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ABSTRACT 

 

Next-generation sequencing techniques such as exome sequencing can successfully 

detect all genetic variants in a human exome and it has been useful together with the 

implementation of variant filters to identify causing-disease mutations. Two filters are 

mainly used for the mutations identification: low allele frequency and the computational 

annotation of the genetic variant. Bioinformatic tools to predict the effect of a given 

variant may have errors due to the existing bias in databases and sometimes show a 

limited coincidence among them. Advances in functional and comparative genomics 

are needed in order to properly annotate these variants.  

The goal of this study is to: first, functionally annotate Common Variable 

Immunodeficiency disease (CVID) variants with the available bioinformatic methods in 

order to assess the reliability of these strategies. Sencondly, as the development of 

new methods to reduce the number of candidate genetic variants is an active and 

necessary field of research, we are exploring the utility of gene function information at 

organism level as a filter for rare disease genes identification. Recently, it has been 

proposed that only 10-15% of human genes are essential and therefore we would 

expect that severe rare diseases are mostly caused by mutations on them. Our goal is 

to determine whether or not these rare and severe diseases are caused by deleterious 

mutations in these essential genes. If this hypothesis were true, taking into account 

essential genes as a filter would be an interesting parameter to identify causing-

disease mutations. 
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INTRODUCTION 

 

Rare monogenic diseases, also known as Mendelian disorders, affect a small number 

of individuals in the general population (1 individual per 2000 in Europe or less), the 

phenotype is generally severe and the onset is often at birth or childhood. Nowadays, 

six to seven thousand rare diseases have been described although fewer than half 

have a known genetic cause associated. It is not easy to find the causing-disease 

gene, probably because of the small numbers of patients, locus heterogeneity and that 

individuals often present reduced fitness. Recently, next-generation sequencing has 

enabled to collect all human variation of an individual in a fast and efficient way. Most 

of the variants are common, but a single genome contains thousands of unique 

variations that are viable for the organism. Nowadays challenge is to identify among all 

these variations, the causing-disease ones. For Mendelian disorders, many studies 

proved that exome-sequencing of a few individuals is enough to identify the causal 

gene1. Once the genetic coding variation is collected, there are some filters that have 

to be implemented. First of all, it is important to focus on non-synonymous variants, 

splice acceptor and donor sites mutations and short coding insertions or deletions 

because they are more likely to be pathogenic than synonymous mutations. 

Afterwards, an allele frequency filter is implemented and only novel variants or variants 

in a very low frequency are taken into account. Ideally, comparing results with 

members of the same family, you can already elucidate which is the causing disease 

gene. In case that the genetic information is not sufficient, an estimation of the 

deleteriousness of the variants can be performed with different computational 

approaches. A deleterious genetic variant lowers the fitness of an organism decreasing 

survival or reproductive success and therefore it is probably pathogenic2. 

Computational strategies use evolution as a measure of deleteriousness, stating that a 

very conserved site among different species is supposed to be under constraint and 

therefore its change will probably lead to deleteriousness. All strategies can also add 

biochemical information such as amino acid properties, information about the function 

of a particular sequence and structural information (presence of alpha-helix, beta-sheet 

or other). Although these methods are useful to finally identify causal disease variants, 

they generate predictions from information that contains many biases and wrong 

annotations from databases. This may lead to erroneous interpretation of the functional 

impact of the variant. It is also known that each individual carries many loss of function 

mutations without presenting a disease phenotype while other loss of function 

mutations lead to disease. This fact highlights the redundancy of the genome and the 

differences of essentiality between genes. In consequence, it is necessary the 
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development of new tools and predictive models to assess the deleteriousness of a 

gene not only at protein level but at organism level.  

Many groups are now studying the properties of causing disease genes in order to 

render easy their identification in mendelian diseases of unknown cause3,4. They are 

particularly interested in essential genes that constitute a group of genes that its loss of 

function renders the organism fitness to zero5. For a long time these genes have been 

considered as genes only causing developmental abnormalities and hence, many 

works concluded that the majority of disease genes were nonessential and that 

essential genes were grouped together with non causing-disease genes6. Other 

studies suggested that essential genes couldn’t be ignored as candidates for causing 

human diseases because we do not always carry null mutations of a gene, we can 

have hypomorphic alleles or the simply fact of being heterozygous avoids lethality but 

causes disease3. 

