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A B S T R A C T

Objectives: To map the genomic pathways of patients with oral leukoplakia (OLK) which transformed to cancer
(progressive) and those which did not (non-progressive), and to compare their exomic profiles.
Materials and methods: Whole exome sequencing was performed on 42 sequential samples from five progressive
and eight non-progressive patients. Association of genomic variant frequencies with progression or lesion se-
verity were analysed by non-parametric tests (Kruskal-Wallis and Mann-Whitney-Wilcoxon) and multivariate
sparse partial least squares discriminant analysis (sPLS-DA). Enrichment analysis was used to characterise the
effect of mutations upon biological pathways. Confirmatory studies used qPCR and immunohistochemistry.
Results: Using sPLS-DA, the variant frequency of a small number of genes could be used to classify the samples
based on lesion severity or progressive status. Enrichment analysis showed that DNA damage repair gene related
pathways were highly impacted in lesions which progressed to cancer. Multivariate analysis of a set of 148 DNA
damage repair genes could be used to classify progressive lesions using mutation frequency. BRCA1, BRCA2 and
other double strand break (DSB) repair Fanconi anaemia (FA)/BRCA pathway genes were prominent con-
tributors to this classification.
Conclusion: Patients with progressive and non-progressive OLK can be differentiated using the frequency of
exomic variants, particularly in DNA damage repair pathway genes. To our knowledge, this is the first report of
FA/BRCA (DSB) pathway involvement in malignant transformation of OLK to oral squamous cell carcinoma
(OSCC).

Introduction

Epithelial carcinogenesis is a multistep process involving environ-
mental and genetic factors and can originate within metaplastic or
dysplastic lesions [1,2]. Not all OLK progress to cancer; important
clinically recognised indicators of malignant transformation being a
higher degree of dysplasia [3], and a change in morphology towards a
non-homogeneous presentation [4]. Despite success for other tumour
types, translational research is yet to provide panels of biomarkers,
genes or clinical observations that can predict OLK malignant trans-
formation with certainty.

Early diagnosis and intervention are pivotal to the successful
treatment of patients with OSCC. A breakthrough adjunct to the re-
sources available in medical oncology, next generation sequencing
(NGS) has already been used to explore the molecular aspects of head

and neck squamous cell carcinoma (HNSCC) [5–9], overlooking per-
haps, potentially predictive molecular changes present in OLK. The
histopathology of OLK and the early stages of OSCC may have under-
lying genomic alterations with potential to become clonal; hence the
optimal time for targeted treatment of trenchant molecular changes
would ideally be before they contribute to clonal selection. Notwith-
standing the prevailing research focus toward molecular changes that
are concomitant with frank OSCC, there is great value to studying the
earliest occurrences of oral epithelial dysplasia (OED) molecular
changes that may be apparent in OLK.

Studies investigating the progression of potentially malignant le-
sions to cancer are indicative of a step-wise pattern for accumulation of
mutations [10,11]. Agrawal et al., sequenced the whole genome of 11
oesophageal adenocarcinomas and 2 adjacent Barrett’s oesophagus le-
sions to observe mutations found in the cancerous tissues to be mostly
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present in the Barrett’s oesophagus genome [12]. This is an important
finding, as it once again suggests molecules predicting malignant pro-
gression to be theoretically present in OLK or even macroscopically and
histologically normal appearing samples. These important findings
support our hypothesis that molecular abnormalities that are predictive
of malignant progression may be detectable in OLK or even in tissues
that are macroscopically and histologically normal in appearance.

Using sequential patient biopsies of OLK that either progressed to
cancer (progressive) or did not transform to cancer (non-progressive),
we used whole exome sequencing (WES) to compare the number and
nature of exomic variants between transformed and non-transformed
samples. In so doing, we have established the molecular profile of
transformed OLK and OED.

