confirm that the disease-causing 

mutations are LOF to varying degrees, with HDAC having haploinsufficiency.  

 

4. Centriole Duplication 

a. Normal Functions of WDR62, ASPM, CEP63, CEP135, CEP152, PLK4, SASS6, STIL, and 

CENPE: Generating Nascent Centrioles 

Centrosomes, the primary microtubule-organizing centers of mitotic cells, are comprised 

of two centrioles –– an older, mother centriole, and a newer, daughter centriole that are linked 

together –– surrounded by pericentriolar material (PCM) (Fig. 14A and 14B). The PCM contains 

gamma-tubulin (see section 4.b.), which is recruited to the centrioles for microtubule (MT) 

nucleation (see section 6.b.i). Each centriole is organized in a barrel-like structure, composed of 

nine sets of MT triplets (Fig. 14B). Beginning at the G1/S transition (Fig. 14A and 14B), mother 

and daughter centrioles separate, and have distinct PCM zones. Once this occurs, a daughter 

centriole grows orthogonally from the older mother centriole, while a “granddaughter” centriole  
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Figure 14: Centriole Duplication.  
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Figure 14: Centriole Duplication. A. Centriole cycle. In G1, mother and daughter centrioles are 

close together; as the cell approaches S-phase, they move farther apart. Once mother and 

daughter separate during S-phase, a nascent centriole begins growing orthogonally from each. 

During M-phase, the new centriole pairs nucleate MTs to separate further, pushing each other to 

opposite poles of the cell. Image from Alberts et al. (2015), Fig. 17-26, p. 985.  B. Centriole 

components. Centrioles are comprised of nine triplet MTs (green), with pericentriolar material 

surrounding each mother-daughter centriole pair. In this image (from Pearson, 2014), the 

pericentriolar material is represented by concentric rings, with CEP120, CEP192 and CEP152 

closest to the centrioles, followed by CDK5RAP2, NEDD1, TUBG1 (a gamma tubulin), and 

pericentrin, which serves to hold the components together. CEP152 and CEP192 are critical for 

centriole duplication, while CDK5RAP2 and gamma tubulins are critical for MT nucleation (see 

Fig. 16B). C. Centriole assembly (image from Tang, 2013). CEP63 recruits CEP152 to form a 

ring-like structure on the mother centriole and PLK4 is recruited to the mother centriole by 

CEP192 and CEP152. PLK4 binds STIL, recruiting it to the mother centriole, then SAS-6 is 

recruited to the proximal end of the centriole during S-phase. SASS6 interacts with CEP135, and 

together, they comprise the cartwheel, which will form the base of for the growing procentriole. 

CEP135 binds CENPJ, allowing the cartwheel to directly interact with MTs and tubulin. CENPJ 

cooperates with CEP120 to promote assembly of the nine MT triplets during centriole 

biogenesis, and the daughter centriole elongates as tubulin monomers are added. D. Centrosome 

maturation (image from Pearson, 2014). Centrioles replicate in S-phase, with a sequential 

assembly of proteins mediating formation of the daughter centriole. During mitosis, the mother 

and daughter centrioles remain connected by stalk linker, and CDK5RAP2, which is located in 

the pericentriolar material, where it interacts with gamma-tubulin to nucleate spindle MTs.  
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grows orthogonally from the new mother centriole. Throughout S and G2 phase the new 

daughter centrioles elongate. The two centrosomes generate spindle fibers (microtubules), 

separating to opposite poles of the mitotic cell (Fig 14A). The segregation of centrosomes to 

opposite poles is critical for mitotic spindle organization, chromosome separation, and  

appropriate segregation of chromosomes and centrosomes after mitosis (Bettencourt-Dias et al., 

2011; Nigg et al., 2014; Fu et al., 2015).  

Many conMiC genes encode centrosome components that assemble in a step-wise 

pathway during centriole duplication. WDR62 recruits CEP63 at the end of the PCM-proximal 

end of the mother centriole. At the end of the mother centriole proximal to the PCM, WDR62 

recruits CEP63. CEP63 recruits ASPM (Jayaraman et al., 2016), a protein involved in spindle 

orientation dynamics (Fish et al., 2006). CEP63 also recruits CEP152 from the nearby PCM to 

form a ring-like structure on the mother centriole and PLK4 is recruited to the mother centriole 

by CEP192 and CEP152 (Fig. 14C and 14D) (Tang, 2013; Firat-Karalar & Stearns, 2014; Fu et 

al., 2015). PLK4 binds and phosphorylates STIL, recruiting it to the mother centriole. STIL and 

PLK4 are required for centriole duplication (Habedanck et al., 2005; Kratz et al., 2015). STIL 

regulates levels of PLK4, and helps to recruit SASS6 (Dzhindzhev et al., 2014; Ohta et al., 2014; 

Moyer et al., 2015; Arquint et al., 2015). SASS6, which is also required for centriole duplication, 

is recruited to the proximal end of the centriole during S phase (Strnad et al., 2007). SASS6 

directly binds to CEP135, and together, they comprise the cartwheel. The cartwheel, a structure 

with nine-fold symmetry, forms the base and template for the growing procentriole. CEP135 

binds with CENPJ to allow the cartwheel to directly bind MTs and tubulin. CENPJ cooperates 

with CEP120 to promote assembly of the nine triplet MTs during centriole biogenesis. Then, the 

daughter centriole elongates as tubulin monomers are added (Fig. 14) (Tang, 2013; Firat-Karalar 
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& Stearns, 2014; Fu et al., 2015). 

 

b. WDR62 (MIM# 613583) mutations causing Autosomal Recessive Primary Microcephaly 

with or without cortical malformations 2 

Nicholas et al. (2010) identified four missense mutations (V65M, R438H, D511N and 

A1078T) and two frameshift mutations in WDR62 (L1414LfsX41 and V1314RfsX18; “fs” 

denotes “frameshift”, the following number indicates how many novel amino acids are inserted 

before STOP). L1414LfsX41 was predicted to create a truncated protein, while V1314RfsX18 

was expected to undergo nonsense-mediated decay. HeLa cells were transfected with cDNA 

encoding R438H or L1414LfsX41. Unlike WT, these mutant proteins accumulated to high levels 

in the cytoplasm.  They also failed to localize with gamma-tubulin at spindle poles during 

mitosis. This is consistent an interference effect of the mutation, causing ectopic localization. 

However, the presence of endogenous WDR62 in HeLa cells must be considered, and actual 

protein accumulation in patient cells is unknown. Other missense, nonsense and frameshift 

mutations in WDR62, have also been identified but not characterized (Bilguvar et al. 2010; Yu et 

al. 2010; Bhat et al., 2011). There is evidence that WDR62 mutations have interference effects 

when overexpressed in cell lines, but characterizing protein accumulation in patient cells is 

critical to determine the nature of the mutation.  

A mouse model with both WDR63 and ASPM LOF mutations (i.e., double-mutant) had 

many progenitors differentiating prematurely, as well as a disruption of asymmetric centrosome 

inheritance. The NPC needs to get the grandmother centriole, while the other cell should get the 

newer mother centriole. This asymmetric inheritance is thought to maintain progenitor 
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populations. As a result of reduced proliferation, brains were microcephalic and had evidence of 

disrupted migration patterns.  

 

c. ASPM (MIM# 605481) mutations causing Autosomal Recessive Primary Microcephaly 5 

(MCPH5) 

ASPM mutations are the most common genetic cause of conMiC. Passemard et al. (2009) 

reviewed eight-four known ASPM mutations, noting many were predicted to encode a stable, 

truncated protein. Since then, many more ASPM mutations have been identified (Darvish et al., 

2010; Sajid Hussain et al., 2013, Abdel-Hamid et al., 2016) but, remarkably, only one mutation 

has been functionally assessed. Ito et al. (2017) used the CRISPR-Cas system to recreate a 

known mutation in ASPM (3261X). The truncated protein encoded by this mutation accumulated 

in cells of the HCT116 colorectal carcinoma line and localized to the spindle pole. Spindle 

morphology was normal until CDK5RAP2 (see section 4.b.) was depleted, which caused severe 

spindle disruption. ASPM-RNAi and CRISPR knockout of ASPM had the same effect; spindles 

were normal until CDK5RAP2 was depleted. The authors suggested ASPM has redundant 

functions in spindle formation in HCT116 cells line used, but may be more essential in NPCs. 

ASPM-null mice do not have a significant reduction in brain size, however, when mice 

are null for both WDR62 and ASPM, a significant decrease in brain size is seen, as well as a 

premature NPC differentiation.  

 

d. CEP63 (MIM# 612724) mutations causing Seckel syndrome 6 

Sir et al. (2011) identified a homozygous CEP63 missense mutation (W43X) causing 

Seckel syndrome 6. Patient lymphoblasts lacked WT CEP63, but produced small amounts of 
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truncated CEP63. CEP152 was also reduced, indicating the truncated CEP63 is unable to 

stabilize CEP152. During interphase, patient lymphoblasts had minimal CEP63 signal, lacked 

CEP63-centrin colocalization, and had fewer CEP152/centrin rings than parental (control) 

lymphoblasts. During mitosis, CEP152/centrin rings were absent or disordered. This indicates 

the mutation impairs centrosome localization of both CEP63 and CEP152 (see section 4.e.), 

amplifying the effects of the CEP63 mutation.  

DT40 chicken B-lymphocytes transfected with CEP63 siRNA failed to form a 

centrin/CEP152 ring, had few centrioles during interphase, and produced monopolar or 

multipolar spindles during mitosis. All defects were rescued by WT CEP63, or CEP152 tagged 

with a centrosome-localization signal, indicating loss of CEP63 caused defective centrosome 

duplication. The qualitatively similar cellular phenotypes in patients cells and cells with CEP63 

siRNA are consistent with a LOF mutation in CEP63.  However, patient cells do accumulate a 

truncated protein that could cause an interference effect if it sequesters other centriole-assembly 

components.  

The patient cell data also indicate that CEP63 LOF causes functional loss of CEP152, 

another conMiC gene (see section 4.e. below). Seckel syndrome 6 (caused by CEP63 mutations) 

and Seckel syndrome 5 (caused by CEP152 mutations) both include conMiC, ID and short 

stature as phenotypes, along with the ‘birdlike’ facial features and dwarfism that define Seckel 

syndrome (Sir et al., 2011; Kalay et al, 2011; Hussain et al., 2013; Guernsey et al., 2012).  

 

e. CEP152 (MIM#: 613529) mutations causing Seckel syndrome 5 or Autosomal Recessive 

Primary Microcephaly 9 (MCPH9) 

Seckel syndrome 5 and MCPH9 are both caused by CEP152 mutations. The MCPH9 
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phenotype is typically less severe than the Seckel syndrome 5 phenotype, as MCPH9 patients do 

not have short stature, and have moderate cognitive impairment, as opposed to severe ID and 

short stature found in patients with Seckel syndrome 5.  

 Guernsey et al. (2012) identified a homozygous missense mutation (Q265P) and a 

compound heterozygous mutation (R987X and Q265P) in CEP152 that caused MCPH9. U2OS 

cells transfected with WT or missense CEP152 cDNA had punctate CEP152 signal at the 

centrosome. Cells transfected with CEP152 nonsense-mutation cDNA did not have CEP152 

signal at the centrosome, which had diffuse CEP152 signal surrounding DNA instead. This 

indicates the nonsense mutation abrogates the ability of CEP152 to localize to the centrosome, 

and could cause defects in centrosome duplication, spindle formation and chromosome 

segregation. However, functional consequences of the mutation are unknown, as actual protein 

levels and localization in patient cells are uncharacterized. These mutations were predicted to be 

LOF, but interference caused by protein-mislocalization with the nonsense mutation cannot be 

ruled out. 

 Sajid Hussain et al. (2013) also identified homozygous mutations in CEP152 that caused 

MCPH9. Each allele of CEP152 carried two mutations in cis that were predicted to disrupt the 

CENPJ-binding domain of the protein. No functional studies were performed. 

Kalay et al. (2011) identified a homozygous splice-site mutation in CEP152 that caused 

Seckel syndrome 5. RT-PCR products revealed four aberrant products of which three were 

predicted to undergo nonsense-mediated decay. An immunoblot of HEK293T cells transfected 

with GFP-tagged patient cDNA showed a faint CEP152 band of approximately normal size, 

believed to be V86_N87del. Patient fibroblasts frequently had abnormal numbers of 

centrosomes, monopolar spindles, incorrectly aligned chromosomes, and anaphase arrest. Many 
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cells that completed mitosis had genomic instability, aneuploidy, and abnormal nuclei. This 

indicates a reduction in CEP152 protein disrupts proper centrosome duplication, leading to 

defects in spindle formation and chromosome segregation. In addition to these defects, the cells 

were also hypersensitive to oxidative stress, responding with increased levels of apoptosis. 

HEK293T cells transfected with CEP152 shRNA to knockdown expression rarely reached S, G2 

and M phases indicating CEP152 loss impairs cell-cycle progression early in interphase. 

Genomic instability could underlie the impaired progression to S-phase, as it would cause arrest 

at the G1/S checkpoint.  

The V86_N87del mutation is likely a LOF mutation, as protein levels are low. Further 

support is offered by similar spindle and centrosome abnormalities in cells with CEP63 

mutations that caused a loss of CEP152 (see section 4.d.). However, partial activity and 

interference of V86_N87del cannot be ruled out. 

 

f. PLK4 (MIM# 605031) mutations causing Autosomal Recessive Microcephaly and 

Chorioretinopathy 2 (ARMC2) 

Patients with ARMC2 have conMiC, profound psychomotor developmental delay, 

seizures, short stature, and retinopathy. ConMiC is fully penetrant within this disorder, 

occasionally accompanied by simplified gyration. Martin et al. (2014) identified two different 

homozygous frameshift mutations in PLK4 (R936Sfs*1 and F443LFs*6) causing ARMC2. RT-

PCR and sequencing showed R936Sfs*1 cell extracts lacked WT transcripts, producing 

transcripts with a 4-bp insertion. An immunoblot showed a faint PLK4 band, with increased 

motility compared to WT, indicating patients had truncated protein. PCR and sequencing showed 

F43LFs*6 cell extracts had a 75% reduction in full-length transcript, and an alternatively spliced 
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transcript that was present in WT at similar levels. Immunoblots of F443LFs*6 fibroblast 

produced a band corresponding to a protein produced the by alternatively spliced transcript, but 

not full-length. All cells with PLK4 mutations had a single or absent centriole, occasionally 

showing defective mitotic spindle organization.  

One-cell zebra-fish embryos were injected with a morpholino targeting exon-5 splice 

sites in plk4, which reduced plk4 mRNA to 2-25% of WT. This knockdown impaired centriole 

biogenesis and increased apoptosis. The resulting zebra fish had reduced body size and cell 

number, as well as small eyes, with loss of photoreceptors and impaired vision. All phenotypes 

were fully rescued by WT zebrafish plk4 mRNA and partially rescued by human WT PLK4 (full-

length or alternatively spliced). Mutant mRNA encoding R936Sfs*1 or F443LeuFs*6 did not 

affect the phenotype. This indicates loss of plk4 caused the defects, and that full-length or 

alternatively spliced isoforms both contribute to centriole biogenesis, cell survival, and body/eye 

development. The mutant PLK4 did not worsen zebrafish phenotypes, demonstrating no 

evidence of interference. The dramatic reduction in PLK4 protein in patients and parallels 

between human and zebra-fish knockdown phenotypes indicate a simple LOF mechanism.  

Shaheen et al. (2014) identified a homozygous 5-bp deletion in PLK4, predicted to cause 

a frameshift disrupting the cryptic polo box domain. Mutations were not characterized, but 

patient phenotypes (short stature, conMiC, retinopathy, and severe developmental delay) were 

much like phenotypes caused by other PLK4 mutations, suggesting similar functional 

consequences.  

 

g. STIL (MIM# 181590) mutations causing Autosomal Recessive Primary Microcephaly 7 

(MCPH7) 
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STIL mutations and PLK4 mutations cause similar phenotypes (conMiC, short stature, 

seizures), although retinopathy is absent in patients with STIL mutations. The phenotypic 

similarity aligns with the direct, physical interactions between PLK4 and STIL, and the role of 

PLK4 in recruiting STIL to the mother centriole. Most STIL mutations causing MCPH7 are 

homozygous internal deletions, nonsense mutations, or splice-site mutations, all predicted to 

cause premature protein truncation (Kumar et al., 2009; Papari et al., 2013; Bennett et al., 2014; 

Kakar et al., 2015); they have not been functionally characterized. 

 

h. SASS6 (MIM# 609321) mutations causing Autosomal Recessive Primary Microcephaly 

14 (MCPH14) 

SASS6 mutations cause severe conMiC, severe ID, and seizures, but not retinopathy or 

short stature. Khan et al. (2014) identified a homozygous missense mutation in SASS6 (I62T) 

causing MCPH14. Protein and mRNA were not assessed. U2OS cells transfected with I62T 

showed SASS6-centrin localization, but centrin appeared as single dot instead of forming the L-

shape of a mother-daughter centriole pair found in WT. This indicates I62T impairs centriole 

duplication. Consistent with this, 95% of cells transfected with SASS6 siRNA had fewer than 

four centrioles during mitosis. When the SASS6 siRNA-transfected cells were transfected with 

WT SASS6, it reduced this defect to 20% of cells. Transfection of SASS6 siRNA cells with I62T 

SASS6 only partially rescued the centriole phenotype, as ~70% of cells transfected with the I62T 

SASS6 RNA had fewer than 4 centrioles during mitosis. This is consistent with partial LOF, as 

the I62T SASS6 can partially rescue the phenotype. The authors suggested it may also have a 

slight interference effect upon centriole formation, as overexpression of WT SASS6 causes 
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excessive centriole formation, while overexpressing I62T does not (~7% of cells still had <3 

centrioles during mitosis).  

 

i. CEP135 (MIM# 611423) mutations causing Autosomal Recessive Primary Microcephaly 

8 (MCPH8) 

Hussain et al. (2012) identified a homozygous frameshift mutation in CEP135 

(Q324Sfs*2) causing MCPH8. All MCPH8 patients lacked seizures, retinopathy, and short 

stature, in contrast to many other conMiC disorders. RT-PCR produced a 385-bp fragment but no 

full-length product. Patient CEP135 mRNA levels were ~10-15% of WT. Protein content was 

not examined, but is predicted to be low or absent due to nonsense-mediated decay. Patient 

fibroblasts had multiple, fragmented centrosomes, or none at all. They also had disorganized MT 

networks and higher frequency of dysmorphic nuclei, which likely result from the centrosomal 

defects. Patient fibroblasts grew slowly compared to WT. COS-7 cells transfected with patient 

CEP135 cDNA had diffuse CEP135 staining, and the appearance of fragmented centrosomes, in 

contrast to the punctate CEP135 and centrosome signal in cells transfected with WT CEP135. 

The mutant CEP135 co-localized with alpha-tubulin, but the pattern of alpha-tubulin staining 

was abnormal compared to WT, suggesting abnormal spindle formation. The cellular phenotype 

induced by mutant CEP135 and CEP135 RNAi are similar (slow cell growth, abnormal spindles, 

and reduced cytokinesis), consistent with a LOF mutation (Ohta et al., 2002). 

Farooq et al. (2016) identified a homozygous frameshift mutation in CEP135 

(E417Gfs*2), predicted to disrupt the SASS6 binding domain. This mutation was not 

characterized, but is likely to be LOF, as the patients reported by Farooq et al. (2016) have 

similar phenotypes to the patients in Husain et al. (2012). 
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j. CENPJ (MIM# 609279) mutations causing Autosomal Recessive Primary Microcephaly 6 

(MCPH6) or Seckel syndrome 4 

Patients with MCPH6 have conMiC, severe ID and seizures. Multiple patients with 

CENPJ mutations causing MCPH6 have been identified (Leal et al., 2003; Bond et al., 2005; Gul 

et al., 2006; Darvish et al., 2010; Sajid Hussain et al., 2013). Functional studies have not been 

performed on mutations, but most are frameshift or missense mutations predicted to abolish or 

alter the TCP domain of CENPJ. The TCP domain interacts with protein 4.1, which is proposed 

to anchor CENPJ to the centrosome. In light of this, these mutations may lead to a loss of CENPJ 

at the centrosome, interfering with centrosome duplication and spindle formation. 

Al-Dosari et al. (2010) identified a homozygous splice-site mutation in CENPJ that 

caused Seckel syndrome in a large consanguineous family. Patients with Seckel syndrome 4 have 

extreme short stature and conMiC, but some reportedly have normal motor and cognitive 

development, in contrast to the severe ID and seizures of patients with MCPH6. This is notable, 

because different members of the family may be homozygous for other genetic variants that 

could act as genetic modifiers. RT-PCR of patient cell extracts produced three abnormal products 

(missing exon 12, exons 11 and 12, or 11,12 and 13) that encoded a frameshift and two internal 

deletions (1102_1122delfsX6, 1073_1159, 1073_1122). The cellular consequences of mutations 

were not characterized. However, in contrast to the MCPH6-causing CENPJ mutations, this 

mutation is an internal deletion, as opposed to a missense mutation or nonsense mutation.  

 

5. Nuclear Envelope Dynamics: ANKLE2 (MIM# 616062) 

a. Normal Function: Regulation of Nuclear Envelope Breakdown and Reformation 

ANKLE2 encodes Ankyrin repeat and LEM domain-containing protein 2. ANKLE2 is 
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part of the LEM family, and has important roles in nuclear envelope dynamics during mitosis. 

