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Abstract 

With the increased next generation sequencing (NGS) based genetic diagnosis due to technological boon, the bio-
medical world is getting a substantial number of single nucleotide variations (SNVs) every day along with other 
genetic variations. The detected SNVs may or may not have clinical significance. Based on different levels of study, 
these SNVs are categorized either as disease associated or not disease associated. However, there exists another 
category called as “uncertain” where the scientific literature has scanty of data. These “uncertain” or “variants of uncer-
tain significance (VUS)” has become the greatest challenge for the diagnostic fraternity since no specific decision can 
be taken by them for the persons carrying the VUS. Therefore, there exists a huge knowledge gap that needs to be 
addressed for better patient care. The present study aims to find out the possible ways of investigation that may help 
in reducing this knowledge gap so that decisive approaches can be made against VUS for better and accurate patient 
care.
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Background
Genetic diagnosis has evolved tremendously from the 
last decade due to technological inventions and advance-
ments. Apart from the classical dideoxy DNA sequenc-
ing, next generation sequencing (NGS) based exome 
sequence analyses have remarkably improved the diag-
nosis of different disorders due to nucleotide variations. 
This, in particular, has become very effective in reduc-
ing the diagnostic odyssey in many cases of rare genetic 
disorders. The single nucleotide variations (SNVs) are 
differentiated into five major groups, pathogenic, likely 
pathogenic, uncertain, likely not pathogenic/little clini-
cal significance and not pathogenic/low clinical signifi-
cance as per the American College of Medical Genetics 

(ACMG) guidelines, 2015 [1]. Among the five groups, 
four are decisive for the biomedical fraternity and the 
clinicians. But the group named as uncertain, which are 
commonly called as variants of uncertain significance 
(VUS), has become the greatest challenge to the medical 
genetics nowadays.

As per the ACMG guidelines, VUS are carrying path-
ogenicity probability between 0.05 and 0.949 [1]. This 
is the widest probability range among all of them. Any 
nucleotide or genomic variations that are not yet shown 
by laboratory studies to cause any loss of function or gain 
of function of any type come under VUS. It may consist 
large genomic duplications, any frameshift variants, pro-
moter region variants, regulator region variants, intronic 
variants, missense alterations, small in-frame insertions/
deletions and/or any silent variants [1]. Thus, effectively 
any variant that is yet to be studied for its functional sig-
nificance comes under this umbrella category called VUS. 
This knowledge gap is becoming a major concern for the 
clinicians, geneticists and genetic counsellors as no deci-
sive diagnosis can be made when a VUS is reported. The 
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present authors aim to propose possible investigation 
lines that can lead to a decision in cases of VUS.

Line of investigation
There are many ways of investigating the functional 
importance of any VUS. A comprehensive study would 
always be ideal one to establish the functional impor-
tance of any unreported variation, since every line has its 
own limitations.

Laboratory studies
Comparative laboratory studies between healthy indi-
viduals and patients (case–control) are the most accept-
able way to establish the functional importance of any 
genetic variation. Otherwise, studies among the patients 
are also acceptable. However, limiting issue is about the 
availability of patient sample. If the study can be done 
from blood, saliva, urine or faeces, the study is in general 
possible, otherwise collection of tissue biopsy samples is 
very cumbersome and requires multiple ethical as well as 
administrative procedures. Furthermore, it is very unu-
sual that a specific variation with particular functional 
importance being reported in human genome will also 
be there in the same genetic region among any laboratory 
animal model.

Allele frequency
As per the general rule, any SNV having an allele fre-
quency less than 1% of the general population will be 
called as mutation and any SNV having greater than 
1% frequency will be called as polymorphisms [2]. If 
the diagnosed SNV(s) comes under the reported poly-
morphisms from different existing open databases like 
“NCBI” and “Ensemble”, then it signifies that probably the 
SNVs has least functional significance in the gene func-
tion. However, if the diagnosed SNV(s) is/are de novo 
or novel, then any population data will be scanty in any 
databases. Therefore, to be ascertain of the clinical sig-
nificance of any VUS from allele frequency is practically 
very hard to achieve, since the status VUS comes due to 
not availability of these data sets.

