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Abstract

Oral potentially malignant disorders (OPMDs) characterized by the presence of dysplasia
and DNA copy number aberrations (CNAs), may reflect chromosomal instability (CIN) and
predispose to oral squamous cell carcinoma (OSCC). Early detection of OPMDs with such
characteristics may play a crucial role in OSCC prevention. The aim of this study was to
explore the relationship between CNAs, histological diagnosis, oral subsite and aneuploidy
in OPMDs/OSCCs. Samples from OPMDs and OSCCs were processed by high-resolution
DNA flow cytometry (hr DNA-FCM) to determine the relative nuclear DNA content. Addition-
ally, CNAs were obtained for a subset of these samples by genome-wide array comparative
genomic hybridization (aCGH) using DNA extracted from either diploid or aneuploid nuclei
suspension sorted by FCM. Our study shows that: i) aneuploidy, global genomic imbalance
(measured as the total number of CNAs) and specific focal CNAs occur early in the develop-
ment of oral cancer and become more frequent at later stages; ii) OPMDs limited to tongue
(TNG) mucosa display a higher frequency of aneuploidy compared to OPMDs confined to
buccal mucosa (BM) as measured by DNA-FCM,; iii) TNG OPMDs/OSCCs show peculiar
features of CIN compared to BM OPMDs/OSCCs given the preferential association with
total broad and specific focal CNA gains. Follow-up studies are warranted to establish
whether the presence of DNA aneuploidy and specific focal or broad CNAs may predict can-
cer development in non-dysplastic OPMDs.

Introduction

Oral cancer is often diagnosed at a late stage and therefore as a result is characterized by poor
prognosis. The five-year survival rate of this disease is below 50% [1, 2] and in this context,
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early detection and therapeutic intervention are crucial [3]. Oral cancer may develop from oral
potentially malignant disorders (OPMDs), and the presence of dysplasia in OPMDs has been
reported as a risk factor for malignant transformation [4]. However, assessment of dysplasia
based on the WHO classification is subjective and recently led to the proposal of an improved
method [5]. Furthermore, oral cancer may also develop from non-dysplastic OPMDs
(ND-OPMDs) or even in normal looking oral mucosa fields as well as in the oral mucosa of
patients with no history of a previous OPMD [6, 7]. To date, there have been no reports of
molecular markers that are able to predict the progression of either normal appearing mucosa
or of these disorders to invasive cancer [8-12]. However, several studies have highlighted bio-
markers associated with DNA ploidy [13-18], loss of heterozygosity (LOH) [19], expression of
specific genes involved in cell cycle, growth factor signaling and tumor suppressor genes [20].
Genomic alterations such as aneuploidy, DNA copy number aberrations (CNAs) and point
mutations are all markers of genotoxic exposure and DNA damage. Several genetic mecha-
nisms, including the presence of an aberrant number of centrosomes and the missegregation of
single chromosomes may promote chromosomal instability (CIN) [21-23], which is consid-
ered a driver of aneuploidy [24] and fosters tumor progression [25]. However, several studies
have shown that aneuploidy itself may promote CIN [23, 26]. The association between CNAs,
DNA ploidy, site of origin of the OPMD/oral cancer within the oral mucosa, and the histology
of the OPMD/cancer are not yet fully understood. Thus, it is still a challenge to predict the risk
of progression from OPMD to neoplasia [27].

In the present prospective study, which includes patients with OPMDs and oral squamous
cell carcinomas (OSCCs), we have addressed the analysis of these correlations through the use
of DNA ploidy and CNAs as obtained by high-resolution DNA flow cytometry (hr
DNA-FCM) and array comparative genomic hybridization (aCGH).

Materials and Methods
Patients and tissue specimens

Patients with OPMDs or OSCCs were enrolled in the study by the Oral Medicine and Oral
Oncology Unit of the University of Turin at the A.O.U. S. Luigi Gonzaga (Orbassano-Turin)
and in the Department of Otolaryngology, "IRCCS A.O.U. San Martino—IST" in Genoa. Writ-
ten informed consent was obtained from all the enrolled patients as requested by the Institu-
tional Ethics Committees (A.O.U. S. Luigi Gonzaga Prot. N. 11780 and San Martino Hospital
Prot. N. 1084), which specifically approved this study. Declaration of Helsinki protocols were
followed in designing the study.

Histological evidence of one or more OPMDs (homogeneous and non-homogeneous leuko-
plakias, erythroplakias and erythroleukoplakias) or of OSCC was considered inclusion criteria,
while patients with history of previous oropharyngeal neoplasia were excluded from the study.

Incisional biopsies and micro-biopsies (carried out by means of a curette) of each OPMD/
OSCC were obtained and performed as previously reported [28]. In some cases, multiple biop-
sies were performed on a single OPMD or OSCC.

Histological diagnosis was performed according to WHO guidelines by a specially trained
pathologist [28, 29]. The dysplastic OPMD (D-OPMD) cases included all degrees of dysplasia,
which were recorded in the diagnosis.

Bioptic samples for both FCM and aCGH analyses were either immediately processed or
stored at -20°C and processed at a later time.

Table 1 reports the anatomical subsite distribution of OPMDs/OSCCs in our cohort of 292
patients.
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Table 1. Number of bioptic samples used to
and histology.