ANKLE2 localizes to the nuclear envelope (Fig. 15) and makes direct physical contact with 

BAF, a chromatin-binding protein, during interphase. The BAF-ANKLE2 interaction forms an 

essential link between chromatin and the nuclear envelope. When BAF is phosphorylated by 

VRK1 at the onset of mitosis, it dissociates from chromatin and ANKLE2, which permits 

nuclear-envelope breakdown. At the end of mitosis, the nuclear envelope must reform. ANKLE2 

opposes the kinases activity of VRK1 directed towards BAF, and promotes PP2A phosphatase 

activity towards BAF. This allows BAF to be dephosphorylated, which causes it to re-associate 

with chromatin and ANKLE2, promoting nuclear reassembly (Asencio et al., 2012). 

b. ANKLE2 mutations causing Primary Autosomal Recessive Microcephaly 16 (MCPH16) 

Yamamoto et al. (2014) identified two siblings with MCPH16 and compound 

heterozygous ANKLE2 mutations (Q782X/L573V). Patients had conMiC, seizures, short stature, 

simplified gyral pattern, enlarged ventricles, and agenesis of the corpus callosum. Functional 

characterization was not performed in patient-derived cells, but rather in a Drosophila 

melanogaster genetic model. Larvae homozygous for an LOF mutation in dAnkle2 (the ortholog 

of human ANKLE2) had small brains and reduced numbers of neuroblasts compared to WT. The 

mutant larvae also showed decreased cell proliferation and increased apoptosis of neuroblasts. 

These phenotypes were all rescued by expression of WT human ANKLE2 cDNA, consistent 

withthe human-patient genotype being LOF – and very high phylogenetic conservation of 

ANKLE2. The similarities between patients and dAnkle2 mutant larvae are consistent with LOF 

being sufficient to cause the patient phenotype. However, the nonsense (Q782X) human 

mutation lies within ~150 amino acids of C-terminus of the protein, and there is a chance it could  
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Figure 15. ANKLE2 in nuclear envelope breakdown. ANKLE2 localizes to the nuclear 

envelope, and physically interacts with BAF during interphase to form a link between chromatin 

and the nuclear envelope. BAF phosphorylation by VRK1 occurs at the onset of mitosis, which 

causes BAF to dissociate from chromatin and ANKLE2, breaking the link between chromatin 

and the nuclear envelope. Then, at the end of mitosis, ANKLE2 activates PP2A-mediated 

phosphorylation of BAF (while opposing the kinase activities of VRK1) allowing BAF to 

associate with ANKLE2, promoting nuclear envelope reformation. Image from Asencio et al. 

(2012).  
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be translated and stably expressed, giving patients a combination of a full-length protein with an 

amino-acid substitution and a truncated protein.  

 

6. Mitotic Spindle: Structure and Function 

a. TUBB and TUBA1A (MIM#s 191130, 602529) 

i. Normal Function: Spindle Building-Blocks 

 Microtubules (MTs) are best known for roles in cytoskeleton structure, axonal transport, 

and the mitotic spindle apparatus. MTs are comprised of 13 protofilaments, each composed of 

polymers of alpha/beta-tubulin heterodimers (Fig. 16). TUBB (also known as TUBB5) encodes a 

beta-tubulin protein while TUBA1A encodes alpha-1a tubulin, which is highly expressed in 

developing or regenerating cells of the nervous system (Ramachandran et al., 2010). Tubulin 

monomers must first be properly folded by chaperones, starting with prefoldin, followed by CCT 

(chaperone-containing T-complex), which brings tubulin monomers into a quasi-folded 

intermediate state. Then, each monomer is folded by a series of tubulin-folding cofactors 

(TBCs): A, B, D and E. Finally, alpha- and beta-tubulin monomers are heterodimerized and 

added to the fast-growing plus-end of a growing MT by TBCD and TBCE (Fig. 16A). 

Alpha/beta tubulin heterodimers are typically lost from slower growing minus-end (Szolajska & 

Chroboczek, 2011). 

 

ii. TUBB mutations causing Complex Cortical Dysplasia with other Brain Malformations 6  

 Breuss et al. (2012) identified heterozygous de novo missense mutations in TUBB 

(E401K, M299V, V353I). Each mutation caused qualitatively similar phenotypes in patients. 

However, patients with E401K and V353I had more severe MiC (-4SD as opposed to -2.5SD), 
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Figure 16. Microtubules and gamma-tubulin.  
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Figure 16. Microtubules and gamma-tubulin. A. Tubulin folding and microtubule assembly. 

Microtubules are comprised of 13 protofilaments, each composed of alpha/beta tubulin 

heterodimers. Each microtubule has a plus-end, and a minus-end. The assembly of microtubules 

begins with a pool of alpha and beta tubulin monomers, which must be properly folded by 

several protein chaperones before they can form heterodimers that allow nucleation and 

polymerization of a microtubule. Newly synthesized tubulin monomers must first interact with 

CCT, which uses ATP-hydrolysis to form the tubulin monomers into a quasi-folded intermediate 

state.  Once in the quasi-folded state, alpha tubulin is further folded by TBCB, then TCBE, while 

beta tubulin is further folded by TBCA, then TBCD. Then, TCBE and TCBD bring the folded 

alpha and beta tubulin monomers together, and TBCC initiates the hydrolysis of the GTP in the 

GTP-binding pockets of the monomers to GDP. Once GTP is hydrolyzed to GDP, the 

heterodimer is released from the chaperone complex, and can be added to the growing plus end 

of a polymerizing microtubule. Image modified from Szolajska & Chroboczek (2011). B. 

Gamma-tubulin complex. The gamma-tubulin ring complex (gamma-TuRC) is comprised of 

several gamma tubulin subunits: gamma-tubulin, TUBGCP2, TUBGCP3, TUBGCP4, 

TUBGCP5, and TUBGCP6. This structure serves as a template for microtubule nucleation 

during mitosis. An alpha-subunit of the minus-end of the growing microtubule is anchored to the 

gamma-TuRC complex, with the plus end extending into the cytoplasm. Image modified from 

Teixidó-Travesa et al. (2012).  
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and the patient with M299V had retinal defects and the most severe ID. All mutations had WT-

level translation efficiency and kinetics in rabbit reticulocyte lysates. E401K failed to incorporate 

into MTs in Neuro-2a cells, indicating a LOF effect. However, E401K also sequestered 

alpha/beta tubulin heterodimers, prefoldin and CCT, and arrested MT assembly in rabbit 

reticulocyte lysates, indicating a dominant-negative effect on tubulin folding and MT assembly. 

M299V and V353I incorporated into MTs at same rate as WT. However, M299V caused a 

slightly reduced yield of tubulin heterodimers. Thus, M299V and V353I are less disruptive than 

E401K in these assays. 

To further characterize the effects of the mutations in vivo, Breuss et al. (2012) examined 

embryonic brains of transgenic mice with TUBB-shRNA depletion or over-expression of mutant 

TUBB cDNA. TUBB shRNA caused an increase in mitotic index, and ectopic neuronal clustering 

in the intermediate zone, and reduced neurons in the cortical plate. Over-expression of either 

V353I or E401K increased the mitotic index, a measurement of the proportion of mitotic cells to 

non-mitotic cells in a population. Increased mitotic index could indicate more cells arresting in 

mitosis, with fewer cells completing mitosis, as opposed to an increased number of cells entering 

mitosis. In contrast, over-expression of WT TUBB or M299V-encoding cDNA did not alter 

mitotic index. Embryonic mouse brains expressing E401K, V535I and M299V increased cell 

numbers in intermediate zone, and reduced number neurons in the cortical plate. Furthermore, 

E401K and M299V had ectopic neuronal clustering in the deep layers of cortex with reduced cell 

numbers in superficial layers of cortex, indicating E401K and M299V impair neuronal 

migration. 

Thus, E401K is clearly a dominant-negative mutation by these experimental criteria. 

M299V is also dominant-negative, as it impaired heterodimer formation and caused the same 
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neuronal migration defect as E401K. However, V353I is more likely to be a simple LOF, 

exposing haploinsufficiency, as it does not cause anatomical or cellular phenotypes beyond those 

caused by TUBB shRNA. 

 

iii. TUBA1A mutations causing Lissencephaly 3 (LIS3) 

Tian et al. (2010) assessed nine heterozygous de novo dominant missense mutations in 

TUBA1A causing LIS3 with a range of phenotypic severity (see Table 2). Lissencephaly, 

meaning “smooth brain,” is a neuronal-migration disorder resulting in poorly developed gyri and 

sulci. R402C, P263T, I238V were found in fetuses with severe brain malformations (agyria, 

hypoplasia of brainstem and vermis in all cases, cerebellar abnormalities in P263T). Living 

patients with R264C, I88L, L397P, and S419L all had severe MiC, brain malformations and ID. 

Of note, the patient with R402H had severe ID and hypoplasia of vermis, but had a HC at the  

10th percentile at birth, and 50th percentile at age 18, indicating R402H is less damaging than 

R402C. All mutations encoded proteins that produced stable TUBA1A proteins of WT size and 

abundance. Mutations caused a spectrum of impaired chaperone interactions, heterodimer 

formation, and MT assembly (Table 2). Because they have these effects in the presence of WT 

TUBA1A, all the mutations are dominant-negative. 

 For example, V303G and L397P sequester CCT, an essential chaperone for the entire 

tubulin-folding pathway. P263T impairment of MT formation and R402C impairment of folding 

and prefoldin discharge is also consistent with dominant-negative effects. Similarly, R264C, 

L397P, I188L and I238V have impaired formation of quasi-folded intermediates and 

heterodimers. The authors speculated that those mutations which did not impair MT formation 

cause their dominant-negative effects by disrupting interactions with MT-associated proteins. 
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Table 2: Summary of cellular defects caused by TUBA1A mutations 

 

 

 

Mutation 

 

Prefoldin 

Discharge 

Generation of CCT- 

quasi-folded 

intermediates 

 

 

TBCB 

 

Heterodimer 

formation 

Cell-free 

extract 

MT 

assembly 

MT 

assembly 

in cells 

R402C Impaired Impaired OK Severe 
impairment 

OK OK 

L397P OK Impaired; accumulation 
of CCT-bound 
intermediates 

Impaired Severe 
impairment 

OK Unable to 
integrate 
into MTs 

I238V OK Impaired OK Slight 
impairment 

OK OK 

I188L OK Impaired OK Slight 
impairment  

OK OK 

P263T OK OK OK Slight 
impairment 

OK Impaired 
MT 
formation 

S419L OK OK OK Slight 
impairment 

OK OK 

R402H OK OK OK Slight 
impairment 

OK OK 

R264C OK Impaired Impaired Severe 
Impairment 

OK OK 

V303G OK Impaired; accumulation 
of CCT-bound 
intermediates 

Impaired Severe 
impairment 

OK OK 
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b.  TUBGCP4, TUBCGP6 and CDK5RAP2 (MIM# 609610, 610053, 608201) 

i. Normal Function: Spindle Nucleation 

 Gamma-TuRC (gamma-tubulin ring complex) is a pericentriolar matrix (PCM) 

component, initially recruited to the centriole during interphase, where it is essential for centriole 

duplication, with increasing accumulation in prophase. Gamma-TuRC nucleates spindle MTs 

that allow capture and segregation of chromosomes (Fig. 16B and 17A), as well as MTs that are 

build a nascent centriole. Gamma-TuRC is comprised of several subunits: TUBGCP2, 

TUBGCP3, TUBGCP4, TUBGCP5, and TUBGCP6 (Fig 16B). The subunits are arranged in a 

ring-like fashion, and this structure serves as a template for MT nucleation in interphase, 

prophase and metaphase. An alpha-tubulin subunit at the minus-end of the growing MT is 

anchored to the gamma-TuRC complex, with the plus-end extending into the cytoplasm (Petry & 

Vale, 2015). 

The recruitment of the gamma-TuRC during interphase is mediated by CEP192 (a 

centrosomal protein; see section 4 and Fig. 14) (Petry & Vale, 2015), while PLK4-

phosphorylation of TUBGCP6 mediates centriole duplication during this period (Bahtz et al., 

2012). CDK5RAP2, a PCM component, is a direct binding partner of gamma-TuRC and it 

recruits and maintains gamma-TuRC binding to the centrosome as mechanical forces are 

generated by the spindle (Fong et al., 2007; Barr et al., 2010). CDK5RAP2 activates gamma-

TuRC, dramatically increasing MT nucleation activity (Choi et al., 2010). CDK5RAP2 is also 

involved in inducing cell- cycle arrest at the G2/M checkpoint in response to DNA damage (Barr 

et al., 2010).  
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Figure 17. The mitotic spindle and kinetochore. 
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Figure 17. The mitotic spindle and kinetochore. A. Mitotic spindle. The mitotic spindle is 

comprised of astral MTs, which grow towards the cellular cortex, kinetochore MTs, which attach 

directly to kinetochores on chromosomes, and interpolar MTs, which interact with MTs from the 

opposite centrosome via MT motor proteins. Image from Alberts et al. (2015), Fig. 17-23, p. 983. 

B. CASC5 (aka KNL1) at the kinetochore. CASC5 binds to the hMis12 complex (hMis13 and 

hMis14 directly bind CASC5) and Zwint-1 at the kinetochore, and acts as a scaffold for BUB1 

and BUBR1 binding. BUBR1 and BUB1 bind to CASC5 via TPR domains. BUBR1 inhibits 

anaphase progression until spindle assembly checkpoint requirements (proper attachment and 

tension) have been satisfied, while BUB1 mediates kinetochore and MT attachment, promoting 

chromosome congression during metaphase. Image from Kiyomitsu et al. (2007). C. CENPE at 

the kinetochore. CENPE, a plus-end directed MT motor, promotes chromosome alignment at the 

metaphase plate by connecting with BUB1 and a MT, exerting force on the chromosome to align 

it at the equator. Dynein and LIS1 are also present at the kinetochore, anchored by dynactin, 

which is anchored to the RZZ complex, which is anchored to Zwint. Dynein movement towards 

the minus end of the MT can bring the chromosome closer to MT-rich spindle pole areas during 

prometaphase, promoting more MT attachment on the kinetochore. It also generates poleward 

force that aids in chromosome alignment during metaphase. Image from Cheeseman et al. 

(2008).  
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ii. TUBGCP4 mutations causing Microcephaly and Chorioretinopathy, Autosomal 

Recessive, 3 (MCR3) 

Scheidecker et al. (2015) identified frameshift mutations (G194Wfs*8 and W100Ifs*27), 

and a three-exon deletion in TUBGCP4. All mutations were compound heterozygous with 

another TUBGCP4 mutation that creates a cryptic splice-acceptor site. Patient fibroblasts with 

G194Wfs*8 and the splice-site mutation were functionally assessed. Quantitative RT-PCR 

produced full-length TUBGCP6 DNA and TUBGCP6 DNA missing exon 16. Overall transcript 

levels were much less than WT. At the protein level, full-length TUBGCP4 was very reduced, as 

was gamma-TuRC, indicating reduced TUBGCP4 disrupts the entire gamma-TuRC complex, 

amplifying the effects of a mutation in one component. At the cellular level, mutant fibroblasts  

showed reduced TUBGCP4 at centrosomes, reduced MT nucleation, and abnormal MT 

organization. They also had a nine-fold increase in abnormal nuclei and bi-nucleated cells, 

demonstrating that reduced gamma-TuRC causes abnormal spindles. 

Morpholino-knockdown of tubgcp4 in zebra fish caused reduced head and eye size and 

undifferentiated photoreceptors, an excellent model of the human phenotype. Co-injection with a 

knockdown-resistant tubgcp4 partially rescued the phenotypes. Taken together, the experimental 

data support the interpretation that MCR3-causing mutations in TUBGCP4 are LOF, with 

amplifying disruptions of the entire gamma-TuRC. 

 

iii. TUBGCP6 mutations causing Microcephaly and Chorioretinopathy, Autosomal 

Recessive, 1 (MCR1) 

Puffenberger et al. (2012) and Martin et al. (2015) identified homozygous missense, 

nonsense, and frameshift mutations in TUBGCP6 causing MCR1. Functional studies were not 
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performed. TUBGCP6 mutations may disrupt the gamma-TuRC complex, like the TUBGCP4 

mutations. TUBGCP6 and TUBGCP4 mutations both cause conMiC, ID, retinopathy and 

variable brain malformations. However, only TUBGCP6 mutations cause seizures and short 

stature. TUBGCP6 is required for centriole duplication and CDK5RAP2 (another conMiC gene; 

see section 4.b.iv.) interaction with gamma-TuRC, and these functions could also be disrupted by 

a mutation (Shearwin-Wyhatt et al., 2000). TUBGCP6 siRNA in human cells causes a failure of 

centriole duplication, and monopolar spindles (Bahtz et al., 2012). 

 

iv. CDK5RAP2 mutations causing Autosomal Recessive Primary Microcephaly 3 (MCPH3) 

Most patients with MCPH3 have short stature and ID, while some present with seizures. 

Lancaster et al. (2013) identified MCPH3-causing compound heterozygous nonsense mutations 

in CDK5RAP2, E1516X and R1558X. CDK5RAP2 signal was undetectable on an immunoblot 

of patient fibroblasts. NPCs in patient-derived cerebral organoids had oblique and vertical 

spindles, indicating non-proliferative division, while only horizontal spindles (required for 

proliferation) were found in WT. This shows loss of CDK5RAP2 causes premature 

differentiation, which can deplete NPCs. Consistent with this, patient-derived cerebral organoids 

were smaller, with fewer NPCs and more post-mitotic neurons than WT. Electroporation with 

WT CDK5RAP2-GFP increased NPC number in patient-derived cerebral organoids. WT 

cerebral organoids electroporated with CDK5RAP2 siRNA had fewer NPCs and more 

differentiated neurons than other WT at the same time point. These data show CDK5RAP2 

deficiency was the cause of the progenitor depletion. The protein and cellular data together 

demonstrates that LOF CDK5RAP2 mutations cause the clinical phenotype.  

Bond et al. (2005), Hassan et al., (2008), Pagnamenta et al. (2012) and Tan et al. (2014) 
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also reported additional CDK5RAP2 nonsense and frameshift mutations. Most were predicted to 

cause truncation within the first 250 amino acids. Mutations were not characterized, but are 

probably LOF, as the mutations causing truncation at ~1500 amino acids reported by Lancaster 

et al. (2013) do not produce stable protein. Interestingly, the severity of MiC varied widely, from 

-4SD to -13SD, with patients from Lancaster et al. (2013) exhibiting the most extreme reduction 

in OFC. 

 

c. CKAP2L (MIM# 616174) 

i. Normal Function: Spindle Organizer 

CKAP2L encodes cytoskeleton-associated protein 2-like (CKAP2L), which is only 

expressed during mitosis. CKAP2L is found at centrioles and spindle MTs from prometaphase to 

cytokinesis, with highest centriole accumulation during metaphase. CKAP2L is critical for 

proper spindle organization and proper segregation of chromosomes, as shRNA knock down of 

CKAP2L causes multipolar spindles, abnormal nuclei, supernumerary centrioles and long, 

abnormal chromatin bridges (Yumoto et al., 2013).  

ii. CKAP2L mutations causing Fillipi syndrome 

Patients with Fillipi syndrome commonly have short stature, conMiC, and ID, with 

seizures in some patients. They also have characteristic facial dysmorphisms and polydactyly. 

Hussain et al. (2014) identified homozygous or compound heterozygous duplications, deletions, 

and frameshifts in CKAP2; most encoded premature stop codons in the N-terminal region.  

A mutation encoding I191Nfs*6 was functionally assessed. CKAP2L was undetectable 

by immunoblot of patient LCL lysate. CKAP2L failed to localize to spindle poles in patient 

LCLs, exhibiting extremely faint and diffuse signal in the cytoplasm throughout the cell cycle, 



 

 98

while WT localized to spindle poles during metaphase and telophase. Patient LCLs had 

supernumerary centrosomes, abnormal spindles, and abnormal chromatin bridges between sister 

chromatids during the cell cycle. The supernumerary centrosome phenotype is odd, as CKAP2L 

does not accumulate in interphase, when centriole duplication occurs. CKAP2L may cause 

supernumerary centrosomes by leading to abnormal disengagement or unequal division of 

centriole pairs during mitosis. CKAP2L shRNA caused the same cellular phenotypes as 

I191Nfs*6 CKAP2L (Yumoto et al., 2013), providing further support for a LOF mutation. The 

other mutations were not functionally characterized, but may have similar effects, as five of the 

six mutations also cause a premature stop codon in the N-terminal region and were predicted to 

undergo nonsense-mediated decay.  

 

d. KNL1 and CENPE (MIM# 609173, 117143) 

i. Normal Function: Kinetochore Components 

KNL1 (aka CASC5) encodes KNL1, a component of the kinetochore, a protein complex 

that assembles on centromeres to allow spindle MT attachment (Fig. 17). KNL1 acts as a 

scaffold during the final stages of kinetochore assembly (Fig. 17B), and is required for 

recruitment of BUB1 and BUBR1 (Kiyomitsu et al., 2007). BUB1 and BUBR1 are critical 

sensors of spindle tension between the kinetochore and chromosomes (Skoufias et al., 2001). 

BUB1 also promotes movement of chromosomes to the equatorial plate during metaphase by 

localizing BUBR1, CENPE, CENPF and Mad2 to the kinetochore (Johnson et al., 2004.)  

CENPE is a plus-ended kinesin-like motor protein that is essential for proper 

chromosome congression during metaphase (Yen et al., 1992). It attaches the kinetochore to 

spindle microtubules (Fig. 17C), helping to generate the proper spindle tension and attachment 
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required by the spindle assembly checkpoint (SAC) to allow progression to anaphase (Yao et al., 

2000). Phosphorylated BUBR1 is important for checkpoint maintenance, as it inhibits 

progression into anaphase by inhibiting APCCdc20-mediated degradation of cyclins until CENPE 

generates appropriate spindle tension and chromosome alignment Fang, 2001; Huang et al., 

2008).  

