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ABSTRACT OF THE THESIS 
 
 

Diagnostic Odyssey:  Investigating the Role of a Mutation in the CUL4B Gene and its Effect on 

the CUL4B Protein Complex in a Patient with Seizures and Developmental Delay 

 
By 

 
Desiree Basila 

 
Master of Science in Genetic Counseling 

 
 University of California, Irvine, 2015 

 
Professor Moyra Smith, Chair 

 
 
 

  For many patients with complex diseases the time from onset of symptoms to diagnosis 

may involve many years.  If a diagnosis can be reached, it often comes at great financial and 

emotional cost.  With the advent of sequencing technologies, the ability to identify gene variants 

has increased exponentially.  Interpreting these findings, however, remains challenging.  The 

purpose of this study was to analyze a mutation in the CUL4B gene revealed by whole exome 

sequencing (WES) in a patient with seizures and developmental delay.  Recognizing that 

complex disease may involve the interaction of many genes and their protein products, an 

analysis of variants in selected CUL4B associated proteins and CUL4A was also undertaken 

with the ultimate goal of determining their potential clinical relevancy. 

  WES was performed by Ambry Genetics and mRNA studies were performed by 

University of California CLIA laboratory MitoMed.  WES identified a variant in CUL4B located 

on the X chromosome. Analysis revealed a splice site mutation resulting in skipping of exon 14 
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or inclusion of intron 14.  Examination of the biological structure indicated that in either case no 

functional protein would be found. Fifteen intronic variants and one synonymous exonic variant 

were identified in CUL4B related genes.  Fourteen intronic variants in CUL4A were also 

identified.  Current understanding of these types of variants suggests they would not be 

contributory, however further study is required. Taken together, these results contribute to the 

growing body of evidence that mutations in the CUL4B gene may be causal in cases of X linked 

intellectual disability.    
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INTRODUCTION 

“The burden which those who are undiagnosed and misdiagnosed carry is a huge one to bear. 
Genomics promises little in the way of outright cures at the current time, but what it does have is 
the power to lift a weighty burden and provide those who are mysteriously ill with one of the 
most valuable and soul-soothing gifts they can ever be given...  
  
...a definitive answer.”  Patient (Maisel, 2014) 
 
 
 

THE DIAGNOSTIC ODDISEY 

 

For patients with rare or complex diseases the time between when a patient first becomes 

concerned about a health issue and when a diagnosis is received may be many years. These 

patients may undergo a long series of investigations, tests, and referrals to find answers.  The 

term “diagnostic odyssey” has become a common expression in describing this tortuous journey.  

For patients and their families who are embroiled in such a journey the challenges are many, and 

these challenges are especially difficult when they involve children.  Access to support services 

is often dependent on a diagnosis.  Parents find that caring for their child becomes more 

demanding with age rather than less so (McCann et al., 2012). Importantly, the uncertainty of 

having no explanation for a child’s illness creates an emotional burden stemming from simply 

not knowing what to expect.  Thus the lack of validation and prognosis compounds the struggle 

to care for the child (Carmichael et al., 2014). 

 With the advent of next generation sequencing (NGS) it has become increasingly 

common to find a genetic explanation for rare or complex disorders.   Once a diagnosis is made, 

there are many practical and psychosocial benefits to a family.  Parents are able to obtain 

therapies and make necessary modifications to the living environment.  The family as a whole 
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can begin the process of adapting to a different lifestyle.  Parents can begin the process of 

creating support networks by contacting other parents, local support groups and online 

organizations. In the exchange of stories and shared experiences families learn from each other 

(Carmichael et al., 2014).  

              Perhaps the most significant benefit is the validation that comes with a unifying 

diagnosis (Carmichael et al., 2014).  In a 2009 study, Makela et al. identified seven categories for 

which parents felt a diagnosis was of value for their children with intellectual disability: (1) 

validation, (2) information, (3) obtaining services or therapies in the school system, (4) early 

intervention, (5) support, (6) need to know (curiosity), and (7) prenatal diagnosis. Of these seven, 

validation was the reason most commonly put forth for wanting a diagnosis.  “Parents felt a 

diagnosis established proof of a credible problem, providing them mental and emotional relief 

that would, in turn, give them confidence and empowerment to advocate for their child.” 

(Makela et al, 2009). 

The aim of this work is to examine the changes observed in the exome of a patient with 

intellectual disability to determine if these findings are relevant to the phenotype of the patient 

and can be put forth as a diagnosis. Mutations in the CUL4B gene are associated with a 

syndromic form of X-linked mental retardation characterized by a range of features including 

severe intellectual deficit, short stature, hypogonadism and abnormal gait.  Neurological traits 

include speech delay, tremor, seizures, hyperactivity and decreased attention span. The protein 

complex is also thought to play a role in cell proliferation and DNA damage repair and as such 

may have a role in human cancers (UniProt, 2015). 

A second related aim of this project is to better understand the relationship between gene 

mutations which result in changes in a particular protein domain and how these changes manifest 
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in the phenotype by analyzing the known splice site mutation and its product in a patient with 

disease manifestations.  Further analysis will include mutations reported in the literature, the 

types of mutations (missense, frameshift, nonsense) and how these mutations effect phenotypic 

outcome given the domain in which they occur.  These findings will be compared to the 

mutations revealed in the exome of the patient in this study with specific focus on CUL4B 

In order to achieve these aims several lines of evidence will be explored.  These include 

the identification of a candidate mutation, annotation of the gene and its resulting protein 

product, literature review of other reported patients with similar mutations and phenotypes, 

functional studies, and familial cosegregation. 

 

OVERVIEW OF MENTAL RETARDATION/ INTELLECTUAL DISABILITY 

 

 “Mental retardation is a condition of arrested or incomplete development of the mind, 

which is especially characterized by impairment of skills manifested during the developmental 

period, which contribute to the overall level of intelligence, i.e. cognitive, language, motor, and 

social abilities. Retardation can occur with or without any other mental or physical 

disorder.”(WHO ICD-10). This definition, put forth by the World Health Organization, describes 

a condition which in current practice is referred to as intellectual disability, although some 

papers may use the term mental retardation.   

The etiology of intellectual disability has been a focus of many studies.  It may be caused 

by constitutional genetic abnormalities in chromosomes such as large deletions, duplications or 

aneuploidies that affect multiple genes. A second cause is mutations in individual genes. These 

diseases may have an autosomal dominant, autosomal recessive or X-linked inheritance pattern.  
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Although there has been some success in identifying these genes, many encode proteins with 

multiple functions or unknown roles (Tarpey et al., 2009).  Additionally, gene-gene interactions, 

protein complexes and protein networks make it difficult to determine the etiology of the 

condition.  Intellectual disability illustrates the challenges of understanding the etiology of 

complex conditions in which many genes and their protein products may be involved.  These 

conditions may not be caused by a single gene variant, but the cumulative effects of multiple 

genes and/or their roles within the larger biological construct. 

 

OVERVIEW OF VARIANT CLASSIFICATION  

 

 While powerful new technologies are making it possible to detect changes in DNA with 

ever increasing accuracy and resolution, interpreting these changes to achieve a meaningful 

diagnosis remains a challenge.  Historically, mutations in a significant portion of the gene such 

as an exon, splice site or promoter region that directly affected the expression and function of the 

associated protein were considered as possible explanations for a condition based on Mendelian 

principles.  With a deepening understanding of the underlying biological mechanisms, it is 

becoming increasingly clear that the relationship between a variant and clinical manifestation 

may be more complex.  A given DNA mutation and its resulting protein may act as part of a 

protein complex or within a protein network to ultimately affect phenotype.  Mutations in genes 

with predisposing, triggering, modifying, and protective functions may all play a role in causing 

disease. Digenic or polygenic disorders may require more in depth analysis in order to establish 

the underlying mechanism by which a variant in a given gene may be contributing to the disease 

process relative to other genes and their protein products (Quintans et al., 2014).  Thus, while 
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technologies such as next generation sequencing (NGS) have increased access to  sequencing 

data,  interpretation of that data for use in making clinical decisions remains complex.  One 

possible approach for establishing clinical relevancy put forth by Quintans et al. is to identify a 

mutation and then analyze it using a process that includes annotation, literature review, 

functional studies, experimental studies and familial cosegregation (Quintans et al., 2014). 

 Genetic testing is one avenue for identifying the presence of variants that may be disease 

causing.  Exome sequencing of the human genome with coverage of at least 100x is estimated to 

reveal an average of between 20,000 and 30,000 single nucleotide variants (SNV) and small 

insertions or deletions (indels).  While the term SNV and single nucleotide polymorphisms 

(SNP) may sometimes be used interchangeably, a SNP is defined as occurring in >1% of the 

population (Nature/Scitable, 2015).   By contrast, SNV is a general term for any single 

nucleotide variant that is identified as different from the consensus. It has no frequency 

specification and may be rare or common. In order to identify those variants most likely to be 

clinically significant, less reliable variant calls are eliminated in a process referred to as filtering.  

One means of filtering is to remove variants with low coverage or low quality.  Other filtering 

strategies may include eliminating variants located in SNV clusters, or excluding those with poor 

read alignment which indicate possible error in sequencing.  A second means of evaluation is 

through comparison of the variants detected in family members.  For example a variant that 

presents in a child but not in either parent is not consistent with Mendelian laws.  Such a variant 

could be further evaluated to determine if it represents a sequencing error or is a de novo 

mutation in the child (Bao et al., 2014).  However, germline mosaicism or false paternity might 

also be considered. 
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 While most analysis tends to focus on the non-synonymous  SNVs, (those variants in the 

DNA which would result in an amino acid change in the protein product), and indels (insertions 

and deletions) found in the protein coding regions, important information can be obtained from 

synonymous SNVs as well (Bao et al., 2014).  For example, some missense variations may have 

no effect on protein function while a synonymous variant which introduces a cryptic splice site 

can be pathogenic  (Tarpey et al., 2009).    