Oral mucosa subsite

Buccal mucosa

Tongue

Floor of the mouth

Gum

Soft palate

Lip

Hard palate

' Non-dysplastic oral potentially malignant diso
2 Dysplastic oral potentially malignant disorder.
3 Oral squamous cell carcinoma, OSCC.

doi:10.1371/journal.pone.0142294.t1001

isolate the nuclei suspension and perform hr DNA-FCM analysis subdivided by oral mucosa subsite

Histology
ND-OPMD' D-OPMD? oscc?

183 19 16
67 22 54
21 7 7
49 5 15
10 4 6

2 0 0
23 2 10

rder.

Table 2 reports the number of patients enrolled in the study as well as the histology and
number of oral mucosa subsites analyzed by FCM and aCGH. Some patients showed
multiple OPMDs/OSCCs at presentation which were located on single or multiple oral
subsites.

Table 2. Patients enrolled in the study, type and number of oral mucosa subsites that underwent
biopsy and were analyzed by hr DNA-FCM and aCGH.

hr DNA-FCM analysis

Histology Oral mucosa subsites Patients
ND-OPMD' 224

D-OPMD? 34 2922
oscc? 73

aCGH analysis

Histology Oral mucosa subsites Patients
ND-OPMD 46

D-OPMD 15 94° (99°)
oSscC 33

" Non-dysplastic oral potentially malignant disorder.

2 Dysplastic oral potentially malignant disorder

3 Oral squamous cell carcinoma, OSCC.

8 155 females and 137 males; median age 66.9 (range 19.8-93.8) and 60.3 (range 18.5-86.3) years,
respectively. Three hundred thirty one OPMDs/OSCCs oral subsites of 292 patients were sampled by
single or multiple biopsies yielding 522 bioptic samples (see also Table 1). The nuclei suspensions of a
subset of 145 bioptic samples obtained from 99 oral mucosa subsites of 99 of these 292 patients were also
processed for DNA extraction and subsequent aCGH analysis. Therefore, the DNA index (DI) was also
measured for each of the 145 DNA samples processed for aCGH. A single OPMD or OSCC for each
patient was examined by aCGH.

b 52 females and 42 males; median age 70.5 (range 19.8-93.8) and 60.3 (range 18.5-86.3) years,
respectively.

€ The bioptic samples of 5 patients were removed from the statistical analysis because they did not comply
with the aCGH quality control criteria.

doi:10.1371/journal.pone.0142294.t002
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Processing of bioptic samples for hr DNA-FCM analysis and sorting

DAPI stained nuclei suspensions from bioptic samples were obtained as described by Otto

et al. [30] as per previously reported modifications [31]. DNA content histograms to evaluate
the DNA Index (DI) were obtained from these DAPI stained nuclei suspensions by hr
DNA-FCM performed as previously reported [31]. When DNA aneuploid sublines (DI # 1)
were detected, these were sorted using a Cyflow Space FCM equipped with a PPCS unit (Partec
GmbH, Muenster, Germany) at a purity of about 99% [31].

DNA extraction and amplification

The Archive Pure DNA kit (5 Prime, Hamburg, Germany) was used to perform DNA extrac-
tion. A whole genomic DNA amplification was performed using the Enzo BioScore™ Screening
and Amplification Kit (Enzo life sciences, Farmingdale, NY, USA) or the GenomePlex Whole
Genome Amplification Kit WGA2 (Sigma-Aldrich, St. Louis, MO), according to the manufac-
turers' instructions. This amplification step was necessary in order to obtain enough DNA to
perform the aCGH analysis [32].

DNA copy number analysis by aCGH

DNA copy number aberrations were determined using high-density aCGH (2x105K, n = 76
DNA samples or 4x180K, n = 69 DNA samples) (Agilent Technologies, Palo Alto, CA, USA).
These 145 DNA samples were obtained from 99 patients that in some cases underwent multi-
ple biopsies (see also the paragraph regarding patients and tissue specimens and Table 2). For
DNA labeling and assessment of DNA labeling efficiency, 0.8 pg of amplified test and reference
(female or male normal genomic DNA: Promega, Madison, WI) were labeled using the Sure
Tag DNA labeling kit (Agilent Technologies, Palo Alto, CA, USA) with Cy5-dUTP and
Cy3-dUTP, respectively, according to the CGH Enzymatic Labeling Kit Protocol v.7.2 (Agilent
Technologies, Palo Alto, CA, USA). Unincorporated nucleotides were then removed using cen-
trifugal filters (Amicon Ultra 0.5ml, Merck Millipore, Merck KGaA, Darmstadt, Germany)
according to the manufacturer’s instructions. Quality analysis and quantification of labeled
DNA were performed by NanoDrop™ ND-1000 (Thermo Scientific, Inc.) spectrophotometry
measuring A260 (for DNA), A550 (for Cy5) and A649 (for Cy3) to evaluate yield, degree of
labeling and specific activity. To perform array hybridization and scanning, Cy5-labeled tumor
DNA was mixed with an equivalent amount of Cy3-labeled reference DNA. Repetitive
sequences were blocked with human Cot-1 DNA (Invitrogen™, Thermo Scientific, Inc.) and
samples were hybridized with Oligo aCGH/ChIP-on-chip Hybridization Kit onto the SurePrint
G3 Human CGH 4x180K Microarrays, or Human Genome CGH 105A 2x105k Microarrays
(Agilent Technologies, Palo Alto, CA, USA) according to the manufacturer’s instructions fol-
lowed by hybridization at 65°C for 24 hours in a rotating hybridization oven (Agilent Technol-
ogies, Palo Alto, CA, USA) at 20rpm. Microarray slides were washed according to the
manufacturer’s instructions and scanned using an Agilent Microarray Scanner (G2505C). The
resulting images were then processed using the Feature Extraction software v11.01.1 (Agilent
Technologies, Palo Alto, CA, USA). LogI0 ratios extracted by the Agilent feature extraction
software were imported in R, averaged over probe replicates using the R/ Bioconductor package
limma, and back-transformed into log2 scale. Shared probes between the two microarray
designs were retained for downstream analysis. Arrays were discarded when the derivative Log
Ratio spread (dLRs) was > 0.35, although individual files with borderline higher values were
still included upon visual inspection of the raw log2 ratio genome plots. After mapping the
probe location to the NCBI37/hg19 build of the human reference genome, the log2 ratios were
smoothed by outlier winsorization using the median absolute deviation (MAD) and segmented
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by penalized least square regression [33] using a heuristically chosen value of yx = 40 which
optimized the number of segments per sample though without leading to excessive information
loss. These analysis steps were carried out using the R/Bioconductor package copynumber [33].
The segmented data were visually inspected for over/under segmentation. The processed data
were then used to identify broad and focal CNAs using the GISTIC2.0 [34] tool on the publicly
available GenePattern server (http://genepattern.broadinstitute.org/gp/pages/login.jsf) with
default parameters. Thresholds for calling gain and loss were set to + 0.3 considering that a
fully clonal hemizygous deletion in a diploid genome background with a cancer cell fraction of
~ 50% would result in a log2 ratio ~ -0.4, whereas a single copy gain in a similar context would
result in a log2 ratio ~ 0.3.

