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Abstract

The use of Next-Generation Sequencing (NGS) has proven to be clinically beneficial, but it has also revealed a significant
number of variants that we are unable to accurately define and categorize in terms of pathogenicity. These variants are known
as variants of uncertain significance (VUS) which are detected en masse in each NGS run. Unlike amino acid substitutions and
splice site mutations, common variants in non-coding regions have not been extensively studied and are still mostly classified
as VUS. In this paper, a new concept was proposed to identify potentially tolerated variants, including variants in non-coding
regions, based on the Genetic Alignment of “Pseudoreads” from Homologs (GAPH) method. We have discovered a total of
5,859,205 variants, the majority of which have never been documented in the largest population database, GnomAD, and only
0.0015% (88 variants) were classified as pathogenic according to the ClinVar database. Overall, the results of this study
demonstrate the efficacy of our new method to refine a variant tolerability, many aspects of which could be further adjusted to
optimize the results.
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AHHOTa M

CekBeHrpoBaHHWe cieAytolero nokoneHus: (NGS) poka3ano CBOWO O3y B K/IWHUUECKOM TIpakTHKe, OZHAaKoO,
3HAUUTE/ILHOE KOJIMUEeCTBO FeHeTUYeCKUX BapUAHTOB, KOTOpPble 0OHAPYKUBAIOTCS TIPY TIOMOLM JAHHOTO MEeTO/1a, HEBO3MOXXHO
TOYHO OTpeJieluTh W KIacCU(ULMPOBAaTh C TOUYKU 3pEHUs] HMX MaTOreHHOCTHW. JTH BapyaHThl M3BeCTHbI KaK BapUaHTHI
HeonpefieniéHHoro 3Hauenus: (VUS), ¥ OHM MaccoBO OOHApy)KMBAlOTCS TIpHM Kaxkaom 3amycke NGS. B ommiume ot
aMMHOKUC/IOTHBIX 3aMeH M MyTaluii CalTOB CIulaiichHra, 0ObIYHbIE BAPMAHTHI B HEKOJUPYIOLIUX 001acTAX He U3yuyaiuch
CTO/b IIWPOKO U TIO-TIPEKHEMY B OCHOBHOM Kiaccuuiupyrorcsd kKak VUS. B manHOU cTathe A7 WaeHTHGUKAINA
MOTEHI[UA/IbHO MePEeHOCUMbIX BapDUAHTOB, BK/TFOUAsi BADUAHTHI B HEKOAUPYIOLMX 00/1ACTsX, MPe/yiaraeTcsi HOBasi KOHILEMIuS,
OCHOBaHHasi Ha MeTo/le TeHeTUUeCKOro BhIpaBHMBAHUS “TIC@BAOPUIOB” TOMOJOTMYHBLIX mociaenoBarenbHocTeld (GAPH). Mbl
06Hapy>Xui B 001eli cinokHocT 5 859 205 BapHaHTOB, OOMBIIMHCTBO U3 KOTOPBIX HE 3aJl0KyMEHTHPOBAHbI B KPYTTHENIIIeH
nony/isquoHHON 6a3e naHHBIX GnomAD, u Toseko 0,0015% (88 BapuaHTOB) ObUTM K/acCU(ULIMPOBAHBI KaK MaToreHHbIe B
COOTBeTCTBHUHU C 0a30ii faHHbIX ClinVar. B 1je/10M, pe3ysbTaThl 3TOT0 UCC/IeJOBaHUS JEMOHCTPUPYIOT 3((GeKTUBHOCTD HAILIETO
HOBOIO METOJA /IS Y/IYYIleHHs] OLIEHKW TepeHOCHMOCTM BapWaHTa, TNPU 3TOM MHOTHE acleKThl MeTofla MOTYT ObITh
JIOTIO/THUTE/IbHO CKOPPEKTUPOBAHBbI J1J1s1 OITHUMH3aLY pe3y/bTaToB.

KiroueBble c/I0Ba: TeHETWKa, BapHaHTHl HeONpe[e/éHHOTO 3HadeHWs, TIpeAckasaHve 3¢deKkra BapHaHTOB,
HEeKOJMPYIOI[ie BapUAHThI, OLIEHKA 00pOKaueCTBEHHOCTH BapHaHTAa.

