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Abstract

Von Hippel Lindau disease (VHL) is a monogenic disw characterized by the development
of tumors affecting the central nervous systemné&jd pancreas, or adrenal glands, and due
to germline mutations in theHL tumor suppressor gene. About 5% of patients harhpa
typical VHL phenotype have no mutation detected dmnventional techniques, so a
postzygotic VHL mosaicism can be suspected. The aim of this study therefore to
implement a next-generation sequencing (NGS) glyafier VHL mosaic mutation detection,
including an optimization of the original Persoanome Machine design by enrichment
with oligonucleotides corresponding to ampliconshwinsufficient depth of coverage. Two
complementary strategies were developed for théramettion of mosaic mutations identified
by NGS, SNaPshot for variants present at an altatio greater than 5%, and droplet digital
PCR for allelic ratio above 1%/HL mutant plasmids were generated to as$&Hs mosaic
mutation detection in different exons and to setanpinternal quality control that could be
included in each run or regularly to validate teeay. This strategy was applied to 47 patients
with a suggestive or clinical VHL disease and mosautations were identified in 8.5% of
patients. In conclusion, NGS technologies combingti SNaPshot or droplet digital PCR

allow the detection and confirmation of mosaic rntiotes in a clinical laboratory setting.



I ntroduction

von Hippel Lindau (VHL) disease is an inherited plesia syndrome characterized by the
development of several benign and malignant tunadfescting multiple organs, including
cerebellar, spinal, and retinal haemangioblastohia),(renal clear cell carcinoma (RCC),
pheochromocytoma/paraganglioma, pancreatic cyats,pancreatic neuroendocrine tumors.
The clinical diagnosis is based on the occurreridsvo characteristic VHL-related tumors,
including at least one Hb, or the presence of glsioharacteristic VHL-related tumor with a
family history of VHL (1,2). VHL disease is the tdsof a germline mutation inactivating the
VHL tumor suppressor gene (NM_000551.3, 3p25-26) hati$ inherited in an autosomal
dominant manner. In 20% of cases, VHL disease sowithout family history, in individuals
with seemingly sporadic VHL-related tumpanda de novo germline mutational event in the
VHL gene is identified in these patients. The majarftyHL pathogenic variants are private
and the spectrum is very large (about 200 distmatations reported to date), including
missense and non-sense variants, frameshiftsesgiie variants (60% to 80%), as well as
small deletions or insertions and large or complgéme deletions (20% to 40%) (3).
Conventional VHL genetic testing, based on DNA sequencing and P&Feeb exonic
rearrangement screening, allows the detection\dfla pathogenic variant in approximately
95% of patients with a typical VHL disease (4).tte remaining 5% of patients harboring a
typical VHL phenotype, a postzygotHL mosaicism can be suspected because of lack of
sensitivity of conventional genetic testing (5).vi#ver, prior to the development of next-
generation sequencing (NGS) technologies (6), masaitation screening was cumbersome
to perform routinely in a clinical laboratory satfi NGS provides higher sensitivity than
conventional Sanger sequencing through a greahddptoverage that enables the detection

of genetic variants in cell subpopulations (7-9heTidentification of a mosaic mutation



present at a 1% allelic ratio with a good stattgignificance by NGS requires a minimal
depth of 700 reads with equilibrium between thevBnd and reverse strands in order to
distinguish the mutation from a sequencing artefa). A few studies have reported levels
of VHL mosaic mutation around 5% and have demonstratadtiiga kind of event was

especially detected in patients with mild phenotfp&1-13).

We previously describeHL mosaic mutation detection by 454 sequencing tdolygo
(Roche), and demonstrated that mosaicism in VHeatis is not restricted to patients with a
mild phenotype (14). The aim of this study wasigvaluate the efficiency of the lon Torrent
Personal Genome Machine (PGM) NGS-platform (basedemiconductor sequencing) for
VHL mosaic mutation detectio) to develop confirmation methods for low allelidioa
mutations (droplet digital PCR (ddPCR) and SNaBshn) to set up an internal quality
control (iQc) adapted to mosaic mutation screenimgyl iv) to screen forVHL mosaic
mutation the largest cohort (n=47) of VHL patieateer reported. So, we propose an overall
technical protocol fo’HL mosaic detection that can be implemented in acaifiaboratory

setting.

