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The molecular diagnosis of mismatch repair—deficient cancer syndromes is hampered by difficulties in
sequencing the PMS2 gene, mainly owing to the PMS2CL pseudogene. Next-generation sequencing short
reads cannot be mapped unambiguously by standard pipelines, compromising variant calling accuracy.
This study aimed to provide a refined bioinformatic pipeline for PMS2 mutational analysis and explore
PMS2 germline pathogenic variant prevalence in an unselected hereditary cancer (HC) cohort. PMS2
mutational analysis was optimized using two cohorts: 192 unselected HC patients for assessing the
allelic ratio of paralogous sequence variants, and 13 samples enriched with PMS2 (likely) pathogenic
variants screened previously by long-range genomic DNA PCR amplification. Reads were forced to align
with the PMS2 reference sequence, except those corresponding to exon 11, where only those inter-
secting gene-specific invariant positions were considered. Afterward, the refined pipeline’s accuracy was
validated in a cohort of 40 patients and used to screen 5619 HC patients. Compared with our routine
diagnostic pipeline, the PMS2_vaR pipeline showed increased technical sensitivity (0.853 to 0.956,
respectively) in the validation cohort, identifying all previously PMS2 pathogenic variants found by
long-range genomic DNA PCR amplification. Fifteen HC cohort samples carried a pathogenic PMS2
variant (15 of 5619; 0.285%), doubling the estimated prevalence in the general population. The refined
open-source approach improved PMS2 mutational analysis accuracy, allowing its inclusion in the routine
next-generation sequencing pipeline streamlining PMS2 screening. (J Mol Diagn 2024, 26: 727—738;
https://doi.org/10.1016/j.jmoldx.2024.05.005)
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Lynch syndrome (LS) is a common, dominantly inherited,
cancer-predisposing condition caused by germline patho-
genic variants affecting the function of mismatch repair
(MMR) genes (MLHI, MSH2, MSH6, and PMS2).! Despite
its incomplete penetrance, individuals harboring an MMR
pathogenic variant have increased chances of developing
colorectal and endometrial cancers, among others.” Biallelic
pathogenic alterations damaging the same MMR genes
cause constitutional mismatch repair deficiency (CMMRD),
a very rare (1 in 1,000,000) and severe condition that pre-
disposes to multiorgan cancers—mainly brain, hematologic,
and colorectal—usually with childhood onset.” ~ Its pene-
trance is more than 90% at the age of 20.

The estimated population frequency of pathogenic PMS2
variant carriers is the highest among the four MMR genes (1
in 714; 0.140%)." Accordingly, PMS2 is the most frequently
mutated gene in CMMRD syndrome, accounting for nearly
60% of cases.” In contrast, PMS2 is the least frequently
mutated gene in the LS series, probably owing to its lowest
penetrance in heterozygous carriers and the former use of
clinical criteria for LS tumor screening. Nevertheless, the
cancer risk varies widely even among heterozygous carriers
from the same family.”*”’

Gene panels using targeted next-generation sequencing
(NGS) of short reads are the tests most used in the field of
hereditary cancer (HC) because of their optimal balance be-
tween cost and benefit. However, short-read—based NGS has
significant limitations in the identification of variants in
complex regions.” Indeed, PMS2 gene analysis presents a
major challenge mainly because of the existence of multiple
pseudogenes.”'” Specifically, there are 14 pseudogenes
located at the 5’ end, spanning exons 1 through 5, and an
additional 15th pseudogene located at the 3’ end, known as
PMS2CL. Remarkably, the PMS2CL pseudogene is an
inverted partial duplication located on the same chromosome
7 that exhibits notable sequence homology (>98% identity)
with exons 9 and 11 to 15 of the PMS2 gene. Some bases,
called paralogous sequence variants (PSVs), differ in PMS2-
PMS2CL reference sequence.'"'? It has been proven that
sequence exchange (recombination and gene conversion) is a
frequent event observed between these two loci.'™'" This
makes it difficult to discriminate reliably whether an identi-
fied variant is located in the gene or the pseudogene.'™'*

Genomic DNA long-range PCR (LR-PCR) amplification
and gene-specific cDNA amplification using primers located
in less-homologous regions, and DNA/cDNA long-read
sequencing, can analyze PMS2 specifically.”'> *" Never-
theless, these techniques are labor-intensive, complicate
routine diagnostic workflows, and present many technical
challenges, which question the feasibility of implementing
them in large cohorts. Bioinformatic approaches partially
can palliate these difficulties. In this sense, Gould et al'!
proposed a workflow in which gene and pseudogene vari-
ants were forced to align with the PMS2 gene reference
sequence. By this means, they identified seven PSV posi-
tions in PMS2 exon 11, where none of the 707 ethnically
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diverse patients from their cohort differed from the gene and
pseudogene reference sequences. These positions, herein-
after referred to as invariant PSVs, were demonstrated to be
useful in identifying the origin of variants identified in NGS
reads overlapping them.'' Despite these advances, to our
knowledge, there is no free open-source pipeline available
to analyze PMS?2 accurately. Thus, the inclusion of the
PMS?2 gene in routine NGS diagnostic pipelines remains a
challenge for most genetic testing laboratories.