ag, +2 (1 —oc))

Log, ratio = log, <ch 2 (1=

= —041

5 x 142 (1- .5)
5 x 242 (1— .5))

5 X 342 (1= 5)) _ a4
5 x 2+2 (1— 5)

Log, ratio {hemizygous deletion} = log2<

X

Log, ratio {single copy gain} = log2<

where o is the cancer cell fraction, g, is the total copy number and D is the ploidy.

Only focal CNAs with a q-value < 0.25 and broad CNAs with a g-value < 0.3 were consid-
ered relevant for further analysis [33, 35]. Raw and processed data are available in GEO (http://
www.ncbi.nlm.nih.gov/geo/) under the accession number GSE66136.

Statistical analysis

All sets of data from a specific oral mucosa subsite in a given patient with at least one valid
OPMD/OSCC sample were processed according to the criteria described below and then used
as a statistical unit in all analyses.

With reference to the histological status, in the presence of multiple tissue samples from the
same statistical unit, the most severe diagnosis was taken as the reference standard for further
evaluation. Therefore, we referred to each statistical unit as either OPMD (non dysplastic or
dysplastic) or OSCC.

A similar criterion was used to assign the ploidy to any given OPMD/OSCC in our cohort.
Therefore, the presence of a single DNA aneuploid sample among multiple samples from the
same patient subsite sufficed to assign a DNA aneuploid status to the respective OPMD/OSCC.

Structural aberrations of the genomic DNA include copy number gains or losses. It has not
yet been fully established whether focal or broad (more than a half a chromosome arm) CNAs
differ in their ability to cause genetic instability and to increase the risk of developing cancer in
the oral mucosa. Therefore, we used both focal and broad CNAs detected by the GISTIC2.0
analysis as an index of the extent of genomic DNA damage. In particular, we calculated the
total number of focal CNA gains (TFG) and losses (TFL) which occurred within each OPMD/
OSCC by calculating the sum of the chromosomal cytobands affected by one or more focal
CNA gain or loss events. Likewise, each chromosomal region corresponding to more than half
a chromosomal arm, showing a copy number gain or loss in at least one sample from a given
OPMD/OSCC contributed once to the total number of broad gains (TBG) and total broad
losses (TBL), respectively. By using this approach a single value of focal gain, focal loss, broad
gain and broad loss aberration was obtained for each OPMD/OSCC.
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In order to investigate the relationships among CNAs, DNA ploidy and histology, we per-
formed the analysis of single or stratified 2 by 2 contingency tables using Fisher's exact test.

When indicated, the Breslow-Day (BD) test was applied to assess the homogeneity of the
odds ratios for stratified 2 by 2 tables and a two-tailed Mann—Whitney (MW) U test was
applied to compare count data from two groups.

Cohen’s Kappa coefficient was calculated to evaluate the co-occurrence of CNAs in OPMD/
OSCC samples.

To address the problem of multiple testing, we calculated false discovery rates (FDR) q-val-
ues downstream from the selection of CNAs made by GISTIC2.0, as per Carlson et al. [36]
http://research.microsoft.com/en-us/um/redmond/projects/ MSCompBio/FalseDiscoveryRate/
default.aspx.

This method was specifically designed for 2 by 2 contingency tables [36]. In the present
analysis we chose to filter out the tests that can be proven to be irrelevant [36]. An FDR q-value
method [37-39] was also applied for multiple testing corrections in the evaluation of the rela-
tionships among DNA aneuploidy, histology, total CNAs and oral subsite.

We adopted an arbitrary q-value threshold of 0.1 (or 10%) based on previous reports [40,
41] so as to keep the rate of false-positive findings as low as possible and hence to increase our
ability to identify biologically relevant associations.