M aterials and M ethods

PATIENT SAMPLES

Forty-seven patients with a phenotype evocativeao¥on Hippel Lindau disease and
previously tested negative for heterozygasL mutation were screened f&MHL mosaic
mutation. Forty-six cases were sporadic (no familiatory) and one case was familial (the
patient had an affected daughter). Among theseatiérgs, two DNA samples previously
identified with VHL mosaic mutations were included as positive comt(8ll: c.481C>T,
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p.(Argl61*) ; P2: c.500G>A, p.(Argl67GIn)) (14). BNvas extracted from peripheral blood
mononuclear cells (PBMC) with the EZ1 DNA blood k@iagen, Courtaboeuf, France).
Tumor DNA was isolated from formalin-fixed, parafféembedded (FFPE) tumor tissues
using QlAamp DNA FFPE Tissue kit (Qiagen) accordioghe manufacturer’s instructions.

All patients gave an informed consent allowing gartenDNA analysis.

NEXT-GENERATION SEQUENCING

High-throughput sequencing was performed using R@a&fform (lon Torrentjand primers
for amplification were designed using the “lon Am§aq Designer” software v2.2.1 (coding
regions plus 25 bp corresponding to intronic flagkiregions) (Thermo Fisher Scientific
Courtaboeuf, France). This design was part of atiganle panel previously designed to
routinely perform the genetic testing of famili@ldocrine neoplasia syndromes. Primer pairs
were split by the manufacturer into two mixascording to the compatibility between the
different primers, so that primers for overlappiagnplicons were in different tubes.
Sequences of the primer pairs separated into twalspwere the following : exonl :
amplicon#1710843567 (213pb) forward 5-GCCTCCGGC@IATT-3' and reverse 5'-
CCCCGCCGTCTTCTTCA-3’; amplicon#1809669404  (198pb)forward  5'-
AGGCAGGCGTCGAAGAGTA-3’ and reverse 5-GCTCGCCGTCGEATG-3;
amplicon#1512083324 (114pb) forward 5-GTGCTGCCCQUGAGCT-3'and reverse 5'-
GGGCTTCAGACCGTGCTATC-3’; exon 2 : amplicon#514198%3(250pb) forward 5'-
CGGTGTGGCTCTTTAACAACC-3 and reverse 5'-
GGGCTTAATTTTTCAAGTGGTCTATCCT-3’; exon 3 : amplico®B864451121 (218pb)
forward 5-CCCTAGTCTGCCACTGAGGAT-3’ and reverse 5'-
ACCATCAAAAGCTGAGATGAAACAGT-3'. The in silico coverage score predicted for
this design was 100%. Libraries were constructedigushe lon AmpliSeq Panels, Ion

AmpliSeq Library Kit, lon Xpress Barcodes (for mpléexing), and 10 ng of patient DNA per
5



pool. Amount of DNA fo’VHL pCR2.1 constructions (wild-type and mutated) waegpted as

described below. The libraries were transferretholon OneTouch 2 System for emulsion
PCR. Libraries were sequenced on the lon PGM SegudgB14 Chip for eight samples or
316 Chip for 16 samples) and automated data asalyas performed with SeqNext Module
V4.1.2 of Sequencing Pilot Software (JSI Medicast8yns Gmbh, Ettenheim, Germany) with
parameters allowing the detection of variants wattminimum of 1% of reads on both

directions.

COUNT OF MOTIFS AND STATISTICS

An in-house script was used to specifically analyrgation loci. In this script, reference or
alternate sequence plus anchor bases on both 3'aficcach mutation were used as motifs.
Those motifs were searched and counted in rawgeadences from fastq files of all samples.
It was assumed that no more than one patient sapgrleun could be positive for each
variant. For each tested variant, candidate samyds compared to other samples—
considered as controls—using pairwise Fisher t@st&x2 contingency tables. This allowed
systematic comparison in the worst scenario for kpaound noise (cross-sample
contamination, sequencing errors, etc.). A mutati@s considered as detected when Fisher

test P-value was inferior to 0.001 in all compamnséor a given candidate.

PLASMIDS

Preparation of plasmids

Several plasmid harboring differeviitiL mutations were generated. The first step consisited
the creation of VHL plasmids for ea®iiL exon. Amplicons corresponding to exon 1, 2, and
3 of VHL were generated from genomic DNA amplified with tbkkowing primers : Exon 1

forward 5-TGGTCTGGATCGCGGAGG-3’ and reverse 5'-



CCCGTCTGCAAAATGGACCC-3'  (450pb  lenght); Exon 2 foawd 5-
ACCGGTGTGGCTCTTTAACA-3' and reverse 5-GCCCAAAGTGCTTGAGAC-3
(376pb); Exon 3 forward 5-TGGCAAAGCCTCTTGTTCG-3'and reverse 5'-
GCCCCTAAACATCACAATGCC-3'(433pb). Proportions of thasert cloned into pCR2.1
were respectively 10.28%, 8.73%, and 9.92% for ekod, and 3. Primers were designed so
that AmpliSeq primers for NGS sequencing can hybeidbnto these amplicons to enable
their use in subsequent library preparation. Tath amplicon was cloned into a pCR2.1
vector (3.929 kb) with the original TA cloning KiThermo Fisher Scientific) and plasmids

were prepared using the NucleoBond Xtra Maxi Piug\Ntacherey Nagel, Hoerdt, France).