To address this need, PMS2_vaR is presented, the first
free open-source pipeline written in R, which integrates and
upgrades the previously reported strategy. The aim of this
study is to increase the accuracy of PMS2 variant detection
using routine NGS panel data, in addition to reducing the
number of samples that need to undergo LR-PCR. This
study also aimed to assess the prevalence of PMS2 patho-
genic variants in an HC cohort upon implementation.

Materials and Methods
Study Cohorts

Table 1 and Supplemental Figure S1 provide an overview of
the cohorts used.

The PMS2_vaR pipeline was optimized using samples
from two cohorts: optimization cohort A, comprising 192 HC
patients used to assess the allelic ratio of PSVs in unselected
samples; and optimization cohort B, enriched in samples
harboring PMS2 (likely) pathogenic variants, composed of
13 cancer patients in whom blood DNA was analyzed pre-
viously by PMS2 LR-PCR, enabling the identification of
PMS?2 variants. For validation purposes, a LS suspicion
cohort of 40 patients analyzed previously by PMS2 LR-PCR
was used to determine the pipeline’s accuracy.

Finally, a large HC cohort of 5619 patients was studied.
According to clinical phenotypes, the cohort comprised 13
LS-suspected patients showing exclusive PMS2 loss of
expression in tumors (blood samples were not analyzed
previously by LR-PCR), 36 patients diagnosed with early
onset colorectal cancer (age, <50 years at diagnosis)
showing MMR-conserved protein expression or with no
available immunohistochemistry information, 798 patients
fulfilling other LS suspicion criteria (Amsterdam criteria or
MMR expression loss but not exclusively of PMS2), and
4772 patients tested for suspicion of other HC syndromes.

Sample Collection and Preprocessing

DNA samples were obtained from peripheral blood leukocytes
of individuals with HC suspicion referred to the Molecular
Diagnostics Service at the Institut Catala d’Oncologia from its
network of genetic counseling units. Informed written consent
for both diagnostic and research purposes was obtained from
this cohort of patients. The study protocol was approved by
the Ethics Committee of the Catalan Institute of
Oncology—Bellvitge University Hospital (PR278/19).

jmdjournal.org m The Journal of Molecular Diagnostics
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Table 1  Summary of Cohorts Analyzed
Recommendation for PMS2 LR-
Group Subgroup  Clinical and molecular criteria n PCR analysis Purpose
Optimization ~ Cohort A HC suspicion, unselected 192  No Determine allele ratio
cohort Cohort B LS suspicion; IHC: PMS2™; PMS2 13 Previously performed Determine pipeline
LR-PCR analysis previously accuracy
performed Enriched in PMS2
(L)PAT variants
Validation LS suspicion; PMS2 LR-PCR 40  Previously analyzed Determine pipeline
cohort analysis previously performed accuracy
Hereditary LS suspicion; IHC: PMS2™; PMS2 13 Yes, in samples with an identified = Determine prevalence in
cancer LR-PCR analysis not performed PMS2 (likely) pathogenic this subgroup
cohort variant™
Early onset CRC suspicion; IHC: 36  Yes, in samples with an identified  Determine prevalence in
conserved expression PMS2 (likely) pathogenic this subgroup
variant™
LS suspicion (Amsterdam criteria 798  Yes, in samples with an identified  Determine prevalence in
or IHC MMR expression loss PMS2 (likely) pathogenic this subgroup
excluding PMS2) variant®
Other HC suspicions 4772  Yes, in samples with an identified = Determine prevalence in

PMS2 (likely) pathogenic
variant*- 1+

this subgroup

*Pathogenic paralogous sequence variants (c.1864_1865del and c.1730dup) will be considered for LR-PCR testing only if the variant allele frequency is

>60%.

fPseudogenic exon 13 ¢.2186_2187del and c.2243_2246del PMS2 variants will be considered for LR-PCR testing only if the tumor molecular characteristics
are indicative of a PMS2 alteration (microsatellite instability or exclusive IHC PMS2 loss) or when IHC analysis is not possible.

*(Likely) pathogenic variants called by the general approach but filtered out after the refined E11 approach will not be tested unless the tumor molecular
characteristics are indicative of a PMS2 alteration (microsatellite instability or exclusive IHC PMS2 loss) or when IHC analysis is not possible.

CRC, colorectal cancer; HC, hereditary cancer; IHC, immunohistochemistry; (L)PAT, (likely) pathogenic; LR-PCR, long-range PCR; LS, Lynch syndrome; MMR,

mismatch repair.

Routine Diagnostics Pipeline

Genetic testing was conducted on peripheral blood DNA
using NGS custom panel ICO-IMPPC Hereditary Cancer
Panel (I2HCP).?' This panel encompasses a comprehensive
selection of 122 to 168 genes (depending on the version
used) associated with HC susceptibility. The bioinformat-
ics approach used for the routine diagnostics pipeline was
described previously.”'”> The selection of genes for
analysis was based on the phenotype of each patient™ and
their family, following the Catalan Health Service
guidelines.

