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Abstract

Oral squamous cell carcinomas (OSCCs) develop in genetically altered epithelium in

the mucosal lining, also coined as fields, which are mostly not visible but occasion-

ally present as white oral leukoplakia (OL) lesions. We developed a noninvasive

genetic assay using next-generation sequencing (NGS) on brushed cells to detect

the presence of genetically altered fields, including those that are not macroscopi-

cally visible. The assay demonstrated high accuracy in OL patients when brush sam-

ples were compared with biopsies as gold standard. In a cohort of Fanconi anemia

patients, detection of mutations in prospectively collected oral brushes predicted

oral cancer also when visible abnormalities were absent. We further provide insight

in the molecular landscape of OL with frequent changes of TP53, FAT1 and

NOTCH1. NGS analysis of noninvasively collected samples offers a highly accurate

method to detect genetically altered fields in the oral cavity, and predicts develop-

ment of OSCC in high-risk individuals. Noninvasive genetic screening can be

employed to screen high-risk populations for cancer and precancer, map the exten-

sion of OL lesions beyond what is visible, map the oral cavity for precancerous

changes even when visible abnormalities are absent, test accuracy of promising

imaging modalities, monitor interventions and determine genetic progression as

well as the natural history of the disease in the human patient.

K E YWORD S

Fanconi anemia, next-generation sequencing, noninvasive cancer screening, oral leukoplakia,
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What's new?

Oral cancer can be revealed by detection of genetic alterations in epithelial cells of the mucosal

lining. Here, the authors evaluated a sequencing assay to detect genetic changes in noninva-

sively collected cells. The noninvasive assay accurately identified genetic changes in oral lesions
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compared with biopsies, and the authors also demonstrated that their method could predict oral

cancer in a cohort of Fanconi anemia patients who had no visible lesions. This approach could

be useful as a screening tool for high-risk populations or to monitor disease progression.

1 | INTRODUCTION

Oral squamous cell carcinomas (OSCC) comprise roughly a third of all

malignant tumors in the upper-aerodigestive tract.1 This type of cancer

arises in precancerous changes with dimensions of centimeters in diam-

eter which are characterized by genetic alterations associated with the

malignancy.2,3 These so-called precancerous fields may remain invisible

up to the point of malignant progression as most patients present with

tumors de novo. However, a precancerous field may also occasionally

manifest itself as a visible lesion. Such visible clinical presentations fall

under the umbrella of oral potentially malignant disorders (OPMDs).4 In

accordance with current genetic progression models and the molecular

landscape of head and neck cancer, specific genetic alterations such as

mutation of TP535 and loss of CDKN2A6 can be detected in these

potentially malignant oral lesions. Importantly, genetic alterations are

strong predictors for malignant progression of OPMDs.7-9

The most common OPMD is oral leukoplakia (OL).10 The diagnosis

of OL is based on the clinical presentation as a white discolored lesion

and by exclusion of other known disorders or diseases.11 The preva-

lence of OL is associated with age, and OL is found more frequently

among smokeless tobacco users, long-time smokers and heavy alcohol

drinkers.12 Of note, OPMDs are the visible manifestations of the pre-

cancerous mucosal fields, and form the tip of the iceberg.

Risk assessment of malignant transformation for OL is based on

the absence or presence and degree of epithelial dysplasia as assessed

by microscopic examination of a biopsy specimen. Moderate and

severe dysplasia are considered to confer a high risk of malignant

transformation, whereas mild or no dysplasia would be indicative of a

low risk.13 However, a substantial fraction of patients that develop

cancer progress directly from a lesion with mild- or without dyspla-

sia.14,15 This could be due to sampling error, the absence of standard

recognized histopathological changes that may occur in OL, or the

absence of morphological changes. The recent introduction of differ-

entiated dysplasia as a novel recognized morphological change was

helpful in this respect and made epithelial dysplasia a very strong risk

factor for malignant transformation of OL.16

The current standard of care for management of oral leukoplakia

is surveillance or active treatment by removal of the entire lesion by

surgical excision or CO2 vaporization.17 Large and multifocal OLs usu-

ally cannot be removed without functional sequelae and are managed

by observation on a regular basis. At present the validity of active

treatment is questioned, since none of the applied treatments have

been proven to be more effective in preventing oral cancer than man-

aging OL by observation only.18,19

The high recurrence rate of OL and the observation that active

treatment does not prevent malignant transformation may be explained

by the presence of precancerous fields with genetic changes that are

not visible to the naked eye and thus are currently not considered in the

clinical management. Hence, appropriate clinical management to prevent

malignant transformation is hampered by a lack of diagnostic tools.

Therefore, a technique that enables accurate detection of precancerous

cells is an urgent clinical need. Given the need of frequent surveillance

of the precancerous field and monitoring treatment, a noninvasive tech-

nique would be desirable, since every biopsy is a burden for the patient.

