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ABSTRACT
Functional annotation and interpretation of genetic variants are a critical step in genetic diagnosis, as it may lead to personal-
ized therapeutic options and genetic counseling. While the number of confirmed pathogenic genetic variants in an individual 
is relatively low, the number of variants of uncertain significance (VOUS) can be considerably higher, increasing the number of 
potential carriers of genetic disorders. Thus, reducing uncertainty and assessing the real effect of VOUS are crucial for clinical 
and medical genetics. In this study, we evaluated the efficacy of genetic screening technologies in accurately predicting path-
ogenic variants and their corresponding disease prevalence in a cohort of over 6000 healthy individuals involved in assisted 
reproduction programs. Using data from 305 genes associated with recessive disorders, we determined the frequency of carriers 
of pathogenic variants and VOUS in our dataset and compared the predicted prevalence based on this information with reported 
population prevalence data. The higher predicted prevalence in some disorders when considering VOUS suggests a mostly be-
nign effect.

1   |   Introduction

The advent of massive sequencing technologies and their rapid 
evolution in the last decade have multiplied the possibilities 
of genetic analyses for diagnosis, especially for rare disorders 
[1]. It also allows screening for carriers of hundreds of genetic 

recessive conditions, which integrates effectively with assisted 
reproduction techniques to significantly reduce the risk of 
monogenic disorders in the offspring [2]. Functional annotation 
of genetic variants to identify truly pathogenic variation among 
the thousands of genetic variants in an individual is therefore a 
critical step for genetic diagnosis and carrier detection [3], and 
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the need for reliable prediction of the pathogenicity of genetic 
variants goes in parallel with the demand for standardized 
classification. The American College of Medical Genetics and 
Genomics (ACMG) and the Association for Molecular Pathology 
(AMP) established the ACMG/AMP guidelines, which repre-
sented a cornerstone in this direction [4]. However, in many 
cases, the predicted variant effect remains inconclusive, espe-
cially when considering clinical decisions or genetic counseling. 
Moreover, difficulties in meeting some of the ACMG/AMP cri-
teria, particularly in large-scale screenings via which new vari-
ants are frequently discovered, may lead to these variants being 
classified as variants of uncertain significance (VOUS), further 
influencing the predictive accuracy of genetic analyses [5].

Even considering that most VOUS do not have a pathogenic ef-
fect, often confirmed by reclassification studies for specific dis-
orders [6], in many cases they still influence patient treatment 
and genetic counseling [7]. In assisted reproduction, strategies 
to minimize genetic disease risk might include conservative 
measures, such as avoiding pairings between individuals car-
rying combinations of VOUS and pathogenic mutations. This 
approach could artificially increase the proportion of carriers 
among donors, which may limit the number of compatible do-
nors. Therefore, a better characterization of VOUS may be criti-
cal for the implementation of expanded carrier screenings with 
an increasing number of assessed genes [5]. This is also relevant 
in prenatal testing, as the appropriateness and consequences of 
communicating such findings to parents are also controversial 
[8]. In this study, we aimed to indirectly evaluate the accuracy 
of pathogenicity prediction for variants in genes associated 
with recessive disorders by comparing the predicted prevalence 
based on the carriers frequency with the reported disease preva-
lence in the population [9]. We hypothesized that discrepancies 
between the predicted and reported prevalence values might in-
dicate inaccuracies in variant annotation [10]. To explore this, 
we analyzed genetic screening data of over 300 genes associ-
ated with autosomal and X-linked recessive disorders in more 
than 6000 healthy individuals enrolled in assisted reproduction 
programs.

2   |   Materials and Methods

2.1   |   Genetic Data

We analyzed DNA sequence data for 6461 anonymous indi-
viduals in 305 genes related to recessive disorders included in 
the qCarrier test (https://​qgeno​mics.​com/​wp-​conte​nt/​uploa​ds/​
genes​-​qCarr​ierTe​st.​pdf). DNA extraction from peripheral blood 
or saliva was performed using commercial methods based on 
magnetic beads following manufacturer instructions (Promega 
Inc., Madison, WI). We performed capture enrichment of tar-
get regions including coding exons of known disease-related 
recessive and X-linked genes before massive parallel sequenc-
ing (Illumina Inc., San Diego, USA). Quality control, align-
ment, variant calling, and annotation were performed using 
an in-house implementation of standard bioinformatic tools 
and methods and published elsewhere [11]. Variant pathogenic-
ity was determined using a standardized procedure based on 
ACMG guidelines [4] after manual assessment of variant anno-
tations and a review of current literature, followed by a revision 

conducted by a different operator. We performed a principal 
component analysis (PCA) on 8702 biallelic genetic variants 
(frequency > 0.1%) in 258 autosomal genes. We detected 1858 
outliers, defined as samples with PC1 values more than three 
standard deviations from the mean, and removed them accord-
ingly. We next performed an analysis to exclude possible related 
individuals, based on the estimation of the kinship coefficient 
with variants at frequencies higher than 1% using KING [12] 
and the percentage of shared rare variants between individuals, 
which resulted in the removal of 56 individuals.