Reverse phenotyping
This is a new approach of genomic diagnosis, which 
has become very effective in correlating genomic varia-
tions with disease. First genomic variations are identified 
through NGS-based tests and/or other molecular diag-
nostic tools and based on the genotype probable damages 
are targeted and diagnostically confirmed. This approach 
is also called as “genotype first” [2] as the approach first 
identifies the variation and then based on the geno-
type, phenotype is targeted for identification. Reverse 

phenotyping has emerged as a very good diagnostic tool 
in case of rare genetic disease.

Genotype–phenotype correlation
Correlating the disease phenotype with the detected SNV 
genotype is done through a population data driven statis-
tical test. A dedicated online database called “GPCards” 
[3] (http:// www. genem ed. tech/ gpcar ds) is there to find 
the genotype–phenotype correlation status of all the 
SNVs reported in scientific literatures. However, the cor-
relation status of any SNV having scanty of specific pop-
ulation data or of any de novo or novel SNV is hard to 
determine from this database. For such situations, popu-
lation data is extremely essential to be studied.

Family history and segregation analyses
It is one of the most important factors in decision-mak-
ing for VUS. If any diseased proband carries a VUS, 
with other members of the family having the disease, it 
becomes easier to study the clinical significance of the 
VUS. Confirmation of the reported VUS among diseased 
family members indicates correlation or association of 
the VUS with the disease. Therefore, taking proper fam-
ily history while counselling the patient is of utmost 
importance.

In silico predictions
Splicing variants as well as frameshift variants that 
change a major portion of protein primary structure are 
clinically significant for any protein function and can be 
designated as pathogenic or likely pathogenic even before 
any laboratory study. Similar situation is there for non-
sense variants that cause protein truncation. There are a 
number of databases, tabulated as Table 1, that harbour 
structural as well as functional significances of reported 
SNVs, point mutations and small indel variations.

The majority of SNVs cause missense variations whose 
clinical significance is needed to be determined or at least 
predicted. For such cases, there are a number of web-
based tools that can predict the effect of the SNV(s) on 
protein function. Choudhury et al. [10] classified some of 
these mutation analyses tools into two primary groups. 
First group predicts the local effect of the amino acid 
substitution while the second group analyses the effect 
at structure of the protein. However, an exhaustive clas-
sification of the applications and limitations of all these 
web-based amino acid substitution effect prediction tools 
are scanty in the scientific literature. An attempt is being 
made in the present manuscript to fill up this knowledge 
gap. To predict the effect of any amino acid substitution 
in the protein function, following factors are needed to 
be considered:

http://www.genemed.tech/gpcards
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1. Position of the amino acid concerned—whether the 
amino acid is present in functional site of the protein 
or not. Functional sites include active site of enzyme, 
binding site of other molecule for primary function, 
allosteric sites or transmembrane domain binding 
site. Presence in any particular domain or in the loop 
region.

2. Effect of the change in local ionization—whether the 
local charge distribution remains same or alters in 
tolerable range or alters to intolerable situation.

3. Effect of the substitution on global structure of the 
protein—whether the substitution has any significant 
effect on the tertiary or quaternary structure of the 
concerned protein.

4. Whether the unchanged amino acid is conserved—to 
check the whether the wild-type amino acid is con-
served among all the reported species in different 
databases.

5. Whether the SNV(s) can be functionally significant 
intronic variant that play role in protein expression 
or alteration of protein primary structure.

To evaluate all the aforesaid five parameters, different 
web-based prediction tools can be used. An exhaustive 
list of the tools and their specific utilities are summarized 
in Supplementary Table 1.