In this study, we started performing the functional annotation of known causing-disease 

variants of a particular mendelian disorder, CVID, with some computational strategies 

widely used. After this, we realised that big discrepancies exist between computational 

methods, some predicting a deleterious mutation when others predict a neutral. This is 

why we wanted to contribute in the implementation of new approaches in order to 

render easily the identification of causal variants. We have produced a list of all rare 

diseases with general information and their associated causing-disease genes and we 

used a predictive and an experimental method to make two different lists where we 

classified genes into essential and nonessential. With this, we wanted to analyse the 

frequency of essential genes among all diseases and see if there are differences in the 

age of onset, age of death, type of inheritance and prevalence as a measure of 

severity between diseases caused by essential genes and nonessential genes. This 

will enable us to test if gene essentiality is a good parameter to take into account when 

looking for a causing disease gene. 

 

OBJECTIVES 

The main objectives of this work are: 

• Annotate CVID variants with computational methods predicting SNVs (Single 

Nucleotide Variant) deleteriousness. 

• Define a list of rare diseases with their associated causing genes. 

• Obtain two classifications of essential and nonessential human genes from 

mouse knockout project and a predictive model of gene essentiality. 

• Analyse the gene essentiality of genes causing rare diseases. 

• Discuss the robustness of essential genes as a filter for causing-disease genes. 
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METHODS 

 

Computational Annotation of CVID allelic variants 

 

We predicted the functional impact of the missense SNVs described for all CVID 

variants. For this, we used protein-sequence-based prediction deleteriousness tools as 

well as evolutionary conservation prediction of deleteriousness methods. Predictions 

were executed with PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/), SIFT 

(http://sift.bii.a-star.edu.sg), GERP (http://snp.gs.washington.edu/) and we finally 

execute CONDEL (CONsensus DELeteriousness score of missense SNVs) that 

integrates outputs of different predictive tools (http://bg.upf.edu/condel/analysis)7. The 

annotation methods have different outputs for the interpretation of the functional 

impact. Polyphen-2 can have as output of the impact of the aminoacid substitution 

three categories: Probably Damaging, Possibly Damaging and Benign. SIFT has a 

score as an output that ranges from 0 to 1, the aminoacid substitution is predicted 

damaging if the score is below 0,05 and tolerated if the score is above 0,05. GERP 

scores are based on sequence conservation and we have set a threshold where 3 or 

above will represent conserved sites. CONDEL integrates the results of different 

methods that predict the consequences of missense SNVs to produce a better and 

more reliable output that can be "neutral" or "deleterious". 

 

Human Hereditary Rare Diseases 

 

There are 6743 human rare diseases in Orphanet (www.orpha.net). We extracted from 

this database the Prevalence, Age of Onset, Age of Death and Inheritance for all the 

diseases. There are six possible Age of Onset categories: Neonatal/Infancy, 

Childhood, Adolescence/Young adulthood, Adulthood, Variable and No Data Available. 

The Age of Death is divided in eight categories: Before Age 5, Child/Adolescent, Young 

Adult, Adult, Elderly, Normal, Any Age and No Data Available. For the prevalence there 

are five categories: 1/1 000 000, 1-9/1 000 000, 1-9/100 000, 1-5/10 000, 1/1000 and 

No Data Available. Finally, for the Type of Inheritance we found seven categories: 

Autosomal recessive, Autosomal dominant, X-linked recessive, X-linked dominant, 

Sporadic, Mitochondrial and No Data Available. Among the 6,747 human rare 

diseases, 2,853 diseases are heritable human diseases in OMIM 

(http://www.omim.org) with a known genetic cause. The remaining of diseases may not 

be heritable genetic diseases or the genetic cause is still unknown.  
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Inferring Human Essential and Nonessential Genes from tested knockout mouse genes 

 

The list of mouse essential and nonessential genes was taken from Liao and 

colleagues5 and downloaded from University of Michigan website 

(http://www.umich.edu/~zhanglab/download/Liao_MBE2006_update/index.htm). Genes 

were classified based on their knockout phenotype. Genes leading to embryonic 

lethality, prenatal lethality, survival postnatal lethality, premature death or induced 

morbidity or abnormal fertility/fecundity were classified as essential. Other genes 

associated with other phenotypic term were considered nonessential. The mouse 

essential gene list included 1,610 genes and the mouse nonessential gene list included 

1,341 genes. There is also a database of essential genes of many organisms 

available8. 