PSV Determination

A list of 31 exonic base differences was obtained by
comparing the PMS2 (NM_000535.7; https://www.ncbi.
nlm.nih.gov/nuccore/1519311653, last accessed May 15,
2024) and PMS2CL (NR_002217.1; https://www.ncbi.nlm.
nih.gov/nuccore/NR_002217.1, last accessed May 15,
2024) sequences using the BlastN tool from the National
Center for Biotechnology Information. Because some
variants were consecutive, they were considered
compound variants, thus the final list was 28 PSVs, 23 of
which were located within exon 11. Supplemental Table
S1 contains the complete list of all 28 PSVs.'”
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Bioinformatic Pipeline Development

The PMS2_vaR pipeline was conceived for the R statistical
computing environment (v4.2.1; https://github.com/emunte/
PMS2_vaR, last accessed March 22, 2024). It requires the
installation of the following software: SAMtools (v1.10;
https://www.htslib.org), Picard (v.2.26.4.jar; https://github.
com/broadinstitute/picard), BWA (0.7.17; https://github.
com/lh3/bwa), and VarDictlava (v1.8.3; https://github.com/
AstraZeneca-NGS/VarDictJava). It also uses functions from
both R/Bioconductor and CRAN packages (https://cran.r-
project.org; see the required libraries in the GitHub space).

The pipeline consists of two scripts: modify_reference
and run_PMS2_vaR (Figure 1).

modify_reference Script

Given a human reference genome sequence FASTA file and
its PMS2CL FASTA sequence, the workflow generates a
PMS2CL-masked reference genome in which the PMS2CL
genomic sequence is replaced by Ns (any base). This file is
needed as an input file for the Run_PMS2_vaR algorithm.
This step only needs to be executed once (per human
reference genome version).

run_PMS2_vaR Script
To feed the pipeline, the user is required to provide several
input files, including a text file containing paths to the BAM
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Figure 1  Schematic representation of the
PMS2_vaR pipeline. The modified reference
genome sequence file is obtained using the
“modify_reference” script. Given a BAM file, a
classified variants csv file and the yaml files
specifying the tool's paths and parameters for
VardictJava, the run_PMS2_vaR script produces a

o
é..._.&“' - VarDictJava text file containing all PMS2 and PMS2CL variants.
R The steps to construct the final PMS2 candidate
PMS2 PMB2CL] variants list are detailed in run_PMS2_vaR Script.
Variant annotation fa, FASTA file.
+ - Mutalyzer
- Variant classification
E11 approach from DB
—‘_i.:.i ==
-hg% Final decision
E:._ - New variant
[ Erews2 | classification
- Customizable
v decision algorithm

PMS2 and
PMS2CL
/ariants. txt]

files, a yaml file detailing the paths to the necessary tools
(SAMtools, Picard, BWA, and VarDictJava), another yaml
file specifying the parameters to be used with VarDictJava,
and a comma delimited file listing classified PMS2 variants.
The template for these files is available at hrtps:/github.
com/emunte/PMS2_vaR.

In the general approach, to obtain the list of candidate
variants that need to be validated further by LR-PCR, gene
and pseudogene reads in the highly homologous regions
were aligned with the PMS2CL-masked human genome
reference sequence. To this end, first, reads aligning with
PMS2 or PMS2CL in the standard pipeline BAM were
selected using SAMtools. The resulting BAM file was
transformed into paired-end FASTQ files using Picard
software. Afterward, the FASTQ files were realigned with

730

the modified reference genome using BWA-MEM. The
SAM file was converted to a BAM file, sorted, and indexed
using SAMtools.

Subsequently, exon (E)I1 was analyzed based on the
approach of Gould et al'' (hereinafter called the El1
approach). Following their recommendations, only reads that
intersected with any of the seven invariant PSVs were
included (Supplemental Table S1). Read names overlapping
the corresponding positions were obtained using SAMtools
and the reads then were filtered by name using Piccard. These
were aligned to the standard (nonmasked) reference genome.
The resulting E11 BAM was merged with the BAM obtained
for the other exons with the general approach.

Variant calling was performed for both approaches using
VarDictJava. The following parameters were modified: i)

jmdjournal.org m The Journal of Molecular Diagnostics
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Table 2  Primer Sequences for PMS2 Amplification
Target Template Forward primer Reverse primer
LR1 (exons  gDNA 5'-ACGTCGAAAGCAGCCAATGGGAGTT-3'* 5/-CTTCCACCTGTGCATACCACAGGCT-3'*1