Examination of existing data bases may also reveal the frequency with which a given 

variant sequence occurs in random individuals relative to the population as a whole.  If the 

variant identified in an individual is also present above a certain frequency threshold in the 

general population it is less likely to be disease causing or may not be highly penetrant (Quintans 

et al., 2014).  This type of information can, in turn, be used to identify a mutation that is 

clinically relevant rather than a DNA change which reflects polymorphisms within a population.  

Care should be taken when performing this type of analysis, however.  Quintans et al. 

point out that some potentially pathogenic mutations may occur in the general population by 

chance which may lead to misinterpretation of these variants as benign.  Alternatively, given that 

the frequency of most DNA variants found in the human genome are less than 1%, a variant that 

is harmless may not be found in the general population.  Thus, the fact that a variant under 

investigation is not detected in a control may reflect the fact that it is rare, rather than pathogenic. 

Importantly, a benign variant that appears with some frequency in one population may be 

deleterious in another population with differing haplotype, epigenetic or environmental 

considerations (Quintans et al., 2014).   

Once a variant has been identified several steps may be taken to determine if it is 

significant to the observed phenotype and to what degree.  Annotation is the process by which 
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the variant is described by comparison to a standard reference sequence with the goal of 

determining the variant position and functional classification (Quintans et al., 2014). Annotation 

characteristics may include genomic features, potential role in exon function, and the nature of 

the amino acid change in the resulting protein (Bao et al., 2014).  Establishing the relationship 

between the variant or gene and disease provides further evidence that may indicate a role for the 

variant.  Quintans et al. point out that this may include examining sources that describe cellular 

pathways, gene expression, protein domain structure and modeling.  For example, a gene that is 

highly conserved across species may suggest that its product is essential to life processes.   

Additionally if it can be established that the variant is present in other patients with a similar 

phenotype it may support a role for that variant in causing the condition (Quintans et al., 2014) 

 Understanding the various interrelationships of sequence variation and phenotypic 

outcome requires interpretation of an ever-increasing body of data. Key to successful 

interpretation and annotation is the use of bioinformatics tools.  Luscombe et al. describe 

bioinformatics as “conceptualizing biology in terms of macromolecules (in the sense of physical-

chemistry) and then applying ‘informatics’ techniques (derived from disciplines such as applied 

maths, computer science, and statistics) to understand and organize the information associated 

with these molecules, on a large-scale.” (Luscombe et al., 2001).  Bioinformatics tools are 

essential to identifying a mutation and establishing the function of a sequence whether it is 

coding or has some other function.  This process is the basis for determining the pathogenicity of 

a variant and a possible role in diagnosis.  

 One preliminary approach is to annotate the variant by comparing it to the sequences 

reported in dbSNP, a database which catalogues observed variation in the DNA sequence.  

Single nucleotide polymorphisms (SNPs) are the most common variations observed, occurring 
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approximately once every 500-1000 bases.  The name, dbSNP is somewhat misleading however 

since in addition to SNPs, short deletion and insertions, microsatellite markers, and elements 

such as retrotransposons are also included in the database.  A wide variety of contributors 

ranging from individual laboratories to private industry may submit to the database (Sherry et al., 

1999).  While dbSNP remains a valuable means of cataloguing the burgeoning information being 

created regarding the human genome, it is important to note that there may be errors in base-

calling that affect the quality of the reported sequences.  These artifacts which may be 

misinterpreted as SNPs are referred to as single nucleotide differences (SNDs).  Arthur et al. 

have noted that the incidence of SNDs has dropped and they may represent about 2.2% of all 

biallelic SNPs.  While improvements in detection and curation have improved quality generally, 

the presence of SNDs in the database may compromise research in human genomics (Arthur et 

al. 2014). This example underscores the importance of using a variety of databases and 

approaches when characterizing a variant and establishing pathogenicity.    

The functional study of a genetic variant includes analysis of the genetic mutations and 

the possible outcomes in the protein product, including missense, splicing effect, and nonsense 

mutations, among others. Importantly, these functional classifications alone cannot establish a 

variant’s pathogenicity.  For example, a truncating mutation which is often considered to be 

deleterious may have no effect in a dominant disease typically caused by a mutation which 

results in an abnormal gain of function (Quintans et al., 2014).  Thus a variant must be seen in 

relation to other factors that determine function and phenotypic manifestations.  

Variants are often analyzed using in silico models which are designed to predict the likelihood 

that a given variant will have a deleterious effect on the encoded protein.  Models designed to 

promote understanding of the structure of the particular amino acids in a protein give insight into 
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the biochemical properties and three dimensional structure of the protein and its function  

(Quintans et al., 2014).   For example  SIFT (Sorting Intolerant From Tolerant) is a program that 

predicts whether the substitution of  an amino acid  will have an effect on  protein function based 

on the resulting protein amino acid sequence.  (Ng et al. 2003; sift.jcvi.org).  SIFT takes as its 

premise that amino acids essential to protein function will be conserved in a protein family.  

Thus changes in highly conserved positions are likely to be predicted as deleterious.  If, for 

example, isoleucine is the only amino acid found at a particular position in an alignment, 

substitution of any other amino acid is presumed to have been selected against evolutionarily 

suggesting that isoleucine is essential to protein function and substitution at that position is likely 

deleterious.  By similar reasoning, if the hydrophobic amino acids isoleucine, valine and leucine 

are found in a position in an alignment, SIFT assumes that the hydrophobic attribute is required 

at this position.  A change to other hydrophobic amino acids at this position would likely be 

predicted to be tolerated, while changes resulting in a substitution of a charged or polar amino 

acid would be expected to have an effect on the protein function. (Ng et al. 2003). 

While SIFT makes predictions based solely on amino acid sequence, PolyPhen 

(Polymorphism Phenotyping) also examines 3D-structure 

(http://genetics.bwh.harvard.edu/pph2).   This model takes into account the specific site at which 

a substitution may occur, considering for example, active or binding sites, and globular versus 

non-globular regions such as a transmembrane site.  Other considerations might include sites 

annotated as lipid, metal, or carbohydrate, as well signaling regions.  Bonds, such as disulfide or 

thioesters, and molecular structures such as coil regions are also noted. The next step is to 

compare the variant sequence to a known protein 3D structure.  This is achieved using the Basic 

Local Alignment Search Tool (BLAST) which identifies local regions of similarity between 
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sequences by comparing protein (or nucleotide) sequences to databases and then performing 

statistical analysis to identify matches. This comparison reveals what impact the amino acid 

substitution may have on important aspects of the protein such as destruction of the hydrophobic 

core, electrostatic interactions, solubility, or interaction with ligands (PolyPhen Help Text, 2015; 

Sunyaev et al., 2001).    

Also important to the analysis are structural parameters and contacts.  PolyPhen considers 

what changes an amino acid substitution might cause in the resulting protein with regard to the 

solubility, the potential effect of the alternate side chain, or changes in the ability of the poly 

peptide backbone to rotate (Phi-psi dihedral angles).  An amino acid residue may also have 

specific spatial contacts which are central to its role in the protein.  A contact may serve to 

determine the protein structure or the procedure by which that structure is achieved.  A 

polymorphism may change the interaction between polypeptide chains which in turn affect 

quaternary structure.  They may also interact directly with residues essential to the protein 

biological function such as the binding, active site, and lipid or metal sites identified from 

sequence annotation.    PolyPhen integrates these various data points to predict the effect of a 

non-synonymous SNP on protein function which, in turn, may inform an interpretation of the 

mutation’s clinical relevance (PolyPhen Help Text, 2015) 

It is noteworthy that current understanding of sequence variation outside the coding 

regions of the gene remains limited. Regulation of gene expression varies between species and 

between tissues within a species.  Variants in the splicing regions, untranslated regions (UTR), 

promoters and other regulatory regions may prove more difficult to interpret using predictive 

models (Quintans et al., 2014).  Yet it is becoming increasingly clear that intronic regions may 
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play a significant role in gene regulation and expression.  By extension mutations in these 

regions may be contributing to disease manifestations.   

One system for studying and interpreting these regions is the ENCODE Project database.  

The Encyclopedia of DNA Elements (ENCODE) project has as its goal the delineation if all 

functional units encoded in the human genome.  The ENCODE Project Consortium defines a 

functional unit or element as a particular DNA segment that encodes a specific product such as a 

protein or non-coding RNA or has an identifiable biochemical function such as protein binding 

or chromatin structure.  Since 2007, the ENCODE project has used various approaches to map 

functional units in the human genome.   Some of these methodologies and the elements mapped 

are described below: 

1. RNA-seq: Isolation of RNA sequences  

2. CAGE-Analysis of the RNA 5’ methylated cap added at the beginning of  
transcription 

 
3. RNA-PET Captures RNAs with both 5’ methyl cap and poly A tail.  Taken together  

this assays full length RNAs for further study 
 

4. ChIP-seq – Uses chromatin immunoprecipitation determine regions of chromatin 
most often bound by proteins.  Antibodies directed at transcription factors, chromatin 
binding proteins and chemical changes to histone proteins to identify genomic DNA 
bound by these proteins. 