Results

Relationship between DNA ploidy, histology and oral mucosa subsite in
OPMDs and OSCCs

To assess the relationship between the DNA ploidy status (DNA diploid, DI = 1 or DNA aneu-
ploid, DI # 1 and histology in OPMDs and OSCCs, all bioptic samples obtained from the
enrolled patients were processed to obtain nuclei suspensions and analyzed by hr DNA-FCM
to measure the DI values.

Fig 1 shows that the DNA aneuploidy/DNA diploid ratio was lowest in ND-OPMDs, inter-
mediate in D-OPMDs and highest in OSCCs (ND-OPMD vs. D-OPMD, P = 2.8E-03,

q = 2.8E-03; ND-OPMD vs. OSCC, P = 1.3E-15, q = 3.9E-15; D-OPMD vs. OSCC, P = 1.9E-03,
q = 2.8E-03).

When we tested the hypothesis that the occurrence of DNA aneuploidy differed between
tongue (TNG) and buccal mucosa (BM) OPMDs/OSCCs, we found that the proportion of
DNA aneuploidy was higher in ND-OPMDs limited to TNG mucosa (i.e., from patients with
OPMDs/ OSCCs only in the TNG mucosa) compared to ND-OPMDs limited to the BM
(P=3.6E-03,0R4.9,CI 1.6-15.2, q = 1.3E-02) and in D-OPMD/OSCC limited to the TNG
mucosa compared to D-OPMD/OSCC limited to the BM (P = 6.6E-03, OR 5.7, CI 1.4-24,

q = 1.3E-02) (Fig 2A). A comparison of samples from patients who had OPMDs/OSCCs in
multiple oral subsites showed that the occurrence of DNA aneuploidy was similar between
TNG and BM (Fig 2B).

Relationship between CNAs, DNA ploidy and histological diagnosis in
OPMDs and OSCCs

To explore the association between CNAs and histology in OPMDs and OSCCs and to verify
the expected association between CNAs and DNA aneuploidy, the genomic DNA obtained
from a subset of mucosa samples of the enrolled patients underwent whole genome amplifica-
tion, and was analyzed using aCGH (Table 2).
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Fig 1. Relationship between DNA aneuploidy and histological diagnosis in OPMDs/OSCCs. DNA
diploid oral potentially malignant disorders (OPMDs) and oral squamous cell carcinomas (OSCCs) are shown
in white stacked bars, while DNA aneuploid OPMDs/OSCCs are shown in black stacked bars. Non-dysplastic
oral potentially malignant disorder (ND-OPMD); dysplastic oral potentially malignant disorder (D-OPMD).
Significant P-values (P < 0.05) are shown. The FDR g-value method was applied for multiple testing (n = 4)
correction; g-values < 0.1 are indicated in bold. N = 331 OPMDs/OSCCs; N =224 ND-OPMDs; N = 34
D-OPMDs; N =73 OSCCs.

doi:10.1371/journal.pone.0142294.g001

Eighty significant CNAs in our sample set were identified by GISTIC2.0 (see S1 and S2
Tables). The absence or presence of these CNAs versus ploidy status (DI =1 or DI # 1) and
versus histology (ND-OPMD or D-OPMDs/OSCCs) were evaluated by 2 by 2 contingency
table analysis. By using this approach we found that 6 CNAs were associated with DNA aneu-
ploidy and 2 CNAs were associated with a DNA diploid status in ND-OPMDs (Table 3),
whereas in D-OPMDs/OSCCs, 21 CNAs were associated with DNA aneuploidy and none with
DNA diploid status (Table 3). Concerning the relationship between CNAs and histology of the
samples, 12 CNAs were associated with D-OPMDs/OSCCs and 1 with ND-OPMDs (Table 4).

Relationship between CNAs and anatomical subsite: BM or TNG
OPMDs and OSCCs

To verify whether some CNAs were differentially found between high- and low risk oral
mucosa subsites in patients affected by OPMDs/OSCCs [42], we analyzed the distribution of
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A DNA aneuploid occurence in B DNA aneuploid occurence in
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_ restricted to TNG or BM including TNG or BM
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Fig 2. Relationship between DNA aneuploidy, histological diagnosis in OPMDs/OSCCs and oral subsite TNG or BM. (A) shows the results of the
analysis of oral potentially malignant disorders (OPMDs) and oral squamous cell carcinomas (OSCCs) limited to the tongue (TNG) or buccal mucosa (BM)
mucosa; (B) shows the results of the analysis of TNG or BM from patients with OPMDs/OSCCs in multiple oral subsites. Non-dysplastic OPMDs
(ND-OPMDs); dysplastic OPMDs (D-OPMDs). DNA diploid oral mucosa sites are shown in white stacked bars, while DNA aneuploid oral mucosa sites are
shown in black stacked bars. Significant P-values (P < 0.05) are indicated. The FDR g-value method was applied for multiple testing (n = 4) correction; g-
values < 0.1 are indicated in bold. (A) N = 163; N =22 TNG and N = 82 BM ND-OPMDs; N =43 TNG and N = 16 BM D-OPMDs/OSCCs. (B) N=56; N =18
including TNG and N = 24 including BM ND-OPMDs; N = 7 including TNG and N = 7 including BM D-OPMDs/OSCCs.