1-5)
LR2 (exons  gDNA 5/-GGTCCAGGTCTTACATGCATACTGT-3* 1 5/~ CTGACTGACATTTAGCTTGTTGACA-3/*

7-9)
LR3 (exons  gDNA 5/ -GCGTTGATATCAATGTTACTCCAGA-3'*1 5/-CCTTCCATCTCCAAAACCAGCAAGA-3'*1

11—15)
Exon 1 LR1 5'-M13F-ACGTCGAAAGCAGCCAATGGGAGTT-3/*!  5/-M13R-CAGGTAGAAAGGAAATGCATTCAGT-3/*"
Exon 2 LR1 5'-ACAGTGTTGAGTCATTTCCCACAGT-3'*1 5'-TTCTTAGCATAACACCTGCCTGGCA-3"*1
Exon 3—4 LR1 5'-M13F-CTGGGCTAGTAAATAGCCAGAAAG-3'T 5'-M13R-TATGACTTAGATTGGCAGCGAGACA-3/*
Exon 5 LR1 5'-M13F-CTTGATTATCTCAGAGGGATCGTCA-3/*!  5/_M13R-TCTCACTGTGTTGCCCAGTCCTAAT-3/*"
Exon 6 gDNA 5'-M13F-TGCTTCCCTTGATTTGTGCGATGAT-3/*1  5/-M13R-CATTCTACTGGAAGGGACAATGGA-3'
Exon 7 gDNA 5'-M13F-ACCCACGAGTTTGACATTGCAGTGA-3'* 5'-M13R-AAAAGACACGAAACTATTAGCCTTAGA-3'
Exon 8 gDNA 5/-M13F-AGATTTGGAGCACAGATACCCGTGA-3"*T  5/-M13R-TGCGGTAGACTTCTGTAAATGCACA-3'*"
Exon 9 LR2 5/-M13F-CCTTCTAAGAACATGCTGGTTGGTT-3/*  5/-M13R-ATCTCATTCCAGTCATAGCAGAGCT-3'*
Exon 10 gDNA 5/-M13F-AATTAGCCAGTGTGGTGGCACTTG-3'! 5'-M13R-AGCTTTAGAAGCTGTTTGTACAC-3"
Exon 11a LR3 5'-M13F-TCACATAAGCACGTCCTCTCACCAT-3/*!  5/-M13R-GAATGGCAGTCCACATCTGAAAAAG-3'
Exon 11b LR3 5'-M13F-CAGAGCGGAGGTGGAGAAGGAC-3’ 5'-M13R-GTGAAACCCTGTTTCCACCAAAAAT-3’
Exon 12 LR3 5'-M13F-GCCAAGATTGTGCCATTGCACTGTA-3'* 5/-M13R-AGTAGATACAAGGTCTTGCTGTGTT-3'*
Exon 13 LR3 5'-M13F-TTGTTTTCATTTCATTTCTGCTG-3’ 5'-M13R-ATGTTAGCCAGGCTGGTCTCAAACT-3/*
Exon 14 LR3 5'-M13F-GCTTTCAAGTGAAACGTGTTTGTCA-3’ 5'-M13R-GCACGTAGCTCTCTGTGTAAAATGA-3/*
Exon 15 LR3 5'-M13F-GCTGAGATCTAGAACCTAGGCTTCT-3/*!  5/-M13R-ACACACGAGCGCATGCAAACATAGA-3/* "

*Primers from Clendenning et al."
Primers from Vaughn et al.'®

LR, long range; gDNA, genomic DNA; M13F sequence, 5'-TGTAAAACGACGGCCAGT-3’; M13R sequence, 5'-CAGGAAACAGCTATGACC-3'.

the minimum allele frequency was set to 0.1 to accommo-
date the factual tetra-allelic situation because the new
alignments (without the PMS2CL sequence in the reference)
combine four alleles in PMS2 E9, 11 to 15, and nearby
positions (Supplemental Figure S2); ii) the region of interest
(-R) was set to chr7:6012350-6049257 for hgl9 and
chr7:5972719-6009626 for hg38; iii) the minimum phred
score (-q) was set to 15; and iv) the number of mismatches
allowed in a read (-m) was set to 10 for greater permis-
siveness. In addition to variants with all filters passed,
variants tagged for mean mismatches in reads >5.25
(NM5.25) or for being adjacent to an insertion variant
(InIns) were kept. In a diploid variant calling situation, these
filters would point to likely false-positive variants, however,
this study tried to be conservative.

The two variant calling files were converted into txt files
using the vcfR R package and were merged into the same
document. This allows the user to verify whether the variant
was found by one or both approaches. The pipeline followed
the decision algorithm described in Results to suggest whether
LR-PCR should be performed or not for each variant.

PMS2 Variant Validation by LR-PCR

Candidate variants in PMS2 (NM_000535.7, NG_008466.1,
https://www.ncbi.nlm.nih.gov/nuccore/NG_008466.1, last
accessed May 15, 2024) identified by vaR_PMS2 were
analyzed using previously described LR-PCR proced-
ures.'>'® A schematic representation detailing the annealing

The Journal of Molecular Diagnostics m jmdjournal.org

positions of all the primers used can be found in
Supplemental Figure S3. In brief, amplicons encompassing
entire exons 1 to 5 (long-range amplicon LR1), 9 (LR2), and
11 to 15 (LR3) were generated using LaTaq polymerase
(TaKaRa Bio, Inc, Otsu, Shiga, Japan) and the corre-
sponding primers are listed in Table 2. Amplification of LR-
PCR products was confirmed by agarose gel electrophoresis.
The LR3 product was purified by gel extraction to avoid
pseudogene amplification from genomic DNA instead of
from the LR-PCR product in the following exon-specific
PCR. LR-PCR products (or purified products) were
diluted 1:10 and 1 pL of this dilution was used as the
template for nested exon-specific amplifications. Exon-
specific PCRs were performed using DreamTaq DNA po-
lymerase (Thermo Fisher Scientific, Waltham, MA) and the
corresponding primers (Table 2). For exons 6, 7, 8, and 10,
genomic DNA was used as the PCR template. Amplification
was confirmed by agarose gel electrophoresis and PCR
products were sequenced using the Big Dye Terminator v.3.
1 Cycle Sequencing kit (Applied Biosystems, Waltham,
MA) and an Applied Biosystems 3130XL Genetic
Analyzer.">'°

Variant Classification

A list of 129 PMS2 classified variants was provided to
feed the pipeline (Supplemental Table S2). Variants
initially were classified using the vaRHC R package”* and
subsequently curated by the Catalan Institute of Oncology
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Hereditary Cancer Molecular Diagnostics Service. The
draft version of the InSiGHT-ClinGen—specific MMR
variant classification guidelines were followed (https:/
www.insight-group.org/content/uploads/2021/11/DRAFT _
Nov_2021_TEMPLATE_SVI.ACMG _Specifications_InSiG
HT_MMR_VI.pdf, last accessed March 22, 2024). Users
have the flexibility to incorporate additional classified
variants or modify the classification of existing ones,
tailoring the system to their specific requirements (see
GitHub for further details).