Uncertainty to certainty—how to proceed
Therefore, to start with a VUS for estimating its clini-
cal significance, the primary mode of investigation will 
be assessment of associated clinical parameters as far 
as practicable along with simultaneous in silico pre-
dictions. This combination type of analysis would be 
the reverse phenotyping. Based on the VUS type, i.e. 
whether the variant is in the non-coding region or in 
coding regions, specific tools have to be selected to pre-
dict specific aspect as was mentioned earlier. The clinical 
correlation with genotype comes under the genotype–
phenotype correlation study. This will lead the investiga-
tor to understand whether the variant has any possible 
functional implications or not. If there is no correlation, 
the VUS may get designation shift from class 3 to class 
2 (not likely pathogenic). But, on the contrary, if reverse 

Table 1 List of the public databases harbouring the details of single nucleotide variations (SNVs) along with their possible utilities that 
can help to understand the functional implications of any variation

Sl No Name URL Remarks Reference

1 dbSNP http:// www. ncbi. nlm. nih. gov/ SNP/ dbSNP helps to connect variations which include muta-
tions with clinical significance and polymorphisms to other 
sequences available on NCBI by utilizing BLAST and E-PCR 
analysis of the flanking sequences that immediately sur-
rounds the concerned variation

[4]

2 Ensembl https:// www. ensem bl. org/ Ensembl provides reference data for the interpretation 
of the genome for desired species. Annotation of genome 
assemblies from various sources, consisting genes, regula-
tory regions, variants and comparative data helps to build 
bridge between scientific research and genome inter-
pretation. There are many integrated tools and the most 
important of these is Ensembl Variant Effect Predictor 
(VEP) and it provides the effect of variants under con-
sideration on genes, transcripts and protein sequence, 
along with regulatory regions

[5]

3 Online Mende-
lian Inherit-
ance in Man 
(OMIM)

http:// www. ncbi. nlm. nih. gov/ sites/ entrez? db= omim OMIM is the fundamental reservoir of well organized, 
curated data on genes and the phenotypes associated 
with it and the inter-relatedness between them. The entries 
in OMIM are derived from the peer-reviewed biomedical 
literature and are effectively curated into structured entries

[6]

4 (PharmGKB) http:// www. pharm gkb. org/ The PharmGKB website gives a wide range of pharmacog-
enomics data, from annotations of the primary literature 
to guidelines for fine-tuning drug treatment on the basis 
of genetic information

[7]

5 ClinVar https:// www. ncbi. nlm. nih. gov/ clinv ar/ ClinVar is a public repository of human genetic variants 
and interpretations of the significance of the variants 
to disease

[8]

6 Human Gene 
Mutation Data-
base (HGMD)

http:// www. hgmd. cf. ac. uk/ ac/ index. php HGMD consists of an extensive collection of published 
mutations of the germline in nuclear genes that are 
thought to be potential candidates to cause, or have some 
close association with human inherited disease

[9]

http://www.ncbi.nlm.nih.gov/SNP/
https://www.ensembl.org/
http://www.ncbi.nlm.nih.gov/sites/entrez?db=omim
http://www.pharmgkb.org/
https://www.ncbi.nlm.nih.gov/clinvar/
http://www.hgmd.cf.ac.uk/ac/index.php
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phenotyping predicts the VUS to be clinically correlated, 
further investigations are required using targeted Sanger 
sequencing-based confirmation of the presence/absence 

of the variant among the parents of the index person 
as part of segregation analysis. If the VUS is inherited, 
the inheritance pattern could be either dominant or 