We built the human essential and nonessential gene list (List 1) looking for the 

orthologs in mouse essential and nonessential gene lists. Human and mouse orthologs 

genes were downloaded from the Mouse Genome Database (www.informatics.jax.org). 

Among human-mouse orthologs there are 1,513 essential genes and 1,232 

nonessential genes. 

 

Inferring Human Essential and Nonessential Genes from a biological network approach 

 

Another Essential and Nonessential gene list (List 2) was built according to the 

calculated functional indispensability scores for all protein-coding genes with the model 

of Khurana et al9. We took the score 0,7 for a gene as threshold to be considered 

essential and below 0,7 the gene was considered non-essential. We chose 0,7 as 

threshold because it represents the mean score for essential genes according to 

Khurana et al. Looking into the entire human genome, a total of 14,115 genes were 

considered nonessential and 7,747 essential. 

 

Classification and Analysis of Human Hereditary Rare Diseases 

 

We classified rare diseases in two different ways depending on which list of essential 

and nonessential genes were used.  

For the list of genes extracted from knockout mice we grouped Human Hereditary Rare 

Diseases in three groups: caused by essential genes, caused by nonessential genes 

and a group containing the remaining diseases caused by genes not tested in knockout 

mice. From the 2853 total diseases, 985 are caused by essential genes, 423 by 

nonessential genes and 1,445 are classified in the last group. We analysed the 
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frequencies of each category of Age of Onset, Age of Death, Prevalence and type of 

Inheritance for the essential and nonessential genes diseases groups and we 

compared them to the frequencies of all the set of hereditary diseases in order to 

detect differences between groups. We tested whether or not essential and 

nonessential genes had an impact in early age of onset, early age of death, low 

prevalence and type of inheritance of diseases with a Chi-Squared test. All diseases 

with no data available were removed for calculations. 

The same approach was made using essential and nonessential genes inferred from 

the model of Khurana et al. Only two groups were necessary for the classification of all 

diseases since all genes have been classified into essential or nonessential group. We 

removed from calculations diseases with more than one causing gene that we detected 

that one gene is considered essential and another one nonessential in order to not 

have a same disease in the two groups. From a total of 2,368 diseases considered, 

1,449 were considered caused by essential genes and 919 by nonessential genes. 

After the classification we made the same calculations as before using Chi-Squared 

test. 

 

 

RESULTS 

 

Annotation of CVID allelic variants 

 

The prediction of deleteriousness of a given mutation in a protein is important to filter 

SNVs causing-disease and found causing-disease gene candidates. 

We find in OMIM database eight CVID variants caused by eight different genes (Table 

1). All variants are known to be causing-disease mutations and therefore we expect a 

prediction of deleteriousness for all.  

We have annotated all the mutations that we have found in each of the genes involved. 

Allele frequencies of CVID variants are low as expected, since CVID is considered a 

rare disease10 (Table 2). The CVID variants that are caused by premature termination 

of the protein are assumed to be loss of function mutations and cannot be annotated 

by the tools since the approaches predict the functional impact of an aminoacid or 

nucleotide substitution. Consequently, we only have described allelic variants in CVID-

2 and CVID-8 useful for our analysis. 

There are five allelic variants described for TNFRSF13B, the affected gene in CVID-211 

(Table 2). Among them, four are predicted to be probably damaging using PolyPhen-2 

(A181E, C104R, C172Y and L171R) and R72H is predicted to be benign. We found 
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same results for SIFT except for A181E that is supposed to be tolerated and R72H to 

affect protein function. In contrast, only variants C104R and L171R are predicted to be 

deleterious with GERP and R72H benign. The final analysis with CONDEL revealed 

R72H and C104R to be deleterious while the rest was predicted to be neutral.  