 
5. DNase seq- An assay used to identify regions that are hypersensitive to DNase I  

indicating open chromatin 
 

6. FAIRE-seq – Isolates regulatory regions. 
 

7. RRBS – Reduced representation bisulphite sequencing uses the fact that DNA treated 
with bisulphite will result in the conversion of unmethylated cytosines to uracil.  
Methylated cytosines are protected from conversion and can thus be identified. 

 
(ENCODE Project Consortium)  
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The ENCODE Project Consortium has noted that the fraction of bases in non-coding 

DNA thought to be involved in direct gene regulation is significantly higher than the fraction of 

bases involved in protein coding exons.  They suggest this may imply that more information in 

the human genome is focused on gene regulation rather than biological/biochemical function. 

(ENCODE Project Consortium).   Thus, the role of functional units in non-coding regions of 

DNA takes on new significance and variants in these regions emerge as possible cause for 

disease. 

Another avenue for establishing pathogenicity is experimental evidence.  Patient samples 

may be used to evaluate abnormal gene expression by RNA or protein analysis.  Additional 

studies can include introducing the variant into cells or animal models.  If the variant causes 

changes analogous to the phenotype in the donor and if the observed abnormalities are abrogated 

by experimentally restoring wild type pathogenicity is supported (Quintans et al., 2014) 

Familial co-segregation is yet another important consideration in variant interpretation.  

The causal role of a given variant is supported if it is present in all affected family members.  

However, when evaluating genetic variants in a clinical diagnostic setting, candidate genes are 

often evaluated one by one.  While this may be useful for disorders that follow a Mendelian 

inheritance pattern, it may obscure the analysis given that other variants in the genome may be 

present an individual patient which also influence clinical presentation.  

  Synthesizing the lines of evidence in order to arrive at the most likely role for a given 

variant requires both quantitative and qualitative analysis to achieve a classification.  One 

commonly used system describes variants as benign, probably benign, of uncertain significance, 

probably pathogenic, and pathogenic.  This system is somewhat over simplified and is mostly 

applicable to Mendelian disorders.  In more complex disease other categories are used to further 
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describe a genetic variant and its role in disease.  These may include susceptibility variant, 

prognostic factor, trigger, modifier and protective.   As the names suggest, these variants may not 

be directly causal, but rather have a role in protein networks or metabolic pathways that when 

disrupted, in turn, cause disease (Quintans et al., 2014). 

Complex disease requires stratification of the genotype-phenotype relationship being 

examined whether it be at the cellular level, organ level or in the individual organism.  A given 

variant may be deleterious at one of these levels, but not necessarily cause disease or have a 

deleterious effect in the others. Thus determining that a variant is deleterious to the function of 

an encoded protein does not, de facto, translate into clinical relevance (Quintans et al., 2014).  

When seeking a diagnosis for more complex disease, such as intellectual disability it is essential 

to consider the intricate biological interactions that may define the relationship between a variant 

and the manifestation of disease.  This requires analyzing the variant from different perspectives 

in order to determine its clinical significance in diagnosis.    

As research begins to reveal the mechanisms by which genes are regulated and expressed 

in addition to the relationship between protein structure and function, bioinformatics tools are 

being developed to help determine the roles mutations may have in disease.  One example of a 

tool that combines annotation from multiple sources is ANNOVAR.  Bao et al. note that this 

program includes three annotation platforms, gene-based, region-based, and filter-based, 

assimilating over 4,000 public databases for annotation.  These include dbSNP, 1000Genomes, 

ESP6500, Complete Genomics personal genomes and NCI-60 human tumor cell line panel 

exome sequencing data which provides information to evaluate minor allele frequency (MAF). 

ANNOVAR includes seven programs from the LJB23 database (or dbNSFP, database for 

nonsynonymous SNPs' functional predictions) and Combined Annotation Dependent Depletion 
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(CADD) database to enable prediction of deleterious variants.  Scores are included to assess the 

conservation of the mutated site of interest across 29 mammalian species.  The program takes 

into account experimental evidence for pathogenesis by referring to disease variant databases 

such as COSMIC (Catalogue Of Somatic Mutations In Cancer) (Bioinformatics Primer, 2015; 

http://cancer.sanger.ac.uk/cosmic) and ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/)  which is 

a compilation of reported relationships among human variations and phenotypes  (Bao et al., 

2014).  Programs such as ANNOVAR take advantage of multiple databases and their varied 

strengths to analyze and assess a variant from multiple perspectives, thus increasing the ability to 

use genetic information in the clinical setting. 

 

OVERVIEW OF SPLICING MECHANISM 

 

The Central Dogma of biology refers to the two step process, transcription and 

translation, by which information flows from DNA to mRNA to produce protein in the cells as 

described below: 

 

DNA-à mRNA---àprotein 

 

 It is well understood that DNA sequences encode specific products and also contain 

information specifying when, where and how these products are made.  The DNA sequence is a 

guide for the construction of an intermediate molecule, mRNA, through the process of 

transcription. (Griffith et al., 2010)  Unlike DNA, RNA is single stranded and as a result more 

flexible.  It is capable of forming complex, three dimensional shapes.  In some cases, this allows 
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the RNA strand to bend in such a way that its own bases may form base pairs with each other.  A 

second important distinction of the RNA molecule is the presence of the pyrimidine base uracil 

instead of thymine.  Like thymine, uracil forms two hydrogen bonds with adenine, but in 

addition uracil can also bond with guanine. This occurs only during RNA folding, however, not 

during transcription.  This ability of U to pair with both A and G gives the RNA molecule its 

ability to form complex structures which are important in facilitating essential biological 

processes.  RNA contains a hydroxyl group at the 2’ carbon atom of ribose.  This moiety plays a 

key role in cellular processes involving RNA including the splicing of the pre-mRNA molecule 

into the mature mRNA which ultimately determines the final protein product (Griffith et al., 

2010). 

 

  

Figure 1. MOLECULAR STRUCTURE OF RNA Illustration of the RNA molecule indicating 
carbons involved in synthesis and the hydroxyl group at the 2’ carbon important to the splicing 
mechanism.  (Attribution: Narayanese at the English language Wikipedia.  “RNA”; 
https://commons.wikimedia.org/wiki/File:RNA_chemical_structure.GIF) 
 

In higher organisms the coding sequences that make up a gene are not continuous in the 

DNA molecule.  Rather the genes are comprised of intermittent coding sequence interspersed 

with extended regions of DNA sequence that is non- coding. These sequences called introns are 
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transcribed but not translated.  During transcription introns are removed from the primary 

transcript in a process referred to as splicing.  The resulting mRNA contains a coding sequence 

that is completely parallel with the protein that it will ultimately encode (Griffiths et al, 2010). 

While the human genome has only 20,000 genes, there are more than 100,000 proteins 

encoded.  This suggests that any given gene may encode the information for more than one 

protein.  One mechanism by which this is achieved is alternative splicing, a process by which 

exons are included or excluded in the final mature mRNA based on the splicing process. Proteins 

produced by alternative splicing, referred to as isoforms, are usually related because they share 

groups of exons present in the primary transcript (Griffiths et al., 2010). 

The processing of a primary transcript into a mature mRNA transcript requires the 

precise removal of introns and the exact joining of exons.  The exon-intron junctions are the sites 

at which splicing reactions take place and certain specific nucleotides are known to be highly 

conserved across individual genes and across species.  Thus introns almost invariably have a GU 

at the 5’ end and an AG at the 3’ end.  Also highly conserved is an adenine molecule that appears 

between 15 and 45 nucleotides upstream of the 3’ splice site referred to as the branch point.  The 

nucleotides flanking these sites are also highly conserved, but less rigorously (Griffiths et al., 

2010). 

The high degree of conservation at these sites reflects the fact that biological mechanisms 

must depend on these sites to facilitate the splicing process.  A complex of proteins and one of 5 

small nuclear RNAs (snRNA) is known as the small nuclear ribonucleoprotein (snRNPs).  These 

5 complexes associate in turn with more than 100 additional proteins to form the spliceosome.  

The snRNPs in the spliceosome complex are complementary to the consensus sequences at the 

intron-exon splice site junctions.  The 5 snRNPs are referred to as U1, U2, U4, U5 and U6.  
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Hydrogen bonding between the snRNPs and the consensus sequences aligns the splice sites in 

order for accurate excision of the intron to occur.   Thus the consensus sequence plays a central 

role in defining the phosphodiester bonds of the pre-mRNA that will be cleaved (Griffiths et al., 

2010) 

The process of nuclear mRNA splicing is intricate and still under investigation, however 

the essential biochemistry of the splicing process indicates the importance of the conserved sites.  

U1 attaches to the GU consensus sequence at the 5’end of the intron.  U2 binds to the branch 

point and U4, U5 and U6 interact with the spliceosome to facilitate the configuration of the RNA 

in a position that will promote the splicing process.  This process occurs in two steps.  The first 

step involves the 2’- OH group of the adenosine at the branch point which initiates a nucleophilic 

attack on the phosphate 5’ splice site of the intron creating a loop similar to a lariat.   The second 

step is initiated when the 3’-OH of the 5’ exon carries out nucleophilic attack on the phosphate 

of the 3’ splice site.  With this two-step process the intron is excised and the 3’ and 5’  

exons are joined. 