Then, starting from these wild-type plasmi®¥&jL mutant plasmids were generated. They
corresponded to eigMHL pathogenic variants distributed across the whbié gene: three
variants in exon 1: c.194C>G, p.(Ser65Trp); c.228del, p.(Phe76del); c.232A>C,
p.(Asn78His); one in intron 1l-exon 2: ¢.341-1G>C?;pand four in exon 3: c.467A>G,
p.(Tyrl56Cys); c¢.481C>T, p.(Argl6l*); c.482G>A, Ax§l61GIn); c¢.500G>A,
p.(Argl67GIn). Site-directed mutagenesis was paréat with QuikChange Il Site-Directed
Mutagenesis Kit (Agilent Technologies, Santa Cla@). Primers were as follows: VHL1-

p.(Ser6Trp) forward 5-CCGTGCTGCGCTGGGTGAACTCGCG-3and reverse 5'-

CGCGAGTTCACCCAGCGCAGCACGG-3  ;  VHL1-p.(Phe76del) nrfeard 5'-
CCCAGGTCATCTGCAATCGCAGTCC-3 and reverse 5'-
GGACTGCGATTGCAGATGACCTGGG-3 7 VHL1-p.(Asn78His) fward 5'-
GTCATCTTCTGCCATCGCAGTCCGC-3 and reverse 5'-
GCGGACTGCGATGGCAGAAGATGAC-3' ;  VHL2-c.341-1G>C  foravd 5'-
GCTTGTCCCGATACGTCACCTTTGGC-3' and reverse 5'-

GCCAAAGGTGACGTATCGGGACAAGC-3" ; VHL3-p.(Tyrl56Cys) forward 5'-



GCCCTTCCAGTGTGTACTCTGAAAGAGC-3’ and reverse 5'-
GCTCTTTCAGAGTACACACTGGAAGGGC-3' ; VHL3-p.(Argl61*) forward 5'-
GTATACTCTGAAAGAGTGATGCCTCCAGGTTG-3 and reverse 5'-
CAACCTGGAGGCATCACTCTTTCAGAGTATAC-3' ; VHL3-p.(Arg18GIn) forward 5'-
GTATACTCTGAAAGAGCAATGCCTCCAGGTTGTC-3' and reverse -5
GACAACCTGGAGGCATTGCTCTTTCAGAGTATAC-3' ; VHL3-p.(Ard67GIn) forward
5-CTCCAGGTTGTCCAGAGCCTAGTCAAG-3’ and reverse 5'-
CTTGACTAGGCTCTGGACAACCTGGAG-3’ The presence of eanhtation was checked

by Sanger sequencing.

Library construction for plasmids

Each mutated plasmid was mixed with the wild-type of the corresponding exon to obtain
an allelic ratio between 1% and 2% and then thd-tyibe plasmids of the two other exons
were added. Starting amount of DNA had to be medifior library preparation wittVHL
amplicons cloned into plasmids. A total of 2 pgrafert was used for the three constructions
(which corresponds to 0.66 pg per insert). Takimg iaccount the ratio insert size/plasmid
vector size, the insert amount (pg) was convertgd plasmid amount (pg). 6.42 pg of
pCR2.1-VHL exon 1 construct, 7.52 pg of pCR2.1-VEXon 2 construct, and 6.64 pg of
pCR2.1-VHL exon 3 construct were pooled. Accordioghe mutation individually studied
(unitary plasmid), the mutated plasmid were dilut®d pooled with the corresponding wild-
type construction and the wild-type constructioosthe two other exons were added. Then,
an internal control (iQc) was generated which cimstall theVHL mutations generated at the
level of 1% to 2%. Each mutat&HL construct was mixed with the wild-type correspaigdi

construct to get a final level of mosaicism arodftlto 2% for each studied position.