Assessment of Routine and PMS2_vaR Pipelines
Performance

The performance of the routine and the PMS2_vaR
pipelines was analyzed against the results obtained from
LR-PCR in both the optimization and validation cohorts.
A comprehensive set of performance metrics was
computed, including accuracy, sensitivity, specificity,
positive predictive value, and negative predictive value.
The McNemar test was used to determine significance,
with a predefined P value of 0.05. Statistical analyses
were conducted using R v.4.2.2, leveraging the CRAN
package DTComPair v.1.2.2 (https://CRAN.R-project.org/
package=DTComPair). To assess the reduction in long
and short PCRs [(LR)-PCR] workload achieved by using
PMS2 vaR, the location of each candidate variant
identified in the HC PMS2 cohort was examined to
determine the precise PCR reaction required for
validation. This result was compared with the total
number of PCR reactions needed in the PMS2 analysis
by (LR)-PCR.

Results

Bioinformatic Pipeline Development: Data Processing
and Variant Calling

A bioinformatic pipeline was developed to identify PMS2
variants from multigene panel NGS data with high accuracy.
First, reads aligning to PMS2 or PMS2CL were converted
into FASTQ files and realigned with a human reference
genome with the PMS2CL sequence masked. This forced
both PMS2 and PMS2CL reads to map to the PMS2 refer-
ence. Subsequently, the PSV variant allele frequency (VAF)
was assessed from a cohort of unselected samples (optimi-
zation cohort A). Given that PSVs are positions where gene
and pseudogene reference sequences diverge, it would be
expected that when one of these variants is called, the reads
that support it come from the pseudogene. Consequently,
PSVs would have an expected VAF of approximately 50%
(present in two of four alleles). However, in the analysis of
samples of the optimization cohort A, the observed VAF
ranged from 35% to 45% for most PSVs (Supplemental
Figure S4). This reduction suggested that the probes have
a slightly weaker affinity for PMS2CL regions harboring
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PSVs according to the reference genome. Moreover, some
PSVs deviated strongly from the expected proportions: three
exhibited a VAF below 25% across multiple samples,
indicating that these variants likely are pseudogene poly-
morphisms, and another three displayed VAFs exceeding
60%, suggesting that they likely are gene polymorphisms
(Supplemental Figure S4).

In addition to this general approach, a refined method for
analyzing exon 11 subsequently was introduced, including
only reads overlapping invariant PSVs for this exon. Results
from the two approaches were integrated into the same data
frame.

Decision-Making Algorithm

An algorithm was designed to assess the presence of vari-
ants in MMR genes and to recommend if a called PMS2
variant would need confirmation by (LR-)PCR analysis
(Figure 2). For each PMS2 candidate variant, the algorithm
first assessed if the variant passed the quality filters and if it
was in a region of interest (this study’s setting was a coding
region £ 20 bp). Next, it checked if it was a PSV. Among
the 28 exonic PSVs listed (Supplemental Table S1), 2 were
classified as (likely) pathogenic variants if located in the
gene (c.1730dup and c.1864_1865del). These two variants
were called in all samples from the optimization cohort A
and, in most cases, they corresponded to the pseudogene
reference sequence rather than being a gene variant.'' To
avoid the need for LR-PCR analysis of each sample,
paralogous variants were regarded exclusively as potential
gene candidates if their VAF exceeded 60% (Table 1 and
Figure 2). The selected threshold presumes that candidate
variants at PSV positions should be present in at least three
of the four alleles of PMS2 and PMS2CL (Supplemental
Figure S2).

For non-PSV variants or those PSVs with VAFs >60%,
the algorithm examined whether the variant was classified or
not. If the variant was considered pathogenic or likely
pathogenic and also was called with the E11 approach, LR-
PCR was recommended (Figure 2). However, in samples
with any called PMS2 pathogenic variant discarded by the
El1 approach, LR-PCR analysis would be recommended
only when the family phenotype strongly indicated Lynch
or CMMRD syndromes (ie, loss of PMS2 protein expres-
sion or microsatellite instability). Variants of unknown
significance did not undergo LR-PCR because they are not
currently clinically actionable. They were reported only if
the variant was detected with both approaches, with a
disclaimer clarifying that they were not validated by LR-
PCR. Finally, benign or likely benign variants were not
reported.