Such an assay can be applied to genetically delineate the lesion including

the surrounding mucosal epithelium, monitor the result of treatment of

visible lesions, identify precancerous fields that are not clinically visible,

and determine progressing genetic alterations during follow-up.

With a noninvasive test, oral screening of sub-populations at high

risk for OSCC could also become feasible. In particular Fanconi ane-

mia (FA) patients would fall in the high-risk category, and FA patients

form therefore a unique cohort for proof of principle of noninvasive

screening. FA is a rare hereditary disease that is caused by mutations

in one of 22 known FA-related genes,20 that cause an approximately

500 to 1000-fold increased risk of developing head and neck squa-

mous cell carcinoma, and oral cancer in particular.21 FA patients are

particularly sensitive to cisplatin-based chemotherapy because of

their genetic defect, which presents an additional clinical need for

noninvasive screening for early diagnosis and monitoring of interven-

tions. Other high-risk populations for oral cancers are OPMD patients,

treated OSCC patients, and perhaps the aged population of heavy

tobacco and alcohol users and smokeless tobacco users.

We have previously demonstrated that it is possible to detect loss

of heterozygosity (LOH) using microsatellite-PCR methods on brush

samples.7 The assay showed a specificity of 100%, but suffered from

low sensitivity since it requires a relatively large proportion of cells with

genetic alterations; LOH was detected in only 45% of the brushed sam-

ples for which LOH was detected in the matched biopsy. Despite the

limited sensitivity, the PCR-based assay was already able to predict

malignant transformation in FA patients with noninvasive screening.22

We hypothesized that compared with the PCR-based assay next-

generation sequencing (NGS) approaches could improve sensitivity with-

out impacting specificity. Here, we developed a noninvasive NGS-based

assay and tested the accuracy in a cohort of OL patients by comparing

genetic alterations in brush samples vs biopsies. Next we demonstrated

its clinical utility for the prediction of OSCC in FA patients.

2 | MATERIALS AND METHODS

2.1 | Patients and samples

A consecutive cohort of 68 patients with the clinical diagnosis of OL

was enrolled between 2016 and 2019 at Amsterdam UMC, location
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VUmc. OL was defined according to the WHO definition: “a predomi-

nantly white plaque of questionable risk having excluded (other)

known diseases or disorders that carry no increased risk for can-

cer”.23,24 In all patients a biopsy was obtained to exclude other known

diseases and to determine the presence or absence of oral epithelial

dysplasia or invasive carcinoma. In total 41 patients, of whom an oral

brush sample and a tissue biopsy were available, were included in this

study. Patients underwent an incisional or an excisional biopsy,

depending on the extent and location of the lesion. Before taking the

biopsy, the respective area was brushed with an Orgenex brush, a

derivative of the Orcellex (Rovers Medical Devices) by the practitioner

and collected in 500 μl PBS. Cells were spun down and the cell pellet

stored at �20�C until further processing. Biopsy samples were

formalin-fixed and paraffin-embedded for routine diagnosis. These

were subsequently retrieved from the Pathology Biobank at

Amsterdam UMC, location VUmc, after approval of a research

protocol.

Oral brush samples of healthy controls were collected, pelleted

and stored at �20�C between October 2005 and November 2006 for

the Longitudinal Aging Study Amsterdam (LASA).25 From this cohort,

11 heavy drinkers (self-reported excessive or very excessive) and

heavy smokers (>20 pack-years) and 12 never-smokers and light or

nondrinkers were randomly selected from all samples in the respective

categories. Median age of healthy controls at time of brushing was

70 years. Control brush samples were obtained from six healthy vol-

unteers with a median age of 30, amounting to 29 total healthy con-

trol brush samples.

Collection of brushed samples from FA patients is described else-

where.22 Samples were taken of standardized locations in the oral

cavity: the left and right retromolar trigone, both sides of the lateral

border of the mobile tongue, and the left and right side of the floor of

the mouth. Locations of visible lesions outside these areas were spe-

cifically noted, and these lesions were separately brushed. Samples

were collected prospectively between 2008 and 2013 and archived in

Cytolyt (Hologic Benelux) at �20�C. Samples were selected retro-

spectively to include samples from patients who developed OSCC

(n = 17). Each patient was matched with two patients who did not

develop OSCC. Patients were matched by age, sex and whether or

not the patient had undergone stem cell transplantation, all con-

founders of oral cancer risk. Samples were available for 25 of the

matched samples. Clinical information was shared by the Fanconi-

Anämie Hilfe e.V. A portion of the samples of each location per

patient was pooled and pelleted. Brushed samples corresponding to

lesions were processed separately.