 

ii. KNL1 mutations causing Autosomal Recessive Primary Microcephaly 4 (MCPH4) 

Patients with MCPH4 have mild to moderate ID, but do not present with seizures, short 

stature or retinopathy. Genin et al. (2012) identified a homozygous single base-pair substitution 

encoding M204I in KNL1, causing MCPH4 in a consanguineous family. The mutation also 

caused exon-skipping, leading to a frameshift mutation in KNL1. RT-PCR on RNA from patient-

derived lymphoblastoid cell lines (LCLs) produced WT-KNL1 DNA and KNL1 DNA missing 

exon 18. Exon 18 is in the open-reading frame, and encodes an important protein domain for 

binding ZWINT, a kinetochore component. The authors predicted the mutation would cause 

truncation, but an immunoblot of patient LCL extracts produced a KNL1 band of WT size and 

intensity. The localization and intensity of KNL1, ASPM, CEP152, ZWINT, BUBR1, and PCNT 

signal in patient fibroblasts were similar to WT. The nuclei, mitotic spindles and growth rates of 

patient fibroblasts were also the same as WT. The authors suggested the KNL1 mutation could 

selectively impair NPCs, which is consistent with the selective impact of the mutation on brain 

development (neither short stature nor retinopathy were patient phenotypes). The functional 

consequences of this mutation are unknown.   

 

iii. CENPE mutations causing Autosomal Recessive Primary Microcephaly 13 (MCPH13) 
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The two known siblings with MCPH13 have conMiC and ID, and one sibling has 

seizures and short stature. The siblings also had facial dysmorphisms, and cerebellar hypoplasia.       

Mirzaa et al. (2014) identified compound heterozygous missense mutations (D933N and 

K1355E) in CENPE in the two siblings. An immunoblot of patient-derived LCLs had CENPE 

bands of similar size and intensity to WT, demonstrating protein accumulation is not affected. 

CENPE staining was dramatically reduced at the kinetochore in a patient cell line, and 80% of 

the LCLs did not have detectable CENPE localization at the kinetochore. Patient LCLs had less 

phosphorylated BUBR1 than WT, abnormal spindles, twice as many binucleated cells as WT and 

impaired mitotic progression. This indicates reduced amounts of CENPE at the kinetochore 

causes abnormal spindle behavior, leading to chromosome segregation defects. Colorectal cancer 

cell lines (DLD-1) transfected with CENPE siRNA were also transfected with siRNA-resistant 

D933N, K1355E or both D933N and K1355E. Mitotic progression was normal in cells 

expressing D933N or K1355E alone, but mitotic progression was impaired in cells expressing 

both. The authors stated both mutations were hypomorphic, but the two mutations may exert a 

negative interference effect when present together.  

 

e. NDE1 (MIM# 609449) 

i. Normal Function: Promoting Kinetochore-Spindle Interactions 

 NDE1 encodes neurodevelopment protein 1 (NDE1), which is diffusely distributed in the 

cytoplasm and localized to the centrosome throughout the cell cycle. NDE1 centrosomal 

localization is highest during interphase and prophase, decreasing during metaphase and 

anaphase. NDE1 also localizes to the kinetochore and nuclear envelope. During prophase, NDE1 

anchors dynein to the nuclear envelope with LIS1, CENPF and NAGK (Fig. 18A). This allows  
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Figure 18. Spindle dynamics. A. NDE1 and dynein at the spindle. During prophase, NDE1 

anchors dynein to the nuclear envelope thorough direct interactions with LIS1, NDE1, CENPF 

and NAGK. Once dynein is attached, it moves towards the minus-end of a MT to generate a 

shearing force upon the nuclear envelope, causing nuclear envelope breakdown and exposing 

chromosomes to the cytoplasm. After nuclear envelope breakdown occurs, NAGK localizes and 

stabilizes the LIS1-NDE1-dynein complex to the kinetochore with CENPF, where the complex 

can promote MT-kinetochore connections and generate mechanical force on the spindle. Image 

from Sharif et al. (2016). B. KIF11 at the spindle. KIF11, a plus-end directed motor, uses its 

motor-head domains to make contacts with two antiparallel MTs. KIF11 crosslinks the 

antiparallel MTs and generates a sliding force. KIF11 acts in opposition to the fast, minus-end 

directed movements of dynein. This allows KIF11 to act as a brake on dynein’s movements, as 

well as generate tension to separate spindle poles during mitosis. Image from Kapitein et al. 

(2005). C. ASPM and katanin at the spindle pole. The p60 and p80 subunits of katanin (p80 in 

red and p60 in purple) interact with ASPM (in yellow) at the centrosome, localizing to the 

spindle pole. Together, ASPM and katanin sever MT lattices, and block minus end growth of 

spindle MTs, promoting net depolymerization of kinetochore MTs, which leads to poleward 

movement and separation of sister chromatids at the onset of anaphase. Image from Jiang et al. 

(2017). 
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dynein, a minus-end directed MT-motor protein to generate a shearing force on the nuclear 

envelope by moving towards centrosomes, pulling the nuclear envelope apart (Sharif et al., 

2016). After nuclear envelope breakdown, NAGK recruits the LIS1-NDE1-dynein complex to 

the kinetochore, where the complex can promote MT-kinetochore connections and generate 

mechanical force on the spindle (Sharif et al., 2016). During metaphase, NDE1 becomes highly 

enriched at the kinetochore and spindle (Bakircioglu et al., 2011) and the LIS1-NDE1-dynein 

complex regulates kinetochore and astral MT dynamics throughout mitosis (McKenney et al., 

2011; Moon et al., 2014). Notably, LIS1 mutations cause lissencephaly, while mutations in the 

DYNC1H1 (the heavy-chain component of cytoplasmic dynein) and CENPF can cause postnatal 

MiC.  

ii. NDE1 mutations causing Lissencephaly 4 with Microcephaly (LIS4) 

Alkuraya et al. (2011) identified a homozygous frameshift mutation (L245PfsX70) and a 

homozygous 2-bp deletion (P229WfsX85) in NDE1 causing LIS4. Bakircioglu et al. (2011) 

identified a homozygous splice site mutation (A29QfsX114) and characterized another instance 

of the 2-bp deletion (P229WfsX85) reported by Alkuraya et al. (2011) in NDE1All patients 

shared phenotypes of similar severity, characterized by extreme conMiC (-10SD to -13SD), 

simplified cortical gyral patterns, severe ID, short stature, seizures and low body weight. All 

mutations disrupted the dynein-binding domain of NDE1. 

Patient-derived lymphoblast cell extracts with P229WfsX85 lacked NDE1 signal on an 

immunoblot (Alkuraya et al., 2011). Immunoblotting was not performed for the other two 

mutations. However, A29QfsX114 aggregated and failed to localize to the centrosome in LCLs, 

indicating it stably accumulates in patient cells (Bakircioglu et al. 2011). 

Human 293T cells overexpressing cDNA encoding P229WfsX85 or L245PfsX70 lacked 
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dynein co-precipitation with NDE1 and had increased LIS1 co-precipitation with NDE1. This 

indicates LIS1 sequestration by the mutant NDE1 proteins, which is a negative interference 

effect. NDE1 failed to localize to the centrosome and formed a large, punctate aggregate, 

surrounded by NDE1 diffuse signal in the cytoplasm of L245PfsX70-transfected 293T cells. 

NDE1 knockdown in WT human lymphoblasts and mice caused abnormal spindles and M-phase 

arrest (Alkuraya et al., 2011). HeLaM cells transfected with NDE1 encoding P229WfsX85 or 

NDE1 encoding a stop codon at amino acid 229 (NDE-MSTOP) lacked NDE1 localization to the 

centrosome. P229WfsX85 formed aggregates in the cytoplasm while NDE1-MSTOP did not 

(Bakircioglu et al. 2011). 

 In summation, all mutant proteins have the capability to aggregate, suggesting a possible 

interference effect if they are stably expressed in patient cells. Based on the recessive pattern of 

inheritance and aggregation in patient LCLs, A29QfsX114 is likely to be a LOF mutation with 

interference. P229WfsX85 did not accumulate in patient cells; thus, P229WfsX85 is likely to be 

a simple LOF. Accumulation of L245PfsX70 in patient cells was not characterized, so it is 

uncertain if it would aggregate and sequester binding partners in patient cells, as it does when 

over-expressed in 293T cells, or if it is a simple LOF.  

 

f. KIF11 (MIM# 148760) 

i. Normal Function: Spindle-Associated Motor Protein 

KIF11 encodes kinesin-11, also known as kinesin-5. KIF11 is a plus-end directed MT 

motor, with motor-head, stalk and tail domains. KIF11 assembles into a bipolar homotetrameric 

structure, with stalks forming coiled-coil domains, and two of the four heads at each end of the 

coiled-coil stalks. KIF11 crosslinks antiparallel MTs, with motor heads attaching to each MT, 



 

 105

generating a sliding force upon the spindle that helps separate spindle poles (Fig. 18B) (Kapitein 

et al., 2005). KIF11 is required for establishing bipolar spindles, acting in opposition to minus-

end directed motors, such as dynein (within the LIS1-NDE1-dynein complex), to generate 

tension on the spindle. KIF11 also acts as a “brake” on the fast movements of dynein (Saunders 

et al., 2007; Ferenz et al., 2011). 

ii. KIF11 mutations causing Microcephaly with or without Chorioretinopathy, 

Lymphedema, or Mental Retardation  

Consistent with the many roles of KIF11, patient phenotypes are complex, and can 

include retinopathy, conMiC, ID, facial dysmorphisms, lymphedema and seizures. Ostergaard et 

al. (2012) identified novel heterozygous mutations in KIF11, distributed throughout the open 

reading frame. The authors predicted four mutations would affect the head domain, six would 

affect the stalk domain, and two would affect the tail. Robitaille et al. (2014) and Mirzaa et al. 

(2014) identified heterozygous nonsense, missense, frameshift and intronic mutations in KIF11, 

as well as a start-codon-abolishing mutation. Functional studies were not performed in any 

report, but all mutations are heterozygous, and many were de novo. These mutations could cause 

haploinsufficiency, as many encode a premature stop codon and the truncated products may be 

degraded. However, a dominant-negative impact cannot be ruled out, especially for missense 

mutations, which could potentially produce a stable protein. In the future, it will be important to 

assess the effects of these mutations upon mRNA, protein, and function.  

 

g. KATNB1 (MIM# 602703) 

i. Normal Function: Spindle Dynamics 

Katanin is a heterodimeric AAA-type (ATPase associated with diverse cellular activities) 
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ATPase comprised of an ATPase subunit, p60 (encoded by KATNA1) and a regulatory subunit, 

p80 (encoded by KATNB1). The p60 subunit is responsible for MT severing, and p80 subunit 

targets and regulates p60 localization to the centrosome, along with NDEL1, a paralog of NDE1 

with similar functions (Hartman et al., 1998; Ghosh et al., 2012). The p60 and p80 subunits of 

katanin directly interact with ASPM at the centrosome (Fig. 18C). The p60 and p80 subunits, 

along with ASPM, bind and sever spindle-MT lattices at spindle poles during anaphase, 

promoting de-polymerization, and poleward movement of chromosomes. ASPM and katanin also 

block minus-end polymerization of the spindle MTs, priming them for destabilization by kinesin-

13, a MT-motor protein that bends and disrupts tubulin heterodimers at the end of MTs  (Jiang et 

al., 2017). 

ii. KATNB1 mutations causing Lissencephaly 6 with Microcephaly (LIS6) 

Patients with LIS6 have severe conMiC, lissencephaly, seizures, and developmental 

delay, with variable penetrance of retinopathy. Mishra-Gorur et al. (2014) and Hu et al. (2014) 

noted similarities between phenotypes caused by KATNB1 and NDE1 mutations. Mishra-Gorur 

et al. (2014) identified homozygous missense (S535L, L540R, V45I) and frameshift 

(V150Cfs*22) mutations causing LIS6. Patient-derived fibroblasts with S535L had fainter 

KATNB1 signal than WT on an immunoblot, indicating reduced protein accumulation. 

KATNA1 and NDEL1 co-immunoprecipitation with KATNB1 was reduced, demonstrating the 

KATNB1 mutation disrupts protein interactions between the two katanin subunits, and their 

interactions with NDEL1. Fibroblasts with S535L patient had less KATNB1, KATNA1 and 

NDEL1 during M-phase, as well as supernumerary centrosomes and abnormal mitotic spindles. 

HeLa cells transfected with S535L had less tubulin and KATNB1 at spindles than WT. S535L 

reduces KATNB1 levels, suggesting a LOF. S535L also causes a reduction in NDEL1 and 
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KATNB1 that amplifies the effects of the mutation on spindles and centrosomes. The frameshift 

mutation caused reduced KATNB1 localization to the centrosome during mitosis, supernumerary 

centrosomes and disorganized spindles in fibroblasts. The frameshift mutation causes similar 

cellular and patient phenotypes to S535L, and it may also act by reducing of KATNB1 and 

binding partners, but protein accumulation is unknown.  

RNAi-mediated knockdown of Kat80 (Drosophila ortholog of KATNB1) in Drosophila 

NPCs caused abnormal numbers of centrosomes, mitotic spindle abnormalities, and delays in 

cell-cycle progression. Larvae with Kat80-RNAi had significantly reduced numbers of NPCs and 

brain volume. This indicates kat80 RNAi affects NPC number, likely by disrupting spindle 

organization and delaying cell cycle, promoting premature asymmetric division and premature 

progenitor pool-depletion. Kat80-RNAi in postmitotic larval sensory and motor neurons caused 

reduced dendritic arborization, indicating a role in neuronal differentiation. These data are 

consistent with a LOF mutation causing patient phenotypes.  

Hu et al. (2014) identified a homozygous start-codon-abolishing (M1_I56del), missense 

(G33W) and splice-site (L131_R144del) KATNB1 mutations in patients with LIS6. An 

immunoblot of M1_I56del iPSC extracts showed low levels of a truncated protein, and reduced 

p60 signal compared to WT. G33W LCLs had dramatically less KATNB1 and KATNA1 signal 

than WT on an immunoblot. G33W LCLs frequently had more than two centrosomes during S-

phase, which tended to cluster ectopically in the center of the cell, with DNA arranged around 

them. G33W is a LOF mutation, due to the dramatic reduction in protein.  

RT-PCR of extracts from L131_R144del-transfected HEKT cells produced products 

missing exon 6, and an immunoblot demonstrated protein accumulation was less than half of 

WT. In L131_R144del-transfected HEKT cells, KATNB1 localized to the nucleus instead of the 
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centrosome during mitosis. This is also a LOF mutation, due to substantial reduction in protein 

accumulation, but the impacts of ectopic localization of a truncated protein are important to 

consider. 

I56del iPSCs had a higher frequency of supernumerary centrosomes, abnormal spindles, 

and misaligned chromosomes than WT, suggesting the truncated protein, and/or loss of the 

normal protein, causes centrosome amplification, leading to abnormal spindles and misaligned 

chromosomes.  M1_I56del neurospheres had reduced growth and increased apoptosis, consistent 

with cell-cycle defects induced by abnormal centrosomes, spindles and chromosome 

misalignment. M1_I56del could be LOF, but interference from the small amount of truncated 

protein cannot be ruled out. KATNB1-deficent mice were lethal in utero, with extremely small 

brains and reduced numbers of NPCs, IPCs and neurons. This suggests human mutations allow 

partial retention of KATNB1 function.  

All LIS6-causing mutations allow low levels of mutant protein to accumulate and reduce 

KATNB1-binding partner stability. They are likely partial LOF mutations with the potential for 

interference, as there are small amounts of abnormal protein produced in each case.  

 

7. Cytokinesis: DIAPH1 (MIM#: 602121) 

a. Normal Function: Cytoskeletal Formation and Stabilization 

DIAPH1 encodes DIAPH1, a Rho-activated formin that nucleates filamentous actin 

structures in the cortex of a cell (Bovellen et al., 2014). Together, DIAPH1 and Arp2/3 are 

responsible for assembling most cortical actin structures (Fritzche et al., 2016). DIAPH1 speeds 

up polymerization at the barbed end of an actin filament, and can do in response to mechanical 

tension on the filament while Arp2/3 is responsible for preventing the filament from 
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disassembling at the pointed end (Fritzche et al., 2016; Jegou et al., 2016). DIAPH1 promotes 

cortical enrichment of filamentous actin at mitotic onset (Ramanathan et al., 2015); DIAPH1 

depletion causes cytokinesis failure. DIAPH1 is also involved in cell motility through actin-

nucleation and microtubule stabilization activities that allow focal-adhesion turnover and cell 

polarization, respectively (Narumiya, et al., 2009). 

b. DIAPH1 mutations causing Seizures, Cortical Blindness, Microcephaly syndrome 

Ercan-Sencicek et al. (2015) identified a homozygous nonsense mutation (Q778X) in 

DIAPH1. Patient LCLs produced less DIAPH1 than WT when qRT-PCR was performed. 

DIAPH1 was not detectable on an immunoblot of patient LCLs, strongly suggesting a LOF 

mutation. Further characterization of patient cells was not performed. Al-Maawali et al. (2016) 

identified homozygous truncating mutations in DIAPH1 (F923fsX and R1049X). No functional 

studies were performed, but the mutations were predicted to be LOF.  

 

8. DNA Repair 

a. ATR, ATRIP and MCPH1 (MIM# 605481, 601215, 607117) 

i. Normal Function: DNA-Damage Response Coordination 

ATR and ATRIP form a complex that is critical for the cellular response to DNA damage 

(Fig. 19). ATRIP recognizes and binds ssDNA coated with replication protein A complex (Zou 

& Elledge, 2003) and stabilizes ATR (Cortez et al., 2001). ATR is a PI3-like kinase that 

phosphorylates ATRIP, and many other substrates in the DNA-damage response pathway, 

including p53, Chk1, H2AX, Rad17, and Nbs1 (Ward & Chen, 2001; Matusoka et al., 2007). In 

particular, ATR-dependent phosphorylation of Chk1 is required for cell-cycle arrest at the G2/M 

checkpoint in response to DNA damage caused by UV or hydroxyurea (Liu et al., 2000). The 
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Figure 19. DNA-damage response. ATR and ATM are master coordinators of the DNA 

damage response. Single strand breaks induce the localization of phosphorylated RPA, and 

ATRIP-ATR localizes to phosphorylated RPA.. ATR is further activated by TOPBP1 binding. 

ATR regulates the cell cycle via CHK1-phosphorylation. CHK1 is activated by phosphorylation. 

Once CHK1 is activated, it activates p53 and inhibits CDC25, arresting the cell cycle. H2AX 

also localizes to single strand breaks, and is phosphorylated by ATR. Phosphorylated-H2AX 

leads to further recruitment of DNA repair proteins to the site of damage. XRCC4 and LIG4 

work to repair double-strand breaks in DNA through non-homologous end joining pathways in 

response to DNA PKc activation. Ku-70 and Ku-80 align the ends of the DSB, and protect them 

from degradation until they can be repaired. From Xiaofei & Kowalik (2014). 
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ATR-ATRIP complex is critical for cellular viability, particularly in cells that are proliferating 

and/or incurring DNA damage (Cortez et al., 2001). 

MCPH1 is an essential mediator of ATM and ATR pathways in response to DNA 

damage, promoting repair of DSBs by homologous recombination (Wood et al., 2008). ATR 

phosphorylates MCPH1, which recruits TopBP1 to ATR, which amplifies ATR signaling (Lin et 

al., 2010). MCPH1 promotes Chk1 transcription by binding the E2F transcription factor at the 

Chk1 promoter (Yang et al., 2008; Liu et al., 2016). MCPH1 also stabilizes Chk1 at the 

centrosome (Tibelius et al., 2009). When MCPH1 binds to damaged DNA, it causes chromatin 

decondensation, allowing DNA-repair molecules to access the damage. MCPH1 is required for 

regulation of mitotic entry from the G2/M checkpoint and for proper mitotic spindle orientation 

(Gruber et al., 2011). 

 

ii. ATR and ATRIP mutations causing Seckel syndrome 1 

O’Driscoll et al. (2003) was the first to report the molecular genetic cause of Seckel 

syndrome, homozygous mutations in ATR. This mutation caused aberrant mRNA splicing, 

yielding transcripts missing exon 9 and small amounts of full-length transcript, ultimately 

allowing very small amounts of full-length ATR to accumulate. This suggests a simple LOF 

effect. UV-exposed patient fibroblasts showed greatly reduced phosphorylation of p53 and other 

ATR substrates. When patient fibroblasts were transfected with WT ATR cDNA, p53 

phosphorylation was rescued (other substrates were not tested). The rescue results indicate the 

molecular defect was caused by lack of ATR, consistent with an LOF mutation. Ogi et al. (2012) 

characterized LCLs from the patient with the splice-site mutation reported by O’Driscoll et al. 

(2003), as well as from two patients with compound heterozygous ATR mutations 
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(M1159I/V2300GfsX75) causing Seckel syndrome 1. In all three cases, immunoblotting of LCL 

protein extracts revealed very low levels of not only ATR, but also of ATRIP. This suggests that 

ATR LOF mutations cause ATRIP LOF as a secondary consequence.  

Ogi et al. (2012) also assessed cells from a Seckel syndrome patient with compound 

heterozygous ATRIP mutations (R760X/aberrant splicing; the latter is not fully understood but 

was confirmed in parental cells), as well as from both parents. ATRIP transcripts from patient 

LBLs included full-length (~25% of WT), truncated (consistent with the nonsense allele), and 

aberrantly spliced missing exon 2. At the protein level, ATRIP was reduced to 10% of WT – as 

was ATR. Thus, ATR and ATRIP are each dependent on the other for stability. UV-exposed 

patient LCLs with either ATR or ATRIP mutations showed reduced phosphorylation of ATR 

target Chk1 and failure to reduce mitotic index, indicating failure of cell-cycle arrest at the G2/M 

checkpoint (Ogi et al., 2012). WT, but not mutant ATRIP cDNA encoding R760X, rescued the 

mitotic index phenotype in LCLs with the ATRIP mutations. All data are consistent with Seckel 

syndrome-causing ATR and ATRIP mutations being LOF, with interdependent amplification 

effects. Remarkably, WT ATRIP cDNA also rescued the cellular phenotype of the homozygous 

ATR splice-site mutation. In other words, ATR and ATRIP are mutually-dependent partners in a 

complex, and loss of just one component destabilizes the entire complex.  