There is only one allelic variant of LRBA gene causing CVID-8 that can be annotated in 

our analysis and all methods coincide with the prediction that is supposed to be 

deleterious.  

These results show that annotation methods often predict different effects for a same 

SNV, highlighting the limitation of this filter when looking for causing-disease SNVs. 

 

Relationship between rare disease and gene essentiality 

 

With the first classification using the list of essential and nonessential genes from 

knockout mice experiments (List 1), we classified all rare diseases with known genetic 

cause in three groups: caused by essential genes, by nonessential genes and the last 

group contains the remaining diseases where information about essentiality of the 

causal gene is not available. We observe that 34% of all diseases are caused by an 

essential gene, 15% by a nonessential gene and the remaining diseases represent 
51% (Figure 1). Although List 1 is only made with 9% of the mouse genes tested, we 

observe a high percentage of diseases caused by essential genes.  

On the other hand, the analysis with List 2 revealed that 61% of diseases are caused 

by essential genes and 39% by nonessential genes (Figure 2), highlighting again the 

considerable role of essential genes in rare diseases.  

If we focus on the number of genes, we found for List 1, that 595 (39%) out of 1,513 

essential genes and 301 (24%) out of 1,232 nonessential genes are involved in 

hereditary rare diseases (Table 3). The statistical analysis shows that essential genes 

are found into the list of rare diseases more often than nonessential genes (X2 test p=	  

1,26E-16 < 0,05). The same analysis for List 2 was done and we found 1,529 (19,7%) 

of 7,747 essential genes and 1,283 (9%) of 14,115 nonessential genes in rare 

diseases (Table 4). Here we found a greater significance for the essential genes in 

rare diseases (X2 test p=	   5E-112 < 0,05). The results show the great presence of 

essential genes in rare diseases. 

We next examine few characteristics of diseases such as the Age of Onset, Age of 

Death, Prevalence and Type of Inheritance and tried to see if there are differences 

between diseases caused by essential genes and diseases caused by nonessential 

genes. 
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Analysing first the Age of Onset, more than 50% of all rare diseases have a 

Neonatal/Infancy onset and more than 20% a Childhood onset (Figure 3). This 

majority of cases appearing in early ages highlight the early onset property of rare 

diseases. If the essentiality or nonessentiality of a gene had no effect on the frequency 

of cases of Neonatal/Infancy age of onset, we would expect a similar frequency among 

diseases caused by essential or nonessential genes. Using the List 1 of genes, we 

observe for diseases caused by essential genes a 55,97% of Neonatal/infancy cases 

and 42,02% in diseases caused by nonessential genes (Figure 3). Further analysis 

revealed a significant impact of gene essentiality for early onset of rare diseases (X2 

test p=	  1,26E-24 < 0,05). In contrast, using the List 2 we did not found any significant 

differences between nonessential gene diseases and essential gene diseases in any of 

the categories of Age of Onset (e.g., Neonatal/infancy X2 test p= 0,88 > 0,05) (Figure 

4). 

With List 1, we found late onset diseases appearing in adulthood in a 9,85% of all 

diseases while in diseases caused by essential genes and nonessential genes, 

10,42% and 17,26% respectively. When comparing nonessential diseases of adulthood 

onset with adulthood onset cases of all diseases, we observe a significant difference, 

showing an excess of adulthood cases for nonessential gene diseases (X2 test p= 

2,79E-11 < 0,05).  

An early age of death is an indicator of severe disease, this is why the age of death is 

an interesting parameter to know the severity of a given disease. Our results reveal 

that the majority of cases for all diseases when looking at List 1 have an age of death 

in the Normal category (48,9%) followed by Before Age 5 category (14,85%). In the 

case of essential genes we observe same tendencies, in Normal category 47,49% of 

diseases and 13,70% for Before Age 5 category (Figure 5). Testing whether or not the 

essentiality of a gene had an impact on the age of death we found that there is a 

significant reduction in the percentage of deaths before age 5 for nonessential genes 

compared to other genes (X2 test p= 0,0323 < 0,05). The results are in agreement with 

the hypothesis that mutations in essential genes are severe and therefore there is a 

high probability of death before age 5.  