Materials and methods

Patient samples

This study was approved by the Human Research Ethics Committee
of the University of Queensland (2007001478) and the Royal Brisbane
& Women’s Hospital (HREC/10/QRBW/336). Clinical diagnosis of OLK
in 13 patients was confirmed by an oral medicine specialist and histo-
pathological grading of dysplasia was determined on freshly prepared
haematoxylin and eosin stained slides by an oral pathologist blinded to
any patient details using WHO guidelines [13,14]. All lesions were di-
agnosed through incisional biopsy and patients were monitored reg-
ularly every 3–6months by an oral medicine specialist. At the time of
preparing this manuscript (31/12/2018) 5 patients had developed
OSCC and 8 patients had not; hereafter these patients are referred to as
progressive and non-progressive respectively. A total of 42 sequential
samples from 5 progressive patients (2 hyperplasia, 7 OED and 5 OSCC)
and 8 non-progressive patients (9 hyperplasia and 19 OED) were in-
cluded in this study (Table 1). Upon a diagnosis of OSCC, lesions were
fully resected. Immunohistochemical assessment of p16 was used for
HPV testing. Slides with greater than 70% of p16-positive epithelial
cells were considered positive for HPV [15,16]. None of the samples
were determined HPV positive.

DNA extraction

DNA was isolated from formalin fixed paraffin embedded (FFPE)
samples using Genomic DNA Isolation Kit (Agencourt® DNAdvance™,
Beckman Coulter, Inc., CA, USA) according to the manufacturer’s pro-
tocol. Briefly, 5 μm sections were cut to a depth of 1mm and dewaxed
then air-dried and resuspended in 400 µL lysis master mix according to
the kit protocol. Genomic DNA was eluted in 50 µL nuclease free water
and stored at −80 °C.

Library construction and sequencing

Exome capture and library preparation were performed according to
the kit manufacturer’s recommendations with minor modifications
(SureSelectXT for SOLiD 5500, vA0, Agilent Technologies, CA, USA).
Input genomic DNA (range 250 ng–3 µg) was fragmented (Covaris® Inc.,
MA, USA), size-selected (range 150–300 bp) using AMPure XP beads
(Beckman Coulter Inc, CA, USA), end-repaired, A-tailed and ligated
with specific adapters. The libraries were amplified and purified then
quantified with 2100 Bioanalyzer (Agilent). After purification, 500 ng
of the library was hybridized to SureSelectXT Human All Exon V4
(Agilent) overnight and then amplified for 8 cycles according to the
manufacturer’s protocol. Quality control of the target enriched library
was performed using the 2100 Bioanalyzer (Agilent). Standard sample
preparation for sequencing on the SOLiD 5500XL platform E120 scale
were used (Life Technologies, CA, USA) and samples were sequenced on
the 5500 Genetic Analysis System (Applied Biosystems, CA, USA).Ta
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Bioinformatic analysis

Analysis of raw sequencing datafiles (fastq) was performed using a
customised pipeline. Sequence reads were aligned to human genome
build hg19 using the SHRiMP tool (v2.2.3) [17]. Reads were further
filtered, sorted, indexed and converted to BAM format using the Picard
software toolkit (http://broadinstitute.github.io/picard/). Genetic var-
iants (single nucleotide and indels) were identified using the GATK
software [18,19] and the hg19 reference human genome. Bias from PCR
duplicates was limited by flagging likely duplicates using the Picard
MarkDuplicates tool. GATK was used to identify and realign reads
around known indels [20], and base quality score recalibration. Variant
calling was performed using the GATK HaplotypeCaller tool. A con-
fidence score of at least 30 was required for variant calling. Quality
filtering of variants used reference data from dbSNP, the HapMap
project, the 1000 Genomes project and Illumina array based genotype
data. The SNP variants were filtered using the VariantAnnotation R
package in order to select for those that corresponded to protein coding
regions, met the quality criteria (GATK PASS flag) and were predicted
to result in nonsense and non-synonymous amino acid substitutions.
These variants were used for subsequent statistical analysis.

Statistical analysis

All statistical tests were performed using R package (www.r-pro-
ject.org), and MetaCore platform (https://portal.genego.com/) was
used for pathway analyses. Due to the small number of samples and in
order to increase statistical power, no distinction was made in relation
to the grade of dysplasia or the grade of differentiation of OSCC. The
numbers of variants in each gene were compared in different groups of
samples using non-parametric tests namely Kruskal-Wallis and Mann-
Whitney-Wilcoxon test. Separation of samples was tested using a mul-
tilevel sPLS-DA using mixOmics R package [21] which considered re-
peated measurements. All p-values in this study were corrected for
multiple comparisons using Bonferroni correction method. The curated
list of 148 DNA repair pathway related genes was derived from Meta-
Core.