2.2 | Histopathological assessment of OL

Hematoxylin- and eosin-stained sections of OL-derived biopsies were

requested from the biobank of the Department of Pathology of the

Amsterdam UMC, location VUmc. Tissue samples were histopatholog-

ically graded by an expert oral and head and neck pathologist (EBl).

Grading adhered to WHO standards for oral epithelial dysplasia.26

Differentiated dysplasia was scored according to criteria described for

vulvar epithelium.27

2.3 | DNA extraction

Between 9 and 15 sections of 10 μm of formalin-fixed paraffin-

embedded (FFPE) biopsy tissue were collected on microscopic glass

slides. In addition, two 3 μm sections were collected as first and last

and stained with hematoxylin and eosin (HE) to monitor differences in

histology while cutting through the sample. The 10 μm sections were

deparaffinized in xylene and rehydrated in a series of ethanol: water

dilutions. Sections were briefly stained with methylene blue (0.1%)

and toluidine blue (1%), rinsed and epithelial layers were manually

microdissected under a stereomicroscope, followed by DNA isolation

using the QIAamp FFPE DNA tissue kit (QIAGEN) according to the

manufacturer's instructions.

DNA from pelleted brushed or cultured cells was isolated using

the PureLink Genomic DNA Mini Kit (Life Technologies) following the

manufacturer's protocol for isolation of mammalian cells and tissues,

and eluted with 50 μl elution buffer. DNA concentration was mea-

sured using a Qubit dsDNA BR Assay Kit (ThermoFisher). DNA from

UM-SCC-22A was obtained previously.28,29

2.4 | NGS sample preparation and sequencing

For FFPE biopsy samples up to 250 ng DNA and for frozen tissue

up to 100 ng DNA was sheared using a Covaris S2 sonicator opti-

mized to yield a peak fragment size of 200 base pairs. Sheared

DNA was subjected to a 1.6� bead-based clean-up (Ampure Beads,

Beckman Coulter) to deplete small DNA fragments (<100 base pairs)

and concentrate the samples. Sheared DNA was used as input for

KAPA HyperPrep NGS library preparation (KAPA Biosystems,

Roche) according to the manufacturer's instructions with the follow-

ing modification: only a single-sided size selection was performed

using 0.8� bead-based clean-up. After library amplification, products

were inspected for appropriate library fragment size distribution by

TapeStation (D5000 ScreenTape, Agilent Technologies). Samples

were equimolarly pooled based on concentration of the PCR prod-

uct and submitted for single-end 50 bp sequencing (24 samples per

lane) on an Illumina HiSeq 4000. The same pooled library was used

for target enrichment sequencing. In brief, 1.5 μg of pooled library

was subjected to the SeqCap EZ HyperCap Workflow (Roche,

Nimblegen) using a custom designed probe set targeting TP53,

CDKN2A, AJUBA, KMT2D, FBXW7, NSD1, NOTCH1, PIK3CA, PTEN,

HRAS, CASP8 and FAT1 (design #0200241539, covering 72 695

bases). Due to the relatively small probe set, we performed a double

capture, using a briefly amplified (five PCR cycles) product of a first

round of capture for a second round of capture. The final capture

product was amplified in 14 PCR cycles, measured and submitted

for paired-end 150 bp sequencing (24 samples per lane) on an Illu-

mina HiSeq 4000.
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2.5 | Analysis of low-coverage whole genome
sequencing data

Single-end 50 bp NGS reads were mapped to human genome build

hg19 using BWA aln version 0.7.30 The sequencing depth and quality

statistics for each sample are summarized in Table S1. Mapped reads

were converted to copy number profiles using 500 kb bin size with

the R package QDNAseq,31 version 1.24. Subsequently, FFPE-derived

data were “dewaved” using an adaptation of NOWAVES that is ame-

nable to NGS data (available at https://github.com/tgac-vumc/

QDNAseq.dev/tree/dewave).32 Finally, QDNAseq incorporates

DNAcopy33 for segmentation. Copy number profiles, including ploidy

and cellularity estimates, were obtained with the R package ACE28

(version 1.6). For DNA of frozen samples a copy number alteration

(CNA) was called if a segment significantly deviated from the mean of

all corresponding segments of samples from healthy controls. The cut-

off for this deviation was at least 0.0125 standardized signal, corre-

sponding to a single copy gain or loss at 2.5% purity. Additionally, the

null hypothesis that the mean of the sample segment was equal or

less extreme than the 1/1000th quantile of the distribution of healthy

samples needed to be rejected with multiple-testing corrected P value

<.001. The procedure was similar for FFPE samples, except that the

healthy controls comprised FFPE samples derived from normal colo-

rectal epithelium34 and the cutoff for minimum deviation of standard-

ized signal was 0.025. In all cases only autosomes were analyzed. All

analyses were performed in R version 3.6 (www.r-project.org).