For List 2, there are no significant differences between essential and nonessential 

gene diseases in deaths before age 5 but we observe that there are more deaths in 

normal age in nonessential genes diseases group than essential genes diseases 

(Figure 6). Statistical analysis revealed that there is a significant reduction in Normal 

age deaths for essential genes (X2 test p= 9,664E-8 < 0,05). Many diseases did not 

provide enough information about the age of death, therefore the number of diseases 
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for the analysis was highly reduced. We also have to mention the possibility of a bias in 

the Age of Death since patients may have a treatment and increase their lifetime.  

The type of Inheritance analysis revealed that almost 85% of rare diseases are 

inherited in an autosomal way (Figure 7). Autosomal recessive is the most common 

with a frequency of 51% and autosomal dominant 33%. Focussing in essential genes 

of List 1, we have found a reduction in the frequency of an autosomal recessive 

inheritance (42,98%) (Figure 7) and an increase for the autosomal dominant 

inheritance (41,93%). The statistical analysis revealed a significant higher proportion of 

autosomal dominant inheritance for causing disease essential genes (X2 test p= 

5,819E-5 < 0,05). Same results were found for List 2, an increase of expected 

autosomal dominant inheritance (X2 test p= 0,0001 < 0,05) (Figure 8). 

The overview of the prevalence reflects the fact that rare diseases have a low 

prevalence among populations (Figure 9). The majority of diseases in all groups are in 

the category of lowest prevalence (1/1,000,000). This supports the use of low allele 

frequencies as a filter when looking for causing-disease SNVs. If we focus on diseases 

caused by nonessential genes of List 1 we observe a decrease for the lowest 

prevalence and increase of the rest of categories in comparison to the group containing 

all diseases. The statistical analysis confirmed that the reduction of the percentage of 

diseases caused by nonessential genes in the 1/1,000,000 category was significant (X2 

test p= 0,021 < 0,05). In contrast, the analysis for List 2 revealed no significant 

differences between essential and nonessential gene diseases in any of the categories 

of prevalence (Figure 10). 

 

 

DISCUSSION 

 

Our results suggest that gene essentiality is a good parameter to take into account 

when starting looking for causing-disease SNVs. Moreover, we have shown that there 

is a higher frequency of autosomal dominant inheritance in essential gene diseases 

probably because of haploinsufficiency where homozygosity is lethal and 

heterozygosity causes disease. This fact can be useful when dealing with an 

autosomal dominant disease of unknown causal gene. The results also show an 

increase in adulthood age of onset for nonessential genes, indicating that mutations at 

nonessential genes may be somehow compensated by other mechanisms and 

therefore may have a late onset. We also have to mention the fact that we didn't found 

an excess of deaths in infancy or childhood for diseases caused by essential genes. 

This may be explained by the fact that there are essential genes more important than 
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others, and mutations on some of them lead to death during embryonic development 

and cannot be found on our list of causing-disease essential genes. We also have 

seen that there is a reduction in the frequency of diseases caused by nonessential 

genes for the prevalence category 1/1,000,000. A possible explanation is that 

mutations in nonessential genes do not reduce the fitness of the individual so much as 

an essential gene does. Therefore, the probabilities of being alive with a mutation in a 

nonessential gene are higher and the disease becomes more prevalent. 

For List 2, we did not found any significative differences between essential genes and 

nonessential genes except for the autosomal dominant mode of inheritance, that is 

higher for essential genes, and a normal age of death, which is more common for 

nonessential genes.   

Although finding a genetic cause for a half of rare diseases in Orphanet, sometimes the 

information is taken from genetic association studies and there might be some cases 

where a predisposition is described instead of a causal relation between gene and 

disease.  

It is true that our results depended basically on how we considered a gene essential or 

not and that we have a lack of information about human essential genes since we can't 

carry out human knockout experiments for common reason bioethical issues. Our 

challenge was to create a list of essential and nonessential genes in the most accurate 

possible way.  