2.2   |   Frequency and Prevalence Analysis

First, we calculated the allele frequency for each variant. We 
then calculated the predicted prevalence of each disorder based 
on the frequency of the alternative allele for all variants anno-
tated as pathogenic or VOUS detected in the associated gene. 
When several genes have been associated with a given disease, 
predicted prevalence values from genetic variants in those genes 
were aggregated into a single prevalence value. Reported prev-
alence values of each disease were retrieved from Orphanet 
point prevalence data (https://​www.​orpha.​net, updated until 
June 2022). Minimum and maximum values were assigned to 
each prevalence range. Geographic point prevalence was se-
lected in order of preference: European or Worldwide (Table S1). 
Reported prevalence values for disorders lacking annotation on 
Orphanet were retrieved manually from Medline (https://​medli​
neplus.​gov). The statistical significance of the ratios between 
predicted and reported prevalence was determined using a Z-
test, applying Bonferroni's multiple-test correction.

3   |   Results and Discussion

We performed PCA and kinship analyses (see Section 2) to re-
move potential outliers that could artificially affect carrier fre-
quency and predicted prevalence estimation, generating a final 
cohort of 4547 European individuals (2219 females and 2328 
males). We identified a total of 2433 pathogenic variants and 
13 854 VOUS across the analyzed genes. These variants were un-
equally distributed and, as expected, correlated mostly with the 
protein-coding length (Figure S1) and belonged predominantly 
to low-frequency classes [13] (Figure S2). The average number 
of variants per individual was 7.59, with a mean of 1.56 patho-
genic variants and 6.03 VOUS, consistent with previous studies 
[14, 15].

We calculated two values of predicted prevalence for each disor-
der (see Section 2): one considering only pathogenic variants and 
the other considering both pathogenic variants and VOUS found 
in the analyzed genes. The predicted prevalence values were 
then compared to the reported prevalence of the 146 disorders 
with available epidemiological estimation (Table S1). The results 
were expressed as a ratio of predicted to reported prevalence 
of each disorder. For most of the diseases, the reported prev-
alence was expressed as a range and, therefore the minimum 
and maximum values were used to calculate the ratio, obtaining 
“ratio-min” and “ratio-max” values (Figure 1, Table S1). When 
considering pathogenic variants alone, both ratio-min and ratio-
max values spanned from −4 to 2 (in base-10 logarithmic scale), 
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with a global average of −0.29 and −0.87 respectively (Figure 1). 
For many disorders, we did not detect significant discrepancies 
between predicted and reported prevalence, suggesting that 
functional prediction and annotation of the genetic variants ef-
fects are mostly accurate, which makes genetic screening effi-
cient and effective for these pathologies. Some disorders showed 
strong discrepancies with much lower predicted prevalence 
values than reported, and although the statistical significance 
could not be assessed due to the low number of observations, 
this could suggest a lack of knowledge about the genetic etiology 
of these diseases.

Interestingly, 32 disorders showed statistically significant dif-
ferences with higher predicted than reported prevalence values 
when considering both pathogenic variants and VOUS, even 
when considering the maximum reported prevalence with ratios 
ranging from 0.59 to 3.79 (Table  S1). However, several factors 
could potentially inflate the predicted prevalence values. For in-
stance, pathogenic variants in pleiotropic genes have an effect on 

multiple disorders. In the case of CFTR in Cystic Fibrosis, for ex-
ample, we noticed that predicted and reported values were sim-
ilar if we considered only unequivocal cystic fibrosis mutations, 
excluding those related to other phenotypes such as congenital 
absence of the vas deferens [16]. Additionally, the classification 
of genetic variants can be biased toward pathogenic or VOUS 
categories (i.e., considering the most pathogenic prediction). 
Moreover, linkage disequilibrium can have an effect: two or 
more VOUS or pathogenic variants co-occurring in the same 
individual could increase the predicted prevalence value of a 
given disorder. To refine our estimates, we recalculated the pre-
dicted values considering only variants catalogued at least once 
as pathogenic or VOUS in ClinVar [17]. Furthermore, we limited 
our analysis to only one variant per gene per individual to avoid 
the effect of linkage disequilibrium, and we excluded the disor-
ders affected by genes with pleiotropic effects. Following these 
adjustments, 10 disorders still showed a significantly higher 
predicted prevalence (p < 0.001, Table 1), confirming the suspi-
cion that most VOUS may not have a pathogenic effect [18], in 

FIGURE 1    |    Comparison between the predicted and the reported prevalence in 146 recessive disorders. Distributions of the different ratio-min 
and ratio-max for each one of the 146 analyzed recessive disorders. The first row shows the ratios of predicted against reported prevalence considering 
only pathogenic variants, while the second refers to the analysis considering both VOUS and pathogenic variants. X-axes show the base-10 logarithmic 
scale of the ratios; y-axes show the number of disorders displaying a particular ratio. The red lines and labels represent the mean value of the ratio 
for each plot. Values close to or equal to zero denote a predicted prevalence consistent with the reported one. Negative values correspond to predicted 
prevalence values lower than the reported ones, and vice versa for positive values. [Colour figure can be viewed at wileyonlinelibrary.com]
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line with the results obtained in VOUS reclassification analyses 
[6]. Alternatively, although we considered the highest reported 
prevalence to identify significant deviations, this result may also 
suggest an underestimation of the actual prevalence of the disor-
der in the general population, or it may be driven by the presence 
of variants with incomplete penetrance [19, 20].

Our study introduces a rapid and reproducible method to detect 
possible mismatches between the predicted and the actual num-
ber of pathogenic variants for specific disorders. This approach 
can be used to refine screening programs in areas where reliable 
prevalence values are available. The general approach main-
tained in our study opens to a wide spectrum of follow-up inves-
tigations, from functional assessments of genetic variants, and 
a refinement of the prevalence estimation for some disorders, to 
the adjustment of gene panels used in carrier tests.
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