 The average human gene contains eight exons and seven introns.  Through the process of 

alternative splicing an average of three or more mRNA isoforms may be produced (Lee et 

al.,2015).  Lee et al. also report that recent studies using high–throughput sequencing  suggest 

that 100% of human genes produce at least two mRNA isoforms (Lee et al., 2015). These 

isoforms in turn encode distinct proteins.  In the process of alternative splicing some sequences 

may be included as exons under given conditions resulting in one mRNA transcript, but under a 

different set of conditions this same sequence is  spliced out,  in which case it is treated as an 

intron, and  does not appear in the mature mRNA (Edwalds-Gilbert, 2010).  Thus the same gene 

may encode two or more protein products with different or even opposing functions (Edwalds-
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Gilbert, 2010).   Figure 2 shows  possible types of  alternative splicing. These include exon 

inclusion or skipping, mutually exclusive exons, alternative splice site selection, alternative 

promoters and poly (A) sites, and intron retentions.  Any given pre-mRNA may show a 

combination of different types of altenative  splicing  (Black, 2003).   

 

Figure 2. PATTERNS OF ALTERNATIVE SPLICING  (Black, 2003) 
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It is estimated that one third of all deleterious mutations disrupt splicing (Vaz-Drago et 

al., 2015).   This disruption may be at the splice site itself or through other alterations of the 

splicing mechanism such as splicing enhancers or inhibitory motifs. The phenotypic outcome is 

often a nonfunctional protein or the introduction of a premature termination codon which, in 

turn, targets the mRNA for degradation by nonsense mediated decay (Vaz-Drago et al., 2015).  

Given the role that splicing mechanisms play in protein function and disfunction, it is an 

important  consideration in establishing the clinical significance of a variant.  

 

ROLE OF CUL4B: UBIQUITINATION  

 

CUL4B plays a key role in an essential biological process known as ubiquitination.   

Ubiquitination is a chemical reaction whereby proteins are marked for degradation or transport to 

specific compartments within the cell.  It is also involved in histone modification and by 

extension may play a role in gene expression.  Ubiquitin (Ub) is a small protein consisting of 76 

amino acid residues.   It possesses seven lysine residues and an N-terminal methionine residue.  

Each of these can bind with the carboxyl terminus of another Ub molecule.  This structure allows 

for unique signal diversity.  Ub bonds covalently to the e-amino group of lysine residue of the 

protein substrate.  The protein may be modified with a single Ub molecule at one lysine site 

(monoUb), a single Ub molecule at multiple lysine sites (multi-monoUb) or a polymeric chain of 

Ub molecules attached at a single lysine site (polyUb) (Komander, 2009). 

 In eukaryotes the process of ubiquitination is one of the most predominant mechanisms 

for the regulation of protein function and stability. Strieter et al. suggest that sequence 
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annotations indicate as much as 5% of the human genome is involved in the addition and 

removal of ubiquitin to and from target proteins.  Ubiquitination plays a pivotal role in the 

control of diverse biological processes.  Misregulation has been associated with several human 

diseases, including cancer, immune disorders, neurodegenerative diseases, and congestive heart 

failure (Strieter et al., 2012). 

The process of ubiquitination involves a progression of enzymatic events.   Initially 

ubiquitin activating enzymes (E1s) activate free ubiquitin.  The second step involves the transfer 

of the activated ubiquitin to ubiquitin conjugating enzymes, (E2s).  These, in turn, coordinate 

with ubiquitin ligases (E3s), such as the CUL4B protein complex, to finally bind ubiquitin to 

targeted substrates (Streiter et al., 2012). 

 

THE CUL4B PROTEIN PRODUCT AND PROTEIN COMPLEX 

 

 The CUL4B gene is located on the X chromosome at Xq23. The gene contains 22 exons 

and encodes a 913 amino acid protein that is a core component of cullin RING (Really 

Interesting New Gene) based E3 ubiquitin protein ligase complex (Zou et al., 2011).   The 

SMART nrdb database estimates 60% conservation in the cullin homology domains (Sarikas et 

al., 2011). 

 The InterPro consortium which combines protein analysis from several databases 

suggests the following structural architecture for CUL4B (Figure 3).  Six specific protein 

characteristics are summarized below: 

1.  Amino acid residues 209-555.  The N-terminal cullin repeat-like-containing domain forms a 

multi helical 2-layered alpha/alpha structure, which is folded into a right-handed superhelix. 
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2.  Amino acid residues 217-814. The N-terminal region encompasses several domains, 

including the cullin repeat domain, a bundle domain comprised of 4 helices, an alpha+beta 

domain, and a winged helix-like domain. 

3. Amino acid residues 558-786. The cullin homology region includes three domains the 4 helix 

bundle domain, the alpha+beta domain, and winged helix-like domain. 

4. Amino acid residues 746-813, 814-913. The winged-helix-turn-helix DNA-binding domain is 

found in many different proteins with widely varied biological functions.  The winged helix is 

comprised of two wings, three alpha helices and three beta sheets.  The wings are small beta-

sheets which make contact with DNA at different points including the minor groove or the DNA 

backbone.  The DNA recognition site is a helix that makes contacts at sequence specific sites 

with the major groove of DNA. 

5, Amino acid residues 842-907.  The neddylation site is common to the cullin proteins including 

Cul4B.  Members of the cullin family are modified by Nedd8 which bonds covalently to a 

conserved cullin lysine residue.  Cullins are the only known Nedd8 substrate. 

6. Conserved region among the various cullin family proteins (InterPro, 2015), 
http://www.ebi.ac.uk/interpro/protein/Q13620)	  
	  
 
 The cullin family proteins, so named for their role in “culling, sorting or selecting” 

proteins in the cell for ubiquitination and subsequent degradation, contain an evolutionarily 

conserved cullin homology domain.  There are seven cullins in mammals.  Cullins 1 through 5 

have in common a long amino-terminal domain composed of three cullin repeats (CR1-CR3). 

(Sarikas et al., 2011).   The cullin domain is located between amino acid residues 217 and 815 

(Tarpey et al, 2007).  The carboxyl-terminal domain (CTD) has a globular structure and contains 

a highly conserved stretch of approximately 200 amino acids known as the cullin homology 

domain.  The cullin protein is one of three components in the cullin protein complex.  The other 
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two elements that comprise the complex are the RING finger protein which acts as a recruiter for 

the E2 enzyme carrying ubiquitin and a substrate adapter which brings substrates and the 

ubiquitin/E2 enzyme complex into close proximity. 

  The RING molecule, regulator of cullins (ROC1 or ROC2) also known as RING box 

protein (Rbx1 or Rbx2), binds to the cullin scaffold at the CTD. These RING molecules contain 

a domain rich in histidine and cysteine and coordinate two zinc atoms, the so called RING finger.  

They recruit the E2 enzymes carrying ubiquitin for eventual ligation to the substrate target 

(Sarikas et al., 2011).  The transfer of ubiquitin from E2 to the substrate is achieved in part by an 

allosteric change of E2 promoted by the RING finger which results in the release of ubiquitin 

(Jackson et al., 2009; Kerzendorfer et al., 2011).  

  The cullin family proteins do not bind substrates directly.  Instead substrate recruiting 

receptors containing a WD40 domain are linked to the CUL4 scaffold at the N-terminus through 

a linker protein which, in the case of the CUL 4 proteins, is DDB1 (damaged DNA binding 1).   

DDB1 is defined by three beta propellers (BPA, BPB, BPC).  Higa et al. describe the relationship 

between BPA and BPC like two halves of an open clam shell with the opening representing a 

binding pocket. The third beta propeller, BPB, is connected to the BPA-BPC binding pocket by a 

hinge-like construction which provides relative flexibility.  This allows for three different 

conformations of the BPA-BPC clamshell relative to the cullin-binding BPB (Higa et al. 2007). 

 The WD 40 domain which distinguishes the substrate recruiting receptors is defined by a 

Gly-His dipeptide and Trp-Asp (WD) separated by 20 to 30 residues and is approximately 40 

residues in length.  These substrate recruiting receptors may be referred to as DDB1-binding 

WD40 (DWD), DDB1-CUL4-associated factors (DCAF), or CUL4-DDB1-associated WDR 

(CDW) proteins (Jackson 2009).  They link to DDB1 at the WD 40 domain, then associate with 



23	  
	  

the substrate specific to the recruiting protein which, in turn, will be ubiquitinated.  To further 

characterize the WD40 domain found in DDB1-binding proteins, He et al. identified 16 residues 

referred to as the DWD box (DDB1-binding and WD40 repeat). The defining characteristics of 

the DWD box are the first 14 residues in the DWD box which correspond to the second half of a 

WD40 repeat that is more conserved when compared to other WD40 repeats. The Arg16 

following the WD dipeptide is a key residue of the DWD box.  Several of these conserved 

residues, among them Arg16, are positioned on the protein surface which further supports the 

role of these residues in binding with other proteins.  He et al. note that a DWD protein may 

function either as a substrate itself or as a substrate receptor that aligns other proteins for 

ubiquitination by the CUL4 protein complex (He et al., 2006). This construction allows for the 

CUL4B complex to interact with a variety of specific targets.  Figure 4 illustrates schematically 

the structure of the CUL4B complex.  
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Figure 3. THE CULLIN FAMILY PROTEIN COMPLEXES. Schematic illustrating the general 
structure of the cullin protein complex and the seven homologs in the cullin family. Shown are 
the cullin scaffold proteins, the regulator/activator, the recruiter protein RING, the adaptor 
(linker) module including DDB1 and the regulator/activator NEDD8.  The substrate recruiting 
receptors are also represented. (Reprinted with permission from 
http://Biology.ucsd.edu/research/faculty/e1bennett)   
   
 
 Examination of the CUL4B protein indicates that it is part of a protein complex and that 

its function is dependent not only on the integrity of the CUL4B structure, but also on that of 

other proteins it interacts with.  In addition to the proteins described above NEDD8, CAND1, 

and COPS5 (subunit of COPS9) interact with CUL4B and are involved, in regulation of the 

ubiquitination activity.  NEDD8 (Neural Precursor Cell Expressed, Developmentally Down-

Regulated 8) is a ubiquitin-like protein which, like the RING protein, covalently modifies cullins 

(genecards.org).  NEDD8 acts on the C-terminus between residues 842 to 907 at a conserved 
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lysine residue.  This induces a conformational change that promotes the transfer of ubiquitin to 

the substrate (Liu et al., 2012). 