CONFIRMATION METHODS



SNaPshot

SNaPshot Multiplex System technology (Thermo FisBeientific) was used as previously
described (14). Primers used fgHL mutation detection are the following : VHL-1-65
forward 5-CGCGGCCCGTGCTGCGCT-3 and reverse 5'-
AGGGCTCGCGCGAGTTCACC-3 ; VHL-1-76 forward WT 5-*NN
AGCCCTCCCAGGTCATCTT-3", forward MUT 5-*N*NCCCTCCCAGTCATCTGC-

3'and VHL-1-76 reverse 5'-*N*NGCGGACTGCGATTGCAGA-3VHL-1-78 forward 5'-

*N*N*N*CCTCCCAGGTCATCTTCTGC-3 and reverse S'-*N*NN*
CACGACGCGCGGACTGCGAT-3; VHL-3-156 forward S'-*N*NN*N
TTGGTTTTTGCCCTTCCAGTGT-3’ and reverse S'-*N*N*N*N
GAGGCATCGCTCTTTCAGAGTA-3’; VHL-1-c.341 forward 5'-

AACCTTTGCTTGTCCCGATA-3' and reverse 5-TCTGAAGAGCG¥WGGTGAC-3;

VHL-1-161GIn forward 5-*NAGTGTATACTCTGAAAGAGC-3' &d reverse 5-

*NTCCGGACAACCTGGAGGCAT-3’; VHL-1-167GIn forward 5'-
*N*N*NGATGCCTCCAGGTTGTCC-3’ and reverse 5'-
*N*N*NTCTCAGGCTTGACTAGGCTC-3'; VHL-3-161* forward 5
*N*N*N*NCCAGTGTATACTCTGAAAGAG-3 and reverse 5'-

*N*N*N*NCGGACAACCTGGAGGCATC-3'. For VHL c¢.226_228del, p.(Phe76del)
mutation, specific forward primers targeting theldatype and the mutated event were

designed.

ddCPR
Droplet digital PCR (ddPCR) was performed base@vater-oil emulsion droplet technology.
This technology requires a preliminary optimizatistep to determine the best annealing

temperature. Temperatures ranging from 52°C to 60&@ tested and it was found that 56



°C can be used for all our assays. Sample patititpwas performed using the QX200
Droplet Generator (Bio-Rad, Marnes-la-Coquettenéey, PCR amplification with the C1000
thermal Cycler with the following conditions : (9&: 10min; (94 °C: 30 s; 56 °C: 60 s) for
40 cycles; 98 °C: 10 min) and droplet reading wthk Droplet Reader (QX 200), which
provides absolute quantification in digital formagMan probe—based assays were used (Bio-
rad). Each mutated event was detected with a priateled with FAM fluorophore. The
corresponding wild-type allele was detected witpramer labeled with HEX fluorophore.

Reference of ddPCR  Mutation Assay (BioRad) are théollowing:

p.(Ser65Trp):dHsaMDS389884862; p.(Phe76del):dHsaME300506;
p.(Asn78His):dHsaMDS8356884801; c.341-1G>C: dHsa®I8563711;
p.(Tyrl56Cys):dHsaMDS456108094; p.(Argl61*):dHs&G2094;

p.(Arg161GIn):dHsaMDS649820635; p.(Arg167GIn):dHB2804838.

Results

VHL MOSAIC MUTATION DETECTION USING THE PGM PLATFORM

Coverage
In silico primers were designed to perform sequencing ottiree exons of/HL gene with
the PGM platform using the “lon AmpliSeq Designedftware v2.2.1. The three exons of
VHL were covered by a total of five amplicons (threexon 1 (Supplemental Figure S1), one

in exon 2, and one in exon 3).

A preliminary NGS run allowed identification of atigons with a depth of coverage below
700 reads that would not allow mosaic detectiorthat level of 1% (1X concentration;
Supplemental Table S1). This was the case for ftbeothree amplicons coverindHL exon

1 (#1710843567 and #1809669404). These two amplieme longer (213 bp and 198 bp,
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respectively) than amplicon #1512083324 (114 bpjiciv was also located in exon 1 and
well covered. Amplicons iWHL exon 2 and 3 were well covered. To obtain a higlegth of
coverage for these twd/HL-exon 1 amplicons, the primer mixes provided by the
manufacturer were enriched with individual primexailable separately in a 384-well plate
(+1.25X and +2.5X enrichment). The same DNA samplese then reanalyzed in a new
library prepared with these enriched mixes. Acawydd the results (Supplemental Table S1),
+1.25X and +2.5X enrichments successfully enalde@ach a minimal coverage of 700X for
amplicons #1809669404 and #1710843567, respectively

Sensitivity
The results generated by the 454 and PGM platfdomsnvo positive control samples were
compared using the same settings in the SegPifova® with the SeqNext module. The
mosaic mutations were properly identified in bodmgles regardless of the platform used,
with a concordant allelic ratio of mutated allelfss: patient 1, the ratio of mutated alleles was
2.1% with the PGM platform versus 1.7% with 454tigrat P1; Supplemental Table S2) and
for patient 2 the ratio was 7.4% with PGM versu&b.with 454 (patient P2; Supplemental

Table S2). Mosaic events detected by PGM were ibgaiiéd on both strands. These results

demonstrate that PGM is able to deddl mosaic mutations as well as 454 platform.