2.6 | Analysis of target-enriched deep sequencing

Paired-end 150 bp sequencing reads were mapped to human genome

build hg19 using BWA mem (version 0.7). The sequencing coverage

and quality statistics for each sample are summarized in Table S2. A

pileup created by samtools35 (version 1.2) was used as input for VarS-

can 2 mpileup2snp and mpileup2indel.36 Mutations, both single nucle-

otide variants and indels were called with at least 20 reads coverage,

five variant-supporting reads. Additionally, single nucleotide variants

required a minimum variant allele frequency of 2.5% for fresh and fro-

zen material or 5% for FFPE material, whereas indels required a mini-

mum variant allele frequency of 5% and 10%, respectively. Variants in

homopolymers, variants with low impact, and known single nucleotide

polymorphisms (SNPs) with population frequencies over 0.01 (dbSNP

build 142) were filtered out using SnpEff37 and SnpSift,38 both version

4.1b. Nonhotspot variants (www.cancerhotspots.org39) were further

filtered out when occurring in multiple unmatched samples. Remaining

variants were manually curated for somatic status by considering vari-

ant allele frequency, aberrant cell percentage and genomic copies at

the locus of the variant. Germline SNP information (variants marked

as SNPs by SnpSift) was used for quality control to (1) ascertain that

biopsy and brushed cells were derived from the same individual and

(2) to monitor potential contamination. Samples failing quality control

(>3 mismatched SNPs or >5% contaminating material) were excluded

from analysis.

2.7 | Statistical analysis

All statistical analyses were performed in R version 3.6. Associations

in 2�2 contingencies were tested for significance using two-sided

Fisher' exact test. OSCC-free survival was analyzed by the Kaplan-

Meier method and hazard ratio determined by Cox's proportional haz-

ard and significance calculated by log-rank test.

3 | RESULTS

3.1 | Validation of NGS approach

We developed an NGS-based workflow that can detect both genome-

wide CNAs and mutations using the same sequencing library. Part of

the library (�20%) was subjected to low-coverage whole genome

sequencing (lcWGS), a powerful NGS method to detect CNAs.40,41

Subsequently, the remaining library was enriched for sequences of

12 genes frequently mutated in OSCC42 using bead-based hybridiza-

tion capture. Sequencing of these fragments yielded high-coverage

results (median coverage of 1073, Table S2) that allowed confident

calling of single nucleotide variants and small (< 50 bases) insertions

and deletions.

To assess the analytical lower detection limit of the assay, DNA

from squamous carcinoma cell line UM-SCC-22A diluted with healthy

control DNA was sequenced (Figure S1A). A dilution with 30% cell

line DNA, which is the limit of the previously used PCR-based assay,

and a dilution with 5% cell line DNA was tested. Both at 30% and 5%

cell line DNA CNAs were called. Additionally, all expected driver

mutations known in UM-SCC-22A (two TP53 mutations and a

NOTCH1 mutation) were detected, without detection of any nonspe-

cific mutations at higher allele frequencies (Figure S1B). Based on

these observations and the noise levels in the data we set the detec-

tion threshold at a variant allele frequency of 2.5%. In summary, NGS

can reliably detect CNAs and mutations in samples containing DNA of

as little as 5% aberrant cells.

To assess the specificity of the assay with the defined cutoffs, we

analyzed DNA collected from brush samples of healthy individuals:

23 participants of LASA25 and six young adults. In these 29 samples,

no CNAs were found, expectantly as somatic CNAs are uncommon in

the normal population (specificity = 1; 95% CI: 0.88-1). Similarly, we

did not detect any somatic mutations (specificity = 1; 95% CI: 0.88-1).

This indicates that the detection of somatic genetic variants in brush

samples is a specific biomarker.

3.2 | Clinical validation of genetic alterations
in brush and biopsy samples of OL

We next investigated whether DNA of brushed cells from OL reflects

the presence of mutations and CNAs identified in biopsy material of

the corresponding lesion. Brushed samples and matched biopsies of a

cohort of 41 OL patients were examined and copy number data were
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reported for all samples and mutation data for all but two (Table 1 and

genetic profiles of all OL samples in Figure S2). Concordance between

matched brushes and biopsies for detection of copy number alter-

ations and mutations is shown in Figure 1A and B, respectively, and

for detection of any genetic alteration in Figure 1C. In 26 patients

genetic alterations were found both in brushed and biopsy material,

indicating that these are common in oral leukoplakia, and can gener-

ally be detected in the brushed samples. However, in five patients we

were unable to detect genetic alterations in the brushed cells that

were clearly present in biopsy material, yielding a sensitivity of 84%

(Figure 1C). In nine patients, genetic alterations were neither detected

in the brush nor in the biopsy sample. Surprisingly, in one patient we

found genetic alterations in the brush sample, but not in the biopsy.