List 1, extracted from knockout mice gives us information about null allele phenotypes 

and then, do not represent exactly the same conditions for humans where we can find 

heterozigosity or hypomorphism for a given allele. Besides, approximately only 9% of 

mouse genome has been knocked out, being highly probable to find more essential 

genes among the not tested ones. Although mouse represents a good experimental 

model of human disease, some studies found that many essential human genes had 

nonessential mouse orthologs as a result of adaptative evolution12. In that case, the 

proportion of diseases caused by essential genes in humans would presumably 

increase. Although these are the main limitations of this list, we have classified into 

essential or nonessential genes the genes of 1,408 (49%) out of 2,853 total diseases 

(Figure 1). With only 9% of mice genes tested, there is an overrespresentation of 

genes from the List 1 that causes rare diseases. This can be due to a bias that is 

created when choosing the gene for the knockout assay, and therefore more disease 

genes are represented in the 9% of the mice genes tested. Another reason to create 

List 2 was to avoid this bias since all genes are taken into account.  

The predictive model of global damage caused by novel variants is based on 

interaction data (protein-protein interactions, phosphorylation, signalling, metabolic, 
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genetic, regulatory) and three-dimensional protein structure. With all this information, 

we obtain scores of global damage from 0 to 1. Here we set 0,7 as the threshold to 

consider a gene essential but there are some limitations: biological networks data is 

still incomplete and biased as well as the protein structure data and may constitute a 

problem for the model. Further studies providing interaction data will enable its 

optimization. 

We also obtained scores from genes of List 1. The distribution of values (Figures 10-

11) show that essential genes from List 1 are predicted to be essential with the model 

as the mean score is 0,907 and every score is above 0,7. For nonessential genes of 

List 1, we have a mean score of 0,365 and the maximum score is below 0,7, indicating 

that all nonessential genes from List 1 are predicted to be nonessential. Considering 

this results, List 1 may be a more reliable list of essential and nonessential genes than 

List 2 since it has been built with experimental methods in mice and contrasted with the 

model for humans. We think that results from List 1 are more reliable and reflect reality 

than List 2.  

As we decided to analyse the functional annotation of every described allelic variant of 

CVID, we also verified the essentiality of these genes. Even if there are differences 

between age of onset of different CVID forms, patients are unable to produce 

antibodies and die sooner than expected. Assuming this, those genes are supposed to 

be essential. Surprisingly, List 1 found all genes causing CVID to be nonessential 

except for LRBA that was not present in List 1. This observation may be highlighting 

one of the limitations of experiments with knockout mice: all experiments are performed 

in a sterile environment and then mice can probably live without an immune essential 

gene in normal conditions. When looking at List 2, four out of eight genes were 

considered essential (Table 5). However, the majority of predicted nonessential genes 

had scores above 0,65 that is close to the 0,7 threshold that we implemented. Thus, 

we might think that the description of gene essentiality could be considered as a 

continuous spectrum rather than an artificially classification of dividing genes into 

essential or nonessential. Advances in knockout mice projects and improvements of 

interaction data are needed in order to improve our knowledge about gene essentiality.  

 

 

CONCLUSIONS 

 

Our goal was to define the role of gene essentiality in rare diseases in order to be 

considered as a guide when looking for a causing-disease gene. We have shown that 

essential genes have a more important impact in hereditary rare diseases than we 
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expected. This will help to understand the properties of diseases caused by essential 

genes and constitute a first global filter when looking for a causal gene of a determined 

type of disease. Advances in this field are needed in order to finally build a reliable list 

of essential and nonessential genes. 
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Table 2. Allele frequencies and deleteriousness prediction of CVID allelic variants. 

Table 1.  CVID variants information 
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Figure 1. List 1 disease classification	  

Figure 2. List 2 disease classification	  

Table 3. List 1 gene classification	   Table 4. List 2 gene classification	  

Figure 3. List 1 Age of Onset Figure 4. List 2 Age of Onset 

Figure 6. List 2 Age of Death Figure 5. List 1 Age of Death 

Figure 1. List 1 disease classification	  
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Figure 9. List 1 Prevalence Figure 10. List 2 Prevalence 

Figure 7. List 1 Type of Inheritance Figure 8. List 2 Type of Inheritance 

Figure 11. Gene indispensability scores distribution  
of Nonessential genes from List 1 

Figure 12.  Gene indispensability scores of Essential  
genes from List 1   
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Table 5. Gene essentiality of CVID variants from List 1 and 2 