Mosaic mutation at other positions ML gene was next detected. Eight plasmids, each
harboring a specifid&/HL mosaic mutation at level comprised between 1% 2td were
generated and analyzed on PGM platform. These eighéations were distributed on the
whole VHL gene. Individual mosaic mutation in one exon wasesyatically analyzed in the
presence of the two other plasmids correspondintheowild-type form of the remaining

exons in order to be closer to real conditionvefL patient analyses. Results presented in
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table 1 (unitary plasmid) and table 2 showed thasait mutations are found at levels

corresponding to the theoretical dilution.

Construction of an internal quality control

Next, by mixing the eight mutated plasmids with theee wild-type plasmids, a 1% mosaic
mutation positive sample was generated, which sanabusly harbored the eigMHL
mutations previously studied, each at a level casepgrbetween 1% and 2%. Results obtained
on PGM platform are shown in table 1 (mixed plashpidhe P-values reflect the probability
that theVHL event detected is significantly different from kgmound noise. All mutations
were detected in the sample at the expected leitkl avsignificantP-value. This positive
sample, after evaluation, could be used as an iI@mg NGS run to validate the assay,

allowing assessing both the detection and the tietelevel of eaclVHL mosaic mutation.

Clinical testing

Twelve patients were analyzed with the PGM platfoffaking account the 35 patients
previously analyzed with the 454 platform, it req@ets a total of 47 patients tested negative
for heterozygousvHL germline mutations who were analyzed L mosaic mutation
(Table 3 and Supplemental Table S3). Twenty-thr#epts had a suggestive VHL disease
(one tumor) and 24 presented a typical VHL diséa2tumors or one tumor with a familial
context). Their clinical characteristics are ddsedi in Table 3 and Supplemental Table S3.
Forty-six patients had a sporadic VHL disease amel atient had an affected offspring. A
VHL mosaic mutation was identified in four patient8l7: 8.5%). Focusing on patients with
a typical VHL disease, which corresponds tgHL mosaicism frequency of 16.6 % (4/24).
The identified events are c¢.500G>A p.(Argl67GIn)le( ratio: 5.7%), c.481C>T

12



p.(Argl61*) in two unrelated patients (same alleitio: 1.7%) and c.490C>T p.(GIn164*)
(3.3%). One of them corresponds to the familialecat the cohort and his daughter was
heterozygous for the same mutation. MdL mosaic mutation was identified in the other
patients at the detection level of 1%. The fouiquda$ harboring &HL mosaic mutation had
a clinical VHL disease with a median number ofdasof 2.5 which is significantly higher
than patients without a mosaic mutation (median R.8 0.0058, Mann and Whitney test).

Interestingly, all patients with a unique Hb weegative folVHL mosaic mutation.

CONFIRMATION METHODS

In molecular diagnosis practice, the presence gkemamline mutation should be validated
before reporting the result to the physician whaspribed the molecular test. The
confirmation of a mosaic event detected by NGS assjple either with another NGS
technology or with another highly sensitive teclugigsuch as SNaPshot or droplet digital

PCR (ddPCR).

To evaluate these two techniques for the detecfamosaic mutation, each mutant plasmid
was used to determine the limit of detection. SMaPsvas able to detect mutation until a
threshold set at 5% (Table 4 and Figure 1A). ThEGQR technique was able to detect an
event with a threshold of 1% (Table 4 and Figurg. 1Br c.194C>G, p.(Ser65TryjHL

mutation, no signal was detected by ddPCR withvithé-type probe, maybe due to technical

issues during probe production.

Then, these confirmation methods were evaluatedpatient samples harboring mosaic
mutations with a level of mutated alleles arourel tiho defined thresholds. First, the sample
was tested with the ¢.500G>A, p.(Argl67GWHIL mosaic mutation at 5.7% as assessed by
NGS. This mutation was successfully detected bgtitSNaPshot (14) and ddPCR which

yielded a level of mutated events of 5.5% (Tablari Supplemental Table S4). The
13



€.490C>T, p.(GIn164*) mosaic mutation identified tae level of 3.3% by NGS was also
confirmed by ddPCR. The proportion of mutated alldétected by ddPCR was 3.5 %. The
sample was tested with the ¢.481C>T, p.(Argl64H)L. mosaic mutation at 1.7% as assessed
by NGS. Although allelic frequency of this mutatiosnPBMC was too low to be detected by
SNaPshot, the mutation was correctly detected BCdRIand the level of mutated events was
concordant with that determined by NGS (1.8%, Tabkend Supplemental Table S4). The
second sample with the ¢.481C>T, p.(Argl6¥HL mosaic mutation assessed by NGS at
1.7% was confirmed by ddPCR at the level of 1.9%b{& 3 and Supplemental Table S4). So
there is a strong correlation between the percesta mutated alleles detected by ddPCR
and NGS which underline the accuracy of these twthods. These results demonsttate
both ddPCR and SNaPshot can be used to confirprdsence of mosaic mutations detected
by NGS and that the choice between these two tqaeridepends on the level of mosaicism:
SNaPshot is preferred when the level of mutatedlealis higher than 5% (as it is less
expensive) and ddPCR is preferred for mutatedealeltween 1% and 5 % (as it is more
sensitive).