Apart from PSVs, some common pseudogenic variants
also can be found in the gene, albeit at very low population
frequencies. Specifically, exon 13 recurrent variants
c.2186_2187del (p.Leu729GInfs*6) and c.2243_2246del
(p.Lys748Metfs*19) are of particular interest because they
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Figure 2  Algorithm used to analyze samples with suspected Lynch syndrome (LS). It assesses the presence of variants in MMR genes using a panel
approach. For PMS2 gene analysis, the PMS2_vaR pipeline indicates when long-range (LR)-PCR analysis should be recommended to confirm a PMS2 called
variant. Recurrent PMS2CL pathogenic variants c.2186_2187del and c.2243_2246del will be examined only if PMS2 expression is lost in tumors. BEN, benign;
THC, immunohistochemistry; LBEN, likely benign; LPAT, likely pathogenic; PAT, pathogenic; PSV, paralogous sequence variant; ROI, region of interest; VAF,
variant allele frequency; VUS, variant of unknown significance.

attain a (likely) pathogenic classification within the gene the carriers indicated a potential PMS2 alteration or when
context. The presence of these two variants within the PMS2 the VAF was >60%.

gene was identified in 0.01% (1 of 7593) and 0.07% (2 of

2739) of HC-suspected patients in whom the variants had Assessment of PMS2_vaR Pipeline Performance in the
been called by NGS, respectively.”” Taking this into ac- Optimization and Validation Cohorts

count, LR-PCR was performed only on samples that

harbored these two recurrent pseudogenic variants when the To assess the accuracy of the newly developed
clinical criteria and tumor molecular characteristics of PMS?2_vaR pipeline, the optimization cohort B, including

Table 3  Accuracy, Sensitivity, Specificity, Positive Predicted Value, and Negative Predicted Value Obtained by the Previous Routine
Diagnostic Pipeline and the Refined Pipeline (General + E11 Approach) in ROIs (420 bp)

Accuracy Sensitivity Specificity PPV NPV
Pipeline OpB Val OpB Val OpB Val OpB Val OpB Val

Diagnostics pipeline 0.9993 0.9993 0.9067 0.8528 0.9994 0.9996 0.7391 0.7818 0.9998 0.9997
PMS2_vaR pipeline 0.9994 0.9996 0.9733 0.9561 0.9994 0.9997 0.7449 0.8435 0.9999 0.9999

NPV, negative predictive value; Op B, optimization cohort B; PPV, positive predictive value; ROI, region of interest; Val, validation cohort.
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Table 4 Detailed Information of (Likely)-Pathogenic PMS2 Variants Identified by PMS2_vaR in HC Clinical Phenotype Cohorts
Group 1D Variant Protein Location Personal phenotype
LS suspicion with exclusive PMS2 1 c.312del p-(Phel04Leufs*8) E04 ENDO (54 y), CRC (67 vy)
IHC™ 2 c.584C>A p.(Ser195*) E06 Sebaceoma
3 €.706-1G>T p.? 106 CRC (44 y)
4 C.1144+42T>6 p.2 110 CRC (73 y)
5 c.1687C>T p.(Arg563*) E11 ENDO (48 y)
Early onset CRC with IHC
conserved
Other LS suspicion criteria 6 €.717_723dup p-(Phe242Hisfs*9) E07 CRC (49 y), BBC (51 y)
(Amsterdam criteria or MMR
expression loss but not 7 €.904-1G>A p.? 108 CRC (43 y)
exclusive of PMS2)
8 .988+1G>A p.2 109 ENDO (62 y)
9 €.1145-1_1145del p.? 110—E11 CRC (68 y)
10 €.1882C>T p.(Arg628*) E11 CRC(44 y)
11 €.1239dup p-(Asp414Argfs*44) E11 CRC (37 y)
Other HC syndromes 12 €.137G>T p.Ser46lle E02 0V (66 v)
13 c.137G>T p.Ser461le E02 BR (33 y)
147 €.989-2A>G p.? 109* PAN (68 y)
157 €.989-2A>G p.? 109 LG (18 y)
BR (43 y)
16 €.2341C>T p.(Gln781%) E14 BR (49 y), PAN (49 y)

(table continues)

Tumors that were not confirmed by medical reports have the suffix _nc (not confirmed). Cancer family history is broken down by first-degree relatives and

second- and third-degree relatives. Each bullet point refers to an individual.

These two individuals are family members.

BBC, basocellular carcinoma; BileDuc, bile duct cancer; BL, bladder cancer; BR, breast cancer; CNS, central nervous system; CRC, colorectal cancer; E, exon;
ENDO, endometrial cancer; FDR, first-degree relative; HC, hereditary cancer; I, intron; ID, identification; IHC, immunohistochemistry; KID, kidney cancer; LG,
lung cancer; LK, leukemia; LS, Lynch syndrome; MMR, mismatch repair; OV, ovarian cancer; PAN, pancreatic cancer; PV, pathogenic variant; SDR, second-degree

relative; STO, stomach cancer; TDR, third-degree relative; U, unknown.

samples previously analyzed by LR-PCR, was analyzed.
An increased sensitivity in variant identification
compared with the routine diagnostic pipeline was found,
increasing it from 0.907 (95% CI, 0.841 to 0.972) to
0.973 (95% CI, 0.937 to 1), while maintaining specificity
(0.999) (Table 3). This improvement allowed us to
identify all pathogenic variants (Supplemental Table S3),
but not two benign polymorphic PSVs with a VAF below
60% (Supplemental Figure S5). These variants were
ignored intentionally according to the decision-making
algorithm, and in agreement with their benign
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classification, to reduce the number of LR-PCR confir-
mations needed.