RT-qPCR

RNA was extracted from a different set of biopsies of OSCC tumour,
dysplastic tissue and the normal margin, following which sample pre-
paration, RNA extraction and RNA quality control were performed as
we have previously described [22]. Gene specific PCR primers were
designed using the Primer 3 software (Supplementary Table S1). qPCR
was performed using the SsoAdvanced SYBR Green SuperMix (Bio-Rad)
according to the manufacturers’ instructions and run on a CFX Connect
Real-Time PCR Detection System (Bio-Rad). Data analysis was per-
formed using the CFX Manager software 3.1 (Bio-Rad). Data normal-
isation was performed using GAPD, HPRT1 and UBC as reference genes
following stability assessment using the CFX Manager software. Results
were presented as deltaCq (ΔCq), calculated by subtraction of the Cq
value for the target gene from the mean Cq value of the reference genes.
Statistical analysis of qPCR data was performed using Prism 6.07
(Graphpad Software, CA, USA).

BRCA1 and BRCA2 immunohistochemistry staining

Confirmation of protein expression was undertaken on 33 new FFPE
specimens, eight of which were negative for dysplasia (herein con-
sidered normal), four hyperplasia, four mild OED, five moderate to
severe OED and 12 OSCC; with four being highly differentiated OSCC,
and the remaining eight moderate/poorly differentiated OSCC. Of these
patients, 12 were female, 12 male and one gender unknown, with a
mean age of 57 years (standard deviation 15 years). Diagnosis was
confirmed retrospectively by an oral pathologist according to the WHO

classification system [13,14]. Immunohistochemistry was performed as
described by us [23], and immunoreactivity assessed using a semi-
quantitative method as previously described [24].

Results

Whole exome sequencing of 42 FFPE samples which were collected
from 13 patients over a period of at least 10 years was performed suc-
cessfully. A mean sequence coverage of targeted exomic regions of 270-
fold with 91% of loci covered at> 50 folds was achieved. On average
167,809 variants per sample were identified, of which 132,894 (∼79%)
were Single Nucleotide Polymorphisms (SNP), 14,685 (∼8%) were
insertion/deletions which caused 421 (0.2% frameshift) alterations per
sample. From the 10,167 genes included in this study, the number of
SNPs in 833 genes showed no variance across all samples and conse-
quently analysis was performed on the number of variants in remaining
9334 genes. We found Zinc Finger 717 protein (ZNF717) to have the
highest number of variants amongst our samples.

The SNP and indel data for each sample was filtered using databases
of known human genetic variation in order to remove known germline
variants since there was no matched normal control. SNPs were further
selected to include only those variants within protein coding regions
which were predicted to result in nonsense or non-synonymous amino
acid substitutions. The resulting variant profiles for each sample were
then used for statistical analysis to identify genes which exhibit sig-
nificant differences in mutation frequency between the different clinical
groups. Initial analysis was performed using a univariate method
(Mann-Whitney test with Bonferroni correction for multiple testing) to
examine individual gene level differences between groups. This ap-
proach did not identify any genes having significantly different variant
frequencies between samples with varying grades of histopathological
abnormality within either the progressive group (ie normal vs dys-
plastic and OSCC) or non-progressive group (ie normal vs dysplastic).
We then examined the first diagnosed dysplastic lesions in each group
in order to identify if any genes demonstrated variant frequencies as-
sociated with progression to cancer. The univariate statistical approach
did not discover any statistically significant genes between the pro-
gressive and non-progressive dysplastic lesions.