Tumoral tissue was available for two patients duhe four with avVHL mosaic mutation (a
pheochromocytoma and a RCC tumor). These tumor DMAge analyzed by ddPCR.
Concerning the patient with the c.500G>A, p.(Arg&&Y) VHL mutation (5.5% of mutated
alleles in blood, ddPCR), in his pheochromocytomandr tissue the same mutation was
identified at the level of 34.6%. There were 81%uwhor cells in it. So the expected ratio of
mutated alleles was 40.5% which is close to theatedtratio obtained by ddPCR. Right RCC
tumor was available for the patient with the c.482T, p.(Argl61*) mutation (1.8% of
mutated alleles in blood, ddPCR). The same mutat@s also identified at the level of 11.1%
(Table 3). There were 54% of tumor cells in it. tBe expected ratio of mutated alleles was

27%. The lower level of mutated alleles detectedumoral tissue could be due to the
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difficulty to assess the level of tumor cells immgdes. So in the two tumoral tissues available,
the presence of the mutation was validated at hehigllelic ratio than the one detected in

blood.

Discussion

Mosaicism is defined as the presence of at least papulations of cells with distinct
genotypes within the same individual or tissue. &wling on the timing of occurrence during
embryonic development, somatic or post-zygotic rnwosautations will be present at various
levels in blood and their detection can be challemgthus explaining that the incidence of
mosaicism in various inherited genetic diseasasillgpoorly documented. Most of described
mosaic disorders concerns autosomal dominant dis€a$). The identification of mosaicism
has important consequences in genetic counselinidpid context, we previously developed a
method on the pyrosequencing-based 454 Roche Jweiguencing technology, which
provided a high coverage of the three exon¥Hk (14) for eight samples tested in a single
run. VHL mosaic mutations are not always linked to a milerptype. However, 454
sequencing technology was withdrawn from the magkethe end of 2016. So, another
strategy was set up to detedL mosaic mutations. Here, we descrihethe analytical
evaluation of the PGM platform, which detects pHiaton following the incorporation of
the nucleotide during sequencing (16), for the ceia of VHL mosaic mutationsij) the
creation of mutant plasmids, harborigL mutations distributed on the whol#lL gene and
of different types (non-sense, missense, smalltidele splice mutations), which could be
mixed and used routinely as an iQi¢) the results of the largest population of VHL patie
(n=47) screened fovHL mosaic by NGS, and) the evaluation of confirmation methods for

the detection o¥/HL mosaic mutations.
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PGM specificity and sensitivity have been evaluatethe literature and PGM can be used as
an alternative to Sanger sequencing to detect mnta{17). NGS is recognized to provide
reliable results, the confirmation by Sanger sequngnof variants identified by NGS being
controversial in the literature and mostly usefuldetect potential sample mix-up during
DNA extraction (18, 19). Moreover, several worksmastrated the usefulness of NGS to
detect mosaic mutation which are not detectable&Sagger sequencing due to the lack of

sensitivity of this latter technique (20).

Here, PGM technology was tested to detect mosatations. The results demonstrated that
PGM platform is a valuable alternative to 454 mlati to detect mosaic mutations. Initial
PGM design did not provide a sufficient depth ofe@mge of alVHL exons. So, enrichment
was performed that allowed achieving a 100% covergith a minimal depth of coverage of
700 reads per exon, as this has been describethegsdo be the minimal depth required to
detect mosaic mutation at a level of 1% (10). Ttwmgarison of 454 and PGM platforms for
mosaic detection reveals that both technologieshayiely sensitive. Eight patients could be
analyzed per run on the 454 platform to achieve #Hdlls per exon and detect mosaic
mutation at a level of 1%. PGM platform has a greatpacity of sequencing and so is more
adapted to the throughput of routine diagnosist@up6 patients analyzed in a run with a 316

Chip).