doi:10.1371/journal.pone.0142294.9002

the 80 CNAs identified by GISTIC2.0 between TNG and BM. In fact, these are sites at high and
low risk of cancer development, respectively [42].
The results showed that 3 CNAs, namely the 8q, 8q24.3 and 20q13.33 gains were associated

with TNG OPMDs and OSCCs (Table 5). Stratified analysis for the two histological groups
(ND-OPMDs and D-OPMDs/OSCCs) performed for each of these three CNAs did not show
any significant differences in odds-ratios (BD tests not significant). Furthermore, the 8q,
8q24.3 and 20q13.33 gains appeared to be associated with DNA aneuploidy (P-values: 4.6E-03,
9.0E-03, 3.6E-03, respectively), while only the 8q gain was associated with DNA aneuploidy in
ND-OPMDs (P-value = 2.1E-02). These associations were all significant for multiple test cor-
rection at q-value < 0.1. It is noteworthy that the 8q24.3 and the 20q13.33 gains frequently co-
occurred in the same samples and they showed a very high correlation (Cohen’s
Kappa = 0.886, Pearson’s Chi-Square P = 1.1E-13).

Additionally, when we focused our analysis on ND-OPMDs we found that the 14q32.33
gain was associated with TNG ND-OPMDs (P-value = 2.9E-03, g-value = 1.6E-02) and with
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@'PLOS ‘ ONE

DNA Aneuploidy and CNAs in OPMDs

Table 3. Association of CNAs with ploidy status in OPMDs/OSCCs. P-values and g-values of the associations are the indicated.

CAN Diploid (DI = 1) Diploid (DI = 1) Aneuploid (DI # 1) Aneuploid (DI # 1) CNA-ploidy p- q-

OPMDs/OSCCs OPMDs/OSCCs OPMDs/OSCCs without OPMDs/OSCCs with prevalence value value

without CNAs with CNAs CNAs CNAs

ND-OPMDs
8p gain 35 0 7 4 DI #1 0.0020 0.0089
8p11.23 35 0 7 4 DI #1 0.0020 0.0089
gain
14932.33 10 25 9 2 DI=1 0.0036 0.0198
gain
8q gain 34 1 7 4 DI #1 0.0088 0.0268
19q loss 35 0 8 3 DI #1 0.0109 0.0268
19p loss 35 0 8 3 DI #1 0.0109 0.0268
11p15.5 15 20 9 2 Dl =1 0.0376 0.0613
gain
15q11.1 32 8 7 4 DI #1 0.0458 0.0613
gain
D-OPMDs/OSCCs

20q gain 26 0 13 9 DI #1 0.0003 0.0027
20p gain 25 1 12 10 DI # 1 0.0011  0.0051
20913.33 17 9 4 18 DI #1 0.0014 0.0051
gain
2q11.2 24 2 12 10 DI #1 0.0059 0.0145
gain
9p21.3 24 2 12 10 DI #1 0.0059 0.0145
loss
9p13.3 25 1 14 8 DI # 1 0.0071  0.0203
gain
8q gain 23 3 12 10 DI #1 0.0111 0.0234
3p loss 26 0 17 5 DI # 1 0.0154 0.0245
1p32.2 26 0 17 5 DI # 1 0.0154 0.0245
gain
4g35.1 25 1 15 7 DI #1 0.0167 0.0245
loss
1944 gain 25 1 15 7 DI #1 0.0167 0.0245
13q loss 25 1 15 7 DI #1 0.0167 0.0245
13932.1 25 1 15 7 DI #1 0.0167 0.0245
loss
1942.13 24 2 14 8 DI #1 0.0293 0.0369
gain
2g22.1 26 0 18 4 DI #1 0.0376  0.0387
loss
2q gain 26 0 18 4 DI #1 0.0376  0.0387
2p gain 25 1 16 6 DI #1 0.0376  0.0387
5p gain 25 1 16 6 DI #1 0.0376  0.0387
16924.3 19 7 9 13 DI #1 0.0395 0.0438
gain
16p13.3 15 11 6 16 DI # 1 0.0447 0.0438
gain
doi:10.1371/journal.pone.0142294.t003
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Table 4. Association of CNAs with sample histology. P-values and g-values of the associations are the indicated.

CAN ND-OPMDs without = ND-OPMDs with D-OPMDs/OSCCs D-OPMD/OSCCs CNA-histology p- q-
CNAs CNAs without CNAs with CNAs prevalence value value
4935.1_loss 46 0 40 8 D-OPMD/OSCC 0.0057 0.0665
13q_loss 46 0 40 8 D-OPMD/OSCC 0.0057 0.0665
5p_gain 46 0 41 7 D-OPMD/OSCC 0.0124 0.0665
20p_gain 44 2 37 11 D-OPMD/OSCC 0.0145 0.0665
7q_gain 45 1 39 9 D-OPMD/OSCC 0.0156 0.0665
9p13.3_gain 45 1 39 9 D-OPMD/OSCC 0.0156 0.0665
9p21.3_loss 43 3 36 12 D-OPMD/OSCC 0.0224 0.0747
9p_loss 46 0 42 6 D-OPMD/OSCC 0.0266 0.0747
4q_loss 46 0 42 6 D-OPMD/OSCC 0.0266 0.0747
14911.2_gain 39 7 47 1 ND-OPMD 0.0288 0.0747
13932.1_loss 45 1 40 8 D-OPMD/OSCC 0.0307 0.0747
1944_gain 45 1 40 8 D-OPMD/OSCC 0.0307 0.0747
3g27.1_gain 43 3 37 11 D-OPMD/OSCC 0.0404 0.0762

doi:10.1371/journal.pone.0142294.t004

DNA diploid rather than DNA aneuploid ND-OPMDs (P = 9.7E-03). In this case, stratified
analysis showed a statistically significant difference between the two histological groups
(ND-OPMDs and D-OPMDs/OSCCs) (BD test P = 6.3E-3).