We next applied an alternative statistical approach based upon
multivariate dimension reduction techniques by using multi-level
sparse partial least square regression discriminant analysis (sPLS-DA) to
identify gene signatures with differing mutation frequencies between
the clinical groups [21]. The application of sPLS-DA was able to suc-
cessfully provide discrimination across the clinical groups. This multi-
variate method was able to discriminate between lesions on the basis of
sample severity within both the progressive (Supplementary Fig. S1A)
and non-progressive (Supplementary Fig. S1B). More significantly, this
multivariate analysis was able to distinctly separate the first dysplastic
OLK based upon their progressive status using a signature of 15 genes
(FAAH, OR2A5, FAT1, DAGLB, PTPRZ1, OR2L2, ACOXL, C17orf78,
CCDC149, DCLRE1B, FRMD4A, PRCP, DCST1, GPR128, PIM3) (Fig. 1).
For most of these genes the frequency of variants was higher in pro-
gressive samples than non-progressive lesions with fatty acid amide
hydrolase (FAAH) and the G-protein-coupled receptor, olfactory re-
ceptor 2A5 (OR2A5) contributing the most to the separation on com-
ponent 1 as seen in Fig. 1. There were four signature genes (OR2L2,
DCST1, GPR128 and PIM3) which had a lower variant frequency across
the dataset in the progressive samples. These results demonstrated that
it was possible to derive potentially classifying gene signatures able to
discriminate, in this sample cohort, dysplastic OLK which progressed to
OSCC from those which did not.

Pathway analysis

In addition to the above gene-based approaches to examine genetic
differences between the clinical groups, we also employed a systems
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biology based strategy by characterising the differences in the biolo-
gical pathways most significantly affected by mutation in each sample.
These were analysed on an individual patient basis and then compared
between the groups to explore whether there were distinctions in the
impact of mutation upon biological signalling between the clinical
groups. Pathway analysis for all samples from each patient was per-
formed simultaneously. The top 10 most significantly affected pathways
in each progressive patient are presented in Fig. 2. A common finding
for all progressive patients was the reporting of DNA damage repair
pathways in the top 10 significantly enriched pathways. For example,
“Role of BRCA1 and BRCA2 in DNA repair” pathway was enriched in 3/
5 patients (P3, P4 and P5), general schema of breast cancer pathway
(including BRCA1 and BRCA2) was enriched in two patients (P2 and
P3), ovarian cancer pathways was enriched in two patients (P3 and P4),
while in patient (P1), the mismatch repair (MMR) pathway was sig-
nificantly affected by mutation. Patient P3 showed the highest number
of enriched pathways for exomic variants in DNA damage repair me-
chanisms presented as 4/10 of the most highly affected pathways being
related to DNA damage repair. Immunological defence mechanism and
keratin filaments pathways were the other most commonly enriched
biological pathways in the progressive patient samples.

In contrast, in non-progressive patients, only 2/8 patients had DNA
damage repair related pathways amongst the most highly enriched
(Supplementary Fig. S2). Keratin filaments (8/8), DAP12 receptors
regulation of NK cells pathways (6/8) and mucin expression in CF
airways (5/8) were amongst the most highly impacted pathways in
non-progressive patients. Interestingly, despite the absence of OSCC in
the non-progressive cohort, the NOTCH1mediated NF-kB activation (3/
8) and epithelial-to-mesenchymal transition (EMT) (3/8) pathways
were amongst the most highly affected.

DNA damage repair in progression of cancer

Having identified a potential biological role for DNA repair me-
chanisms through analysis of genetic perturbation of signalling path-
ways, we next explored our dataset by focusing upon a group of genes
encoding proteins with key roles in the DNA damage repair machinery.

We curated a list of 148 DNA damage repair genes (Supplementary
Table S2), extracted the variant data for these genes in the first dys-
plastic lesions from our dataset and examined their classification per-
formance for progressive vs non-progressive using sPLS-DA. In this
analysis, progression was used as the outcome and the number of var-
iants in the 148 genes as predictors, yielding 2 PLS components. The
first component represented 0.8993 of the original data, and the second
component added 0.0788 to provide a final 0.9781 representation of
data. This equates to the ability of a blind examiner determining the
progressive status of lesions with knowledge of the number of non-sy-
nonymous variants in the 148 DNA repair genes with 97.81% accuracy.
BRCA1 and BRCA2 with 0.26 and 0.24 respectively, were the most
contributing DNA repair genes to classification of first dysplastic sam-
ples from progressive and non-progressive patients. The most highly
contributing genes (> 0.15) to this classification are listed in Table 2.
Fig. 3 shows a graphical representation of variant frequency (non-sy-
nonymous, non-sense and frameshift) in a selected panel of key MMR
and DSB repair genes across the entire sample dataset. To provide ad-
ditional supporting evidence we examined gene and protein expression
of selected DNA damage repair genes in an independent cohort of
OSCC, dysplasia and normal samples. Quantitative assessment of DNA
damage repair gene expression (BRCA1, BRCA2, MLH1, MSH2, MSH6,
PMS2) by qPCR showed that expression of BRCA1/2 and MMR genes
decreased with increasing lesion severity from normal to OSCC in an
independent group of samples (Fig. 4). This was further confirmed at
protein level for BRCA1 and BRCA2 by immunohistochemistry (Fig. 5),
which clearly shows reduced expression of both in OSCC compared to
normal tissue and hyperplasia, and reduced expression of BRCA2 in
both OED and OSCC compared to normal tissue and hyperplasia.