Plasmids were generated wittHL mutants and dilutions performed at a level conegtis

between 1% and 2% of mutated events. These mosaations were all detected by PGM
platform. Moreover, they were all detected at tkpeeted levels, thus highlighting that this
technique has the capacity to detect mosaic matatidevel comprised between 1% and 2%.
PGM platform was able to detect mosaic mutatiomeesponding to different kinds of events:

missense, non-sense, small deletions, and splitations.
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Currently, no iQc dedicated MHL gene is available to validate NGS for routine diasis,
especially for mosaic mutation detection. So, @eat positive control that could be regularly
included in run to validate the assay both on #pacity of mosaic mutation detection and on
the sensitivity of detection. All the mutant plagsiiwere mixed so that each mutation was
present at a level of 1% to 2%. Results confirnt gllamutations were detected in this same
sample. So this mix constitutes a valuable iQc #ftaiuld be included in each run and
checked before patient sample analysis. Moreoweregported recently, the use of plasmids
alone or in combination, with known mutations (piosi and proportion) is recommended by
the Association for Molecular Pathology and CollegeAmerican Pathologists in the last
“guidelines for validation of NGS” to validate bidormatics pipelines, to demonstrate
detection of the variant in each run and to evaluhe assay performance (21). Use of
mutated plasmids is also recommended to evaluate téGhnologies through cross-platform
comparison (22), and the performance of assay eagents. So iQc based on a mixvefL

mutations may be used for all these purposes.

Sanger sequencing is the reference method to detgetion and is usually used to confirm
events identified by NGS sequencing. However, éssgivity is limited to 15% to 20% of
mutated allele and thus is not adapted to mosaiation detection and confirmation. New
mutation quantification tools, such as ddPCR, Haaen developed. ddPCR is based on allelic
discrimination with one probe specific to the mislatand a second probe specific to the
wild-type sequence. These two probes are labelatl different fluorophores. As this
technique is event-specific, it requires a différeet of probes for each mutation and is quite
expensive. However it enables quantification of thetated allele. An alternative tool is
SNaPshot, a semi-quantitative primer extension-ebasethod, but its sensitivity is lower

than that of ddPCR (23-24). This technique alsauireg different set of primers for each
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mutation but is less expensive than ddPCR. ddPCQRerg sensitive, but it requires many

manual steps in comparison with other techniqueseller, ddPCR requires many controls,
especially to detect the absence of mutation becthes possibility of false-positive cases is
high due to contamination or non-target amplificati(25). Here, we tested confirmation

techniques to validate the reliability of mosaic tations detected by NGS. The results
demonstrate that SNaPshot is a good strategy tirmomosaic mutations detected at a level
above 5%. ddPCR is able to detect mutations ug4dt requires set up adaptation in each
laboratory with positive controls to adapt expentaé conditions and detect events at the

expected threshold.

The largest cohort of VHL patients was screenednfosaic mutation detection (n=47) and
8.5% patients were found with\&HL mosaic mutatiommong these cases with no history of
VHL in the ancestors. This frequency is in agreenwith literature data which indicate a
proportion around 5% folWHL mosaic mutations (5). Moreover, a frequency of VHL
mosaicism of 16.6% was identified among patient \&itypical VHL disease and negative
for VHL heterozygous mutation. This high proportion justfithe investigation of/HL
mosaicism in patients with a typical VHL diseaseewmo heterozygous mutation could be
identified. The patients with mosaic mutations hradre lesions than those without. This
result confirms that mosaic mutations are not aased with a mild phenotype (14). Since
VHL mosaic mutation was not identified in patientswatunique Hb, these data also suggest
that this analysis is not useful for patients harigpthis unique lesion. The identification in
the father's DNA of th&/HL mutation present in his affected daughter at arbeygous state
further supports that mosaicism is a true findiNpreover, the matching between tumor
DNA and blood DNA analyses for the two cases wittailable tumor tissues is another

element in favor of the reality of mosaicism.
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In conclusionVHL mosaic mutations can be detected using the PGNbptain a molecular
genetics laboratory in a clinical setting. ddPCRnsg to be the more suitable method to
confirm VHL mosaic mutations identified by NGS, as the limitdetection of the two
techniques are similar. However, SNaPshot is a guoudl a less expensive alternative to
confirm mosaic mutation at a level above 5%. Thenidication and confirmation o¥HL
mosaic mutations is of great value in improvingiguats care and providing genetic

counseling to the family, as these mutations camaresmitted to the offspring.
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Figurelegend

Figure 1. Limit of detection tests for confirmation techn&s.A: Detection of the c.467A>G
p.(Tyr156Cys) event by SNaPshot with a proportibmatated plasmid at 100%, 50%, 25%,
10%, 5%, and 1%B: detection of the ¢.341-1G>C event by ddPCR withr@portion of

mutated plasmid at 100 %, 50%, 25%, 10%, 5%, 1%,0ai%.
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Table 1: Proportion of mutated VHL event detected by NGS on the PGM platform for each individual mutant plasmid and for the
mixed iQc (dilution 1% to 2%).