 

iii. MCPH1 mutations causing Autosomal Recessive Primary Microcephaly 1 (MCPH1) 

Aldteron et al. (2006) functionally characterized LCLs from two patients with 

homozygous MCPH1 mutations (S25X and an insertion mutation, 427insA). MCPH1 protein 

levels were low in S25X LCLs and undetectable in 427insA LCLs. These mutant cells had 

supernumerary centrosomes, premature chromatin condensation, and nuclear fragmentation. 
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Patient LCLs also had low levels of phosphorylated CDK1 during S-phase and G2 phase, which 

could cause premature chromatin condensation. Patient cells had normal levels of CHK1, but 

were deficient in CHK1-dependent processes, such as G2/M arrest and cdc25a degradation. The 

authors suggested these are LOF mutations, and consistent with scarce/absent proteins, and 

cellular phenotypes that are less severe than cells transfected with MCPH1-siRNA.  

Tibelius et al. (2009) characterized a frameshift mutation (T143NfsX5) in MCPH1. 

T143NfsX5 LCLs and MCPH1 siRNA-transfected cells had reduced MCPH1, Chk1, pericentrin 

and gamma-tubulin and at centrosomes. The similarity between patient LCLs and the KD is 

consistent with a LOF, and both induce binding-partner localization defects. Patient LCLs had 

abnormal cyclin B-CDK1 activation, causing premature chromosome condensation and 

premature mitotic entry. This is the same phenotype caused by low/absent MCPH1 in Aldteron 

et al. (2006), providing further evidence for a LOF mutation.  

Gavvovinais et al. (2010) performed functional testing of homozygous MCPH1 

mutations (T27R, S25X, and T143NfsX5). Immunoblots of S25X and T143NfsX5 LCLs lacked 

detectable protein, consistent with a LOF mutation. Patient LCLs had premature chromatin 

condensation and slower DNA damage repair, consistent with previous data and LOF. 

 

b. NHEJ1, XRCC4, and PNKP (MIM#s 611290, 194363, 605610) 

i. Normal Function: Non-Homologous End Joining 

DSBs resulting from exposure to ionizing radiation or toxic chemicals can be repaired by 

non-homologous end joining (NHEJ). In NHEJ, the two ends of a break are directly ligated 

together, increasing the chance for error compared to using a homologous template. NHEJ is 

active throughout interphase, when the cell lacks a homologous template. NHEJ1 encodes a 
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nuclear protein that promotes ligation of DNA with DSBs (Buck et al., 2006; Ahnesorg et al., 

2006). NHEJ1 interacts with the XRCC4-LIG4 complex, which is a central component of NHEJ-

mediated DSB repair (Fig. 19). Depletion of any of the three impairs DSB repair (Ahnesorg et al. 

2006). NHEJ1 promotes XRCC4 binding to DNA, allowing XRCC4 to form heteromeric 

complexes that interact with DNA (Brouwer et al., 2016).   

PNKP encodes polynucleotide kinase 3′-phosphatase with 5’-kinase and 3’-phosphatase 

activities. PNKP restores the 5’phosphate and removes the 3’ phosphate on damaged DNA, 

which is a critical preparation for DNA repair (Jilani et al., 1999; Chappel et al., 2002). PNKP 

co-localizes with XRCC4, and the presence of PNKP is dependent upon XRCC4 (Chappel et al., 

2002). ATM-dependent phosphorylation of PNKP increases PNKP stability and resistance to 

proteasome-mediated degradation, and the elevated levels of PNKP confer additional resistance 

to DNA damage (Parsons et al., 2012). 

 

ii. NHEJ1 mutations causing Severe Combined Immunodeficiency with Microcephaly, 

Growth Retardation, & Sensitivity to Ionizing Radiation 

Ahnesorg et al. (2006) identified a homozygous frameshift mutation in NHEJ1, predicted 

to encode a truncated protein. The mutation caused short stature, sensitivity to ionizing radiation 

and severe combined immunodeficiency in the patient. However, the patient was not 

microcephalic, and only had mild developmental delay. RT-PCR of patient-cell extracts showed 

very low RNA transcript levels, consistent with nonsense-mediated decay. Moreover, NHEJ1 

protein was undetectable in patient cells by immunoblot or immunofluorescence, providing 

evidence for a LOF mutation. Ionizing radiation-exposed patient fibroblasts had slower DNA 

repair, greater retention of damaged DNA (as marked by phosphorylated H2AX), and reduced 
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survival compared to WT. Transfection with WT NHEJ1 rescued all defects. HEK293T cells 

transfected with NHEJ1 siRNA also had greater DNA-damage retention and reduced survival 

after ionizing-radiation exposure compared to un-transfected HEK293T cells.  

Buck et al. (2006) identified and characterized homozygous single-base-pair deletions in 

NHEJ1, as well as a homozygous nonsense mutation (R178X), and compound heterozygous 

missense mutations (A57G/C123R). Patients had immunodeficiency and sensitivity to ionizing 

radiation, as well conMiC, short stature, intellectual disability, limb and facial dysmorphisms, in 

contrast to the patient with the mutation characterized by Ahnesorg et al. (2006). Patient 

fibroblasts assessed had defective DNA ligation, VD(J) recombination, and NHEJ. As a result, 

they all had reduced survival and more persistent phosphorylated H2AX post-ionizing radiation 

exposure than WT. Transfection with WT NHEJ1 improved VD(J) recombination, while 

increasing cell survival after ionizing radiation, indicating loss of NHEJ1 caused the phenotypes. 

In summary, all experimental data are consistent with simple LOF mutations causing conMiC, 

severe combined immunodeficiency, short stature, sensitivity to ionizing radiation and 

characteristic facial and limb malformations.  

 

iii. XRCC4 mutations causing Short Stature, Microcephaly, and Endocrine Dysfunction 

Homozygous and compound heterozygous missense, nonsense, frameshift and splicing 

mutations have been identified in XRCC4 (Guo et al., 2015; Rosin et al., 2015, Bee et al., 2015, 

Murray et al. 2015; De Bruin et al. 2015) in multiple patients with SSMED from different 

families. All XRCC4 mutations assessed cause low or undetectable levels of mRNA and protein 

in patient cells (Guo et al, 2015; Rosin et al., 2015; Murray et al. 2015; Bee et al., 2015; De 

Bruin et al. 2015), consistent with LOF. Moreover, in the presence of low XRCC4 levels, the 
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amount of binding partners LIG4 and/or NHEJ1 is also reduced (Guo et al., 2015; Murray et al., 

2015). All ionizing radiation-exposed patient fibroblasts assessed had slow, impaired DSB repair 

and reduced survival (Guo et al., 2015; Rosin et al. 2015; Murray et al. 2015; Bee et al., 2015; 

De Bruin et al. 2015). De Bruin et al. (2015) found patient cells used microhomology-mediated 

end joining, an error-prone mode of DSB repair that can cause small deletions, and is mediated 

by PARP1 (McVay & Lee, 2008), rather than NHEJ to repair DSBs. Murray et al. (2015) found 

nonsense and missense mutations impaired VD(J) recombination. All cellular phenotypes were 

similar to those seen after XRCC4 knockdown in fibroblasts (Shaheen et al., 2014). The data are 

consistent with a LOF mutation in all cases. The XRCC4 LOF also affects NHEJ1 and LIG4 

levels, which likely causes phenotype amplification. Consistent with this, phenotypes of patients 

with NHEJ1 and XRCC4 mutations are fairly similar, in that they both include conMiC, short 

stature and facial dysmorphisms as phenotypes; however, patients with XRCC4 mutations do not 

have immunodeficiency, while patients with NHEJ1 do not have endocrine dysfunction.  

 

iv. PNKP mutations causing Microcephaly, Seizures, and Developmental Delay 

Shen et al. (2010) and Poulton et al. (2013) reported homozygous or compound 

heterozygous PNKP mutations in patients with microcephaly, seizures, and developmental delay 

from multiple families. Most patients have conMiC, severe ID, and intractable seizures, and 

some have simplified gyral patterns and/or progressive cerebellar atrophy. These mutations 

dramatically reduce protein (Shen et al. 2010) and mRNA (Poulton et al. 2013) in patient cells, 

consistent with LOF. Patient lymphoblasts exposed to DSB-inducing agents (hydrogen peroxide 

or camptothecin) had slower DNA-damage repair than WT (Shen et al. 2010). Patient fibroblasts 

were more susceptible to apoptosis than WT in response to DTT administration (50-60% of 
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patients fibroblasts underwent apoptosis, in contrast to ~10% of control fibroblasts). The data 

indicated the loss of PNKP impairs DSB-repair, which is likely to make cells more susceptible to 

apoptosis (Poulton et al., 2013). In further support of this, cultured murine cerebral cortex cells 

(E13.5) transfected with PNKP-RNAi had more apoptosis of NPCs and neurons than cells 

transfected with empty vector. Transfection with human WT PNKP rescued the phenotype, 

restoring apoptosis to normal levels (Shen et al., 2010). This indicates PNKP depletion, as seen 

in patient cells, causes apoptosis of both post-mitotic neurons and NPCs. This is consistent with 

conMiC phenotypes, as well as cerebellar atrophy phenotypes seen in human patients. It is likely 

these mutations are LOF, as they cause dramatic reductions in protein, and impair DNA repair, 

like human cell lines transfected with PNKP-siRNA (Rasouli-Nia et al., 2004). 

 

c. RBBP8 (MIM#: 604124) 

i. Normal Functions: DSB Repair 

RBBP8 (retinoblastoma-binding protein 8) is a DNA-repair protein originally identified 

as a binding partner of RB, RBBP8 repairs DSBs in S and G2 phases, but also plays a role in 

microhomology-mediated end joining during G1 phase (Yun & Hiom, 2009). RBBP8 protein 

expression is typically the highest in S and G2 phases, and lower in G1 phase (Yu & Baer, 

2000). When a DSB occurs, RBBP8 is hyperphosphorylated by ATM, then released from its 

interaction with BRCA1 (Li et al., 2000). Acting as a DSB sensor, the MRN complex (MRE11, 

RAD50, and NBS1) recruits RBBP8; together, they initiate end-resection on the DSB. Then, 

RBBP8 recruits RPA1, which recruits ATR and mediates activation of ATR DNA-damage 

response signaling (Sartori et al., 2007).  
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ii. RBBP8 mutations causing Jawad syndrome  

A homozygous RBBP8 mutation was identified in affected members of a consanguineous 

family with Jawad syndrome. Patients with Jawad syndrome have conMiC, ID, facial and limb 

malformations, but do not have seizures, short stature or retinopathy. The mutation was a 2-bp 

deletion in the open reading frame, predicted to cause a frameshift leading to a truncated protein, 

missing the domain for DSB end resection and MRN binding. However, protein and mRNA 

levels were not assessed and, therefore,  the functional consequences of this mutation are 

unknown. It would be important to determine if a truncated protein accumulates (potentially 

causing a negative interference effect) or if the mutant gene products are degraded by nonsense-

mediated decay of transcripts or protein instability.  

 

d. ERCC6 (MIM# 609413) 

i. Normal Function: Transcription-Coupled Nucleotide Excision Repair 

ERCC6 (excision repair deficiency, cross-complementing group 6, encoded by ERCC6, 

also known as CSB) is a protein in the transcription-coupled nucleotide-excision repair pathway 

that responds to stalled RNA polymerase II and recruits the nucleotide excision repair 

machinery. Transcription-coupled repair preferentially repairs DNA damage on actively 

transcribed stands, in particular, UV-induced damage, such as thymidine dimers. When RNA 

polymerase II stalls at a thymidine dimer, ERCC6 binds a subunit of the polymerase and, along 

with ERCC8, triggers the binding TFIIH, which unwinds the helix, and XPF/ERCC1, which 

excise the damaged area. Then, DNA polymerase replaces the damaged base pairs. After repair 

of UV-induced DNA damage is completed, ERRC6 is required for restarting transcription 

(Velez-Cruz & Egly, 2012). ERCC6 and ERCC8 are also critical for mitochondrial DNA repair. 
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ERCC6 localizes to the mitochondria, repairing DNA lesions caused by reactive oxygen species. 

(D’Errico et al., 2013).  

ii. ERCC6 mutations causing Cerebrooculofacioskeletal syndrome 1 (COFS1) 

Meira et al. (2000) reported a homozygous ERCC6 mutation causing COFS1 in two 

patients from distantly related families. Patients with COFS1 have conMiC, severe ID, 

retinopathy, seizures, short stature, as well as facial and skeletal malformations., The mutation 

was predicted to result in a truncated protein missing 254 C-terminal-amino acids. UV-exposed 

patient fibroblasts had defective transcription-coupled nucleotide-excision repair and reduced 

survival compared to WT. These defects were rescued by transfection with WT ERRC6. The 

mutations are likely to be LOF, but the mutation could have a negative interference effect if the 

truncated protein accumulates.  

Laugel et al. (2008) identified additional COFS1-causing ERCC6 mutations: compound 

heterozygous (R857X/R1087X and L987P with a splice-site mutation predicted to result in an 

11-amino acid internal deletion) and homozygous (R683X). An immunoblot of proteins from 

patient fibroblasts with nonsense mutations lacked ERCC6 signal, while those with the missense 

and splice-site mutation produced ~50% of WT ERCC6 signal. Fibroblasts from all patients had 

defective DNA repair and reduced survival compared to WT after UV exposure. Transfection 

with WT ERRC6 rescued the defective DNA-repair phenotype in patients. The low protein levels 

and rescue by WT ERCC6 transfections indicates a LOF mechanism of these mutations.  

Jaakkola et al. (2010) identified another homozygous ERCC6 missense mutation 

(R1288X) causing COFS1. Patient protein levels were described as 20% of WT, but not shown. 

Hence, it is unclear if the accumulated protein is truncated or, rather, full-length read-through 

product. Fibroblasts from patients had defects in transcription-coupled nucleotide-excision repair 
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and were hypersensitive to UV exposure. Transfection with WT ERCC6 rescued these 

phenotypes. Again, these results suggest a simple LOF effect.  

 

e. TRAIP (MIM# 605958) 

i. Normal Function: DNA-Damage Response During S-Phase 

TRAIP encodes TRAF-interacting protein, which is a RING-domain E3-ubiquitin ligase 

that, until recently, was primarily known as a negative regulator of innate immune signaling (Lee 

et al., 1997; Besse et al., 2007). Harley et al. (2016) found evidence that TRAIP is involved in 

DNA repair, as UV exposure causes TRAIP to shift from its baseline diffuse distribution 

throughout the nucleus to selective localization on chromatin. In particular, TRAIP co-localizes 

with phosphorylated histone H2AX, a marker of double-stranded breaks (DSBs) and stalled 

replication forks (Ward & Chen, 2001; Kuo et al. 2008). TRAIP also co-localizes with 

phosphorylated RPA2, which binds to ssDNA and is an indicator of single-stranded DNA 

damage (Vassin et al., 2004).  

ii. TRAIP mutations causing Seckel syndrome 9 

Harley et al. (2016) identified a homozygous nonsense mutation (R185X) in exon 7 of 

TRAIP causing Seckel syndrome 9. Screening of multiple Seckel syndrome families revealed a 

distantly related case caused by the same homozygous R185X mutation, as well as an unrelated 

homozygous missense mutation (R18C). Patient-derived primary fibroblasts and lymphoblastoid 

cell lines from patients with R185X had small amounts of full-length TRAIP mRNA (that 

escaped nonsense-mediated decay) and shorter transcripts (missing exon 7 or exons 7, 8, and 9) 

generated by exon skipping that restored the open reading frame. The latter are predicted to 

generate proteins with internal deletions. Protein extracts from patient fibroblasts with R185X 
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were tested for TRAIP on an immunoblot, and showed a faint band at ~47 kDa, but no full-

length (53-kDa) band, indicating an absence of full-length TRAIP, with the presence of a small 

amount of mutant TRAIP protein.  

Patient fibroblasts had slower baseline doubling rates, as well as increased replication-

fork stalling and asymmetry in response to UV exposure, compared to WT; both phenotypes 

were rescued by PF+TRAIP. Experiments performed with patient fibroblasts, WT fibroblasts, 

HeLa cells and manipulation of TRAIP levels by retroviral transduction with WT TRAIP or 

TRAIP siRNA, were used to assess the effect of TRAIP mutations on phosphorylated DNA-repair 

protein levels after exposure to UV. The main results were that loss of TRAIP function (by either 

knockdown or mutation) caused reduced H2AX and RPA2 phosphorylation. WT TRAIP restored 

H2AX and RPA2 phosphorylation in patient fibroblasts. The data are consistent with LOF 

mechanisms causing Seckel syndrome 9. 

 

9. Transcriptional Regulation 

a. PHC1 (MIM# 602978) 

i. Normal Function: Transcriptional Repression 

PHC1 encodes a component of Polycomb repressor complex 1, a multimeric protein 

complex responsible for transcriptional repression via histone modification. PHC1 is an E3-

ubiquitin ligase, with known substrates including geminin, a mitotic inhibitor of DNA-

replication (Ohtsubo et al., 2008) and H2AX (Awad et al., 2013). H2AX must be mono-

ubiquitinated before it can be phosphorylated and trigger the DNA damage response (Wu et al., 

2011). 

ii. PHC1 mutations causing Autosomal Recessive Primary Microcephaly 11 (MCPH11) 
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Awad et al. (2013) identified a homozygous missense mutation (L992F) in PHC1 causing 

MCPH11. PHC1 transcripts, assessed by qRT-PCR on patient LCL extracts, were WT in size 

and abundance, but protein was reduced by ~72% compared to WT by immunoblotting. To 

measure the half-life of L992F PHC1, cyclohexamide was applied to patient cells, and the 

amount of PHC1 present in cells was assessed for several hours after. They found the half-life of 

L992F PHC1 reduced by 50%. Proteasome inhibition restored mutant protein levels to WT, 

indicating that rapid degradation is responsible for the protein instability. Patient LCLs had less 

ubiquitinated H2AX and more geminin than WT, suggesting L992F PHC1 also fails to 

ubiquitinate geminin. Cells with PHC1-siRNA also had increased amounts of geminin and 

reduced levels of ubiquitinated H2AX, consistent with a L229F causing LOF.  

Patient cells had lower mitotic index and high levels of G2-arrest at baseline. DNA 

damage in patient LCLs was higher at baseline, as well as after exposure to UV irradiation or 

hydrogen peroxide. Overexpression of WT PHC1 in patient cells rescued the DNA-repair and 

cell-cycle defects. This indicates PHC1 mutations are LOF mutations impairing PHC1 

ubiquitination of substrates, such as geminin and H2AX, causing defects in cell cycle 

progression and DNA repair.  

 

b. ZNF335 (MIM# 610287) 

i. Normal Function: Transcriptional Regulation during Development 

Until the publication of Yang et al. (2014), ZNF335 (Zinc finger protein 335) was 

primarily known as mediator of ligand-dependent nuclear hormone receptor enhancement of 

transcription (Mahajan et al., 2001). Yang et al. (2014) discovered ZNF335 directly interacts 

with the trithorax-H3K4 methyltransferase complex, which associates with promoters of active 
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genes, opening chromatin. The interaction between ZNF335 and trithorax-H3K4 

methyltransferease complex promotes methylation of histones, and in the absence of ZNF335, 

there was less H3K4 methylation and less transcription of target genes. Through its interaction 

with trithorax-H3K4 methyltransferease complex, ZNF335 regulates the expression of many 

developmental genes. In particular, ZNF335 up-regulates REST (RE1-silencing transcription 

factor) transcription during neurogenesis. In NPCs, REST recruits histone deacetylases to 

condense chromatin around neuron-specific genes, inhibiting their transcription and maintaining 

the progenitor state of NPCs (Sun et al., 2005). Thus, ZNF335 function in early brain 

development promotes cell proliferation. ZNF335 is also an important transcriptional regulator in 

post-mitotic neurons (Yang et al., 2014). 

ii. ZNF335 mutations causing Autosomal Recessive Primary Microcephaly 10 (MCPH10) 

Yang et al. (2014) identified patients in a large consanguineous family with MCPH10 and 

a homozygous mutation in ZNF335 that was located at the last position of the splice-donor site. 

RNA-Seq of patient lymphocyte samples revealed the splice-site mutation encoded full-length 

transcripts with an amino-acid substitution (R1111H) and longer transcripts with retention of 

introns 19 and 20. Patient lymphocytes had 84% less full-length protein than WT, but none of 

abnormal size, indicating the intron-retention transcripts and/or proteins were degraded. Patient 

lymphoblasts had reduced ZNF335 binding to Ki67 (a chromatin-complex component that is a 

mark of proliferation) and reduced H3K4 tri-methylation compared to WT. They also had 

decreased expression of ZNF335-target genes, such as REST. Patient lymphoblasts had reduced 

proliferation compared to WT, a likely consequence of reduced REST expression. 

ZNF335 is expressed in embryonic mouse cortex NPCs. ZNF335-shRNA to induce 

knockdown caused premature cell-cycle exit and NPC differentiation, as expected based on the 
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model of impaired REST inhibition of neuronal gene expression. ZNF335-shRNA also resulted 

in post-mitotic neurons with small cell bodies and disordered dendritic arbors with unusual 

orientations of processes. These phenotypes were fully rescued by WT ZNF335, but only 

partially rescued by over-expression of the human ZNF335 mutation. Mice homozygous for 

ZNF335 null mutations were embryonic lethal at day 7.5 (Yang et al., 2012). Taken together, the 

cellular, molecular, and organismal data indicate that MCPH10-causing human mutations are 

partial LOF. It also suggests that stronger LOF mutations could give rise to a more severe 

phenotype, including a syndromic form. 