Discussion

We performed exome sequencing of multiple biopsies from 13 pa-
tients with progressive and non-progressive OLK in order to map
genomic pathways and identify classifying variant profiles. We suc-
cessfully applied multivariate statistics to show that the number of non-
synonymous variants classified the samples based upon lesion severity

Fig. 1. Score plot of two-component sPLS-
DA for the first dysplastic lesions diagnosed
in progressive and non-progressive patients.
The groups were clearly separated on the
basis of the first component alone (15
genes). The ellipses correspond to 95%
confidence. Patient NP8 was not included in
this analysis since the initial diagnosis was
epithelial hyperplasia.
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or progression to malignancy. sPLS-DA builds models that fit the re-
sponse variable (lesion severity or progression) with a minimal set of
predictor variables (genes). The key finding was that using sPLS-DA we

could distinguish lesions which progressed to cancer based upon the
variant profile of a small number of genes in the first dysplastic lesions.
In most analyses performed, samples from progressive patients showed
a higher number of SNPs compared to their non-progressive counter-
parts. This is in line with previous evidence suggesting genetic in-
stability to be an early event during progression [25,26].

We used longitudinal data of sequential samples from the same
patients for pathway analysis, identifying the biological mechanisms
most impacted by genetic change. While there were common pathways
identified across the two cohorts, namely keratin filaments and DAP12
receptors in NK cells, there were also some notable distinctions. In
particular pathways with significant DNA damage repair components
were more prominent in progressive patients. As a consequence we
curated a set of 148 genes from DNA damage repair pathways and
examined the variant frequencies in first dysplastic lesions of pro-
gressive and non-progressive patients in a sPLS-DA analysis. We found
that a subset of the genes could be used to classify progressive and non-
progressive OLK in this cohort using sPLS-DA. Amongst the most dis-
criminatory features were genes involved in double strand break (DSB)

Fig. 2. Pathway analysis of gene variants in the progressive cohort by patient. Enriched pathways were determined using the MetaCore platform. Pathways for each
patient are ranked according to frequency of appearance in the cohort.

Table 2
Most contributing genes to the sPLS-DA stratification of the first dysplastic le-
sions using variants in 148 DNA damage repair genes with progression as the
outcome.

Gene symbol Component 1a Component 2a

BRCA1 0.26 0.02
BRCA2 0.24 0.05
FANCA 0.21 0.02
DCLRE1B 0.20 0.00
NEIL3 0.18 0.04
RPA4 0.17 0.02
MLH1 0.16 −0.05
CHEK2 0.16 −0.13

a Each gene contributes with a different weighting to the classification per-
formance of the model.
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repair pathways including prominently BRCA1 and BRCA2 as well as
FANCA and DCLRE1B.

Numerous studies have shown mutations in DSB repair to increase
individual risk for cancer and unrepaired DSB lesions accumulate with

age [27,28]. We have shown differences in efficiency of DSB repair
pathways in cell lines derived from different stages of oral tumorigen-
esis with neoplastic cell lines having the most defective DSB repair
system [29]. Furthermore, disruption of FA/BRCA pathway has been
implicated in malignant transformation [30]. The role of inherited
mutations of BRCA1/2 in risk for breast and ovarian cancer is well
recognised [31]. However, there is also compelling evidence that mu-
tations in FA/BRCA pathway genes contribute significantly to suscept-
ibility to other cancers including head and neck SCC (HNSCC) [32–36].