In the analysis of 40 samples from the validation cohort,
the PMS2_vaR pipeline improved sensitivity significantly
from 0.853 (95% CI, 0.807 to 0.899) to 0.956 (95% CI,
0.930 to 0.983), in comparison with the routine diagnostic
pipeline (McNemar test; score = 24; P = 9.634 X 10_7).
Again, all pathogenic variants were identified (Table 3 and
Supplemental Table S3). As in the optimization cohort B,
there were variants (10 in this case) that were not called by
the PMS2_vaR pipeline (Supplemental Figure S5), and all
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Table 4 (continued)

Family history of

MMR expression in

Family history of FDR SDR or TDR proband’s tumors Comments True variant? Prevalence
e BR (50 y), ENDO (55 y) No PMS2™ BRCA2 PV carrier Yes 38.462% (5/13)
e OV (58y), ENDO (58 y) No PMS2™ IHC conserved of the FDR  Yes
e PAN (56 v) OV cancer
No No PMS2™ Yes
e ENDO (46 y) e STO_nc (55 y) PMS2™ Yes
e PR (79 y)
No o LK_nc (3 y) PMS2™ Yes
0% (0/16)
e ENDO (55 y) e CRC (Uy) MSH6 and PMS2~ Yes 0.627% (5/798)
e ENDO (75 y)
e BR (61y) e STO (54 y) u MMR conserved expression Pseudogenic
e BL (77 y) o (RC (58 y) in the SDR STO and CRC
e CRC (83 y) (58 y) cancers
e CRC_nc (55 )
e STO_nc (37 y)
o BileDuc_nc (58 y) e ENDO_nc (40 y)  MLH1 and PMS2™ Yes
e CNS_nc (30 y)
e ENDO (58 v) No MSH6 and PMS2™ Yes
e CRC (61 )
No No MSH6 and PMS2™ Yes
No e BR_nc (55 ) MSH6 heterogenous Yes
e PAN_nc (55 y) expression and PMS2™
No e KID (44 y) PMS2 heterogenous Yes 0.105% (5/4772)
e BR (70 y) expression, MLH1
e BR_nc (55 ) conserved
e PAN_nc (63 y)
e CRC_nc (80 y)
No e CRC_nc (44 ) Conserved Yes
e BR (43 ) e CRC_nc (60 y) Conserved Yes
e BR (61y), CRC (64y) e CRC _nc (66y) Conserved (LG and BR) MMR conserved expression Yes
e PAN (68 y) in FDR CRC and PAN
tumors
e PR (77 y) e ENDO_nc (74y)  Conserved (PAN) BRCA2 germline PV carrier Yes
(proband)

of them corresponded to polymorphic PSVs with a VAF
below 60%, classified as benign following Insight-ClinGen
MMR-specific guidelines.

Prevalence of PMS2 Pathogenic Variants in a
Hereditary Cancer Cohort

The implementation of the refined PMS2_vaR pipeline in
samples from a HC cohort of 5619 patients identified 16
samples harboring a putative (likely)-pathogenic PMS2
variant (0.285%) (Table 4). Subsequent (LR-)PCR analysis
confirmed a bona fide PMS2 variant in 15 of these 16 cases:

The Journal of Molecular Diagnostics m jmdjournal.org

five patients harbored tumors showing exclusive PMS2 loss
with immunohistochemistry, five patients met other LS
suspicion criteria [four displayed tumor DNA mismatch
repair protein Msh6 (MSH6)/mismatch repair endonuclease
PMS2 (PMS2) loss and one exhibited DNA mismatch repair
protein Mlhl (MLHI1)/PMS2 loss], and five individuals
were tested for other HC suspicions (PMS2 expression was
later reported as heterogeneous in one ovarian tumor and
MMR expression was conserved in the remaining four
tumors) (Table 4).

Only variant ¢.904-1G>A in intron 8, found in a patient
with an unavailable tumor, was found to be pseudogenic (case
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7) (Table 4). Colorectal and stomach cancers of their relatives
showed preserved MMR protein expression. The alignment
of the region, assessed with the Integrative Genomics Viewer,
showed that the variant was in cis with PSVs, supporting its
pseudogenic origin (Supplemental Figure S6).

Recurrent pseudogenic exon 13 variants, ¢.2186_2187del
and c.2243_2246del, were detected in 39 and 30 samples of
the HC cohort, respectively, at a VAF ranging from 12.28%
to 34.67% (Supplemental Table S4). None of them had
clinical criteria or tumor molecular characteristics suggest-
ing a PMS2 alteration, thus LR-PCR was not performed
according to the proposed algorithm.

Before implementing PMS2_vaR, 3 LR-PCRs and 15
short PCRs of PMS2 (Supplemental Figure S3) were con-
ducted on each sample exhibiting exclusive loss of PMS2 in
immunohistochemistry. Therefore, the analysis of the 13
PMS2-suspected samples of the HC cohort (Table 1)
resulted in 39 LR-PCR and 195 short PCRs. With the
implementation of PMS2_vaR, only five samples were
recommended for PCR analysis (two LR-PCRs and five
short PCRs), resulting in a reduction of 95% of LR-PCRs
and 99% of short PCRs.