 

c. ARX (MIM#: 300382) 

i. Normal Function: Transcriptional Repression and Activation 

ARX is a transcription factor that regulates proliferation in the ventricular zone and 

regulates neuronal migration throughout the developing forebrain, which will give rise to the 

cortex, thalamus, hypothalamus, and basal ganglia (Marsh & Golden, 2012). Based on studies in 

mouse models, ARX activates transcription of Lhx7 and Gbx1, while repressing transcription of 

Ebf3, Lmo1/3/4, and Shox2. Each of these genes plays a role in the regulation in neurogenesis 

and gliogenesis, as well as, differentiation and migration during prenatal development (Olivetti 

and Noebels, 2012).  

ii. ARX mutations causing X-linked Lissencephaly 2  

Many mutations in ARX have been reported, causing a spectrum of disorders with 

epilepsy and ID as unifying features, and varying penetrance and severity of brain malformations 

(Kitamura et al., 2002; Kato et al., 2004). X-linked Lissencephaly 2 is on the severe end of the 

spectrum, with affected males frequently also having conMiC. Kitamura et al. (2002) identified 
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missense, frameshift, and nonsense mutations in ARX in males with X-linked Lissencephaly 2. 

Functional studies of the human mutations were not performed, but an ARX LOF mutation was 

generated in a mouse line. The ARX-mutant brains were small, with reduced NPC proliferation 

but without increased apoptosis. Abnormal fiber tracts as well as defects in GABAergic 

interneuron migration were observed in striatum, thalamus, and cortex. If humans with ARX 

mutations also have defective migration of GABAergic interneurons, which could cause 

abnormal patterns of excitation and inhibition in the brain, it could explain the highly-penetrant 

seizure phenotype.  

Kato et al. (2004) identified novel ARX mutations occurring within the first four of five 

exons of ARX. All transcripts were predicted to undergo nonsense-mediated decay, or produce a 

severely truncated protein if they escaped nonsense-mediated decay. Based on literature review 

of the previous and new patients, some genotype-phenotype relationships emerged. Nonsense 

mutations, frameshifts, splice-site mutations and internal exon deletions caused the most severe 

phenotypes, while missense mutations caused less severe phenotypes (Kato et al., 2004). The 

difference in phenotypes could be due to negative effects of truncated proteins and/or greater 

LOF caused by the nonsense, frameshift, splice-site and internal exon deletions, while missense 

mutations that allow production of a full-length protein are may be less detrimental. 

 

10. Amino Acid Biosynthesis 

a. ASNS (MIM# 108370) 

i. Normal Function: Asparagine Synthesis 

ASNS encodes asparagine synthetase, which is a critical enzyme for conversation of L-

aspartate and L-glutamine into L-asparagine and L-glutamate. ATP and magnesium are required 
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for this process. ASNS is upregulated in response to a number of signals, such as low amino acid 

availability (especially glutamine, asparagine, leucine or isoleucine) or high levels of unfolded or 

misfolded proteins. By binding to uncharged tRNAs, GCN2 acts as the sensor of low amino acid 

levels, increasing its kinase activity to phosphorylates eIF2 (name). That decreases global protein 

translation, but increases translation of ATF4, a transcription factor that activates ASNS. 

Similarly, high levels of unfolded and/or misfolded proteins in the ER result in PERK 

phosphorylating ELF2, leading to an increase in ASNS levels (Balasubramanian et al., 2013). 

ii. ASNS mutations causing Asparagine Synthetase Deficiency 

Ruzzo et al. (2013) identified missense mutations in ASNS, both homozygous (F362V, 

R550C) and compound heterozygous (R550C/A6E), causing conMiC, severely delayed 

psychomotor development, as well as intractable seizures. RT-PCR was performed on extracts 

from HEK293 cells transfected with each mutant cDNA. In all cases, transcript size and amount 

were similar to WT. A6E cells lacked detectable ASNS, F362V cells had reduced amounts, and 

R550C had more ASNS than WT by immunoblotting. This suggests R550C may be more stable 

and/or have a negative interference effect, while the other two mutations are likely to be simply 

LOF. The three siblings from a consanguineous family that were homozygous for R550C had a 

unique phenotype -- hyperekplexia (a strong startle response to stimuli) but not seizures, in direct 

contrast to all other patients. Patients with R550C/A6E and homozygous R550C had reduced 

asparagine levels in plasma, while glutamine and aspartic acid (precursors in the ASNS pathway) 

in plasma were increased in patients homozygous for F362V.  

 

b. ALDH18A1 (MIM#: 138250) 

i. Normal Functions: Biosynthesis of proline, ornithine and arginine 
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ALDH18A1 is encoded in the nuclear genome but localizes to mitochondria, where it is 

responsible for catalyzing the reduction of glutamate to pyrroline-5-carboxylate (P5C), the rate-

limiting step in synthesis of proline, arginine, or ornithine. ALDH18A1 occurs as short and long 

isoforms due to alternative splicing (Pérez-Arellano et al., 2010). The short isoform is found 

solely in the gut, promotes P5C conversion into arginine, and is regulated by ornithine by 

feedback inhibition. The short isoform is particularly important for postnatal development, as it 

participates in ammonia detoxification in the gut. If not detoxified, ammonia can circulate 

throughout the bloodstream, and cross the blood-brain barrier, causing neurotoxicity. The long 

isoform is constitutively and ubiquitously expressed, mediates proline biosynthesis, and is not 

feedback-inhibited by ornithine levels (Hu et al., 1999). However, both isoforms contribute to 

ornithine synthesis. The long isoform that promotes proline biosynthesis is particularly important 

for brain development, as proline is an essential amino acid in many neuroprotective proteins 

(Pérez-Arellano et al., 2010). 

ii. ALDH18A1 mutations causing Cutis laxa, autosomal recessive, type IIIA 

Skidmore et al. (2011) identified a homozygous splice-site mutation in ALDH18A, in a 

patient with conMiC, severe psychomotor delay, thin, wrinkled and loose skin, as well as feeding 

difficulties and corneal clouding.  RT-PCR on patient fibroblasts produced a transcript encoding 

V601Gfs*24. Patient fibroblasts did not have detectable long or short isoform ALDH18A1 

signal by immunostaining or immunoblotting, consistent with a LOF.  These fibroblasts also had 

decreased elastin, reduced levels of collagen I and III, which is consistent with the role of 

ALDH18A1 in proline synthesis, as elastin and collagen are rich in proline. Pro-collagen levels 

were normal, but patient fibroblasts had a higher amount of procollagen vesicles contained in the 

skin biopsy as compared to controls, suggesting that there may be a defect in trafficking or 
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emptying pro-collagen vesicles. Cell proliferation was also reduced, consistent with the conMiC 

phenotype.   

Martinelli et al. (2011) identified a patient with compound heterozygous missense 

mutations (G93R/T299I) in ALDH18A1. Both alleles produced transcripts of normal size and 

abundance for both isoforms. However, ALDH18A1 immunofluorescence was reduced in patient 

fibroblasts compared to WT. Furthermore, E. coli engineered with each of the corresponding 

bacterial mutations showed abnormal enzyme kinetics. S205I (for T299I) had 99% decrease in 

Vmax, while A26R (for G93R) had a 55% decrease in Vmax, a 50% increase in Km for glutamate, 

and was also less stable than WT. The authors predicted that the combination of the two mutant 

proteins in compound heterozygotes would result in a ~85% loss of ALDH18A1 enzyme 

activity. The authors argued G93R may be a mutation with negative interference effects upon 

oligomerization, and could be the causative mutation in the compound heterozygous state. 

However, G93R was not tested in the presence of a WT allele, and the mutation occurred de 

novo, so there are no parentally derived G93R/+ cells. 

Fischer et al. (2014) identified a microdeletion of exon 15 and a 1-bp deletion in exon 17 

that caused two homozygous frameshift mutations in ALDH18A1, V601Gfs*24 and L711Cfs*3, 

respectively. Notably, a base substitution at the exon 14/intron 14 boundary that also encoded 

V601Gfs*24 was identified by Skidmore et al. (2011). V601Gfs*24 was studied in patient-

derived fibroblasts. Fibroblasts with V601Gfs*24 produced transcripts at <10% of WT levels 

and no signal was detectable on an immunoblot, consistent with a simple LOF mechanism. These 

mutant fibroblasts also had swollen mitochondria, as well as abnormally small, sparse and 

fragmented elastin fibers.  

Nozaki et al. (2016) identified a patient with a de novo heterozygous missense (R138Q) 
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ALDH18A1 mutation. The patient phenotype was similar to previously reported cases, with the 

addition of cyclic vomiting, which had not been reported in other patients. No functional studies 

were performed, but the patient had low levels of twelve amino acids in blood. The mutation was 

believed to be dominant-negative, due to the potential to accumulate full-length protein, and the 

dominant nature of the phenotype.  

 

c. PHGDH (MIM #: 606879) 

i. Normal Function: Serine Biosynthesis 

The phosphoglycerate dehydrogenase (PHGDH) enzyme catalyzes the first and rate-

limiting step of de novo serine biosynthesis, specifically, the conversion of 3-phosphoglycerate 

to 3-phosphohydroxypyruvate, which is then transaminated and dephosphorylated to generate L-

serine (Furuya et al., 2000). L-serine is used in protein synthesis, but can also be converted to 

glycine or cysteine, as well as phospholipids and choline (Mullen & DeBardinis et al., 2012).Co-

factors such as NAD+ and NADH bind to PHGDH. De novo serine biosynthesis is critical for the 

developing brain, as L-serine promotes growth and survival of neurons by serving as a building 

block of proteins, as well as a precursor to phospholipids, choline, cysteine and glycine (Furuya 

et al., 2008; Mullen & DeBardinis et al., 2012). PHGDH mRNA and protein is highly enriched 

in NPCs during development, but expression is virtually absent in post-mitotic neurons, which 

are supplied with L-serine secreted by glial cells (Furuya et al., 2008). 

ii. PHGDH mutations causing PHGDH Deficiency and Neu-Laxova syndrome 

Klomp et al. (2000) identified two homozygous mutations in PHGDH (V490M and 

V425M) causing PHGDH deficiency. Patients with this disorder present with conMiC, seizures, 

ID and growth retardation, but typically do not have severe malformations and tend to survive 
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into mid-childhood or adolescence. Both produced normal amounts of stable protein. Enzyme 

kinetic assays showed that V490M reduced enzyme activity (Vmax) by ~41%, while V425M 

decrease enzyme activity (Vmax) by ~58%. All other kinetic parameters were normal, and the 

authors concluded the defect was due to reduced enzyme activity, consistent with LOF. de 

Koning et al. (1998, 2002) treated 5 patients from both families with regular oral L-serine 

supplementation. At follow-up patients had less frequent, or no seizures after continual L-serine 

treatment, with a general improvement in wellbeing (de Koning et al. 2002). However, 

psychomotor development and head size only improved in the patient whose treatment started at 

eight months of age (de Koning et al., 2002), indicating the critical importance of early 

recognition and treatment.  

In one of the families studied previously, de Koning et al. (2004) identified a PHGDH 

mutation (V90M) in a fetus with progressive microcephaly by sampling chorionic villi. Head 

circumference was in the 75th percentile at 20 weeks’ gestation, which dropped to the 29th 

percentile at 26 weeks. The mother was given L-serine supplementation starting at 26 weeks and 

continuing throughout the rest of the pregnancy, with the remarkable result that head size was at 

the 30th percentile at birth. The child was supplemented with L-serine from birth, and exhibited 

normal head-size trajectory and psychomotor development. Brain malformations and seizures 

were absent. This is a remarkable example of how a conMiC disorder can be prevented if the 

mutation and disorder are identified prenatally, and if an appropriate treatment strategy is 

available and administered orally to the mother during pregnancy, as well as postnatally.  

Tabatabaie et al. (2009) identified compound heterozygous (R135W/frameshift) and 

homozygous (V261X and G377S) mutations in PHGDH causing PHGDH deficiency. Patient 

fibroblasts with R135W/frameshift had a decrease in Vmax. When HEK293 cells were transfected 
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with the frameshift mutation, there was no detectable signal. Overexpression of R135W caused a 

decrease in Vmax with no effect on Km. The R135W mutation was predicted to impair substrate 

and co-factor binding. V261X had a reduction in Vmax, and overexpression of V261X in HEK293 

cells caused a four-fold increase in Km. G377S decreased Vmax, without affecting Km. The 

authors concluded the disease-causing mutations impair enzyme activity and/or substrate 

binding, leading to LOF.  

Shaheen et al. (2014) and Acuna-Hidalgo et al. (2014) identified homozygous missense 

mutations (G140R, R163Q, E265K, A268P) in PHGDH causing Neu-Laxova syndrome. Patients 

with this disorder have an extremely severe phenotype, with extensive malformations in many 

organ systems, as well as prenatal or neonatal fatality. Functional studies were not performed in 

any case, but all mutations were expected to interfere with PHGDH dimerization or substrate-

binding domain, due to the locations and substitutions caused by the mutations. It is likely that 

the difference between PHGDH deficiency and Neu-Laxova syndrome phenotypes are caused by 

LOF mutations of varying strengths, with the PHGDH deficiency being caused by partial LOF, 

and Neu-Laxova being caused by complete LOF. However, due to lack of functional studies on 

the Neu-Laxova mutations, a negative-interference effect or alternate explanation for the more 

severe phenotype cannot be ruled out. 

 

11. Protein Synthesis 

a. EFTUD2 (MIM#: 603892) 

i. Normal Function: Pre-mRNA Splicing 

The spliceosome is responsible for removing intronic sequences from pre-mRNA, and 

ligating the exons together to form the mature transcript. EFTUD2 is a spliceosomal GTPase, 
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required for pre-mRNA splicing. EFTUD2 is part of the spliceosomal complex, which is 

comprised of five small nuclear ribonucleoprotein particles and many accessory proteins. 

EFTUD2 is a component of U5 small nuclear ribonucleoprotein particle (Turner et al., 2004). 

In a zebra-fish model, a homozygous EFTUD2 LOF mutation caused splicing defects, 

resulting in intron retention and exon skipping in transcripts of many different genes. The 

nonsense-mediated decay system failed to degrade all aberrant transcripts, perhaps due to 

reaching a saturation point. Transcripts accumulated in the nucleus and cytoplasm. Transcripts 

with high intron retention frequently encoded proteins involved in the cell cycle, p53 pathway or 

spliceosomal components. Genes promoting apoptosis, as well as genes promoting DNA repair 

in the p53-pathway genes had severe intron retention and were transcriptionally upregulated 

Zebrafish with the EFTUD2 mutations had increased amounts of NPC apoptosis, presumably 

due to dysregulation, loss or profound alteration of critical proteins in the cell cycle and p53 

pathway This data indicates a simple loss of EFTUD2 has dramatic impacts on many other 

proteins, and can cause altered transcript levels, and aberrant transcripts that lead to nonsense-

mediated decay or production of altered protein products (Lei et al., 2017). 

ii. EFTUD2 mutations causing Mandibulofacial dysostosis, Guion-Almeida type 

Two groups identified a diverse set of de novo heterozygous mutations in EFTUD2, all 

causing mandibulofacial dysostosis, Guion-Aldeida type: missense, nonsense, frameshift, splice-

site, and a deletion encompassing the last 9 exons (Gordon et al., 2012; Lines et al., 2012). This 

severe, multisystem disorder includes conMiC, severe psychomotor retardation, seizures, short 

stature, facial dysmorphisms, and congenital cardiac defects. Mutations were not functionally 

characterized, but were proposed to be a LOF with haploinsufficiency, as patients with 
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heterozygous EFTUD2 deletions had similar phenotypes to patients with heterozygous EFTUD2 

mutations.  

In the homozygous zebra fish mutants, Lei et al. (2017) demonstrated an EFTUD2 LOF 

mutation is sufficient to cause large-scale transcriptional aberrations, dysregulation of multiple 

transcripts, a small head, small brain and high levels of apoptosis in the CNS. The small head 

and brain found in the zebrafish model is consistent with the phenotypes observed in human 

patients. 

 

b. TSEN15 (MIM# 608756) 

i. Normal Function: tRNA Splicing 

The tRNA-splicing endonuclease (TSEN) complex is required to recognize and excise 

introns in pre-tRNAs in preparation for splicing. Like the yeast TSEN complex, a heterotetramer 

consisting of Sen2, Sen5, Sen15 and Sen34 (Rauhut et al. 1990; Trotta et al. 1997), mammalian 

TSEN is also a heterotetramer. TSEN2 and TSEN34 are the catalytic subunits, while TSEN15 

and TSEN5 are structural subunits (Trotta et al., 2006). CLP1 is an RNA kinase that interacts 

with the TSEN complex, helping to remove introns from pre-tRNAs (Weitzer & Martinez, 2007; 

Hanada et al., 2013).  Notably, mutations in TSEN2, TSEN34, TSEN54 and CLP1 have all been 

reported to cause pontocerebellar hypoplasia (Budde et al., 2008; Karaca et al. 2014; Schaffer et 

al., 2014). However, only type 2F, caused by TSEN15 mutations, includes conMiC as a 

phenotype. 

ii. TSEN15 mutations causing Pontocerebellar Hypoplasia, Type 2F (PCH2F) 

Two groups identified homozygous missense mutations (W76G, Y152C, H116Y) in 

TSEN15 causing PCH2F (Alazami et al., 2015; Breuss et al., 2016); Breuss and colleagues 
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characterized all three. SHY5Y cells expressing each TSEN15 mutation showed not only reduced 

levels of TSEN15, but also reduced accumulation of CLP, TSEN34, TSEN54 and TSEN2, 

detected by immunoblotting. In other words, the TSEN15 mutations had destabilized the 

tetrameric complex, and its functional partner, CLP. Based on this molecular phenotype, the 

strength of the mutations was W76G > Y152C > H116Y. However, all three mutations caused 

complete loss of TSEN enzymatic function, demonstrated by absence of cleaved tRNA products 

in a cell-free in vitro splicing assay. The data are consistent with TSEN15 mutations being LOF, 

but causing additional effects on the other TSEN complex members. This could explain the 

increased severity of the clinical phenotype due to TSEN15 mutations, Y152C and W76G: 

conMiC, profound developmental delay with severe ID, seizures, hypertonia and/or hypotonia, 

along with the pontocerebellar hypoplasia. This hypothesis would further require that mutations 

in the three genes encoding the rest of the TSEN complex do not destabilize TSEN15. 

However, we are left to explain why TSEN15 H116Y causes only mild ID and postnatal 

MiC (Breuss et al., 2016). While all three mutations reduced levels of TSEN complex 

components, W76G and Y152C also alter the stoichiometry of the TSEN complex, suggesting 

these mutations may have interference effects that go beyond a simple LOF.  

 

c. AARS, QARS and AIMP1 (MIM# 601065, 603727, 603605) 

i. Normal Function: Amino-acyl tRNA Synthetases 

Amino-acyl tRNA synthetases (ARS) catalyze covalent attachment of amino acids to 

their cognate tRNA in a highly conserved, ATP-dependent reaction (Ibba et al., 1997). These 

include alanyl-tRNA synthetase (AARS) for alanine (Shiba et al., 1995), glutaminyl-tRNA 

synthetase (QARS) for glutamine, and arginyl-tRNA synthetase (RARS) for arginine. AARS has 
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a highly conserved aminoacylation domain, a tRNA-recognition domain, an editing domain and 

a C-terminal domain (Sokabe et al., 2009). QARS, RARS, and ARS-interacting multifunctional 

protein 1 (AIMP1) form a subcomplex that is part of the larger multi-synthetase complex. 

AIMP1 binding is essential for the catalytic activity of RARS. QARS and RARS also directly 

interact to promote each other’s stability (Kim et al., 2000; Kim et al., 2014; Fu et al., 2014).   

Although AARS, QARS, and other amino-acyl tRNA synthetases are primarily known 

for their essential roles in translation, they also have distinct functional domains that have roles 

independent of translation; such as regulation of transcription, inflammation, and cell migration 

(Yao & Fox, 2012). Like the amino-acyl tRNA synthetases, AIMP1 has domains that allow it to 

regulate cellular proliferation, migration and apoptosis (Han et al., 2006).  

 

ii. AARS mutations causing Early Infantile Epileptic Encephalopathy 29 

Simons et al. (2015) identified a compound heterozygous (K81T /R751G) and 

homozygous mutation (R751G) in AARS in two independent families. The patients had conMiC, 

cerebral atrophy, hypomyelination, seizures and dystonia. Protein and mRNA levels were not 

assessed. The amino-acylation kinetics of K81T, R751G and WT AARS were assessed in vitro. 

K81T Kcat/Km was 50% of WT, while R751G Kcat/Km was 10% of WT, indicating both 

mutations are LOF to varying degrees. Haploid yeast with AARS-ortholog ALA1 deleted were 

transfected with WT ALA1, one of two mutant ALA1 alleles (counterparts of patient AARS 

mutations), or empty vector to determine their ability to rescue the growth deficit. Yeast 

transfected with the R751G ortholog showed colony growth similar to that of WT ALA1-

transfected yeast. Even more surprising, yeast transfected with the K81T ortholog also showed 

some growth rescue, but less than with R751G. This indicates K81T is not able to rescue growth 
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as effectively as R751G, even though R751G impairs aminoacylation more than K81T. Both are 

likely to be LOF, but protein levels are unknown (in either patient cells or in the yeast genetics 

experiments). In addition, the interaction of the two alleles in diploid cells of compound 

heterozygous patients must be considered.  

