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Abstract

Based on existing overwhelming evidence, the leading paradigm in the field of medical
genomics states that the primary cause of all cancers is genomic alteration in the somatic
cells of an individual. Such alterations include Copy Number Alterations (CNA), single
nucleotide variants (SNVs), small insertions and deletions (indels), and chromosome fu-
sions or translocations. SNV is the most common and best understood type of alteration
leading to cancer. Sensitive detection (i.e., when a variant is present in a minority of ana-
lyzed cells) of cancer relevant SNVs is important for cancer screening, cancer diagnostics
(particularly at early stages), and choosing among various treatment options. However,
existing approaches based on Next Generation Sequencing (NGS) data are aimed at detect-
ing variants that are present in all or most cells sequenced during each experimental assay.

We therefore developed an analytical approach for sensitive detection of somatic vari-
ants from deep sequencing of captured or amplified genomic regions. The approach is
based on reducing multiple hypotheses testing by interrogating only the most relevant sites
(sites of interest), which are a small fraction of all sites, designing experiments in such a
way that paired reads overlap, correcting read sequencing errors at the overlapping 3°-
ends, and empirically estimating sequencing error rate. We implemented this approach in
Leucippus software (freely available at GitHub) and experimentally validated it with or-
thogonal technique digital droplet PCR. Validation demonstrated that SNVs with allele
frequency as low as 0.1% can be detected with Leucippus.

We then applied the approach to clinical samples related to endometrial cancer and de-
tected protein truncating SNVs in genes known to be involved in this cancer. Leucippus is
an approach and software that can be used in both research and clinical settings for sensi-
tive detection of somatic SNVs.

Approach

The schematic of the approach is depicted in Figure 1. At first step one constructs
long fragments from overlapping paired reads. To find overlap, reads are sled against each
other by one base pair at a time. Matched and mismatched nucleotides in the overlap are
counted. Then a statistical test, using binomial coefficients, is performed to calculate the
probability that such or a larger count of matches for the overlap length can occur by
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chance. Here a random chance for a base match is set to 0.25. The best overlap is the one
with the smallest such probability. The pair of reads with the best overlap of at least 50
nucleotides in length and at least 75% of matched nucleotides is used to construct a long
fragment. Nucleotides in the overlapping part of both reads are constructed in the follow-
ing way: i) if nucleotides match, then this nucleotide is assigned at the current position,
and its quality is equal to the sum of the nucleotide qualities at this position in each read;
ii) if nucleotides mismatch, then the one with the higher quality is assigned at the current
position, while its quality is reduced by the quality of the other nucleotide. If the qualities
are equal, one of the two nucleotides is chosen randomly and its quality is assigned zero.
At step 2 a user can use their favorite mapping alignment software to align created long
fragments to the reference genome.
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Figure 1. Schematics of the approach. At step 1, the overlapping algorithm is used to construct long
reads obtained from bam or fastq files. The initial read pairs are sled against each other with a gradu-
ally increased overlapping window to find best overlap. Positions with mismatches are assigned
lower base quality score. At step 2, a user can use their favorite mapping alignment software to align
created long fragments to the reference genome. At step 3, mismatch tabulation is done for all sites
of interest and surrounding intervals provided in the input files. The resulting table lists counts and
coverage for each position and nucleotide type. At step 4, one can create graphs visualizing mutation
frequency and empirical p-values for noise level. At this and the next steps sites of interest are ex-
cluded and mismatches for the remaining sites are considered as background noise. At step 5, deci-
sion (somatic, germline, or undetermined) about SNVs at sites of interest is made by comparing
frequency of the SNVs with background noise. Low coverage sites are omitted



At third step one tabulates sequencing error (e.g., "noise") for sites targeted by
amplicon or capture sequencing. This information is used later to call mosaic sites. In es-
sence, the information tabulated is a comprehensive count of nucleotides covering a par-
ticular position. Therefore, the required inputs are a list of targeted sites and .bam files
with aligned reads. The table includes all necessary information that is used to visualize
noise and make a decision about sites of interest being mosaic.

At fourth step, to facilitate data quality control and interpretation, one can create
graphs for substitution rates and p-values of background noise reaching particular values,
for each nucleotide substitution type (i.e., C to T, A to G, etc.). The graphs are created
from the noise table generated at the previous step, and excluding the sites of interest
(where nucleotide expected and nucleotide alternative are not the same). Mismatches to
the reference base in aligned long reads are assumed to be noise, either from sample prepa-
ration (e.g., amplification) or sequencing. A mutation rate graph shows the frequency of
sites versus rate of a particular substitution type (e.g., C to T). A p-value graph shows the
proportion of sites having substitution rate larger than a value. For example, for the ex-
pected nucleotide C, substitution type C to T, and substitution frequency of 0.01 the p-
value is the fraction of C-sites having T substitution frequency larger than 0.01.

At fifth step one decides whether sites of interest are germline or somatic. By

default, sites with at least 35% non-
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Figure 2. Experimental validation of the ap-

proach. Site amplification with ultra-deep se-
quencing (amplicon-seq) and ddPCR reactions
revealed excellent concordance in allele frequen-
cy estimates. The customized ddPCR assays
confirmed as somatic all SNVs defined as such
by amplicon-seq.

tive nucleotide is consistent with background.

Leucippus software

and likely germline variants that have more
than 10% of non-reference nucleotide cov-
erage. By default (but changeable), sites
with p-value of less than 0.05 are deemed
somatic. Also, by default (but changeable),
sites with read coverage less than 100 reads
are deemed as having insufficient data and
omitted from decision process. The remain-
ing sites are called undetermined, i.e., they
are not germline, but frequency of alterna-

Leucippus is a Java program aimed at determining mosaic SNVs and estimating

their allelic frequency at specified sites of interest from amplicon and capture sequencing
data. The software implements analytical part for the approach outlined in Figure 1. Each
step is implemented as a separate command. The software is freely available to GitHub
(https://github.com/abyzovlab/Leucippus).

Validation



To test the approach we applied it to confirm candidate somatic SNVs discovered
from clonal expansion of human induced Pluripotent Stem Cell lines (hiPSC) [4]. We
conducted site amplification with ultra-deep sequencing (amplcon-seq) experiment for 69
SNVs. 16 of these SNVs were defined as somatic with cell frequency as low as 0.1%.
Next, we used digital droplet PCR (ddPCR) as a mean of validation of our results for 8
randomly selected somatic SNVs with low cell frequency. Remarkably, all the SNVs were
validated (Figure 2). Allele frequencies from amplicon-seq was also in good agreement
with those from ddPCR but were more deviant for low frequency SNVs (AF ~0.1%), as
those have few supporting counts in both experiments and are estimated with larger statis-
tical error.

Application

To demonstrate clinical utility of the approach we applied it to amplicon data
aimed at detecting low frequency variants likely disrupting 19 genes implicated in endo-
metrial cancer. For those genes we predicted all possible mutations that will cause a stop
codon and consider them as sites of interest. Applying Leucippus to 45 samples with the
data revealed 90 SNVs (with allele frequency >1%) causing stop codons in 10 genes
(FBXW7, ARID1A, ARID5B, PTEN, POLDI1, PIK3R1, POLE, PIK3CA, FGFR2, and
CDKN2A) of 30 samples. Remarkably, 17 stop mutations that were known to exist in
these samples were all detected. Additionally, the list of mutated genes was highly con-
cordant with the one of highly mutated genes in endometrial cancer reported previously

[5].
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