Discussion

Gene panels are used widely for genetic testing purposes in
HC. However, they face challenges when detecting variants
in genes that share high homology with pseudogenes.” LR-
PCR using primers outside the highly homologous regions
is the gold standard for discriminating these cases.”'>'°
Nonetheless, because of its complexity and high costs, it
becomes unfeasible as a screening tool in most clinical
contexts. In this work, PMS2_vaR was developed, a pipe-
line designed to address this clinical need in the mutational
analysis of the PMS2 gene. This open-source code uses data
already available as the output of a standard panel testing
analysis and requires the installation of a few commonly
used bioinformatic tools, making it easy to implement in
diagnostic pipelines. The pipeline identifies candidate PMS2
variants and classifies them according to the variant classi-
fication list provided. Only samples carrying putative
(likely) pathogenic PMS2 variants are recommended for
subsequent LR-PCR analysis.

Our results demonstrated substantial clinical improve-
ments, significantly increasing sensitivity for variant iden-
tification from 0.853 to 0.956 in the validation cohort while
preserving specificity. Notably, all pathogenic variants were
identified. PSVs were regarded as potential gene variants
only if their VAF was over 60%, reducing the number of
samples requiring confirmation by LR-PCR or cDNA
analysis. As an illustration, in the HC cohort, consisting of
5619 samples, the pipeline only recommended (LR-)PCR
analysis in 16 cases (0.28%), a number that can be handled
in a routine clinical setting. The implementation of
PMS2_vaR significantly reduced the number of required

736

PCR analyses, highlighting its efficiency within the diag-
nostic workflow. By selectively targeting candidate variants
identified by PMS2_vaR, this study was able to streamline
the analysis process, minimizing unnecessary PCR reactions
and conserving valuable resources. Moreover, this also ac-
celerates the diagnostic process, ultimately reducing the
turnaround times of the reports.

The selection of invariant positions to filter candidate
gene variants in exon 11 was based on the analysis of 707
patient samples.'' In rare cases, this method may lead to
erroneous  variant  assignments owing to  gene
conversion—related sequence exchange. Therefore, PMS2
gene variants potentially might be lost when following the
PMS2_vaR algorithm. To reduce this possibility, PMS2
(likely) pathogenic variants filtered out after the El1
approach should be confirmed by LR-PCR if tumor mo-
lecular characteristics are indicative of a PMS2 alteration. A
similar strategy is recommended for the recurrent pseudo-
genic ¢.2186_2187del and c¢.2243_2246del variants in
exon 13.

The integration of the PMS2_vaR pipeline into the daily
diagnostics routine may produce a notable clinical impact
by improving the identification of CMMRD and LS.
Because of the complexity of clinically diagnosing
CMMRD,"” an accurate and prompt diagnosis is essential
for genetic counseling, surveillance recommendations, as
well as therapeutic decisions.” In contrast, the identification
of germline PMS2 monoallelic variant carriers is more
controversial because of its relatively lower penetrance
compared with the other MMR genes,”**”’ although sig-
nificant phenotypic variability has been observed among
monoallelic carriers, even between individuals from the
same family.”**’ The use of effective screening tools for
accurate PMS2 variant detection will help in refining the
LS phenotype associated with germline alterations in this
gene.

MMR genes, including PMS2, are considered clinically
actionable because pathogenic variant identification has
high benefits for the patient and family in clinical practice.”®
The American College of Medical Genetics proposed
reporting secondary incidental findings in these genes in
clinical exome and genome sequencing analyses.”” For
panel testing under HC suspicion, analysis of the MLHI,
MSH?2, MSH6, BRCAI, and BRCA2 genes has been rec-
ommended as opportunistic testing in adult cancer patients,
regardless of the main clinical phenotype.”’ Expanding this
framework to encompass PMS2 requires the availability of
optimized pipelines such as PMS2_vaR.

Nine of the 10 PMS2 pathogenic variant carriers iden-
tified in the LS suspicion cohorts harbored tumors dis-
playing isolated PMS2 or MSH6/PMS2 loss patterns,
highly indicative of PMS2 deficiency, as the main driver of
carcinogenesis. In contrast, in the HC cohort, four of the
five PMS2 carriers identified presented tumors showing
conserved MMR expression. Although an immunohisto-
chemistry test can yield false-negative results, especially
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for missense MMR Variants,30 this also could agree with
recent findings describing that some individuals carrying
PMS?2 pathogenic variants may develop MMR-proficient
tumors.”' Nevertheless, the prevalence of PMS2 patho-
genic variants was enriched in the HC cohort (0.285%)
compared with the estimated prevalence in the general
population (0.140%)."

As a limitation, the PMS2_vaR pipeline has not been
optimized to detect copy number variants in the PMS2 gene.
However, the assessment of copy number variant detection
tools tailored for panel data using the modified BAM files
obtained by PMS2_vaR represents a promising strategy for
the future. Of note, one of the major strengths of the
PMS2_vaR tool is that it can be adapted for PMS2 variant
calling in the analysis of NGS panels, exomes, and ge-
nomes. Moreover, there is potential for extension to other
genes in the same situation through necessary code adjust-
ments (eg, the PRSSI gene in the context of HC gene
panels).

Conclusions

We have developed a pipeline to improve the accuracy of
PMS?2 genetic testing by using standard NGS diagnostic
workflows. The results show that its use reduces the number
of samples that need to undergo LR-PCR and clearly
improves the identification of PMS2 variant carriers.
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