Relationship between total focal and broad CNAs and histology in
OPMDs and OSCCs

To determine whether the total DNA damage in terms of CNAs was differently distributed
between the two histology groups (ND-OPMD versus D-OPMD/OSCC), the CNA data identi-
fied by the GISTIC analysis were processed as described in the Materials and Methods section,
and the TFG, TBG, TFL and TBL were calculated for each histology group (Fig 3). Statistical
analysis performed with the non-parametric MW two-tailed test showed that TBG, TFL and
TBL were significantly higher in the D-OPMDs/OSCCs (P = 3.3E-02, P = 2.9E-02 and

P = 4.6E-03, respectively; 95% CI) (Fig 3).

Relationship between total focal and broad CNAs and DNA ploidy in
OPMDs and OSCCs

To assess the distribution of chromosomal aberrations in OPMDs and OSCCs between the two
DNA ploidy categories, total DNA damage scores were again explored using the non-paramet-
ric Mann-Whitney statistic. TBG and both TFL and TBL were significantly associated with
aneuploid OPMDs/OSCCs (MW test P = 1.2E-04, P = 1.3E-03 and P = 1.2E-05, respectively)
(Fig 4A). However, when the ND-OPMDs were analyzed separately, we observed that only the
TBL was significantly associated with the DNA aneuploid ND-OPMDs (MW test P = 1.6E-03)

Table 5. CNAs associated with TNG or BM OPMDs/OSCCs. P-values and g-values of the associations are the indicated.

CAN BM OPMDs/OSCCs BM OPMDs/OSCCs TNG OPMDs/OSCCs TNG OPMDs/ CNA-site p- q-
without CNAs with CNAs without CNAs OSCCs with CNAs prevalence value value

20q13.33_gain 20 7 15 28 TNG 0.0029 0.0303

8024.3_gain 19 8 14 29 TNG 0.0030 0.0377

8g_gain 26 1 30 13 TNG 0.0064 0.0508

doi:10.1371/journal.pone.0142294.t005
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Fig 3. Relationship between total CNAs and histological diagnosis in OPMDs/OSCCs. The bottom and
the top of each box show the first and third quartile, respectively, while the line inside the box represents the
median (second quartile). Please notice that when the median is not shown, its value = 0. The tips of the
whiskers represent the minimum and the maximum data value. Oral potentially malignant disorders
(OPMDs); oral squamous cell carcinomas (OSCCs); non-dysplastic oral potentially malignant disorders
(ND-OPMDs); dysplastic oral potentially malignant disorders (D-OPMDs). CNAs are referred to as: total focal
gains, TFG; total broad gains, TBG; total focal losses, TFL; total broad losses, TBL. Broad gains and broad
losses correspond to gains or losses of more than half a chromosome arm, respectively. The boxes
corresponding to the number of CNAs detected in ND-OPMD sites are shown in white; the boxes
corresponding to the number of CNAs detected in mucosa sites affected by D-OPMDs and OSCCs are
shown in gray. Significant MW P-values (P < 0.05) and their corresponding g-values are shown. The FDR g-
value method was applied for multiple testing (n = 4) correction; g-values < 0.1 are indicated in bold. N = 94
OPMDs/OSCCs; N = 46 ND-OPMDs; N = 48 D-OPMDs/OSCCs.

doi:10.1371/journal.pone.0142294.g003

(Fig 4B). On the other hand, each of the four total CNAs types we considered was significantly
associated with DNA aneuploid D-OPMDs and OSCCs (MW test P = 7.9E-03, TFG; P = 2.0E-
04, TBG; P = 1.0E-02, TFL; P = 7.0E-03, TBL) (Fig 4C).

Relationship between total focal and broad CNAs and OPMD/OSCC
mucosa subsites

To verify whether the overall genomic damage was differently distributed in the oral mucosa
subsites that were taken into consideration, we measured the total number scores for focal and
broad CNA gains and losses separately (see MM for details) for both TNG and BM subsites
(the most frequent ones in our CGH dataset, Table 1). The analysis showed that the total num-
ber of both focal and broad CNA gains was higher in TNG compared to BM OPMDs/OSCCs
(Fig 5A). A similar result was obtained when only ND-OPMDs were analyzed (Fig 5B). How-
ever, it must be pointed out that after correcting for multiple testing, only the association
between TBG and TNG in OPMDs/OSCCs reached our fixed threshold (q-value = 0.079) (Fig
5A). Lastly, no differences were observed in the total CNA distribution between TNG and BM
D-OPMDs/OSCCs (Fig 5C).
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Fig 4. Relationship between total CNAs and DNA ploidy in OPMDs/OSCCs. (A) shows the number of
total CNAs detected in oral potentially malignant disorders (OPMDs) and oral squamous cell carcinomas
(OSCCs); (B) shows the number of total CNAs detected in non-dysplastic OPMDs (ND-OPMDs); (C) shows
the number of total CNAs detected in dysplastic OPMDs (D-OPMDs) and OSCCs. The bottom and the top of
each box show the first and third quartile, respectively, while the line inside the box represents the median
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(second quartile). Please notice that when the median is not shown, its value = 0. The tips of the whiskers
represent the minimum and the maximum data value. The boxes corresponding to the number of CNAs
detected in DNA diploid sites of oral mucosa are shown in white; the boxes corresponding to the number of
CNAs detected in DNA aneuploid sites of oral mucosa are shown in gray. CNAs are referred to as: total focal
gains, TFG; total broad gains, TBG; total focal losses, TFL; total broad losses, TBL. Broad gains and broad
losses correspond to gains or losses of more than half a chromosome arm, respectively. Significant MW P-
values (P < 0.05) and their corresponding g-values are shown. The FDR g-value method was applied for
multiple testing (n = 4) correction; g-values < 0.1 are indicated in bold. (A) N = 94 OPMDs/OSCCs; N = 58
DNA diploid; N = 36 DNA aneuploid. (B) N = 46 ND-OPMDs; 35 DNA diploid; 11 DNA aneuploid. (C) N =48
D-OPMDs/OSCCs; 24 DNA diploid; 24 DNA aneuploid.