In HNSCC, comparative genomic analysis has demonstrated that
increased FANCA copy number is associated with poor prognosis [37].
Despite their well-studied role in carcinogenesis, at this stage, a detailed
mechanism of contribution of these genes to progression of OLK/OED
lesions is unknown. To our knowledge this is the first report of FA/
BRCA pathway involvement in malignant transformation of OLK to
OSCC. Apart from FA/BRCA pathway, genes from the MMR repair
pathway were the major contributors to the classification of progressive
lesions found in our sPLS-DA analysis of DNA repair genes. There is
existing evidence from our laboratory and others identifying a potential
role for defective MMR repair in OSCC [38–40]. In particular, this
pathway may be a potential therapeutic target since MLH1, PMS2,
MSH2 and MSH6 are downregulated in OED and OSCC [38,39], and
MSH6 expression is lost in the stratum basale of carcinoma in situ [38].

Our study supports the call for a concerted research effort towards
the generation of a Pre-Cancer Genome Atlas (PCGA), and the com-
prehensive genetic profiling of potentially malignant lesions performed
over time, with associated histological and clinical outcomes [41]. The
study of genomic alterations within dysplastic lesions has great poten-
tial to identify the principal factors that initiate oral carcinogenesis and
drive it forward. Additionally, characterization of molecular alterations
in potentially malignant lesions would hasten the development of bio-
markers for early detection and risk stratification as well as suggest
chemo-preventive interventions to reverse or delay the development of
cancer [41]. To this end, drugs targeting DNA damage pathways taking
advantage of clinical synthetic lethality have already shown therapeutic
benefit; for example, the Poly (ADP-ribose) polymerase (PARP)

Fig. 3. Mutational profiles of the progressive and non-progressive cohort in key MMR and DSB pathway genes. Top, sample grouping according to patient and cohort.
Middle, variant frequency for each gene in all patient lesion types. Right, bar chart of the number of patients with at least on variant per gene. Bottom, histo-
pathological types of the samples for each case. Samples are displayed as columns.

Fig. 4. Expression of selected DNA damage repair genes (BRCA1, BRCA2,
MLH1, MSH2, MSH6, PMS2) from OSCC (n=12), OED (n= 13) and normal
(n=11) tissue assayed by RT-qPCR using gene specific primers. Results are
displayed as Tukey box and whiskers plots of Cq following normalization to
reference genes (UBC, GAPD, HPRT1). Test for significance was by t-test with
Welch’s correction. P values are represented graphically as follows: p < 0.001
(***), p < 0.01 (**) and p < 0.05 (*).
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inhibitor olaparib has shown benefit in BRCA-mutant ovarian, breast
and prostate cancer [27].

Clearly, more work is required to understand the influence of
identified variants and genes and their contribution to oral carcino-
genesis. In this study we did not have normal matched controls or fresh
frozen whole blood available for WES, but used stringent bioinformatic
methods to remove false positive variations and overcome this. Lack of
fresh tissues for sequencing is another limitation, but are difficult to
obtain for a study design such as ours. The small sample size compro-
mises the general applicability of our findings, but simultaneously
draws the need for larger prospective multi-centre collaborative studies
with robust validation and controls, and long term prospective follow-
up [42]. Functional studies including the assessment of the tumour
microenvironment should be undertaken, possibly with utility of single
cell sequencing approaches. Given the relatively low prevalence of OLK,
the scarcity of samples, and the extended time taken for malignant
transformation to occur, the limitations outlined above are acceptable
considering the insights gained from the current study.

Conclusion

In this WES study of progressive and non-progressive OLK, we found
alterations in a number of genes that identify different grades of pa-
thological changes in oral epithelium, and substantiated the role of
accumulation of mutations in progression of dysplastic OLK to cancer.
Importantly, we have revealed patients with progressive and non-pro-
gressive OLK can be differentiated using the frequency of exomic var-
iants, particularly in DNA damage repair pathway genes. To our
knowledge, this is the first report of FA/BRCA pathway involvement in
malignant transformation of OLK to OSCC.
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