 In addition to promoting ubiquitination, NEDD8 also is involved in regulating CRLs.  

When NEDD8 is bound to the cullin scaffold a CAND1 (cullin-associated NEDD8-dissociated 

protein 1) binding site is obscured (Duda et al., 2008).  This prevents CAND1 from associating 

with the CUL4B protein.   CAND1 is thought to play a role in regulating the CUL4B protein 

complex by binding unneddylated CUL4B at the exposed binding site and rendering the complex 

inactive in a process referred to as sequestration. (Bennett et al., 2010). 

 COPS5 is a subunit of the COPS9 (constitutive photomorphogenic 9) signalosome 

complex (CSN) which is made up of 8 subunits (Wei et al., 1999).  It contains the catalytic site 

responsible for deneddylation.  By removing NEDD8, it acts to disrupt ubiquitination while also 

keeping the CUL4B protein complex inactivated.  (Bennett et al, 2010).  While the regulatory 

mechanism of the cullin family in general and CUL4B in particular is not well understood, it is 

clear that it involves an interaction among proteins.  The emerging picture suggests that 

disruption of any one of the proteins may result in dysregulation and by extension disruption of 

ubiquitination.  This, in turn, affects many biological processes.      

 The functional roles of CUL4B and its homolog, CUL4A, are not completely 

characterized.  Although they are highly identical, the fact that no human disorder is associated 

with CUl4A while CUL4B is associated with Cabezas syndrome suggests that CUL4A cannot 

fully compensate for CUL4B.  However, in spite of several mutations in CUL4B reported in the 

literature that lead to functionally null mutations, complete loss of function of the CUL4B 

protein product is compatible with life in spite of significant, pleiotropic effects.  Ravn et al. 
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suggest that although CUL4A cannot completely compensate for CUL4B this may indicate a 

possible redundancy between the two proteins (Ravn et al., 2012). 

 CUL4B is thought to play significant roles in cellular processes including ubiquitination 

of histones and control of the cell cycle through down regulation of cyclin E and b-catenin.  It is 

also known that genetic mutations of the CUL4B gene are associated with X-linked intellectual 

disability (XLID) in males.  Liu et al. examined the endogenous Cul4B isoforms in the brain in 

order to better understand what role the CUL4B protein product might have in the neuronal cells. 

Both human and rodent tissues express three principal Cul4B protein isoforms. In the 

brain Cul4B-1 and Cul4B-2 are uneddylated (thus likely inactive due to sequestration) and more 

abundant.  Cul4B-3 which is missing the N-terminus present in the other two isoforms is 

neddylated and thus more likely to be active. Studies by Liu et al. suggest that the N-terminus of 

Cul4B inhibits neddylation in the larger isoforms. The group’s work further demonstrated that 

most Cul4B is unneddylated.   They noted that unneddylated Cul4B accumulates during mitosis 

of neural progenitor cells (NPC) and that down regulation of Cul4B arrests cells in the G2/M 

phase in NPCs.  Thus a higher concentration of Cul4B promotes movement through cell division 

although it is unnedylatated and likely sequestered.  The authors found excessive amounts of 

unneddylated Cul4B in human brain hippocampal NPCs. Taking into account the fact that 

accumulated Cul4B may play a role in regulating cell division the authors suggest a role for 

Cul4B in brain development (Liu et al., 2012)..  This example further illustrates the complex 

nature of Cul4B regulation and mechanism of action. 
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LITERATURE REVIEW OF PATIENTS WITH CUL4B MUTATIONS  

 

 In 2000, Cabezas et al., reported a large family in which intellectual disability was 

tracked from four normal and one minimally affected female to seven males over three 

generations.  No male to male transmission was observed.  The observed pattern suggested X-

linked inheritance.  Upon examination, consistent clinical features were observed including short 

stature, prominent lip, small testes, muscle wasting of the lower legs, kyphosis, joint hyper 

extensibility, abnormal gait, tremor, and decreased fine motor coordination. (Cabezas et al., 

2000).  This report established a new XLMR syndrome which is often referred to in the literature 

as Cabezas syndrome.  

 In 2007 Tarpey et al. observed that intellectual disability had been associated with more 

than 60 (approximately 6%) of the X-linked genes annotated in the Vega Genome Browser.  The 

authors noted, however, that each reported X-linked mental retardation (XLMR) gene was 

associated with only a few affected families.  The two exceptions to this observation were 

mutations in the FMR1 gene which causes fragile X syndrome and is associated with ~20% of 

families, and ARX gene mutations which are seen in ~9.5% of affected families.  The authors 

indicated that despite success in identifying genes associated with intellectual disability, the 

underlying gene defect in most affected families could not be attributed to any of the known 

genes (Tarpey et al., 2007).  In an attempt to further identify the genes responsible for XLMR, 

Tarpey et al. performed mutational screening of the X chromosome in 250 families with multiple 

members who presented with intellectual disability, including those previously reported by 

Cabezas et al. The use of a direct screening approach revealed truncating and missense mutations 

in CUL4B in 8 of the 250 families studied for a total of 39 individuals.  
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 The pattern of clinical features observed in these individuals included intellectual 

disability that was typically moderate, but widely variable.  While some individuals were 

institutionalized, others were able to live with some degree of independence.  Speech delay, 

which was observed in early childhood, was disproportionately severe relative to the degree of 

intellectual disability.  Adults were capable of little or no speech, but could understand basic 

commands.  They were also able to cooperate with others to complete a task.   Aggressive 

behavior was reported to be common among affected individuals and also varied widely, ranging 

from shouting and stamping to attempted strangulation (Tarpey et al., 2007). 

 Neurological features included tremor observed in the hands, some compromised motor 

activities, and seizures.  Seizures were typically single febrile fits and, while common in young 

children, were not often observed in adults.  While severe ataxia was observed in one child, 

patients were most often described as clumsy particularly in adulthood.  Wasting of the calf 

muscles, retained tendon reflexes, and pes cavus were also observed in some patients (Tarpey et 

al, 2007). 

 Physical features commonly observed included short stature, central obesity, and genital 

tract abnormalities such as undescended and/or small testes, hypospadias, and hypogonadism.  It 

was noted that the average adult height was in the 5th percentile while the average head 

circumference was in the 97th percentile.  Feet were reported to be small in some cases and 

abnormalities of the toes and sandal gap were also observed (Tarpey et al., 2007). 

 Also in 2007, Zou et al. reported a family with XLMR presenting in five affected males 

in four sibships.  The authors were able to use polymorphic markers to identify a candidate 

interval in the 10.26 Mb region between XSTR3 and XSTR4, eventually finding a nonsense 

mutation in the CUL4B gene.  A base substitution at 1564 in exon 9, c.1564 C->T resulted in the 
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conversion of a codon for arginine (CGA) to a termination codon (TGA).  The mutation 

cosegregated with affected individuals in the family (Zou et al., 2007).   The phenotypes of 

affected individuals had overlapping characteristics both among those in the family and with the 

phenotypes described in the patients of the Tarpey group.   

 Following these two seminal papers, other groups also reported findings of CUL4B 

mutations in patients with XLMR.  According to a 2014 paper by Vulto –van Silfhout et al., 13 

families with 12 discreet CUL4B mutations had been reported in the literature.  In addition to the 

families studied in 2007 by Tarpey et al. and Zou et al., Badura-Stronka et al. reported a novel 

nonsense mutation in three brothers with XLMR in 2010.  Also in 2010 Isidore et al. reported a 

patient with a deletion in CUL4B with Cabezas syndrome, followed by Ravn et al. who reported 

a monozygotic twin pair with a deletion in CUL4B leading to a concordant phenotype with 

features overlapping those of other patients with CUL4B mutations.   In 2014, Londin et al. 

identified a donor splice-site mutation expected to resulted in abnormal or absent splicing of 

exon 6 in CUL4B.  As with previous reports the affected individuals were all male and had 

features typical of Cabezas syndrome.  Writing in 2012, Ravn et al. observed that of the 11 

families identified at that time all but one were clinically diagnosed after the genetic mutation 

was established, suggesting that XLMR associated with CUL4B mutations may be 

underdiagnosed.   

 In 2015 Vulto-van Silfhout et al. described 11 families with variants in CUL4B, adding 

25 new patients for a total of 85 patients known to have a CUL4 B mutation and Cabezas 

syndrome.  Nine of the variants identified were novel. Based on these patients and clinical data 

previously published, the Vulto-van Silfhout group proposed a guideline for use in identifying 

patients who might have a CUL4B mutation. These guidelines break down the observed 



30	  
	  

phenotypic characteristics into seven groups: growth, central nervous system, neurological 

manifestations, craniofacial, hypogonadism/genital abnormalities, and extremities. (Vulto-van 

Silfhout et al., 2015)  

 The CUL4B variants identified in the Vulto-van Silfhout study were distributed 

throughout the gene. They included one missense mutation, an in-frame deletion of three base 

pairs, an in-frame duplication of three base pairs, two splice site variants, and five truncating 

variants.  One variant, a five base pair deletion had been previously reported by Tarpey et al. in 

an unrelated family (Vulto-van Silfhout et al., 2015).   Taken together these findings indicate that 

Cabezas syndrome may constitute a definite syndromic form of XLMR for which mutations in 

the CUL4B gene are responsible.   