doi:10.1371/journal.pone.0142294.9004

Significant MW P-values (P < 0.05) and their corresponding q-values are shown. The FDR
q-value method was applied for multiple testing (n = 4) correction; q-values < 0.1 are indicated
in bold. A) N =70 OPMDs/OSCCs; N = 43 TNG; N = 27 BM OPMDs/OSCCs. B) N = 37
ND-OPMDs; N =19 TNG; N = 18 BM. C) N = 33 D-OPMDs/OSCCs; N = 24 TNG; N = 9 BM.

Discussion

We investigated the relationship between genomic DNA aberrations in terms of CNAs as
detected by aCGH, DNA aneuploidy or DI # 1 as obtained by hr DNA-FCM, the histology of
the OPMD/OSCC and the oral subsite where the OPMD/OSCC was located. We found that
CNAs and DNA aneuploidy represent early events during the transition from ND-OPMDs to
D-OPMDs and OSCCs.

In particular, we observed an increasing proportion of DNA aneuploidy along the sequence
from ND-OPMD to D-OPMD to OSCC, thus confirming previous results [13, 14, 18].

Our present data refine and extend our previous observation of a strong correlation of DNA
aneuploidy with OPMDs arising on TNG mucosa [43]. Here, we show that both ND-OPMDs
and D-OPMDs/OSCCs limited to TNG mucosa were more frequently associated with DNA
aneuploidy than those limited to BM. The rate of DNA aneuploidy was similar between TNG
and BM in patients affected by OPMDs/OSCCs at multiple oral subsites. This finding suggests
that ND-OPMDs limited to TNG may represent a clinical condition at higher risk of cancer
development compared to ND-OPMD:s in patients with multiple oral mucosa subsite involve-
ment that includes TNG.

Our study also showed that the occurrence of specific CNA gains and losses that were absent
or detected at a low frequency in ND-OPMDs increased in D-OPMDs/OSCCs. We suggest
that the CNAs in this group may play a role in the transition from ND-OPMD to D-OPMD/
OSCC. In particular, we hypothesize that the 1q44, 9p13.3, and 20p gains and the 9p21.3 and
13q32.1 losses which were present at a low frequency in ND-OPMD and at a higher frequency
in D-OPMDs/OSCCs and that were also associated with DNA aneuploidy may help to identify
ND-OPMDs at higher risk of progression. It should be highlighted that the 9p13.3 and 20p
gains were frequently detected in low-grade OPMDs that subsequently progressed to invasive
OSCC [44], and that they were reported at a high frequency in head and neck OSCCs [45],
respectively. It is noteworthy that the LOH at the 9p21.3 region was reportedly linked with
alterations in the INK4a/ARF locus which frequently precede the onset of oral cancer [46].
Interestingly, we observed that the 9p21.3 deletion was the most frequent focal loss in
ND-OPMD, although its absolute proportion was lower in this disorder (about 6%) compared
to the higher frequency (25%) in D-OPMD/OSCC, as previously reported [47]. Lastly, we
found a 1g44 gain and a 13q32.1 loss which have never previously been reported in squamous
cell carcinoma.

We hypothesize that the 5p gain and the 4q35.1 and 13q losses, which were present at low
frequency in D-OPMDs/OSCCs but were never detected in the present study in ND-OPMDs,
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Fig 5. Relationship between total CNAs and histological diagnosis in TNG and BM OPMDs/OSCCs. (A)
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minimum and the maximum data value. CNAs are referred to as: total focal gains, TFG; total broad gains,
TBG; total focal losses, TFL,; total broad losses, TBL. Broad gains and broad losses correspond to gains or
losses of more than half a chromosome arm, respectively. The boxes corresponding to the number of CNAs
detected in TNG OPMDs/OSCCs are shown in white bars, whereas those of CNAs detected in BM OPMDs/
OSCCs are shown in gray bars.

doi:10.1371/journal.pone.0142294.g005

and that were also associated with DNA aneuploidy could represent markers of high risk of
oral epithelial transformation for the D-OPMDs. Interestingly, deletion of the tumor suppres-
sor gene inhibitor of growth family, member 2, located at the 4q35.1 region was associated with
advanced tumor stage in head and neck SCCs [48].

One possible explanation for our finding of the 14q11.2 gain associated with ND-OPMDs is
that this CNA might be unfavorable to the transition to the dysplastic-transformed state.