€.194C>G €.226 228del ¢.232A>C c.467A>G c.481C>T c.482G>A ¢.500G>A
Events ~ . €.341-1G>C

p.(ser65Trp) p.(Phe76del) p.(Asn78His) p.(Tyr156Cys) p.(Argl6el*) p.(Argl6lGin) p.(Argl67GIn)
Proportion (%) o
mutated evenfunitary 1.34 1.1 1.35 1.03 1.31 1.72 1.68 2.39
plasmid)
P-value 5.69x10° 1.20x10"  1.09 x10°°  6.06 x10° 4.73 X107 411 x10°  1.05 x10° 2.81 x10*
Proportion(%) of
mutated event (mixed 1.41 2.3 1.54 1.41 1.85 1.73 1.12 1.02
plasmids (iQc))
P-value 2.79x10°  8.63x107  1.99x10°  9.21x10" 6.07 x10% 2.30 x10°  4.21x10* 4.10 x10°

“Unitary plasmid” corresponds to plasmid individiyahnalyzed (each had a different barcode), “migpkbmids” corresponds to all plasmid
mixed all together in the same sample (all hacsdrmee barcode).
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Table 2: SegNext analyses of mutant unitary plasmids.

Total read number

Number of read for each nucleotide (forward +reverse) Proportio

(forward + reverse) for at the position of the event n of the
Event the position of the event (%)

event A T G
€.194C>G p.(Ser65Trp) 10848 58 14 10631 145 1.34%
c.226_228del p.(Phe76del) 15744 180 reads wétluéhetion 1.1%
€.232A>C p.(Asn78His) 17286 17021 3 233 29 1.35%
€.341-1G>C 6101 6 63 6029 1.03%
Cc.467A>G p.(Tyrl56Cys) 18348 18107 0 1 240 1.31%
.481C>T p.(Argl61%) 7213 124 7087 1 1.72%
C.482G>A p.(Arg1l61Gin) 6682 112 1 6569 0 1.68%
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c.500G>A p.(Argl67GIn) 21848 523 3

19

21303

2.39%

At each mutated position, the number of reads &henucleotide is shown in the table.
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Table 3: Clinical characteristics of patients harboring a VHL mosaic mutation.

Sex Date  Ageof firsg  Familial Phenotype Numbe Clinical Event % of % of % of
of clinical history r of diagnosis mutated mutated  mutated
birth  manifestatio tumors of VHL alleein allelein alldein
n (years) blood blood tumor
identified by identified identified
NGS by by ddPCR
ddPCR
M 1990 16 No HB, 3 Yes c.500G>A 5.7% 5.5% 34.6%
pheochromocytoma, p.(Arg1l67GIn) (pheochro-
pancreatic endocrine tumor, mocytoma)
left adrenal nodule
M 1994 16 ? several retinal HB, 2 Yes c.481C>T 1.7% 1.9% Tissue not
renal cysts p.(Argl61*) available
M 1939 48 Yest bilateral RCC 2 Yes c.481C>T 1.7% 1.8% 11.1%
p.(Argl61*) (right RCC)
M 1984 34 No central nervous system HB3 Yes c.490C>T 3.3% 3.5% Tissue not
27
two RCC p.(GIn164%*) available




TAn affected daughter.

HB: haemangioblastoma; RCC: renal clear cell caroia.
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Table 4: Proportion of VHL mutated event detected by SNaPshot and ddPCR for each individual plasmid mutant (ND: not detected).

SNaPshot ddPCR
Theorical proportion of mutated eventO % 5 % 1% 10 % 5% 1%
Observed proportion of mutated even % % Threshold % % % Threshold
(Forward+reverse)
€.194C>G p.(Ser65Trp) 17.7 8.43 ND 5% ND ND ND ND
€.226_228del p.(Phe76del) 7.8 3.37 ND 5% 6.38 2.95 0.69 1%
€.232A>C p.(Asn78His) 20.0 129 55 <5% 4.71 2.04 0.053 1%
€.341-1G>C 25.8 18.21 ND 5% 1361 6.8 1.01 1%
c.467A>G p.(Tyr156Cys) 12.1 7.02 ND 5% 21.29 7.99 1.19 1%
c.481C>T p.(Argl6l*) 13.2 ND ND >5% 24.65 9.98 2.89 1%
c.482G>A p.(Argl6lGlIn) 13.3 51 ND 5% 1519 8.73 2.32 1%

c.500G>A p.(Argl67Gin) 79 ND ND  >5% 21.03 748 436 1%
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Figure 1
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