 

METHODS 

 

  Parents of the patient were consented under IRB protocol HS2002-2608: Mitochondrial 

Inborn Errors of Metabolism and ANT Defects in Mitochondrial Disease.  The Parents also 

provided consent for the participation of their child, the patient.  Principal investigator is Virginia 

Kimonis. Co-investigators are Moyra Smith and Pam Flodman. 

 

Patient Profile 

The patient at the time of testing was a seven-year, one-month-old male of Philipino 

ancestry.  At birth he weighed 5lbs. 10 ounces and had an Apgar, score as reported by the 

mother, of 9.  The patient has a history of developmental delay including intellectual disability 

and speech delay.  He began having seizures at age 2.  Head size is increased in proportion to his 
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growth in height and weight.  At seven years of age, his height and weight were near the 50th 

percentile, while head circumference was in the 98th percentile.  Neurological examination at the 

age of 4 years noted unsteady gait, hypotonia, delayed gross and fine motor skills, and delayed 

social development. At seven years of age speech was absent. 

Metabolic testing performed in the Philippines and in Chicago included organic acid 

analysis, amino acid analysis, lactic acid measurement, and acyl carnitine analysis.  All results 

were normal. 

Genetic testing including cytogenetic chromosome studies, microarray, gene studies on 

MTHFR and SCN1A, fragile X and methylation studies were all reported normal.  PTEN studies 

performed subsequently by Ambry genetics using PCR were also normal.  MRI studies were 

performed and revealed no structural abnormalities or ventricular enlargement, although peri-

atrial periventricular bright signals were present. 

The family history was non-contributory.  The patient has a sister who is two years older. 

Her growth and development are reportedly normal. 

 

Exome Sequencing 

The parents of the patient were consented and blood samples from the patient and both 

parents were shipped from the Philippines. First Tier exome sequencing was carried out through 

Ambry Genetics in Orange County, California. First Tier sequencing includes approximately 

4000 characterized genes in which disease causing mutations are most commonly found.  The 

general protocol as described in the clinical testing report is as follows: 
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“Genomic deoxyribonucleic acid (gDNA) is isolated from the patient’s whole blood. Samples 

are prepared using the SeqCap EZ VCRome 2.0 (Roche NimbleGen) or the IDT xGen Exome 

Research Panel V1.0. Each DNA sample is sheared, adaptor ligated, PCR-amplified and 

incubated with the exome baits. Captured DNA is eluted and PCR amplified. Final quantified 

libraries are seeded onto an Illumina flow cell and sequenced using paired-end, 100 cycle 

chemistry on the Illumina HiSeq 2500. Initial data processing, base calling, alignments and 

variant calls are generated by various bioinformatics tools.”  

 

mRNA Studies 

Studies of mRNA were performed at University of California MitoMed CLIA laboratory.  

Blood samples were obtained from the patient and his mother and were shipped from the 

Philippines in PAX tubes.  Shipping time was 2 days.  A control blood sample was obtained at 

University of California, Irvine. RNA was obtained from the samples using Qiagen PAX RNA 

kits.  RNA was then processed to derive cDNA.  Polymerase chain reaction experiments were 

performed to amplify the derived cDNA sequence using forward and reverse primers as shown in 

figure 5. 
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Figure 4. ALTERNATIVE SPLICING AND LOCATION OF PCR PRIMERS. Schematic 
showing the constitutive splicing and alternative splicing that may result from the spice site 
mutation at position c.1906.  Positions of primers designed to determine the presence of alternate 
transcripts are also shown. (Moyra Smith, personal communication) 

 

Three PCR experiments were performed.  In experiment 1 (primers 1 and 2) the forward 

primer was located within exon 13 and the reverse primer was located at the end of exon 16.  The 

resulting PCR product would be predicted to contain exons 13, 15 and 16.  Consistent with the 

aberrant donor splice site at the 3’ end of exon 14, this product would not include exon 14.   In 

experiment 2 (primers 3 and 2) the forward primer was located within exon 14 and the reverse 

primer was positioned at the 3’ end of exon 16.  In this case, a subset of transcripts would be 

predicted that include the intron between exons 14 and 15.   To further test for intron inclusion, 

in the final experiment (primers 4 and 5) a forward primer was located at the 5’ end of exon 14 

and a reverse primer was located at the 3’end of exon 15.  The resulting PCR products were 
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Sanger sequenced and the DNA sequence derived was analyzed using BLAST N and BLAST X 

programs from NCBI (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch) 

(Moyra Smith, personal communication). 

 

RESULTS 

 

Exome Sequencing 

 First Tier sequencing revealed several variants in proteins associated with the CUL4B 

protein complex.   The most relevant variant detected was the nucleotide change c.1906+1 G>A 

in the CUL4B gene.  The variant is a hemizygous splice site mutation at genomic position 

X:119672514. Assembly GRCh37.p13(GCF_000001405.25)X: NC_000023.10 

(119658444..119709684, complement).  

Once the CUL4B mutation was identified, selected genes whose protein products are 

associated with CUL4B in the ubiquitination complex or are known substrates were reviewed for 

possible deleterious variants.  These included DNMT3A, WDR48, COPS6, COPS5, DDB1, 

NEDD8, RBX1 (ROC1), and SUV39H.   Of these, four had variants identified including 

DNMT3A, COPS6, SUV39H, and NEDD8.  All of the variants identified were in intronic 

sequences with the exception of one variant in COPS6, located at position c. 429T>C resulting in 

a synonymous mutation in the protein product, p.C143C.  The gene which encodes the CUL4B 

homolog, CUL4A, was also analyzed.   In this case, fourteen variants in intronic sequences were 

identified.  

Generally, fragments in the genome were well covered in the areas of interest. The 

majority of SNP variants identified had at least 10x coverage. However, two fragments, one from 



35	  
	  

CUL4A and one from SUV39H1 had no coverage. A second fragment for SUV39H1 had an 

average coverage of 2.21.  Q scores, which indicate the likelihood that a given base may have 

been called incorrectly, ranged from 27 to 2531.  Higher scores indicate better quality as 

determined by such criteria as signal strength, ratio of signal strength between the most common 

variant and the second most common variant for a given base, and observed background noise 

(Brockman et al., 2008) 

 Of the variants examined for CUL4B associated proteins, and CUL4A, one variant had 

an allele frequency when compared to the 1000 Genomes database of .08%, and eight variants 

were not reported in the 1000 Genome database.  The remaining 20 variants reported had an 

MAF greater than 5% which is above the cutoff for a low frequency allele. Eight variants had no 

reference number in the dbSNP database. 

 
 

 mRNA studies 

  Given the location of the mutation at the splice site following the 3’ end of exon 14 there 

are two possible outcomes.  One possibility is that splicing will occur at the 5’ end of exon 15 

resulting in complete removal of exon 14.  The second possibility is that no splicing will occur 

between exon 14 and exon 15 resulting in the inclusion of the intron in the final transcript.  

MRNA studies indicate that in this patient both mechanisms were occurring.  Notably no 

functional CUL4B protein product would be predicted given the cDNA mutation identified.   

Figure _ shows the two smaller cDNA bands of the patient (columns 2 and 3) compared to the 

mother and a control indicating the absence of exon 14.  In columns 5 and 6, the size of the two 

larger bands compared to that of the mother and a control indicate that intron 14 has been 

included in the patient’s DNA. 
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Figure 5. PCR PRODUCTS RESULTING FROM PRIMER SETs USED IN EXPERIMENTS 
ONE AND TWO.  Photograph of gel showing PCR product from primer set 1and 2 indicating 
the exclusion of exon 14 and the PCR product from primer set 3and 2 indicating the inclusion of 
intron 14. (Moyra Smith, personal correspondence; mRNA analysis performed by Nhi Huong T 
Vu) 
 
 
 
 Blast analysis was performed on the PCR product of the third experiment (primers 4 and 

5).   Figure 7 below, shows the results of that analysis. It indicates that only the terminal 

sequences of the PCR product align with known exon sequences.  These observations further 

support the results of experiment two which indicate that intron 14 has been included due to the 

abolished donor splice site at the end of exon 14. 
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Figure 6. BLAST ANALYSIS OF PCR PRODUCT OBTAINED IN EXPERIMENT THREE.   
BLAST analysis of PCR product using primers at start of exon 14 and end of exon 15 (primers 4 
and 5). Only terminal regions of the sequence indicated in pink and green match exon sequences. 
(Moyra Smith, personal correspondence) 
 
 
 
DISCUSSION 
 

 