Fig. 1 Flow diagram of approaches to understand the possible functional implications of a VUS. The primary approach will always be 
through reverse phenotyping for finding the clinical correlation of the VUS. Followed by this, parental segregation analysis should be done 
for further confirmation of the functional implications of the VUS. Through these all studies, a VUS can be proposed to be redesignation to class 4 
or class 5 or class 2
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recessive. If dominant, it is expected that the parent car-
rying the VUS will also be affected with similar clinical 
conditions. But when the VUS is inherited in recessive 
mode, only homozygous recessive parent will be having 
similar phenotype. Targeted Sanger sequencing may also 
find both parents as heterozygous for the VUS(s) or each 
have different VUS(s) within the same gene leading to a 
compound heterozygosity in the index person. In both 
cases, parents will never be affected or having any clinical 
correlation. There may be another problematic situation 
for the clinician/genetic counsellor where parents may 
carry the VUS(s) (homozygous recessive or heterozygous 
dominant mode) but without any clinical correlation 
similar to the index person. In other words, they have 
the VUS(s) with proper genetic dosage but without any 
disease effect. This may definitely occur if the concerned 
gene has differential genetic penetrance or expressivity 
which needs further study to confirm. Lastly, the VUS(s) 
may occur in the index person in a de novo way. In such 
cases, he/she will be the only one person for clinical cor-
relation. After completing the entire analysis, the VUS 
may be proposed to be reclassified as class 4 (likely path-
ogenic) or 5 (pathogenic). The following flowchart sum-
marizes the aspects and ways of analysing VUS (Fig. 1).

Clinical insights
Recent studies reported presence of significant percent-
age of VUS among prenatal cases [11, 12], which is aris-
ing the question of taking decision about the VUS(s) 
present in the foetus. Predictive analysis of any VUS may 
help to understand the potential effect(s) that the variant 
can cause. This is extremely important for the clinicians 
as well genetic counsellors when the analysis is being 
done for a foetus and the would-be parents seek informa-
tion about the complexities that may arise. To worsen the 
scenario, it may also happen that the VUS present in the 
foetus is a de novo variation or variation with differential 
genetic penetrance or expressivity. In all cases, further 
diagnosis is solely dependent on the probable functional 
implications of the VUS. Therefore, predictive VUS effect 
analysis may give some critical input about its functional 
implications for the genetic counsellor and/or the clini-
cian for helping the would-be parents to take decision 
of continuing the pregnancy. This critical input is very 
important for precisive patient care. Apart from this, 
VUS analysis may also help in reducing the diagnostic 
odyssey in many rare as well as common genetic diseases.

Conclusion
One of the greatest challenges for the biomedical genet-
ics fraternity, primarily the genetic counsellors (GC), is 
to understand the clinical significance of the VUS and 
to help the clinician in taking decisions about the index 

person. The situation becomes complex when a couple 
with a diseased first child comes to the GC for planning a 
healthy pregnancy and that first index child is diagnosed 
to carry VUS(s). To make it worse if similar couple with a 
diseased child come with a running pregnancy. The deci-
sion of letting the pregnancy go or terminate depends 
upon the diagnosis. In such cases, determination of clin-
ical significance of the VUS(s) remains very crucial not 
only from a treatment point of view but also an ethical 
issue of terminating a pregnancy is also associated.

The next step after prediction analyses is to report for 
the sake of science, knowledge and precision treatment 
in future. The simple fact is, a VUS is called VUS only 
because no data or report about it is there in the scien-
tific literature.

However, there are important issues regarding the 
reporting. First, bioinformatic analyses are time consum-
ing and require expertise which may not always be pos-
sible for the clinician, or GC or the genome analyst. It is 
obvious that, this trio of clinician, genome analyst and 
GC may come from different units and do not have any 
liaison among them. Secondly, since checking the paren-
tal segregation is very crucial for predictive analyses, a 
couple without any plan for future pregnancy will never 
be interested in proceeding for further diagnosis. So, 
question mark lies for availability of the samples. Thirdly, 
if the parents somehow agree to give blood sample, it is 
unethical for the clinician and GC or diagnostic com-
pany to charge then for paying the test cost, since they do 
not have any future plan that be obtained from the test 
results. Situation is worse among the low-income groups 
who are yet to afford the necessary tests even.

Thus, a regular object-oriented expert work force with 
competent infrastructure and ample funding is required 
for completion of all the analyses of VUS. The present 
author foresights formation of a global VUS consortium 
where the found VUS details may be registered by corre-
sponding biomedical team for further analyses of all kind 
to take decision about its clinical significance and upload 
the details in a global publicly accessible database. Only 
then, the VUS(s) will reach to any significant decision.
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