 

iii. QARS mutations causing Progressive Microcephaly, Seizures, and Cerebral and 

Cerebellar Atrophy (PMSCA) 

 Zhang et al. (2014) identified compound heterozygous missense mutations 

(G45V/R403W and Y57H/R515W) in QARS that caused a severe, complex brain-development 

disorder with ongoing atrophy. HEK293 cells were transfected with each mutant allele. An 

immunoblot of supernatant and pellet from cells with R403W and R515W had reduced QARS in 

the supernatant, and increased QARS in the pellet compared to WT. This suggests R403W and 

R515W proteins aggregate, perhaps because of misfolding. R403W also disrupted QARS-RARS 

interactions. Y57H and G45V had supernatant and pellet distributions similar to WT. 

Glutamine amino-acylation activity was reduced by ~80-100% in patient lymphoblasts of 

both genotypes. Parental cells heterozygous for three of the mutations (G45V, Y57H and 

R515W) also had reduced amino-acylation activity. Amino-acylation activity was intermediate 

between WT and patients in all cases except G45V/+, which was as low as G45V/R403W. Thus, 

at the biochemical level in cell-based assays, these mutations are at least semidominant, with 

G45V acting in a dominant manner. It also suggests the possibility that G45V is interfering with 

the function of WT QARS. However, parents from both families were reported to be free of any 

neurological problems. The children with G45V/R403W had the most severe phenotypes, with 

severe conMiC, earlier onset of seizures and simplified gyral patterns. Experiments with purified 



 

 137

recombinant mutant QARS protein showed that R515W and Y57H had no amino-acylation 

activity, while G45V and R403W had ~20% of WT activity. This confirms that all mutations are 

LOF in terms of amino-acylation activity.  

 

iv. AIMP1 mutations causing Hypomyelinating Leukodystrophy 3 (HL3) 

Feinstein et al. (2010) identified a homozygous 2-bp deletion in exon four of AIMP1 

causing HL3. Patients had conMiC, lack of psychomotor development, arrested myelination, 

seizures, and impaired vision with retinopathy. AIMP1 transcripts are alternatively spliced into 

one 335-amino-acid and two 312-amino-acid isoforms. The deletion caused Q8VfsX30 in both 

of the 312-residue isoforms, and Q122VfsX30 in the larger isoform. No protein assessment or 

functional studies were done, but the authors predicted that the mutant transcripts are LOF. The 

very early STOP codons would increase the likelihood of nonsense-mediated decay (Chang et 

al., 2007) and the deleted regions were in highly conserved domains involved in tRNA binding 

and regulation of inflammation. Surprisingly, the patents did not show any signs of immune 

deficiency.  

Armstrong et al. (2014) identified a homozygous nonsense mutation in AIMP1 in one 

patient with a similar phenotype to the patient reported by Feinstein et al. (2010). The mutation 

encodes a Glu39X truncation in the two small isoforms, as well as Glu63X in the large one. 

Arguing that these transcripts are likely to undergo nonsense-mediated decay, the authors 

proposed that the mutation is probably LOF. 

 

12. Post-Translational Modification 

a. DPAGT and ALG3 (MIM#s 191350, 601110) 
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i. Normal Function: LLO Synthesis 

Protein glycosylation, which can occur in the endoplasmic reticulum and/or Golgi 

apparatus is essential for protein structure, function and stability. Proteins can be glycosylated on 

several different amino acids; here, the focus is on N-glycosylation, at asparagine residues. In the 

endoplasmic reticulum, the N-glycosylation state of a protein is used to track folding and quality 

control before the protein progresses to the Golgi apparatus. N-glycosylation has two phases, 

synthesis of the lipid-linked oligosaccharide (LLO) and transfer of the LLO to a protein (Fig. 

20). Multiple enzymes sequentially add sugar moieties to the growing LLO, with reactions 

occurring first on one side of the ER membrane, and then on the other (Fig. 20). Failure of any 

one step prevents all subsequent sugar moiety additions (Alberts et al., 2015). 

The complete LLO is a branched structure, consisting of Glc3Man9GlcNAc2 (GlcNAc, N-

acetylglucosamine; Man, mannose; Glc, glucose) covalently attached to a transmembrane lipid, 

dolichol. DPGAT (dolichyl-phosphate N- acetylglucosaminephosphotransferase) catalyzes the 

transfer of the first sugar, GlcNAc, to phosphorylated dolichol at the cytoplasmic face of the 

endoplasmic reticulum. ALG3 catalyzes the addition of the 6th mannose, which occurs within the 

lumen of the endoplasmic reticulum. The mature LLO is transferred en bloc to a nascent 

polypeptide in the endoplasmic reticulum (Breitling & Aebi, 2013). 

ii. DGAPT1 and ALG3 mutations causing Congenital Disorders of Glycosylation, type I 

Types I and II congenital disorders of glycosylation differ based on whether they affect 

LLO assembly and initial attachment (type I) or, rather, processing of the glycan after protein 

attachment (type II) (Marquardt & Denecke, 2003). Virtually all of these several dozen disorders, 

distinguished by letters representing the gene/enzyme responsible, cause postnatal MiC, but only 

a few, including types Ij (DGAPT1) and Id (ALG3), cause conMiC. Timal et al. (2012) reported a  
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Figure 20. ALG3 and DPAGT1 in N-linked glycosylation. DPAGT1 catalyzes the addition of 

the first N-acetylglucosamine to dolichol, which forms a base for addition of further sugars. 

Several sugars and enzymes later, ALG3 catalyzes the addition of the 6th mannose in the lumen 

of the endoplasmic reticulum. Once the lipid-linked oligosaccharide is fully assembled, OST 

adds the LLO en bloc to nascent proteins, which aids in the folding and quality control of nascent 

proteins. From Breitling & Aebi et al. (2013). 

Ribosome 

DPAGT1 
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patient with compound heterozygous mutations in DGAPT1. One allele encoded I69N, located in 

a highly conserved dolichol-recognition region. The other was a splice-site mutation that did not 

produce detectable transcript, indicating nonsense-mediated decay. Patient fibroblasts contained 

78% reduced levels of GlcNAc1-PP-dolichol compared to WT. This is consistent with a strong 

LOF mutation.  

Wu et al. (2003) identified a patient compound heterozygous for Y170C and an intronic 

mutation in DPAGT. The allele with the intronic mutation caused exon skipping (producing 

transcripts missing exons 3 and 4, or exons 3,4,7 and 8) and produced full-length transcripts that 

were only 12% of WT levels in CHO cells. CHO cells transfected with cDNA encoding the 

Y170C mutation produced normal amounts of a full-length protein, which had less than ~10% of 

WT activity as measured by LLO synthesis. Both alleles are likely to be LOF. 

Körner et al. (1999) identified a patient with a homozygous missense mutation in ALG3, 

G118D. ALG3 mutations can cause conMiC, atrophy of the cerebellum and cerebrum, 

psychomotor retardation, intractable seizures and facial dysmorphisms. Patient fibroblasts 

accumulated truncated LLOs (Man5GlcNAc2) and less full-length LLOs than WT. However, 

patient fibroblasts transferred both truncated and full-length LLOs to nascent glycoproteins. Cell-

wall proteins in yeast with absent and/or truncated LLOs are more likely to have ectopic 

localization (Zacchi & Schulz, 2016). Absent or incomplete glycosylation can also impair 

glycoprotein function. The authors hypothesized a LOF mutation.  

Denecke et al. (2004, 2005) identified and characterized a homozygous splice-site ALG3 

mutation in a single patient, causing a frameshift that predicts a premature truncation 

(V54fsX66). RT-PCR products from patient mRNA revealed full-length ALG3 transcript, at ~1% 

of WT levels, and substantial amount of short transcripts that were unchanged after treatment (of 
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patient cells) with an inhibitor of nonsense-mediated decay. Thus, the short mutant transcripts 

were stable; however, protein levels were not assessed. Patient fibroblasts showed accumulation 

of truncated LLOs (Man5GlcNAc2) and less full-length LLOs than WT. This is consistent with a 

LOF mutation, due to insufficient functional ALG3 to add the 6th mannose to the glycan chain.  

Sun et al. (2005) reported a patient with a homozygous missense mutation (R171Q) in 

ALG3. Patient fibroblasts accumulated truncated LLOs (Man5GlcNAc2) and had fewer full-

length LLOs than WT. The truncated-LLO phenotype was rescued by lentiviral transfection with 

WT ALG3. This indicates the truncated LLO phenotype was caused by the mutation in ALG3, 

which is likely to be a LOF mutation. 

Kranz et al. (2007) identified two patients with compound heterozygous missense 

mutations (W71R/M157K) in ALG3. Both changes occurred in the protein domain facing the 

lumen of endoplasmic reticulum; this domain facilitates the transfer of the sixth mannose. These 

changes replaced neutral residues with positively charged residues, which were predicted to 

disrupt ALG3 folding. Patient fibroblasts accumulated truncated LLOs (Man5GlcNAc2); 

transfection with WT ALG3 rescued the phenotype. Therefore, these mutations are LOF.  

All known ALG3 mutations are probably simple LOF mutations, dramatically reducing 

the production of full length-LLOs. The severe phenotypic consequences of ALG3 and DPAGT 

mutations arise because of the critical role of N-glycosylation for proper folding of many 

proteins. Misfolded or unfolded proteins are likely to be destroyed by quality-control 

mechanisms in the ER or, if those are evaded, to be unable to carry out their cellular functions. 

For each gene, the effect of an LOF mutant genotype is amplified by the number and functional 

diversity of the N-glycosylation protein targets. The potential impact of accumulated, truncated 

LLOs on cellular processes must also be considered, as they may exert negative interference.  
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b. SSR4 (MIM#: 300090) 

i. Normal Function: Translocon Component 

As they synthesize secreted and transmembrane proteins, ribosomes are targeted to the 

translocon (also called translocation channel), a transmembrane multimeric complex in the 

endoplasmic reticulum membrane (Fig. 20). The growing polypeptide is fed through the central 

pore of the translocon, entering the endoplasmic reticulum lumen as translation proceeds 

(Alberts et al., 2015). The translocon consists of four signal-sequence receptors, SSR1, SSR2, 

SSR3, and SSR4, called the TRAP complex, and SEC61, which forms the pore (Nyathi et al., 

2013; Pfeffer et al., 2014). SSR4 is in direct contact with the multimeric oligosaccharyl 

transferase complex (OST in Fig. 20) that adds Glc3Man9GlcNAc2 en bloc to nascent 

polypeptides in the endoplasmic reticulum lumen (Pfeffer et al., 2017). TRAP also has functions 

in recognition of misfolded proteins; loss of TRAP impairs degradation of misfolded proteins, 

which may accumulate in the endoplasmic reticulum (Nagasawa et al., 2007). 

ii. SSR4 mutations causing Congenital Disorder of Glycosylation, Type Iy 

 
A hemizygous, X-linked mutation in SSR4, F106Sfs*53, was identified by Losfeld et al. 

(2014) in a male patient with conMiC, seizures, developmental delay, hypotonia, failure to 

thrive, strabismus and facial dysmorphisms. Patient fibroblasts had no detectable SSR4 by 

immunoblotting, consistent with LOF. Levels of SSR1 and SSR3 were reduced to 50% of WT, 

while SSR2 was reduced by 90%. This demonstrates loss of SSR4 destabilizes the rest of the 

TRAP complex, amplifying the effects of the SSR4 LOF. Serum transferrin from patient 

fibroblasts had minimal N-glycosylation. Transfection with WT SSR4 partially rescued 

glycosylation, and the levels of TRAP components increased as well. The reason for lack of 
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complete rescue by this short-term laboratory manipulation may relate to the complexity of 

SSR4 functions (see below). 

Ng et al. (2015) identified eight more affected males with five new mutations in SSR4, 

including frame-shift, internal-deletion or splice-site alterations. Four of these mutations were 

analyzed by immunoblotting, which revealed absence of detectable SSR4. This is consistent with 

LOF mutation, as was seen in Losfeld et al. (2014). 

When SSR4 is absent, multiple abnormalities ensue. Reduced ability of TRAP to detect 

signal sequences leads to reduced translocation of nascent proteins into the ER for glycosylation. 

The ones that do arrive, however, are not likely to come in contact with the oligosaccharyl 

transferase (which is normally bound to SSR4), resulting in very low levels of LLO addition. 

Those proteins will not fold properly and should be degraded. But, with TRAP highly impaired, 

the unfolded proteins will escape detection. In addition to the loss of function of these N-

glycosylation protein targets, we now have the possibility of a toxic accumulation of misfolded 

proteins in the endoplasmic reticulum. 

 

c. CLPB (MIM# 616254) 

i. Normal Function: Remodeling of misfolded and/or aggregated proteins 

CLPB encodes caseinolytic peptidase B, an AAA+ ATPase. CLPB is a molecular 

chaperone that assembles as a homohexamer with a central pore. CLPB can extract proteins from 

an aggregate, using ATP-hydrolysis to translocate it through the pore, forcing it back to a native, 

unfolded state. CLPB can unfold individual misfolded proteins as well as aggregates of varying 

size and structure, one protein at a time. The unfolded proteins may spontaneously refold or be 

folded by chaperones, depending on the protein (Doyle et al., 2009). In other words, CLPB gives 
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damaged proteins a second chance to return to their normal conformation and functional status. 

In yeast, this is particularly important under thermal stress conditions that promote protein 

aggregation in mitochondria. 

ii. CLPB mutations causing 3-Methylglutaconic Aciduria, type VII, with Cataracts, 

Neurologic Involvement and Neutropenia  

Capo-Chichi et al. (2015) identified affected patients with a homozygous frameshift 

CLPB mutation (I562TfsX23). Patients had conMiC, delayed psychomotor development, 

retinopathy, seizures, hypotonia, facial dysmorphisms, and short stature. RT-PCR of patient 

fibroblast RNA did not amplify CLPB sequences, suggesting transcripts are subject to nonsense-

mediated decay. Furthermore, there was no detectable CLPB by immunoblotting. By these 

criteria, the mutation is LOF, and likely a null. 

Zebra fish with a homozygous CLPB frameshift mutation that modeled the patient 

mutation produced small amounts of RNA and protein and had smaller eyes and bodies than WT, 

similar to the patient phenotype, which included short stature and retinopathy. The zebra fish 

with the CLPB mutation had more glutamatergic neurons and fewer glycinergic neurons 

compared to WT, which was proposed to explain the hyperexcitable motor phenotype in 

response to tactile stimulation. Transfection with WT human CLPB rescued all mutant 

phenotypes. Transfection with mutant human CLPB did not alter the zebra fish phenotypes, 

consistent with a LOF. 

Saunders et al. (2015) identified homozygous missense (T268M) and compound 

heterozygous nonsense (K321X/R417X) CLPB mutations, with the latter causing a much more 

severe phenotype and death on postnatal day 8, similar to the phenotypes reported by Capo-

Chichi et al. (2015). Liver from the deceased patient with K321X/R417X and fibroblasts from 
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patients with T268M did not contain detectable CLPB by immunoblotting. This suggests T268M 

produces an unstable protein, as mRNA levels were not obviously reduced. K321X/R417X liver 

samples had dramatically reduced activities of mitochondrial complex-I and complex-III (14% 

and 28% of WT, respectively), consistent with the protective role of CLPB in mitochondria and 

the severity of the clinical phenotype in that patient. While all three mutations are LOF, the 

phenotypic differences are not explained by the available data.  

Wortmann et al. (2015) identified fourteen novel homozygous or compound 

heterozygous mutations in CLPB, including missense, nonsense and frameshift, in 14 patients 

with phenotypes of variable severity. When expressed in E. coli, R408G had a 75% reduction in 

ATPase activity compared to WT.  However, no other mutations were tested in E. coli. All 

patient fibroblasts were tested for defects in autophagy, mitophagy, oxidative phosphorylation, 

and mitochondria morphology, and no differences were detected. The possibility that 

mitochondrial defects would only be apparent during stress conditions was raised.  

The phenotypes caused by CLPB mutations are highly variable. On the severe end of the 

spectrum is conMiC, seizures, abnormal muscle tone, and neutropenia or leukemia, with neonatal 

lethality, while other patients have neither MiC nor ID, presenting with isolated chronic 

neutropenia. While a consistent genotype-phenotype relationship is lacking, the least severely 

affected patients have compound heterozygous missense mutations, while many of the most 

severely affected patients have at least one mutation that predicts a truncated protein.  

 

13. Cell-Cell Interaction 

a. CTNNB1, OCLN and FRM4DA (MIM#s 116806, 616305, 602876)  

i. Normal Function: Intercellular Junction Components 
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Adherens junctions, specialized attachment points between cells, are composed of 

nectins, which mediate the initial cell-cell attachments, and cadherin-based adhesions, which 

strengthen and stabilize the connection (Fig. 21). Cadherins and nectins are transmembrane 

molecules whose extracellular domains adhere by multicentric homophilic binding with their 

respective partners on the neighboring cell. Afadin, an actin-binding protein, is covalently 

attached to the cytoplasmic tail of nectins, anchoring them to the actin cytoskeleton. Beta-catenin 

(encoded by CTNNB1) is attached to the tail of cadherins. Completing the loop, alpha-catenin is 

attached to beta-catenin and afadin (Campbell et al., 2017).  

Belt-like adherens junctions are also important for basal cell polarity, which involves 

intracellular interactions between nectins and Par3 (Chen & Zhang et al., 2013). Par3 also 

recruits FRMD4A (FERM-domain containing protein 4A) to the immature adherens junction. A 

complex of Par3, FRMD4A, and cytohesin-1 (a guanine-exchange factor for the small GTPase 

ARF6), can activate ARF6, a regulator of actin-cytoskeleton remodeling. The Par3-FRMD4A-

Cytohesin-1 interaction allows maturation of adherens junctions (Ikenouchi & Umeda, 2010). 

Positioned closer to the apical end/side of the adjacent cells, tight junctions (previously known as 

zona occludens) are electron-dense structures formed by two transmembrane proteins, with 

claudins more apically located and occludins located more basally (Fig. 21). The primary role of 

occludin (encoded by OCLN) is in tight-junction stabilization rather than initial formation. 

Occludin is anchored intracellularly by ZO-1, an actin-binding protein that can also bind to beta-

catenin. This provides a means of linking tight and adherens junctions to facilitate cell-cell 

adhesion (Campbell et al., 2017). FRMD4A and cytohesin-1 localize to tight junctions, as 

cytohesin-1 binds FRM4DA, and ZO-1. The FRMD4A-cytohesin-1-ZO-1 complexes promote 

cell polarization and tight-junction maturation (Ikenouchi & Umeda, 2010). 
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Figure 21. Cell-cell interaction. Adherens junctions serve as attachment points between cells, 

composed of both nectin- and cadherin-based adhesions. Nectins mediate the initial cell-cell 

adhesion, while cadherins provide most of the structural support and integrity for the junction. 

Afadin is bound to the intracellular tail of nectin, while β-catenin is bound to the tail of cadherin; 

α-catenin serves as a bridge between β-catenin and afadin. Tight junctions are important for 

limiting free movement of proteins and molecules, and mark the barrier between the apical and 

basolateral membranes of a given cell. Claudins are the most apically located component of tight 

junctions, with occludins located basally to claudins. Both are transmembrane proteins that 

create a “seal” between adjacent cells. However, the central role of occludin is stabilization, and 

is dispensable for the intial formation of a tight junction. Occludin (encoded by OCLN) is 

anchored by ZO-1, and is an actin-binding protein that can also bind to beta-catenin (located 

basally to ZO-1) during the development of cell-cell adhesions. From Campbell et al. (2017). 
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ii. CTNNB1 mutations causing Autosomal Dominant Mental Retardation 19 

During a study using whole-exome sequencing to molecularly identify causes of severe 

ID, de Ligt et al. (2012) identified dominant de novo heterozygous CTNNB1mutations in three 

patients (R515X, Q309X, and S425TfsX11). Tucci et al. (2014) identified a fourth heterozygous 

mutation in CTNNB1 (G236RfsX35) and performed RT-PCR on LCL extracts from this patient 

and the Q309X patient from de Ligt et al. (2012). Both produced very low levels of mutant 

CTNNB1 transcripts, indicative of nonsense-mediated decay. This is consistent with LOF 

mutations and haploinsufficiency. Transfection of primary dissociated cultured mouse neurons 

with CTNNB1-siRNA reduced CTNNB1 expression by 46%, making them a good model for the 

proposed genetic mechanism in humans. CTNNB1-siRNA neurons grew arbors with reduced 

neurite length and branch number compared to neurons transfected with control siRNA. Thus, 

the function of beta-catenin must extend beyond cell-cell interaction. Nonetheless, the 

demonstration that 50% CTNNB1 LOF impairs neurite outgrowth makes this cellular phenotype 

a highly plausible contributor to the small brains of patients with ID-causing CTNNB1 mutations. 

 

iii. OCLN mutations causing Band-like Calcification with Simplified Gyration and 

Polymicrogyria 

O’Driscoll et al. (2010) identified a homozygous frameshift mutation (W58FfsX9), a 

compound heterozygous mutation (Y171X/ F219S), and a deletion (K18_E243del) in OCLN in 

patients with conMiC and a complex abnormality of cortical development sometimes called 

“pseudo-TORCH syndrome” because of its similarity to the sequelae of prenatal infections 

caused by toxoplasmosis, other agents, rubella, cytomegalovirus, or Herpes simplex (Vivarelli et 

al., 2001). A donor splice-site mutation predicted to cause exon skipping was also identified. 
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Functional studies were not performed on any mutations, and the amounts and sizes of mRNA 

and protein produced are unknown. However, the authors noted five of six known mutations 

would remove or alter amino acids in the transmembrane domain, which would likely alter or 

abrogate the ability of OCLN to span the plasma membrane. 