  CUL4B has emerged as a probable cause for XLMR.  The aim of this work was to 

explore several lines of evidence for determining whether a specific mutation in the CUL4B gene 

may be the cause of intellectual disability in a patient with features of Cabezas syndrome.  We 

also attempted to determine if variants associated with other proteins in the CUL4B protein 

complex might contribute to the condition or its severity in this patient. 
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  Identification of the mutation was achieved using First Tier Exome Sequencing 

performed as a clinical test through Ambry Genetics.  Previous clinical studies as reported in 

methods did not reveal any possible diagnosis for this patient.  The variant identified occurs in 

the CUL4B gene, NM_003588 c.1906+1G>A.  It is highly conserved among species indicating 

that it is likely to have an important biological function.   The guanine nucleotide that occurs at 

this position is replaced by an adenine in the patient presented in this work.  The mutation is 

expected to abolish the donor splice site and is predicted to result in the loss of exon 14 or the 

inclusion of intron 14.  Exon 14 is 111 nucleotides long, representing 37 codons.  Since this 

number is divisible by three the loss of these nucleotides would not result in a translational 

frameshift, however 37 amino acids would be missing from the final protein product. (Moyra 

Smith, personal communication) 

   An important consideration in assessing this mutation in the patient is the region of the 

protein in which it occurs.  Given that many of the active sites and conserved domains in CUL4B 

are at the CTD and NTD, would the loss of 37 amino acids at this position be expected to have a 

deleterious effect?  An analysis of the structural biology suggests that the stability of the C-

terminal domain would be compromised, thus disrupting the CUL4B-RBX 1 complex.  The 

amino acids encoded by exon 14 fold into two helices within the CTD/RBX1 strand anchoring 

region.  This structure suggests a possible functional role in stabilizing the CTD.  One of these 

helices (helix 1) is positioned completely within the globular C-terminal region and serves to 

connect the CTD with the first cullin-repeat domain in the central region of the protein.  A 

second interaction occurs directly between the hydrophobic residues, CUL4B lysine L616 and 

RBX1 valine V30.  In addition there is an indirect interaction between the helix dipole of 

CUL4B helix 1 and the positively charged histidine H729 of CUL4B as well as the polar 
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asparagine N28 of the RBX1 strand. Taken together these chemical interactions indicate a 

possible role for the 37 amino acids encoded by exon 14 in stabilizing the protein complex. 

(Robert Huether, Moyra Smith, unpublished data/personal communication) 

     

 
Figure 7. INTERACTIONS IMPACTING STABILITY OF CUL4B C-TERMINAL DOMAIN 
(CTD).  CUL4B (white) and RBX1 (peach) form a complex which interacts with several adaptor 
molecules.  In the left figure the adapter molecule DDB1 (green) and the substrate receptor 
DDB2 (teal) interacting with DNA (dark green) are shown. Amino acids encoded by exon 14 
fold into two helices (magenta) located in the C-terminal domain.  The structure shown in the 
right figure shows helix 1 positioned completely within the protein structure and acting to 
connect the CTD with the first cullin-repeat domain. Helix 1 has direct hydrophobic interactions 
with CUL4B lysine residue L616 and RBX1 valine V30 as well as indirect interactions involving 
the dipole of the helix with CUL4B histidine H729 and RBX1 asparagine N28 (see text). (Robert 
Huether and Moyra Smith unpublished data/personal communication)   

  

  In addition to destabilization of the CUL4B/RBX1 complex, deletion of exon 14 and the 

corresponding loss of the 37 amino acids it encodes may also affect interactions between CUL4B 

and the regulatory protein, cullin-associated NEDD8-dissociated protein 1 (CAND1).  The 

structural biology indicates that one of the helices makes direct contact with residues of CAND1 

via polar interactions. Thus the loss of exon 14 alters the interactions with CAND1.  Given the 
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role of CAND1 in regulating the CUL4B protein complex, the disruption of this interaction can 

be expected to compromise the overall function of the CUL4B complex. (Robert Huether, Moyra 

Smith, unpublished data/personal correspondence) 

  The alternate possibility to deletion of exon 14 is inclusion of intron 14.  In this case, the 

loss of the splice site at the 3’ end of exon 14 would result in the disruption of the splicing 

mechanism such that the intron sequence between exons 14 and 15 was transcribed and therefore 

present in the mRNA transcript.  Analysis indicates that this intron introduces translational stop 

codons and results in a truncated protein expected to have compromised or absent function 

(Moyra Smith, personal correspondence) 

  A review of the exome sequence data reveals that of the genes examined whose protein 

products are associated with CUL4B four, DNMT3A, COPS6, SUV39H, and NEDD8, had 

variants reported.  Table 1 summarizes these mutations.  All of the variants except one in COPS6 

were in intronic regions.  At first glance, it might be assumed that these variants would not be 

contributory since the final protein product would be unaffected.  Although this is the likely 

scenario, there are several other factors worth considering.  Several of the variants appeared quite 

deeply into the intronic region, the deepest being in the DNMT3A gene at c. 640-1663G>A.  

Current understanding of the intronic regions and how they contribute to gene expression is 

incomplete.  Future studies may show that mutations in introns do affect the protein or its 

regulation and expression, and by extension, affect the function of the protein complex.  
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Gene c. Variant p. Variant Zygosity Coverage 
(Variant/ 

Total reads) 

1000Genome 
Allele Counts 

(Observed/Total) 
 

DNMT3A 

DNMT3A 

DNMT3A 

DNMT3A 

DNMT3A 

DNMT3A 

DNMT3A 

 
c.5-191G>A 

c.5-74C>T 

c.639+125_639+126ins 

c.640-1663G>A 

c.640-1546C>T 

c.1606+26C>T 

c.2173+26C>T 

 
NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

 
HOMO 

HET 

HET 

HOMO 

HET 

HET 

HET 

 
18/18 

64/126 

14/33 

18/18 

64/126 

93/180 

93/180 

 
1420/2188 

N/A 

N/A 

1420/2188 

N/A 

843/2188 

843/2188 

 
COPS6 

COPS6 

 
c.77-40G>T 

c.429T>C 

 
NULL 

p.C143C 

 
HOMO 

HET 

 
59/51 

93/203 

 
593/2188 

19/2188 

 
SUV39H1 

 
c.165+68T>A 

 
NULL 

 
HOMO 

 
23/23 

 
N/A 

 
NEDD8-MDP1 

NEDD8 

 
c.149+856_149+858del 

c.150-54_150-52del 

 
NULL 

NULL 

 
HET 

HET 

 
53/204 

53/204 
 

 
N/A 

N/A 

KEY: Null=no variant; N/A=not available; HET=heterozygous; HOMO=homozygous; 

Table 1: SUMMARY OF VARIANTS IDENTIFIED IN SELECTED GENES ASSOCIATED 
WITH THE CUL4B PROTEIN COMPLEX 

 

 
   Whole exome sequencing also identified variants in the CUL4B homolog, CUL4A, but 

again these were intronic.  Although one region CUL4A (NM.001008895, coding DNA 

sequence 1 (CDS1)  had no coverage and it cannot be presumed that no exonic mutation exists, 

in general this data indicates that the function of the CUL4A protein is not likely to be affected.  

As with other reports in the literature (Ravn et al., 2012), the high likelihood that this patient has 

functional CUL4A  protein, further supports the position that CUL4A cannot replace CUL4B in 

spite of the high homology between the two protein products.  Interestingly CUL4A differs from 

CUL4B primarily at the NTD.  This, taken together with the structure of the CUL4B isoforms 
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which also differ primarily at the NTD, suggests that this domain may play a distinct role in the 

biological processes with which CUL4B is associated. 

  Two other variants, c.1339-5A>G and c.1639-5A>G, involving the CUL4B homolog, 

CUL4A, are close to splice sites and could be considered as potentially having some effect on 

the gene expression or splice site mechanism.  However, allele frequency when compared to the 

1000Genome database is approximately 30% indicating that these two variants are well-tolerated 

mutations in the population and are not likely to contribute to the patient’s diagnosis. Table 2 

summarizes the variants identified for CUL4A. 
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Gene c. Variant p. Variant Zygosity Coverage 
(Variant/ 

Total reads) 

1000Genome 
Allele Counts 

(Observed/Total) 
 
CUL4A 

CUL4A 

CUL4A 

CUL4A 

CUL4A 

CUL4A 

CUL4A 

CUL4A 

CUL4A 

CUL4A 

CUL4A 

CUL4A 

CUL4A 

CUL4A 

 
c.549-95T>C 

c.549-62G>A 

c.617-122G>A 

c.735+22C>T 

c.849-95T>C 

c.849-62G>A 

c.917-122G>A 

c.1035+22C>T 

c.1231-73G>A 

c.1339-206T>G 

c.1339-5A>G 

c.1531-73G>A 

c.1639-206T>G 

c.1639-5A>G 

 
NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

NULL 

 
HET 

HOMO 

HET 

HET 

HET 

HOMO 

HET 

HET 

HOMO 

HOMO 

HET 

HOMO 

HOMO 

HET 

 
14/27 

47/47 

41/90 

38/81 

14/27 

47/47 

41/90 

38/81 

41/41 

10/10 

52/99 

41/41 

10/10 

52/99 

 
148/2188 

1528/2188 

688/2188 

153/2188 

148/2188 

1528/2188 

688/2188 

153/2188 

1619/2188 

2034/2188 

662/2188 

1619/2188 

2034/2188 

662/2188 

KEY: Null=no variant; N/A=not available; HET=heterozygous; HOMO=homozygous; 

 Table 2. SUMMARY OF VARIANTS IDENTIFIED IN CUL4A (HOMOLOG OF CUL4B) 

  

  A second consideration is the depth of coverage for some regions.  In addition to the 

CUL4A fragment previously discussed, one other fragment, SUV39H1 (NM_003173, (CDS1), 

had no coverage. Thus a variant may be present in this region.  For a third fragment, SUV39H1 

(NM_001281266, CDS1) the mean coverage was 2.21x.  100% of the base pairs in the region 

were covered at least one time; however none of the base pairs were covered 5 times.  Calls at 

this low level may not be reliable and a variant might exist in the exon.  SUV39H1 is a 

methyltransferase and its regulation may affect many processes.  A missed deleterious variant 

may be important to changes in the overall effectiveness of the CUL4B protein complex. 
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  Of the variants reported, only one had a minor allele frequency (MAF) of less than 1% 

based on comparison to the 1000 Genome database.  This indicates a rare variant, which suggests 

a potential candidate for a pathological mutation.  The variant, c.429T>C is a synonymous 

mutation in the COPS6 gene (p.C143C), and the only change in the data set reported in an exon.  