This formally indicates an imperfect specificity of analyzing brush

samples, but given the superior DNA quality of brushed samples and

the very high confidence of the observed CNAs (Figure S2, LP67), this

more likely points to a false negative biopsy result. We note that the

exact combination of CNAs and mutations was generally not

completely concordant between biopsy and brush sample. This was

either due to higher detection sensitivity (especially for mutations) in

the frozen brush samples as compared with the FFPE biopsies, or

because of subclonal differences between the biopsy and brush sam-

ple (Figure S2, notably LP12 and LP28 for respective examples). The

accuracy to detect any genetic alteration in a brush sample when one

or more are detected in the corresponding biopsy was 85% including

the likely false negative biopsy finding (Figure 1).

While OSCC genomes are characterized by an abundance of

chromosomal gains and losses,29,42 only few OL samples displayed

many copy number changes (for instance LP39 and LP59, Figure S2).

Instead, most lesions only harbored one or a few CNAs, and mostly

chromosomal gains, as exemplified by the copy number profile in

Figure 2A. Occasionally copy number profiles of OL indicate the pres-

ence of multiple subclones in the lesion, which become apparent

when CNA deflections do not align with integer copy numbers. Dis-

cordance of a CNA from an integer implies that at least two subclones

exist with a differential copy number. This is evident in the copy num-

ber profile of LP25 (Figure 2B). This lesion harbors a homozygous

focal deletion of the complete CDKN2A locus at chromosome 9p. The

deflections of copy number aberrations at chromosomes 6, 7 and

15 indicate that there are more than two, but fewer than three copies

of these chromosomes, suggesting that the gain of these chromo-

somes was not present in all cells with the CDKN2A deletion, and was

therefore subclonal.

3.3 | The genomic landscape of OL

Although the primary aim of the study in OL was to test the accuracy

of the brush analysis, it also encompassed an extensive body of

descriptive data on the genomic landscape of OL. In total we obtained

lcWGS for 41 OLs, and for 39 of these we also obtained target-

selected deep sequencing data. In this consecutive cohort, we discov-

ered at least one genetic event in 32 out of 41 patients (78%, Table 1

and Figure 3). As observed in OSCC,43 the most frequently mutated

gene in OL is TP53, followed by NOTCH1, PIK3CA, FAT1 and CDKN2A

(Figure 3A).

Despite the frequent co-occurrence of mutations and CNAs,

three samples only harbored mutations whereas seven samples only

harbored CNAs. Although we cannot exclude the presence of muta-

tions in rare driver genes that are not in our capture panel, this sug-

gests that a relevant proportion of OL initially accumulate CNAs

without any mutations in canonical driver genes such as TP53 and

CDKN2A. Interestingly, most of the CNAs are single copy gains. OLs

generally contained 0 to 10 CNAs, with relatively few losses or ampli-

fications (five or more genomic copies). Only a few OL samples, one

of which displayed severe dysplasia, were characterized by extensive

copy number changes causing aneuploidy. This is also reflected in the

low frequencies of gains and losses across the genome, with the nota-

ble exception of chromosome 8 (Figure 3B). This is in sharp contrast

with OSCCs that are generally aneuploid by many CNAs. Only a third

of OSCCs exhibit a near-diploid genome.43

We also studied the relationship between dysplasia and genetic

alterations. Oral epithelial dysplasia as judged by WHO classification

standards was observed in approximately one third of OL (12 out of

39, histopathological grading could not be reviewed for two biopsies).

Strikingly, TP53 mutations were significantly enriched in dysplastic

lesions; seven out of 11 dysplastic lesions were TP53 mutant, while

21 out of 26 nondysplastic lesions (with deep sequencing data avail-

able) were TP53 wild-type (OR: 6.9, P = .018, Fisher's exact test).

Samples were also interrogated for the presence of differentiated

dysplasia,27 recently shown to contribute to prediction of malignant

progression.16,44 There were no significant associations with differen-

tiated dysplasia.

3.4 | Oral cancer screening in Fanconi anemia
patients

The developed genetic assay, validated in OL and noncancer con-

trols, was designed to identify precancerous changes that might

cause an increased cancer risk, regardless of whether or not a mac-

roscopic lesion is visible. As the oral cancer risk in the general popu-

lation is low and precancer screening would demand a very large

study, we performed a proof of concept clinical validation study in

FA patients who are at high risk for development of oral cancer. In

analogy with our previous efforts to demonstrate the added value

of oral precancer screening in FA patients,22 NGS analysis for muta-

tions and CNAs of brushed oral mucosa samples were performed.

Brushed samples, derived from locations in the oral cavity without

visible abnormalities, were analyzed for 17 FA patients who devel-

oped OSCC and matched patients who did not develop OSCC

(Table 2 and Figure S3). While we aimed for two matched controls

per case, we found only one matched control for nine cases, yield-

ing a total of 25 controls. Age and stem cell transplantation, all risk

factors for oral cancer in FA patients, were not significantly differ-

ent between groups (Table S3). Alcohol and tobacco use were not
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TABLE 1 Summary of results from
genetic analysis of all OL brush samples
with matched biopsy sampleID Dysplasia Diff. dysp.