Introduction

Molecular diagnostics has undergone a stage of rapid development and growth in the last decade, intensively increasing
the amount of genomic data [1], [2]. However, the clinical significance of the majority of variants being detected is unknown.
Variants in non-coding regions, which account for about 98% of the genome, are mostly classified as variants of uncertain
significance (VUS) [3]. There is increasing evidence that non-coding variants in different diseases, including cancer, are
becoming more recognized as contributors to the development of these diseases [4], [5], [6], [7].
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Computational variant effect predictors leverage the vast amount of biological data currently available to infer the fitness
effects of human variants. The American College of Medical Genetics and Genomics (ACMG) previously developed the
guidance for interpreting sequence variants, which involves utilizing in silico predictors to classify neutral (benign, BP4
criterion) and pathogenic (pathogenic, PP3 criterion) variants [10].

The majority of widely used and well-established computational predictors were designed to analyze protein sequences or
splicing sites and, therefore, cannot be applied to variants in non-coding regions. Nevertheless, there are multiple tools that
predict the deleteriousness of non-coding region variants based on the evolutionary conservation of studied genomic fragments
[11], [12], [13], [14]. Other variant effect predictors, which can analyze variants in non-coding regions, are based on the
annotation data [15], [16], [17]. However, none of these existing tools are capable of taking into account the specific sequence
changes observed during evolution.

For such a reason, we have developed a new method, Genetic Alignment of Pseudoreads from Homologs (GAPH), that
identifies differences between human genes and genomic sequences of various species. We have also evaluated whether this
approach is appropriate and relevant enough to use it for variant tolerance prediction.

Research methods and principles

263 cancer-related genes were obtained from the COSMIC database [18], and the longest protein isoform was derived for
each gene from the NCBI RefSeq database [19]. These amino acid sequences were then queried against the RefSeq protein
database using BLAST with an E-value threshold of 10 and a maximum number of resulting sequences set to 1000, and the
corresponding nucleotide sequences were obtained.

The resulting gene sequences were fragmented into 70 nucleotides pseudoreads with a 35-nucleotide overlap. Each
nucleotide was assigned a Phred-score of 30. The resulting pseudoreads were aligned to the originally queried human gene
sequence using BWA-MEM with default parameters: according to the original BWA paper, only reads with no more than 4
mismatches or gaps were mapped to the reference sequence [20]. Finally, variants were called using VarScan v2.4.4 [21] with
at least two reads support and a minimum of eight read-depth coverage required.

GAPH-resulted variant set was compared with known benign and pathogenic variants from ClinVar (accessed on July 14,
2022) [22], as well as variants from GnomAD v3.1.2 (accessed on June 3, 2023) [23].

Since benign variants tend to have a relatively high population allele frequency, we have used a subset of the GnomAD
v3.1.2 database along with its full version, which included variants with population allele frequency > 0.01% only.

Main results

Using GAPH, we identified 5,859,205 nucleotide variants that are present in homologous sequences and therefore might
be evolutionarily permissible. Of the 10,368,623 variants of the studied genes found in the GnomAD v3.1.2 database, 965,593
(9.3%) were in the resulting set. A subset of the GnomAD database was created, consisting of 569,998 variants with a minor
allele frequency (MAF) greater than 0.1%, which accounted for 5.5% of all variants in GnomAD. Out of these, 72,778 variants
were found in the GAPH-resulted set, making up 7.5% of GnomAD variants with MAF > 0.1% and 1.2% of the entire GAPH
variant set (figure 1).
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Figure 1 - Venn diagram illustrating the overlap between GAPH-resulted set, variants found in GnomAD v3.1.2, and subset of
GnomAD variants with minor allele frequency (MAF) > 0.1%.
DOT: https://doi.org/10.18454/jbg.2023.21.2.1

Among the 18,358 benign variants from the ClinVar database, 6,460 (35%) were in the GAPH-resulted set, and 16,434
(90%) were present among the variants from GnomAD. On the other hand, out of the 27,092 pathogenic variants, only 88 (less
than 1%) were present in the obtained set, while 1,180 (4%) were found in the GnomAD database. There were 11,050 benign
variants in the studied subset of the GnomAD database, which only included variants with MAF > 0.1%, while no pathogenic

variants were found in this group (figure 2).