Although the mutation is rare, there are no changes in the resulting protein that would be 

expected to have a biological or biochemical effect and thus it is unlikely to contribute to the 

phenotypic manifestations in the patient.   

  An important consideration in understanding the role of CUL4B is the level of expression 

in specific tissues.  One avenue of analysis is mRNA expression studies.  These studies focus on 

understanding patterns of expression in specific tissues.  Figure 9 shows the results of gene 

expression studies for CUL4B. Interestingly, the tissues where CUL4B is most highly expressed 

include those that are associated with the phenotypes described in the literature for individuals 

with known CUL4B mutations, notably those associated with the testes and dendritic cells.  This 

further supports a causative role for CUL4 B in the manifestation of features associated with 

Cabezas syndrome. 
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Figure 8. CUL4B GENE EXPRESSION STUDIES. Graph indicating the expression of CUL4B 
mRNA in various tissue types.  Higher concentrations are noted in cell types associated with the 
testes and dendrites (Diagram created by AndrewGNF based on data from Su et al., 2004). 
(https://commons.wikimedia.org/wiki/File:PBB_GE_CUL4B_202214_s_at_fs.png) 
 

  A review of other patients reported in the literature shows overlap among them and with 

our patient.   Comparing our patient with others who have a CUL4B mutation in general we find 

significant overlap in the phenotypic manifestations.  Of particular interest are the two brothers 

(family 7) reported by Vulto-van Sulfhout et al. who have a splice site mutation in the same 

location as our patient. While these patients have a splice site mutation c. 1906+1G>T, our 

patient has splice site mutation c.1906+1G>A.   As was the case for our patient, the 

c.1906+1G>T mutation was reported to abolish the donor splice site of exon 14 (reported as 

exon 15 in this paper) resulting in a loss of this exon and the deletion of 37 amino acids.  
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Importantly, the numbering of the exons reported in this paper differs from that of the case 

reported in the current study.   However, biologically the exons and splice site mutation are the 

same.  For the two patients reported in the Vulto-van Silfhout paper only exon skipping was 

reported.   The alternate mechanism involving retention of intron 14 (or intron 15 using the 

numbering in that paper) was not reported. (Vulto-van Silfhout et al., 2014) 

  Table 3 summarizes the traits of our patient and the brothers from family 7 using the 

guidelines put forth by Vulto-van Silfhout et al.   MRI studies for the brothers in family 7 were 

not performed and central nervous system (CNS) abnormalities were not reported.  Common 

phenotypic manifestations between the brothers with the c. 1906+1 G>T mutation and our 

patient include severe intellectual disability, motor delay, and speech delay/absence.   

Importantly, motor and speech delay are noted in all 85 of the patients reported in the literature at 

the time of the paper by Vulto-van Silfhout et al.  Some behavioral problems were noted for both 

our patient and one of the patients with the G>T mutation.  All three patients had prominent 

lower lips.  Seizures and gait abnormalities were present in our patient, but not in either of the 

two brothers.  Macrocephaly was also noted in our patient, but not in the other two patients.  No 

genital abnormalities were reported for our patient, but one of the brothers from family 7 was 

noted to have this feature.   

  Generally, there is phenotypic heterogeneity among all patients with known CUL4B 

mutations.  In the case of the three patients with mutations at c.1906+1, it is important to note 

that our patient at the time this comparison was made was 8 years and 5 months, while the two 

brothers previously reported were 39 and 41.  Some traits such as behavioral problems and 

perhaps genital abnormalities may become more apparent over time.  Complete records were not 

available for all three patients, but generally all three patients showed overlap with one another 
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and/or with other patients reported in the literature.   It is not well understood at this time if there 

is a correlation between the domain where a mutation occurs and the extent or severity of 

manifestations and further study is needed in this area.  However, the similarities between the 

patients with splice site mutations at CUL4B c.1906+1 further support this mutation as causal.  
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Feature Patient with variant  
c.1906+1 G>A (n=1) 

Patients with variant 
c.1906+1 G>T (n=2) 

Growth 
   Birth weight <p10 
   Height <p10 
   Weight >p90 
   HC >p90 

 
0/1 
0/1 
0/1 
1/1 

 
NR 
1/1 
0/1 
0/1 

Central Nervous System (CNS) 
   MRI performed 
   CNS abnormality 

 
1/1 
1/1 

 
0/2 
NR 

Neurological 
   ID level 
   Motor delay 
   Speech delay 
   Behavioral problems 
   Tremor 
   Seizures 
   Gait abnormality   

 
1/1 severe 

1/1 
1/1 
+-/1 
0/1 
1/1 
1/1 

 
2/2 severe 

2/2 
2/2 
1/1 
0/1 
0/1 
0/1 

Craniofacial 
   High prominent forehead 
Malformed/abnormally      positioned 

ears 
   HSR/deep-set eyes/ 
         narrow palpebral 
         fissures     
   Low nasal bridge/ 
        rounded tip 
   Prominent lower lip 
   Prognathia   

 
NR 
NR 

 
0/1 
+-/1 

 
0/1 

 
1/1 
0/1 

 
NR 
NR 

 
0/2 

 
 

0/2 
 

2/2 
NR 

Hypogonadisim/ genital 
abnormalities    

 
NR 

 
1/1 

Extremities 
   Brachydactyly/small 
       hands/small feet 
   Wasted lower leg 
       muscles 
   Pes cavus 
 

 
1/1 (feet) 

 
1/1 

 
0/1 

 
0/1 

 
1/1 

 
0/1 

 

CNS, central nervous system; HC, head circumference; HSR, hyperplastic supraorbital ridges; ID, intellectual 
disability; MRI magnetic resonance imaging; +-, borderline; NR not reported. 
 
Table 3. COMPARISON OF PATIENTS WITH SPLICE SITE MUTATION IN c.1906+1.   
Phenotypes of patients with known splice site mutations in CUL4B at c.1906+1 
(After Vulto-van Silfhout et al. 2014) 
  

  Familial cosegregation has been observed in families reported previously in the literature. 

Mutations in CUL4B cosegregate with affected males in an X-linked inheritance pattern.  In the 

case of our patient, the mutation was not observed in the mother or father of the patient which 
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indicates that the mutation in the patient is likely de novo.  The mother’s negative test result is 

particularly relevant given that Cabezas syndrome is an X linked condition.   However, the 

possibility of gonadal mosaicism cannot be ruled out and if this is the case a recurrence of the 

condition in a future pregnancy may be possible. 

   

 CONCLUSION   

 

  The lines of evidence examined in the case of this patient include identification of a 

candidate gene using First Tier Exome Sequencing, annotation, comparison to other patients 

reported in the literature, and functional studies.  Taken together the results suggest a strong role 

for CUL4B in the etiology of this patient’s phenotypic manifestations.  While the variants 

observed in other proteins involved in the CUL4B ubiquitination complex did not seem to be 

contributory, our understanding of the functions of intronic regions is incomplete.  Further study 

is needed to better understand the role of introns in all aspects of gene expression and regulation.  

Additionally, the role of CUL4B in the development of the brain and nervous system, as well as 

its role in other protein networks, remain poorly understood and are an area of ongoing study. 

  Because the CUL4B mutation observed in the patient did not appear in the mother’s 

blood DNA, it is quite likely that the mutation is de novo in the patient and recurrence is 

unlikely.  However, as indicated previously, there remains a possibility of gonadal mosaicism. 

The mother of the proband was advised that should this be the case, the mutation may be present 

in future offspring and risk of recurrence cannot reliably be predicted. 

  Writing in 2012, Ravn et al. observed that for the 11 families identified at that time, a 

definitive clinical diagnosis was put forth following confirmation of the genetic mutation.  A fact 
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which they suggest indicates that CUL4B associated XLMR may be underdiagnosed.  (Ravn et 

al., 2012).  Writing in 2014, Vulto-van Silfhout et al. report 85 individuals with Cabezas or 

Cabezas-like features who have confirmed mutations in CUL4B.  Several labs have begun to 

offer testing for mutations in the CUL4B gene.  In spite of increasing awareness that CUL4B 

may play a role in XLMR, the patient in this study underwent many years of testing and 

evaluation before receiving a possible diagnosis.  And this diagnosis would come from half way 

across the world with much arduous research and effort on the part of his family.  The analysis 

put forth in this study contributes to the growing body of evidence in the literature supporting the 

role of CUL4B in the etiology of intellectual disability.   While the likelihood that treatment can 

be offered to patients with intellectual disability at this time remains small, genomics and the 

emerging technologies for gene analysis may potentially be able to offer families a reason for the 

condition.  It is also increasing the understanding of how these conditions may recur in a family 

and, in some cases how to best manage the condition.  For many this may, in turn, serve to 

relieve the very real suffering that is the diagnostic odyssey. 
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