CNAs Mutations Genetic event

Biopsy Brush Biopsy Brush Biopsy Brush

LP09 None Yes 12 2 5 2 Yes Yes

LP10 None Yes 2 1 0 0 Yes Yes

LP11 None No 0 0 2 0 Yes No

LP12 None No 2 4 1 2 Yes Yes

LP13 Mild Yes 4 7 1 1 Yes Yes

LP14 Mild No 0 0 0 0 No No

LP15 None No 0 0 0 0 No No

LP17 None Yes 0 0 0 0 No No

LP19 Mild No 2 3 1 2 Yes Yes

LP20 None No 1 1 0 0 Yes Yes

LP21 None No 1 1 0 2 Yes Yes

LP22 None No 0 0 0 0 No No

LP25 Moderate No 6 5 5 5 Yes Yes

LP26 None No 2 3 5 5 Yes Yes

LP27 Mild No 18 0 2 1 Yes Yes

LP28 Mild No 2 9 0 4 Yes Yes

LP29 - - 5 8 2 1 Yes Yes

LP31 None No 2 2 3 4 Yes Yes

LP32 - - 1 0 4 0 Yes No

LP33 Moderate No 0 1 5 1 Yes Yes

LP35 None Yes 0 0 0 0 No No

LP39 Severe Yes 22 3 3 1 Yes Yes

LP40 None No 0 1 5 8 Yes Yes

LP41 None No 0 0 0 0 No No

LP42 None No 0 0 0 0 No No

LP43 Moderate No 2 5 1 1 Yes Yes

LP45 Mild No 1 0 0 0 Yes No

LP46 None No 10 8 0 0 Yes Yes

LP47 None Yes 14 4 0 2 Yes Yes

LP48 None No 2 0 1 0 Yes No

LP49 None No 0 0 0 0 No No

LP51 None Yes 0 0 0 0 No No

LP52 None Yes 3 4 0 0 Yes Yes

LP53 None Yes 2 2 2 3 Yes Yes

LP56 None Yes 0 0 1 1 Yes Yes

LP57 Mild No 3 3 0 0 Yes Yes

LP58 None No 1 0 0 0 Yes No

LP59 None No 14 16 3 2 Yes Yes

LP65 Moderate No 11 22 - - Yes Yes

LP67 None Yes 0 18 0 - No Yes

LP68 None Yes 0 0 1 1 Yes Yes

Note: Biopsy material and brushed cells from matching OL lesions were analyzed for presence of

mutations and CNAs. Number of CNAs is subject to the segmentation algorithm. This table also reports

the grade of dysplasia and the presence of differentiated dysplasia observed in the biopsy. Presence of

either mutations or CNAs is summarized as the detection of any genetic event in the last two columns.
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F IGURE 2 Genetic analysis of two OL lesions. Lesions were analyzed for mutations and CNAs using biopsy material (left) and brushed cells
(right). LP19 (A) represents a classic OL copy number profile with single copy gains of chromosome 2 and 8, and a mutation in a single copy of
TP53, all of which appear clonal in both biopsy and brush. Brush data exhibits less noise than the corresponding biopsy, indicating superior DNA
quality of the freshly frozen brush cells compared with FFPE tissue in case of the biopsy, which allowed us to detect the subclonal FAT1
frameshift variant. (B) LP25 reflects a burgeoning precancerous lesion. Mutations and CNAs are identical in biopsy and brush material of LP25.
While mutations and CNAs on chromosome 9 appear clonal, CNAs on chromosomes 6, 7 and 15 are subclonal
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F IGURE 1 Accuracy of detection of genetic
changes in brush samples compared with biopsy
samples. Each OL was categorized based on
detection of genetic alterations in biopsy and
brush samples. Mutations were detected with an
accuracy of 85%, sensitivity of 85% and specificity
of 86%. CNAs were detected with an accuracy of
80%, sensitivity of 81% and specificity of 80%.
Categorizing samples on the basis of detecting any

genetic alteration led to a sensitivity of 84%, a
specificity of 90% and an accuracy of 85%
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sufficiently reported to account for. CNAs and mutations were more