Journal of Bioinformatics and Genomics = Ne 3 (21) = August

Number of benign and pathogenic variants in studied datasets

N Eenign
Pathogenic
40000
30000 |
20000 -
1180

10000 4
0 -+

Clinvar GnomAD GnomAD, GAPH

(45,450) (17,614) MAF = 0.1% (6,548)

(11,050)

Figure 2 - Distribution of benign and pathogenic variants from ClinVar, GnomAD v3.1.2, GnomAD subset with MAF of
variants > 0.1%, and the GAPH-resulted variant set
DOTI: https://doi.org/10.18454/jbg.2023.21.2.2

Note: the total number of benign and pathogenic variants is indicated in parentheses

Discussion

In this paper, we have demonstrated GAPH, a method for obtaining a set of variants that are present in homologous
sequences from a nucleotide sequence alignment. The core element of this approach is a pseudoreads usage, which is a concept
previously applied in transcriptomic studies [24], [25] and genome assembly software [26]. To our knowledge, this is the first
study utilizing pseudoreads for variant effect prediction, and that is why this report is focused on presentation of the method
concept and its general applicability with no intention to conduct an exhaustive study. Many additional aspects of it might be
adjusted further to achieve a desirable level of accuracy, combined with validation and verifications studies.

We used amino acid sequences as queries for the search of homologous sequences, which is a common approach [27],
[28]. Despite our relatively high E-value threshold of 10, we further implemented the BWA-MEM algorithm, which prevents
mapping of 70 nucleotide-long pseudoreads with more than 4 mismatches. However, our method, as well as the current variant
effect prediction tools, does not take into account orthologous/paralogous relationships, which reduces the overall performance
of categorizing disease-causing and benign variants [29].

For example, a comprehensive phylogenetic study of the BRCA2, TP53, DICER1, PIK3CA, and BRCA1 genes decreased
the number of variants obtained through GAPH in these genes from 77,154 to 72,505. It also reduced the number of matches
with GnomAD from 12,345 to 11,484, which might aid to decrease the total number of variants erroneously classified as
potentially tolerated (unpublished). The precise identification of orthologs for major disease-causing genes might be further
introduced in our method.

There are also several widely used nucleotide sequence alignment tools, e.g. Bowtie [30] and BWA-SW [31]. While BWA-
MEM is the most modern algorithm in the BWA package, which is utilized by popular biological pipelines like GATK [32] and
SPAdes [33], other alignment tools exist that could potentially enhance the performance of the method presented here. The
operational length of a pseudoread was chosen based on the minimum allowable read length for alignment using BWA-MEM
[20] but it also might be adjusted for the better performance.

The main flaw of this method is that identification of damaging variants is not available, similarly to the GnomAD
population database [34]. Therefore, our approach is intended to be used similarly to GnomAD in order to identify only
potentially tolerated variants. However, there is a significant difference between the GnomAD database and GAPH-resulted
variant set: only less than 10% of variants are present in both sets (figure 1). We propose that such a discrepancy is likely due
to the disparity in the genomic diversity data used from various sources: while GnomAD is based on the study of the human
genome variation, GAPH specifically focuses on sequences of homologous genes in various organisms.

We understand that not all GnomAD variants should be treated as benign, and there is a discrepancy regarding the
population allele frequency threshold that should be applied to minimize the probability of a variant pathogenicity [35]. We
used a threshold of 0.1% MATF to evaluate the predictive capability of this GnomAD subset and compare it to our dataset.

Overall, the current paper demonstrates the potential of our novel method to generate a database of potentially tolerated
variants, which utilizes phylogenetic information unlike all human population databases.

Conclusion
This paper presents a concept of new methodology for obtaining a set of potentially tolerated variants from an alignment
of pseudoreads generated from sequences of homologous genes. Our proposed approach has enabled us to identify numerous

4



Journal of Bioinformatics and Genomics = Ne 3 (21) = August

new variants in the homologs of the genes under investigation. These variants can be used in a similar manner to those found in
population databases such as GnomAD. However, while GnomAD relies on genetic variation only in human genes, our method
utilizes sequences of homologous genes in different organisms. Since GAPH-resulted set is based on a different principle, it
can be used together with GnomAD for variant tolerance prediction.

We are still at the early stages of exploring GAPH, and the potential for adjusting various aspects to enhance its
performance is under ongoing study. For example, a comprehensive deep phylogenetic analysis could be applied additionally, a
different alignment algorithm could be tested, and the pseudoread length could be further modified to improve performance
and applicability.
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