 

iv. FRM4DA mutations causing Agenesis of Corpus Callosum with Facial Anomalies and 

Cerebellar Ataxia 

The corpus callosum is a massive interhemispheric white-matter tract, formation of which 

is sometimes disrupted in developmental brain disorders. Fine et al. (2015) identified patients 

with a homozygous frameshift mutation in FRM4DA (G716Pfs*25). Patient phenotypes included 

severe conMiC, agenesis of the corpus callosum, ID, facial dysmorphisms, short stature and 

hypotonia. The mutation was predicted to disrupt amino acids required for FRM4DA interaction 

with Par3 and localization to adherens and tight junctions (Ikenouchi & Umeda, 2010). 

 

b. PCDH12 (MIM# 605622) 

i. Normal Function: Cell-Cell Adhesion and Migration 

PCDH12 encodes protocadherin 12, a member of the non-clustered protocadherin family 

of calcium-dependent adhesion proteins. Protocadherins have long extracellular domains, with 

shorter intracellular domains that do not directly contact the cytoskeleton. PCDH12 specifically 

promotes endothelial cell adhesion by localizing at intercellular junctions (Telo et al., 1998) as 

well as regulates cell migration, potentially through modulation of cell-cell adhesion (Bouillot et 

al., 2011). The extracellular domain of PCHD12 undergoes protease cleavage at the membrane 
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by ADAM10, leading to proteasome-mediated degradation of PCDH12. PCDH12 cleavage 

increases the cellular migration rate (Bouillot et al., 2011). 

ii. PCDH12 mutations causing Autosomal Recessive Microcephaly Mimicking Intrauterine 

Infection 

Aran et al. (2016) identified a homozygous nonsense mutation (R839X) in PCDH12 in 

affected individuals from several consanguineous families. The phenotype was very severe, with 

structural brain defects (e.g., conMiC, hyperechogenic foci in perithalamic and periventricular 

religions) detected by prenatal ultrasound. RT-PCR of patient leucocyte extracts showed that 

PCDH12 transcripts were reduced ~85% compared to WT, suggesting that most of the 

transcripts had undergone nonsense-mediated decay. The authors also noted that if transcript 

escaped nonsense-mediated decay, a protein lacking most of the extracellular protocadherin 

domain would be generated. This suggests the mutation is likely to act as a simple LOF 

mutation, but the possibility of an interference effect by truncated protein cannot be ruled out. 

 

14. Complex or Uncertain Biological Functions 

a. IGF1R (MIM#147370) 

i. Normal Function: Signal Transduction 

IGF1R encodes the Type-1 Insulin-like Growth Factor receptor, a transmembrane 

receptor tyrosine kinase. IGF1R is translated into a single polypeptide chain, glycosylated, 

folded, and dimerized by chaperones before entering the Golgi. There, the protein is cleaved by 

proteases to generate mature alpha and beta subunits. Mature Type 1 IGF receptor is a tetramer 

of two alpha and two beta subunits. IGF1 is the primary ligand that binds and activates IGF1R, 
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which promote cellular growth and proliferation by signaling through actions the MAPK and 

AKT pathways (Riedemann & Macaulay, 2006). 

ii. IGF1R mutations causing Resistance to Insulin-like growth factor I  

Abuzzahab et al. (2003) identified a compound heterozygous missense (R108Q/K115N) 

and homozygous nonsense (R59X) mutation in IGFR1. Patient phenotypes include conMiC, 

delay of speech and motor development, deafness, short stature, low weight and skeletal 

abnormalities. R59X fibroblasts, which produced full-length and short transcripts, had reduced 

numbers of IGF1 receptors (~25% of controls), suggesting LOF. R108Q/K115N fibroblasts had 

normal IGF1R numbers but lower affinity for IGF and reduced tyrosine phosphorylation in 

response to IGF1 stimulation compared to WT, also consistent with LOF. However, because the 

missense mutations generate stable protein, interference effects are possible. 

Fang et al. (2011) identified a patient with compound heterozygous missense mutations 

in IGFR1 (E121K/E234K). HEK293T cells transfected with individual mutant alleles had normal 

levels of the IGFR1 protein by immunoblotting. However, mature receptor subunits were 

diminished by 50% for E121K and by 80% for E234K. IGF-stimulation response was reduced to 

15% of WT in patient fibroblasts. The mutations are clearly LOF, but cells may retain mis- or 

unfolded subunits, and the burden of these on the cell may play a role in pathogenesis.  

 

b. SLC25A19 (MIM#: 606521) 

i. Normal Function: Mitochondrial Thiamine Pyrophosphate Carrier 

SLC25A19 is a mitochondrial thiamine pyrophosphate transporter that resides in the 

mitochondrial membrane and imports the coenzyme thiamine pyrophosphate and 

deoxyribonucleotides to mitochondria. Transport of thiamine by SLCA19 into mitochondria is 
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essential for proper function of many metabolic enzymes (Martin et al., 2003). Specifically, 

thiamine pyrophosphate is a co-factor for (i) transketolase, an enzyme in the pentose phosphate 

pathway that converts glucose to ribose-5-phosphate and NAPDH; (ii) pyruvate dehydrogenase, 

which metabolizes pyruvate to acetyl-CoA; and (iii) alpha-ketoglutaric acid dehydrogenase, 

which converts alpha-ketoglutarate into succinyl-CoA in the citrate cycle (Martin et al., 2003; 

Palmieri, 2007). Thiamine pyrophosphate deficiency in the mitochondria causes build-up of 

toxic metabolic intermediates, decreased ATP production, and increased oxidative stress. 

Neurons and astrocytes are particularly sensitive to impaired thiamine transport, due to high 

energetic demands; lack of thiamine can result in dysregulation of receptors and massive cell 

death (Afadlal et al., 2014). 

ii. SLC25A19 mutations causing Amish Microcephaly  

Rosenberg et al. (2002) reported multiple patients with a homozygous missense (G177A) 

mutation in SLC25A19 causing Amish microcephaly, which is frequently lethal within the first 

year of life. The phenotype includes severe conMiC, failure of psychomotor development, 

variable brain malformations, and increased serum and/or urinary alpha-ketoglutaric and lactic 

acid levels. SLC25A19 mRNA levels were normal but the mutation completely abolished 

thiamine transport across the mitochondrial membrane. This is consistent with a strong LOF 

effect, with the phenotype likely due to impaired activity of thiamine pyrophosphate-dependent 

metabolic enzymes. 

Siu et al. (2009) identified an additional patient with the same mutation but a somewhat 

less severe phenotype, including normal alpha-ketoglutaric acid levels. A high-fat diet was 

implemented, based on a theorized partial bypass of pyruvate dehydrogenase-dependent 

metabolism. At the age of 7, the child had severe MiC and severe ID, but these were stable and 
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s/he was otherwise healthy. Compare with early lethality observed in other Amish microcephaly 

cases, this outcome represents a remarkable improvement and suggests a treatment strategy for 

future cases. The reasons for the difference in clinical severity with the same mutation are 

unknown. 

 

c. CASK (MIM# 300172) 

i. Normal Function: a multifunctional Scaffolding Protein 

CASK (calcium/calmodulin-dependent serine kinase) is a membrane-associated protein 

that localizes to both presynaptic and postsynaptic junctions. A member of the MAGUK 

(membrane-associated guanylate kinase) family, CASK targets neurexin to the presynaptic 

terminal, and interacts with liprin, mint, and veli to form and stabilize a complex that is essential 

to the mechanism of neurotransmitter release. The localization and interactions of CASK at the 

presynaptic membrane are regulated by CDK5-dependent phosphorylation, which promotes 

CASK interactions with membrane proteins. At the postsynaptic membrane, CASK binds to 

protein 4.1, which links CASK to the actin cytoskeleton. CASK also interacts with AMPA 

receptors through GRIP1 (glutamate-receptor interacting protein 1) stabilizing them at the 

membrane. Finally, CASK can translocate to the nucleus where it serves as a coactivator with 

TBR1 transcription factor to turn on T-box-containing genes, such as RELN, which encodes 

reelin (Hsueh, 2009). 

ii. CASK mutations causing ID and Microcephaly with Pontine and Cerebellar Hypoplasia 

(MICPCH) 

CASK is X-linked and the MICPCH-causing mutations are semi-dominant, as females are 

severely affected and neonatal fatality is common in the rare affected males. Najm et al. (2008) 
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identified females with a nonsense mutation (R639X) and random X-inactivation pattern in white 

blood cells, as well as a severely affected male with a synonymous splicing mutation (K305K), 

who died at two weeks of age. The brain autopsy revealed a thin, unmyelinated corpus callosum, 

hypoplasia of brain stem and cerebellum, and a disorganized frontal lobe.  

Moog et al. (2011) identified ten heterozygous CASK mutations in affected females: four 

nonsense mutations, encoding E127X, R106X, Q692X, and Q547X; three splice-site mutations; 

a 1-bp deletion predicted to cause a frameshift, encoding F23SfsX18; and an intronic splicing 

mutation with a missense mutation (D58E) on the same allele. From the latter, RT-PCR and 

sequencing revealed the patient produced a transcript of WT size, as well as one without exon 3 

that caused a frameshift leading to a truncated protein. Functional studies were not performed on 

these mutations, but they were all hypothesized to act as strong or complete LOF mutations. 

Hayashi et al. (2012) identified several females with MICPCH and heterozygous 

nonsense (R27X, R106X, Q878X, Y81X) or frameshift mutations in CASK. One frameshift 

mutation produced transcripts encoding S119Rfs7X and H120Pfs22X, while another encoded 

W680Cfs29X and W680Cfs3X. Further characterization was not performed, but the authors 

predicted that the mutations would be complete LOF, due to nonsense-mediated decay. 

However, without assessing protein levels in patient cells, it is unclear if truncated proteins 

accumulate in patient cells, or undergo nonsense-mediated decay.  

 

d. RTTN (MIM# 610436) 

i. Normal function: Cilium Component 

RTTN (rotatin) localizes to the basal body of cilia, and is also a centriole component, but 

its precise cellular and molecular functions are largely uncharacterized. Truncating and complete 
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LOF mutations in RTTN are embryonic lethal in rodents, with phenotypes disrupting left-right 

asymmetry, e.g., of the cardiac and digestive systems. These embryos had abnormal expression 

of Shh, lefty, and nodal, genes that dictate patterning of the body axis during early development 

(Faisst et al., 2002; Chatterjee et al., 2007). These phenotypes are consistent with known roles 

for cilia in early signaling events controlling patterning of body axes.  

ii. RTTN Mutations causing Microcephaly, Short Stature, and Polymicrogyria with 

Seizures  

Kheradmand Kia et al. (2012) identified homozygous missense RTTN mutations (L932F 

and C27T) in patients with conMiC, asymmetric polymicrogyria, ID, seizures, and short stature. 

Protein and mRNA levels were not assessed. Fibroblasts with L932F showed some RTTN signal 

by immunostaining at the basal body of the cilia. However, they had many short and abnormal 

cilia, with short, round axonemes as opposed to elongated, tapering structures. Fibroblasts with 

C27T lacked morphological defects in cilia. WT fibroblasts with RTTN-siRNA had abnormal 

numbers of basal bodies and short axonemes, consistent with the phenotype caused by L932F. 

This suggests L932F is a LOF mutation, and C27T may also be. The patients with L932F were 

generally more severely affected than the patient with C27T, as the patient with C27T did not 

have MiC (OFC was 0SD), but all patients had abnormal gyration, seizures, lack of speech and 

short stature. L932F patient fibroblasts  had downregulation of ciliary signaling genes, including 

WNT5A, WNT2B, BMP4, SHH, and HHAT. Human NPCs with RTTN-siRNA knockdown had 

reduced levels of WNT2B and BMP4 (known ciliary signaling targets during cortical patterning) 

compared to WT. These data are also consistent with a LOF, and suggest that RTTN LOF has an 

amplification effect, as it also reduces expression of cilliary signaling genes. 
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Shamseldin et al. (2015) identified compound heterozygous (A578P/D1917G) and 

homozygous (K1064E, S963X) RTTN mutations. Functional studies were not performed, but all 

disrupted highly conserved amino acids/domains. These patients had dwarfism and more 

complex phenotypes than those in Kheradmand Kia et al. (2012); there may be a spectrum of 

phenotypes caused by different mutations in RTTN.  

 

e. RAB3GAP1 and RAB3GAP2 (MIM#s 602536, 609275) 

i. Normal Function: Uncertain 

RAB3GAP1 encodes for the catalytic subunit of the RAB3 GTPase-activating protein, 

while RAB3GAP2 encodes the noncatalytic subunit of the protein. RAB3 regulates calcium-

dependent vesicular release of neurotransmitters and hormones, including insulin, and is believed 

to contribute to synaptic homeostasis (Müller et al., 2011; Cazares et al., 2014). RAB3 controls 

protein composition at the active zone of synapses (Graf et al., 2009). A RAB3 homolog is 

essential for cell division to progress in sea urchin embryos (Conner & Wessel, 2000). Despite 

their names, the complex formed by the two “RAB3GAPs” functions as a guanine exchange 

factor for RAB18, exchanging GTP for GDP (Aligianis et al., 2005; Gerondopoulos et al., 2014). 

Loss of RAB3GAP1 in mice impairs glutamate release and synaptic plasticity in the 

hippocampus (Sakane et al., 2006). In addition, both RAB3GAPs regulate autophagy (Spang et 

al., 2014).  

ii. RAB3GAP1 and RAB3GAP2 mutations causing Warburg Micro syndrome 1 and 2 

Homozygous or compound heterozygous splice-site, frameshift, nonsense and missense 

mutations in RAB3GAP1 cause Warburg micro syndrome 1, which is characterized by structural 

brain anomalies, ID, epilepsy, short stature and retinopathy (Aligianis et al., 2005; Morris-
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Rosendahl et al., 2010; Handley et al., 2013). The majority of disease-causing mutations in 

RAB3GAP1 are predicted to encode truncated proteins, many with frameshifts confirmed by 

cDNA sequencing. Functional assays have not been performed but, because the catalytic domain 

is at the C’-end of RAB3GAP1, these mutant alleles must be LOF. Accumulation of truncated 

proteins, which could cause a negative interference effect, has not been demonstrated. Handley et 

al. (2015) performed qPCR and immunoblotting on patient fibroblasts with a RAB3GAP1 

splicing mutation, and found that patient cells had reduced transcript levels, and did not produce 

detectable protein on an immunoblot. Immunoblotting of patient fibroblasts also revealed a 

reduction in RAB3GAP2 protein, indicating RAB3GAP1 stabilizes RAB3GAP2 (Handley et al., 

2015). These data are consistent with a LOF in RAB3GAP1.  

In contrast, most RAB3GAP2 mutations cause Martsolf syndrome, a milder condition 

(Aligianis et al., 2006), with only a small subset causing Warburg micro syndrome 2 (Borck et 

al., 2011; Handley et al., 2013).  

 

f. SPATA5 (MIM#: 613940) 

i. Normal Function: Unknown 

SPATA5 encodes spermatogenesis-associated protein 5, an AAA-type ATPase that 

localizes to mitochondria. However, specific cellular and molecular functions of SPATA5 are 

unknown. SPATA5 is speculated to maintain mitochondrial integrity during spermatogenesis 

(Liu et al., 2000). Depletion of a closely related gene in C. elegans causes spindle defects as well 

as anaphase delay (Heallen et al., 2008). These data suggest that mammalian SPATA5 has a role 

in the cell cycle, which is consistent with the human phenotype described below.  
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ii. SPATA5 mutations causing Epilepsy, Hearing Loss, and Mental Retardation syndrome 

Tanaka et al. (2015) identified 15 homozygous and compound heterozygous mutations in 

SPATA5, causing microcephaly, epilepsy, hearing loss, and mental retardation syndrome. 

Frameshift, missense and nonsense mutations were identified. Functional characterization was 

not performed. However, the authors suggested that the frameshift mutations were LOF via 

nonsense-mediated decay of transcripts or production of truncated, non-functional proteins. If 

SPATA5 LOF in humans effects spindle formation as seen in worms (Heallen et al., 2008), it 

may explain the conMiC phenotype observed in these patients (see sections III.C.4 and 6).  
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IV. DISCUSSION 

A. Summary and Synthesis: Phenotypic and Functional Complexity  

Taken together, these data show that conMiC is frequently part of a complex phenotype, 

involving multiple brain functions and organ systems, and rarely occurs in isolation. It follows 

that many conMiC genes have roles beyond brain growth. Viewing conMiC disorder phenotypes 

through the lens of the corresponding conMiC-gene mutations, biological functions and 

expression patterns provides further understanding of the mechanisms behind the phenotypic 

diversity and complexity. 

Development of a sufficient size brain in the prenatal period requires adequate 

proliferation of NPCs as well as appropriate differentiation and migration of neurons and glia. In 

addition to the capacity to generate and organize neurons and glial cells properly, the developing 

brain must also be able to properly maintain them, by avoiding conditions that lead to excessive 

apoptosis. In this analysis, I have shown conMiC genes are involved in a wide variety of 

biological functions. These include many canonical neurogenesis-related genes, such as cell-

cycle genes, as well as several groups that are not directly involved in the cell cycle. For 

example, some conMiC genes are responsible for protein production and post-translational 

modifications that are essential for protein function. I propose that this group of genes provides 

essential bioenergetic support and fuel for proliferation and maintenance of post-mitotic neurons. 

In section C below, I will examine the roles of conMiC genes in regulation of proliferation and 

apoptosis. 

I found it particularly interesting that mutations in different genes can cause very similar 

phenotypes, while different mutations in the same gene can cause qualitatively different 

phenotypes. For instance, CEP152, CENPJ, and PHGDH mutations can each cause two different 
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clinical disorders. Examining cases in which mutations in the same gene can lead to qualitatively 

different phenotypes may provide further insight into environmental and genetic factors that 

contribute to conMiC, ID, seizures, retinopathy, short stature, and other phenotypes. The 

simplest explanation for different disorders caused by mutations in the same gene is that the 

individual mutations vary in size, location, or functional consequences. However, when identical 

mutations found in multiple affected members of the same family cause different phenotypes, 

environmental and/or genetic modifiers may be responsible. 

The frequent co-occurrence of short stature with conMiC indicates many conMiC genes 

contribute to both brain and body size, and they are rarely specialized for brain growth. There 

was considerable phenotypic divergence regarding short stature between two different disorders 

caused by mutations in the same gene. CEP152 mutations can cause Seckel syndrome 5, which 

includes short stature and characteristic skeletal anomalies as part of the phenotype (Kalay et al., 

2011), or MCPH9, which does not (Guernsey et al., 2010; Sajid Hussain et al., 2013).  Both 

phenotypes are likely caused by LOF mutations (Guernsey et al., 2010; Kalay et al., 2011; Sajid 

Hussain et al., 2013). There is evidence that the Seckel syndrome 5-causing mutations interfere 

with the cell cycle and genomic stability (Kalay et al., 2011). Unfortunately, comparable data are 

not available for mutations causing MCPH9. However, Guernsey et al. (2010) analyzed 

mutations of a compound heterozygous patient whose nonsense mutation prevented CEP152 

localization to the centrosome, while the missense mutation did not. It will be important to 

further investigate the difference in functional consequences of these mutations to understand 

why and how Seckel syndrome 5-causing mutations interfere with processes beyond brain 

development, while MCPH9-causing mutations may cause selective impairments in developing 

brain.  
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For the conMiC disorders with incompletely penetrant ID or highly variable ID severity, 

the cognitive phenotype could depend on the specific mutation in the gene, genetic modifiers or 

environmental factors. For example, two siblings with identical homozygous CKAP2L mutations 

both had Fillipi syndrome but different MiC severity and ID phenotypes. One sibling had severe 

ID, progressive conMiC (HC was -3.5SD at birth, -10SD at two years, eight months of age), 

epilepsy, and severe short stature. The other sibling had less severe MiC (HC at birth was not 

available, but HC was -4SD at three years, five months), mild short stature, and did not have ID 

or epilepsy (Hussain et al., 2014). One possibility is that lack of seizures may partially explain 

the lack of ID in the latter sibling. It would be informative to look for potential genetic modifiers 

between these two siblings; polymorphic variation in other conMiC genes would be excellent 

candidates to examine. Gestational age at birth may also contribute to the different phenotypes in 

these siblings; the more severely affected sibling was born at 34 weeks’ gestation, while the less 

severely affected sibling was born full-term, at 38 weeks. Such cases present opportunities for 

further investigation into genetic and/or environmental factors that impact the severity of 

conMiC, and may lead to insights into potential treatment options. Cases in which conMiC is not 

accompanied by ID also present opportunity for further investigation, as it is highly unusual to 

have a small brain without intellectual disability.  

Mutations in CENPJ also highlight the special instances of conMiC without ID. Most 

CENPJ mutations cause MCPH6 with severe ID, but a handful of patients have Seckel syndrome 

4. Al-Dosari et al. (2010) described three cousins with Seckel s. 4 as having normal cognitive 

and motor development despite severe conMiC and severe short stature. These patients were 

homozygous for an intronic CENPJ mutation that led to aberrant splicing, resulting in a 

frameshift and internal deletions of varying lengths of the open reading frame. In contrast, the 
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MCPH6-causing CENPJ mutations tend to be nonsense mutations or missense mutations, most 

of which are predicted to disrupt or abolish the TCP domain, which is critical for interaction 

between CENPJ and other proteins at the centrosome (Leal, et al. 2003; Bond et al., 2005; Gul et 

al., 2006; Al-Dosari et al., 2010; Sajid Hussain et al., 2013; Darvish et al., 2014). One can 

hypothesize that the MCPH6- and Seckel syndrome 4-causing CENPJ mutations disrupt CENPJ 

protein function(s) in different ways, with tissues and cell types differing in sensitive to the two 

types. Functional characterization of these two classes of CENPJ mutations should be carried out 

to determine whether they have differenent effects on the centrosome and cell-cycle progression 

in various cell types. If no such differences are found, then sequence analysis of patient genomes 

could be performed to look for genetic modifiers. 