common in patients who proceeded to develop OSCC in the obser-

vational period (CNAs observed in 12 and mutations in eight out of

17 progressors) compared with nonprogressors (11 and 3 out of

25, respectively). When considering time to malignant transforma-

tion, FA patients are at statistically significant 3.4-fold greater haz-

ard (95% CI 1.3-9.2, P = .009, log-rank test) of developing OSCC if

mutations were detected in their brushed cells (Figure 4A). Presence

of CNAs trended towards increased hazard ratio (HR = 2.6, 95% CI

0.91-7.4, P = .066, log-rank test), but was not statistically significant

(Figure 4B). In several cases, cancer was reported shortly

(<3 months) after brushing, which suggests that in these patients

cancer might have been present at the moment of sampling. Exclu-

sion of these samples did not alter the outcome and conclusion of

this analysis (Figure S4A,B), but in fact only increased the hazard

ratio between patients with and without mutations detected in the

oral cavity. Presence of mutations in brushed cells remained a signif-

icant predictor of OSCC when the potential confounding factors

age, sex and stem cell transplantation were included in the Cox pro-

portional hazards model (Table S4). Combining copy number and

PTEN 8% (10%)

Inframe mutation 
(unknown significance)

Missense mutation 
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F IGURE 3 Genetic characterization of OL samples. (A) Genetic data for 39 OL lesions in an oncoprint graph. Percentages of samples with
alterations excluding single copy deletions and gains are given for the respective genes, with in parentheses percentages including deletions and gains.
Gains but no amplifications were detected. Additionally, histopathological grading of dysplasia and differentiated dysplasia is shown. (B) Genome-wide
frequencies of copy number gains (red) and losses (blue) in 41 OL lesions. Genetic data were pooled from both brush and biopsy samples
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TABLE 2 Clinical and sample characteristics of FA patient cohort

Patient Age when brushed SCT Sex CNAs Mutations Months follow-up Location tumor

DE009 20 Yes M 0 0 106 Gingiva

DE019 16 Yes F 1 1 42 Tongue

DE050 28 Yes M 2 0 31 Lower lip

DE074 17 Yes M 0 0 14 Gingiva

DE076 41 No M 2 0 <1a Tongue

FR017 26 Yes M 1 4 <1a Tongue

FR037 33 Yes F 5 4 36 Tongue

UK015 23 Yes F 2 0 1a Gingiva

US001 55 No F 3 4 <1a Gingiva

US003 43 No F 0 0 <1a Gingiva

US009 37 No M 0 0 2a Gingiva

US035 16 Yes F 26 1 <1a Tongue

US076 49 No F 1 0 1 Gingiva

US082 24 Yes F 1 4 21 Tongue

US139 31 No M 5 2 7 Gingiva

US162 30 Yes M 1 1 28 Tongue

US175 35 Yes M 0 0 1a Tongue

AU001 18 Yes F 1 1 91 n/a

BR029 37 No M 0 2 96 n/a

BR127 31 Yes M 3 1 43 n/a

BR163 33 Yes F 0 0 43 n/a

DE005 23 Yes F 1 0 88 n/a

DE007 24 Yes F 3 0 59 n/a

DE008 26 Yes M 1 0 95 n/a

DE016 16 Yes M 0 0 47 n/a

DE017 25 No F 2 0 115 n/a

DE037 44 No F 0 0 100 n/a

DE038 40 Yes F 0 0 35 n/a

DE066 16 Yes M 1 0 129 n/a

DE072 19 Yes F 0 0 120 n/a

DE075 21 Yes F 0 0 121 n/a

ES026 29 Yes M 0 0 110 n/a

FR041 34 Yes M 0 0 89 n/a

NL021 27 Yes F 0 0 95 n/a

UK006 48 No F 0 0 81 n/a

US002 25 No F 0 0 50 n/a

US045 17 Yes M 2 0 6 n/a

US063 18 Yes M 0 0 49 n/a

US094 26 Yes M 1 0 5 n/a

US118 35 Yes M 1 0 97 n/a

US140 47 No F 0 0 94 n/a

US182 51 No F 1 0 70 n/a

Note: Age at time of brushing, whether or not the patient received a stem cell transplantation (SCT), detection of CNAs and mutations in the brushed

sample, the follow-up time and the location of the tumor, if applicable, were recorded. Follow-up from the date of sample collection until the occurrence of

OSCC, death, or last moment of follow-up.
aShort time to progression (<3 months).
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mutation data did not improve stratification of FA patients com-

pared with using only mutation data (not shown).

While the analysis above was performed on brushed cells of visu-

ally normal epithelium, we also obtained brush samples taken from

lesions of two FA patients. In both cases, additional genetic alterations

were detected in the lesions (Figure S3, DE019 and US082). Given

the finding that both lesions and the visually normal epithelium con-

tained roughly the same percentage of aberrant cells, it is plausible

that large parts of the oral mucosa in these patients consist of epithe-

lial cells carrying a subset of mutations and CNAs, whereas visible

lesions developed by clonal expansion of cells that acquired additional

mutations.