Characterization of conMiC disorders that are accompanied by seizures allowed us to 

infer which conMiC genes contribute to maintaining proper balance of excitation and inhibition 

throughout the brain, especially the cortex. Seizures frequently co-occurred with conMiC, and 

often did so in combination with other phenotypes (Fig. 6). Epilesy and ID in conMiC disorders 

likely result from failure to establish normal neuronal organization and connectivity amongst 

neural networks during development. The relatively proportionate representation of biological 

function categories among conMiC genes with and without seizure phenotypes indicates 

biological function alone does not account for the difference. However, differences in cellular 

phenotypes, which could be related to spatiotemporal expression patterns, may contribute to the 

phenotypic diversity. 
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B. ConMiC Gene Network(s): Interactions and effects of Zika Virus 

As seen in Fig. 22, a large number of conMiC genes have direct binding and/or 

regulatory interactions. Beyond these direct local interactions, conMiC genes of all biological 

function groups share many indirect links, through a series of other conMiC genes, or common 

effectors. This suggests that disruption of one conMiC gene could trigger a cascade of 

dysregulation in binding partners, and more broadly throughout an interconnected network. 

These disruptions are likely to be most similar amongst conMiC genes whose products have 

direct interactions with structural consequences, which would explain the consistencies among 

their conMiC-disorder phenotypes. In contrast, those conMiC-gene mutations that cause 

dysregulation of far-removed sectors of the network are likely to have the greatest differences 

between phenotypes.  

For example, disruption of each gene encoding one of four cohesin-ring components 

(SMC1A, SMC3, NIPBL, HDAC8) causes a form of CdLS. The differences in phenotypic 

severity roughly correlate with the gene mutated, and all mutations are likely to disrupt the 

cohesin complex, and alter interactions with effectors to varying degrees. NIBPL mutations are 

typically associated with the most CdLS severe phenotype, and this may be due to the role of 

NIBPL in loading the cohesin complex onto chromosomes, as well as its interaction with the 

Mediator complex, a master regulator of transcription.  

Mutations in CDK6 (a regulator of cell-cycle progression) and CLPB (post-translational 

modifications) offer an example of divergent phenotypes caused by mutations in conMiC genes 

that are in far-removed sectors of the network (Fig. 22). While both mutations are LOF, CDK6 

mutations cause highly penetrant conMiC and mild ID, whereas CLPB mutations cause conMiC 

and ID with variable penetrance, as well as seizures, retinopathy and short stature. Interestingly,  
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Figure 22. Large-scale network interactions amongst conMiC genes. 
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Figure 22. Large-scale network interactions amongst conMiC genes. Proteins encoded by 

conMiC genes in white. Other biologically relevant proteins are grayed out; some of these are 

encoded by genes essential for brain development or function, but not known to have conMiC as 

a mutant phenotype. Arrows and T-lines indicate the directionality of regulatory relationships, 

which may involve direct binding. Arrows represent “activating” effects and flathead T-lines 

represent inhibition. Simple line segments represent binding relationships. Dashed arrows 

represent relationships that are separated by several steps/proteins.  
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despite the fact that CLPB mutations tend to cause a more complex, syndromic phenotype than 

do CDK6 mutations, CDK6 has far more close, local interactions connecting it with other 

conMiC genes, in contrast to CLPB, which is in a relatively isolated sector of the network. 

Based on experimental laboratory data, ZKV infection of the prenatal brain causes 

dysregulation of hundreds of genes, including many conMiC genes. Specifically, twenty-two 

conMiC genes, many of them with roles in the cell cycle, are dysregulated in ZKV-infected 

NPCs (McGrath et al., 2017). The large number and network relationships of ZKV-disrupted 

conMiC genes help to explain the severity of phenotypes caused by ZKV infection, and the 

extraordinary challenge of treating them (Fig. 23). After all, disrupting a single conMiC gene has 

devastating consequences for brain development. Importantly, many ZKV-dysregulated conMiC 

genes are clustered in the same immediate “neighborhood” of the conMiC gene network, which 

includes conMiC genes with roles in centriole duplication, structure and function of the mitotic 

spindle, and cell-cycle regulation (Fig. 24). It is likely that the cascade of dysregulation could 

begin in this immediate neighborhood, and spread throughout the network, causing reduced 

proliferation and increased apoptosis in the ZKV-infected brain. Due to the complexity of the 

conMiC network and large number of conMiC genes dysregulated by ZKV, treating conMiC 

caused by ZKV infection represents a profoundly difficult biological problem. Thus, it will be a 

high priority in the coming years to prevent maternal ZKV infection and develop approaches to 

prevent ZKV from crossing the placental barrier. 
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Figure 23. Zika-virus induced dysregulation of conMiC genes. 
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Figure 23. Zika-virus induced dysregulation of conMiC genes. Using the conMiC-gene 

network in Fig. 22 as a template, this figure indicates which of the conMiC genes were 

transcriptionally dysregulated in human NPCs derived from at least two embryonic/fetal brain 

samples in the study by McGrath et al. (2017). Red designates downregulated by ZKV, while 

genes in yellow were upregulated.  
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Figure 24. Large-scale network interactions amongst conMiC genes: Biological functions. 
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Figure 24. Large scale network interactions amongst conMiC genes: Biological functions. 

Key for outline colors that define functional groups: DNA repair, red; Cohesin-ring assembly, 

dark blue; Cell-cycle regulators, lime green; Transcriptional regulators, fuchsia; Cell-cell 

interaction, yellow; Centriole assembly, orange; Mitotic spindle, gold. Amino-acid biosynthesis, 

light pink; Protein synthesis, light blue; Post-translational modifications, lavender. 



 

 171

C. ConMiC: Roads to Decreased Proliferation, Increased Apoptosis 

1. Centriole Duplication Defects: Impaired Proliferation 

The details of centriole duplication and division provide important cell-fate determinants 

for NPCs in the developing cortex. This is due to the different properties of the two centrosomes 

that are generated from the single, mother-daughter centriole pair. One centrosome is comprised 

of the older mother centriole (the “grandmother centriole”) and a brand-new daughter centriole, 

while the other centrosome has the newer-mother centriole and a brand-new daughter centriole. 

The grandmother centriole and younger mother centriole differ in their associated proteins, as the 

grandmother centriole is accompanied by a number of satellite proteins (such as CEP164 and 

ninein) that the newer-mother centriole has yet to acquire (Piel et al., 2000). 

When asymmetric division occurs, the grandmother centriole is passed down to the 

daughter NPC, while the newer-mother centriole is passed down to a daughter neuron, glial cell 

or IPC. The retention of the grandmother centriole is required for NPCs to maintain their 

proliferative properties (Wang et al., 2009). The grandmother centriole nucleates the primary 

cilium, and it was recently discovered that asymmetric division allows the cell with the 

grandmother centriole to retain the ciliary membrane anchored to the basal body during mitosis. 

This allows the daughter NPC, with the grandmother centriole, to reassemble the cilium quickly 

at the onset of G1-phase (Paridaen et al., 2013) and to respond quickly to extracellular signaling 

cues, such as Shh and Wnt (Reina & Gonzalez, 2014).  

Centrosome and mitotic spindle positions define the cleavage plane orientation and 

location at cytokinesis. Thus, centrosome and spindle defects can lead to abnormalities in cell 

division (Higginbotham, 2007). In NPCs, a spindle that is oriented horizontal to the ventriclar 

wall (Fig. 2B and Fig. 4) leads to symmetric, proliferative divisions, while a vertical or lateral 
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spindle leads to asymmetric divisions, producing an NPC and a daughter cell that differentiates, 

or two daughters that differentiate (Molyneaux et al., 2007; Taverna et al., 2014). One 

mechanism thought to underlie conMiC is a premature switch from proliferative to asymmetric 

divisions in NPCs, plausibly due to abnormal spindles and disruption of asymmetric centriole 

inheritance, leading to premature differentiation of daughter cells. This would quickly exhaust 

the pool of NPCs and reduce the capacity of the developing brain to generate sufficient numbers 

of neurons and glia (Fu et al., 2014). But, other mechanistic hypotheses also deserve 

consideration, as mutations causing spindle and centrosome defects are not universal in conMiC 

disorders.  

 

2. Centriole Duplication Defects: Increased Apoptosis 

Many conMiC genes encode centriole components or DNA-damage repair proteins (Fig. 

24). Based on the network of interactions amongst conMiC genes with DNA-repair and 

centriole-duplication functions, I propose that they may share a common pathogenesis 

mechanism, with impaired DNA-damage repair leading to centriole-duplication defects, and 

centriole-duplication defects causing aneuploidy and DNA damage, as abnormal numbers of 

centrioles can lead to abnormal mitotic spindles that put chromatids at risk for breakage, DSBs in 

particular, and improper segregation. Starting with a mutation in either gene set, a vicious, self-

perpetuating cycle of pathogenesis could be established. 

As seen in previous sections, mutations in genes encoding centriole components can lead 

to loss of, or amplification of, centrosomes. Too few centrosomes would likely cause monopolar 

spindles, while over-abundance of centrosomes increases the risk of multipolar spindles. Both 

monopolar and multipolar spindles can cause abnormal spindle-chromosome alignments, which 
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lead to chromosome-segregation defects during anaphase (Tillement et al., 2009). 

Monopolar spindles frequently result in apoptosis: they are not able to correctly align 

chromosomes at the metaphase plate, which is detected by the SAC, leading to activation of p53 

and cell-cycle arrest. If the cell cycle is not arrested at the SAC, cytokinesis will result in 

daughter cells being aneuploid or polyploid (Wang, 2014). Similarly, in cells with three spindle 

poles, chromosome-segregation defects lead to aneuploidy. The aneuploid daughter cells are 

generally viable, and can initiate another round of the cell cycle. Thus, the centrosome over-

duplication and genomic defects can amplify as the aneuploid cells continue to divide. In the 

presence of more than three spindle poles, cytokinesis typically does not occur, leading to cells 

with one large or two nuclei, which ultimately undergo apoptosis if p53 is present (Fukasawa, 

2007).  

Because of the pivotal role of p53, its absence or dysregulation is particularly dangerous 

for accumulation of both DNA damage and centriole-duplication errors, each of which can 

amplify the effects of the other. TP53-deficent cells show centrosome over-duplication, as these 

cells do not inactivate CDK-cyclin activity that promotes centriole duplication during interphase, 

or arrest properly in response to DNA damage (Fukasawa, 2007). Absence of p53 also impairs 

the ability to arrest the cell cycle in response to centriole-duplication failure (Lambrus et al., 

2015). Furthermore, abundant DNA damage and/or impairment of DNA repair during S-phase 

can lengthen S-phase, causing centriole over-duplication in some cell types (Balczon et al., 

1995). Thus, an abnormal DNA-damage response leading to centriole over-duplication would 

amplify the effects of DNA damage, as the additional centrioles will promote abnormal spindles, 

further increasing the risk of additional DNA damage, which could lead to a number of aberrant 

cellular outcomes. Severe DNA damage could lead to apoptosis. In the context of brain 
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development, a mutation that causes centriole over-duplication is particularly damaging if it 

leads to extensive apoptosis of NPCs, IPCs and/or post-mitotic neurons.  If severe DNA damage 

does not lead to apoptosis, the extra centrioles could be passed down to daughter cells that are 

likely to have DNA damage and/or aneuploidy, and these cells could potentiate the vicious cycle 

until they undergo apoptosis, which causes further damage in the context of brain development, 

but is protective in terms of tumorgenesis. In support of this hypothesis, centriole over-

duplication is commonly found in tumors, and can precede tumor development (Martinez & van 

Wely, 2010). The relationship between conMiC genes and tumor progression is explored in the 

next section. 

 

D. Brain Development and Cancer 

Many conMiC genes also have well-documented roles in cancer biology. Somatic and 

germline mutations in some conMiC genes can cause cancer (Fig. 25), and many conMiC genes 

are dysregulated in tumor cells, independent of a known mutation. Typically, the cancer-

associated somatic mutations are LOF in DNA-repair genes, whereas they are GOF in genes with 

biosynthetic or transcriptional regulation functions. This is in contrast to the germline conMiC-

causing mutations in these genes, which are LOF for the large majority of those that have been 

subjected to rigorous functional analysis.  

MCPH1 represents an interesting case, as somatic LOF mutations are found in colorectal, 

gastric, breast, ovarian, and cervical cancers (Jo et al., 2017). MCPH1 is thought to act as a 

tumor suppressor, by suppressing telomerase activity and mediating maintenance of G2/M arrest 

in response to DNA damage (Venkatesh & Suresh, 2014). This is particularly interesting when 

one considers the phenotypes of patients with germline LOF MCPH1 mutations and conMiC. In 
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Figure 25. ConMiC genes with known cancer-causing mutations. 
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Figure 25. ConMiC genes with known cancer-causing mutations. ConMiC genes highlighted 

in fuchsia are conMiC genes with a known cancer-causing mutation (germline or somatic) in 

human patients.  
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the most general sense, the conMiC phenotype seems to caused by defects in proliferation, and 

cancer has not been reported in patients with conMiC-causing MCPH1 mutations. This suggests 

that LOF mutations in MCPH1 can have dramatically different impacts depending upon the cell 

type and developmental period in which the mutation occurs.  

One ATR mutation causes autosomal dominant familial cutaneous telangiectasia and 

cancer syndrome, whereas all other mutations, which are LOF in charater, cause autosomal 

recessive Seckel syndrome 1 with conMiC. Although only one cancer-syndrome family has been 

reported, it has twenty-four affected individuals over four generations. Of these, ten developed 

oropharyngeal cancer and five developed other cancers, including non-melanoma skin cancer, 

breast cancer and cervical cancer. This cancer-associated mutation did not reduce ATR protein 

expression, but caused reduced p53- and Chk1-activation in response to DNA damage (Tanaka et 

al., 2012), suggesting a dominant-negative effect. In addition, somatic heterozygous mutations in 

ATR, encoding truncated proteins, have been found in malignant tumors of numerous types. 

Some truncated proteins were expressed at WT levels. These dominant somatic mutations 

interfere with the ability of ATR to phosphorylate CHK1 and arrest the cell cycle (Lewis et al., 

2005). The expression of truncated proteins at WT levels is also consistent with a dominant-

negative effect. Consistent with the LOF nature of germline ATR mutations that disrupt brain and 

body development (O’Driscoll et al., 2003; Ogi et al., 2012), there are no reports of elevated 

cancer risk in patients with Seckel syndrome 1.  

One patient with an LOF germline mutation in NHEJ1 had diffuse large B cell lymphoma 

in the brain, but lacked the conMiC disorder caused by other NHEJ1 mutations. It is thought that 

loss of NHEJ1 and defects in NHEJ can be driving forces behind the development of lymphoma 

(Patiroglu et al., 2015). Germline ERCC6 mutations have been identified in patients with familial 
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breast cancer who do not have the COFS1 phenotye (Jalkh et al., 2017). The ERCC6 mutations 

causing the developmental syndrome are LOF; it would be interesting to determine whether the 

breast cancer-causing mutation changes function in a different way. 

Cancer cells can hijack and exploit metabolic pathways to increase their growth and 

proliferation rates. Copy-number amplification of PHGDH, a conMiC gene that is responsible 

for serine biosynthesis, has been identified in numerous tumor types and is thought to drive 

tumorgenesis (Beroukhim et al., 2010). PHGDH mRNA and protein are upregulated in these 

tumors, as well as in other tumors without detectable PHGDH copy-number amplifications. 

Regardless of the molecular cause, the functional alteration in PHGDH is clearly GOF in cancer, 

as opposed to LOF in PHGDH deficiency and Neu-Laxova syndrome. PHGDH LOF mutations 

dramatically reduce cellular proliferative capacity, as evidenced by conMiC and growth 

retardation. It has been suggested that cancer cells may be particularly dependent on serine 

biosynthesis for proliferation and accumulation of biomass, although the exact mechanism is 

unclear (Mullarky et al., 2011; Zogg et al., 2014). 

Somatic mutations in CTNNB1 cause multiple types of cancer, including colorectal and 

hepatocellular carcinomas, medulloblastoma, ovarian cancer and pilomatrixoma (sometimes 

spelled pilomatricoma). The mutations are typically dominant GOF alterations that enhance 

stabilization of CTNNB1, leading to excessive translocation to the nucleus, thereby enhancing its 

role as a transcriptional activator (Chan et al., 1999; Moreno-Bueno et al., 2001). For example, 

Moreno-Bueno et al. (2001) identified and characterized a recurrent somatic CTNNB1 missense 

mutation (D32Y), found in three independent pilomatrixomas. The mutation stabilized 

CTNNB1, causing high levels of protein in the nucleus, and over-expression of CTNNB1 

transcriptional targets. In contrast, MRD19-causing CTNNB1 mutations are dominant LOF. 
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E. Future Directions 

1. The need for Molecular Diagnosis of conMiC Disorders 

Genotyping patients with conMiC for molecular diagnosis is very important, regardless 

of whether the phenotype fits a well-defined known syndrome (e.g., CdLS), is relatively novel, 

or is primary microcephaly. The genetic causes may be unexpected, and could potentially inform 

treatment strategies or provide information to families about the expected course of the disorder 

and recurrence risk. As diagnostic genetic testing has become more common, the data have 

shown disorders thought to be distinct clinical entities can be caused by mutations of the same 

gene, and vice-versa. While informative, clinical phenotypes and inheritance patterns of conMiC 

disorders cannot give the full picture. Disorder criteria without an understanding of the 

underlying genetics are inherently limited. 

Beyond nosological considerations, understanding the genetic basis of a given disorder is 

important for personal, logistical, medical and scientific reasons. For one, understanding an 

affected individual’s mutation — de novo or transmitted, dominant or recessive, autosomal or X-

linked — has major implications for family planning. Secondly, knowing the mutation gives the 

patient and caretakers a definitive diagnosis, which will ease their navigation of support groups 

and communication with medical professionals. A molecular diagnosis may also inform clinical 

management planning, treatment options, and could make the patient eligible for inclusion in 

clinical trials for potential therapeutics. The precise genetic diagnosis may also be helpful when 

considering the prognosis and future needs of the patient.  

The characterization of a mutation in a given patient can also have important implications 

for the population of individuals without a confirmed molecular diagnosis. This is particularly 

important for cases that expand known phenotypes caused by mutations in a given gene. These 
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cases could inspire further genetic testing for patients who did not “match” the better-known 

phenotype caused by a mutation in the gene, and have had lengthy delays in definitive molecular 

diagnosis.  

Identifying a mutation in a given gene (especially if the gene, mutation, or phenotype is 

novel) may inspire further study of that gene, and promote development of potential treatment 

strategies. The treatment of PHGDH deficiency provides a particularly nice example of this, as 

knowing the genetic basis allowed a targeted treatment to be administered both pre- and 

postnatally.  

 

2. Treatment Strategies for ConMiC: Advances and Challenges 

As biomedical research advances, there may be more conMiC disorders for which we can 

develop targeted treatment strategies based on knowledge of the genetic mutations. PHGDH 

deficiency represents a unique conMiC disorder, as it has a demonstrated therapy. However, 

many conMiC disorders present special challenges to treatment, as they affect processes that 

occur early in brain development, during the main phase of neurogenesis. By the time conMiC is 

detected at birth, or even by prenatal ultrasound, considerable and irreversible NPC depletion 

may have already occurred. Effect treatment would likely require identifying mutations early in 

prenatal development, so that it can be administered before birth. That poses additional 

challenges in terms of route of administration, clinical trial design, and potential adverse side 

effects to both the mother and the fetus. 

For most Mendelian conMiC disorders, the therapeutic strategy would be to promote 

proliferative, symmetric divisions of NPCs, and to limit apoptosis. As mentioned above, 

centriole and spindle defects lie at the core of many conMiC disorders. Treatment targeting 



 

 181

essential centriole regulators, such as PLK4, which acts as a critical licensing factor for centriole 

duplication (Kim et al., 2016), could have therapeutic efficacy if applied early enough and 

appropriately.  Alternately, treatments targeting p53 could help to limit excessive apoptosis if the 

treatment is able to specifically target NPCs, IPCs, glia and post-mitotic neurons early in 

development. However, the potential risks of promoting proliferation and limiting apoptosis 

must also be carefully considered, with increased cancer risk being the most obvious one. The 

use of appropriate cellular and animal models for studying known conMiC gene mutations will 

be critical for developing and testing these treatment approaches, as we must fully understand the 

functional consequences of a given mutation in an appropriate model system before attempting 

to pursue a given treatment strategy. 

In summation, pursuing a comprehensive understanding of the genes, proteins and 

cellular processes that contribute to prenatal brain development, as well as the functional 

consequences of known conMiC gene mutations is crucial for developing much-needed 

treatment strategies for conMiC. 
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Centers for Disease Control:  
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Human Brain Transcriptome Project: http://hbatlas.org,last accessed on August 16th, 
2017. 
 
Human Protein Atlas, normal_tissue.csv, contains immunohistochemistry data for 
proteins in a variety of adult cell types: 
http://www.proteinatlas.org/about/assays+annotation, last accessed on August 16th, 2017. 
 
McGrath et al. (2017) dataset: An Excel file containing the data from each sample on 
genes that were significantly dysregulated by ZKV infection in is available for download 
at: http://www.cell.com/stem-cell-reports/fulltext/S2213-6711(17)30023-1  
 
Online Mendelian Inheritance in Man (OMIM) database: www.omim.org, last accessed 
on August 16th, 2017. 
 

Yale University, College of Medicine Team-Based Learning: 
http://tbl.med.yale.edu/cell_growth_control_2020/reading.php, last accessed on August 
16th, 2017. 
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