4 | DISCUSSION

We show that noninvasive detection of genetic alterations, using

DNA extracted from brushed cells, is feasible. The observed sensitiv-

ity of 84% is a significant improvement compared with the 45% previ-

ously reported for the PCR-based LOH assay.7 We envision that the

sensitivity may yet be further improved by multiple sampling, by

enriching for epithelial cells (for instance using surface markers such

as EpCam or EGFR), or by depleting leukocytes. The current study

was entirely based on oral brushes. Arguably, oral rinse or saliva sam-

ples may be more comprehensive to assess the genetic status of the

oral cavity. Future studies will need to determine whether the sensi-

tivity attained by these samples remains sufficient for the detection of

genetic alterations of OL lesions and other precancerous changes.

While a noninvasive genetic detection method is somewhat less

important in the diagnostic setting of OL, which is a visible lesion, it

could very well be applied to map the extension of the lesion beyond

what is visible as well as monitor whether the OL is completely

excised or vaporized. OL commonly recurs after clinically complete

excision,45 and the benefit of excision to prevent cancer has never

been formally demonstrated.18 We speculate that an OL lesion is

larger than what is clinically visible, and the normal-appearing but

genetically altered surrounding mucosa may cause recurrence after

excision of the OL. The presence of genetic alterations in the mucosa

outside the visible lesions has previously been reported, supporting

this hypothesis.3,46 Therefore, the described noninvasive NGS assay

can be used to examine a patient after excision of OL to determine

whether all aberrant cells have been excised. Should OL recur after

excision, then the assay can be applied to establish clonality (or lack

thereof) with the index lesion. In addition, the oral cavity of OL

patients can be screened at other sites, to detect genetically altered

fields that appear clinically normal. Particularly when patients with

low risk OLs are referred to the first line for surveillance, invisible high

risk changes elsewhere in the oral cavity need to be excluded.

Whether the absence of aberrant cells as indicated by negative nonin-

vasive genetic test results is sufficient evidence to reduce clinical

monitoring of OL needs to be addressed in further studies with longi-

tudinal sampling.

Besides the proof of concept that noninvasive genetic cytology

works well to detect precancerous changes in the oral cavity, this study

also greatly expands the knowledge of the genomic landscape of OL. A

previous study that performed whole exome sequencing only included

13 OL patients.47 More recently a genetic study of a much larger cohort

of 188 precancer cases was reported,48 but these cases were not

restricted to OL, and the study analyzed CNAs only in specific genomic

loci and did not include mutation sequencing. We show that the major-

ity of OL harbor CNAs and/or mutations in known OSCC driver genes.

Strikingly, TP53 and CDKN2A were mutated or lost at a much lower fre-

quency than in OSCC, while the percentages for the other most fre-

quent driver genes, NOTCH1, FAT1 and PIK3CA, were not significantly

different. Mutated TP53 has been commonly listed as being associated

with an increased risk of progression.49,50 Interestingly, it was also sig-

nificantly associated with the presence of dysplasia in our cohort.

The other genetic discrepancy between OL and OSCC is the

prevalence of CNAs and whole genome duplications. Genome insta-

bility leading to aneuploidy and whole-genome duplication have been

found to constitute early events in the lifetime of several cancer types

including HNSCC, of which OSCC is the major subsite,51 but our data

indicate they are uncommon in the precancerous stage. Future studies

with OL samples and matched oral carcinoma may shed more light on

molecular events that constitute the key steps in malignant transfor-

mation. Particularly longitudinal noninvasive sampling of precancerous

changes that remain in situ, either when these are not visible or too

large for resection, will reveal detailed knowledge on carcinogenesis

and malignant transformation. While our study expands our knowl-

edge of genetic alterations in OL, larger studies with extended patient

follow-up are required to unravel which, if any, specific genetic alter-

ations impart the greatest risk for malignant transformation.
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We demonstrated the added value of genetic alterations in

brushed cells from normal-appearing mucosa in FA patients, who are

at higher risk for developing oral cancer than the general population.

Genetic analyses of brushed samples of FA patients is complicated

since FA patients frequently receive stem cell transplants, and donor

DNA is often present in the brushed samples.22 This hampered the

microsatellite PCR assay, but SNP filtering proved sufficient to

exclude germline variants from donor leukocytes.

FA patients with mutations in brushed material were at signifi-

cantly increased risk of developing oral cancer than patients without

mutations, providing the proof of principle that the noninvasive NGS

assay presented here provides a screening tool to stratify patients at

different risks of oral cancer. Noteworthy is that many FA patient

develop gingival tumors, a site not brushed in the presented cohort.

We were unable to study whether the detected genetic alterations

were also present in the consecutive tumor. Nonetheless, sampling

the gingiva might be important particularly in FA patients.

In this study, we demonstrate the ability to detect genetic alter-

ations from noninvasive samples. This opens the door to prospective

studies to determine whether implementing this information in the

clinic will lead to earlier detection of OSCC and better patient outcome.
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