Our aCGH analysis also showed the preferential association of the 8q, 8q24.3, and 20q13.33
gains with TNG OPMDs/OSCCs and DNA aneuploidy. Furthermore, this analysis suggests
that the 8q, 8q24.3, and 20q13.33 gains could play a specific role in TNG cancer onset and pro-
gression. The meaning of the high frequency of co-occurrence of the 8q24.3 and 20q13.33
CNA gains in OPMDs/OSCCs remains to be established. It should be pointed out that previous
reports showed that chromosome 8 CNAs are common alterations in oral cancers [49] and
that MYC amplification, whose locus is contained in the 8q24.3 region, plays an oncogenic role
[50]. Interestingly, the 8q24.3 gain was previously associated with lymph node extra-capsular
spread, development of second primary malignancies and poor survival in OSCC [51]. In addi-
tion, the 20q13.33 gain was identified in head and neck cancers [52] as well as in OPMDs and
in normal looking mucosa fields distal to OPMDs [14]. At the moment it is not clear whether
the 8q, 8q24.3, and 20q13.33 gains may help in the early identification of high risk
ND-OPMDs. On the other hand, the association of the 14q32.33 gain with TNG ND-OPMDs
and DNA diploid status suggests that this CNA may identify TNG lesions at low risk of epithe-
lial transformation. To the best of our knowledge, the 14q32.33 gain was not commonly
detected in cancer and it likely represents a copy number variation (CNV) that segregates in
prostate cancer patients in high-risk African families [53]. Further studies are required to
establish whether the 14q32.33 gain represents a germline CNV or a CNA associated with a dif-
ferent subgroup of OPMDs/OSCCs from those carrying other CNA gains.

An analysis of total CNAs in OPMDs/OSCCs clearly showed that TBG, TFL and TBL were
higher in D-OPMDs/OSCCs compared with ND-OPMDs, whereas no significant differences
in the extent of TFG were found between the two histological groups. These data might suggest
that TBG, TFL and TBL are more closely related to the development of CIN and to the transi-
tion from non-dysplastic to dysplastic disorders and cancer. An analysis of the relationship
between total CNAs and DNA aneuploidy showed a significant correlation between all the
types of CNAs we considered and DNA aneuploidy in D-OPMDs and OSCCs, whereas a sig-
nificant correlation was only found for the TBL in ND-OPMDs. These results are in agreement
with a suggested role for broad CNA losses in promoting cancer development [54] and the
existence of a link between CIN, loss of heterozygosity and tumorigenesis [55, 56]. However,
we believe that a much larger number of samples needs to be examined before a definitive con-
clusion can be drawn about the difference in TBL between DNA diploid and DNA aneuploid
ND-OPMDs.

The aCGH analysis performed in this study demonstrated a statistical significance for the
higher burden of TBG that we observed in TNG OPMDs/OSCCs compared to those originat-
ing from the BM, which is the most frequent OPMD subsite. These data and the preferential
association of the 8q, 8q24.3, and 20q13.33 gains and of DNA aneuploidy with TNG compared
to BM OPMDs/OSCCs reported herein strongly suggest that these two oral mucosa subsites
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follow different pathways of CIN, e.g. high rate CIN vs. low rate CIN [57], respectively, during
cancer development.

Conclusions

Our study shows that: i) DNA aneuploidy, genomic damage (measured as total number of
CNAs) and specific focal CNAs occur early during the development of oral cancer and become
more frequently found at later stages; ii) OPMDs limited to TNG mucosa display a higher fre-
quency of DNA aneuploidy compared to OPMDs limited to BM mucosa; iii) TNG OPMDs/
OSCCs display peculiar features of genomic instability compared to BM OPMDs/OSCCs,
given the preferential association with total broad and specific focal CNA gains.

A large follow-up study is clearly needed to determine whether specific CNAs and DNA
aneuploidy may help to predict OSCC development in patients with ND-OPMDs.

Supporting Information

S1 Table. Focal CNAs identified in our sample set by GISTIC2.0.
(XLSX)

S2 Table. Broad CNAs identified in our sample set by GISTIC2.0 analysis.
(XLSX)

Acknowledgments

We thank Marina Fabbi for suggestions and comments and Valerie Perricone for editing our
manuscript.

Author Contributions

Conceived and designed the experiments: PC WG DM. Performed the experiments: M. Maffei
CA M. Monticone GC RM. Analyzed the data: GZ SG MP DB. Contributed reagents/materi-
als/analysis tools: GZ DB DM. Wrote the paper: PC WG.

References

1. Bloebaum M, Poort L, Bockmann R, Kessler P. Survival after curative surgical treatment for primary
oral squamous cell carcinoma. Journal of cranio-maxillo-facial surgery: official publication of the Euro-
pean Association for Cranio-Maxillo-Facial Surgery. 2014; 42(8):1572—6. doi: 10.1016/j.jcms.2014.01.
046 PMID: 24636353.

2. Sklenicka S, Gardiner S, Dierks EJ, Potter BE, Bell RB. Survival analysis and risk factors for recurrence
in oral squamous cell carcinoma: does surgical salvage affect outcome? J Oral Maxillofac Surg. 2010;
68(6):1270-5. doi: 10.1016/j.joms.2009.11.016 PMID: 20347201.

3. Awan K. Oral Cancer: Early Detection is Crucial. Journal of international oral health: JIOH. 2014; 6(5):i—
ii. PMID: 25395811; PubMed Central PMCID: PMC4229841.

4. vanderWaal l. Potentially malignant disorders of the oral and oropharyngeal mucosa; terminology,
classification and present concepts of management. Oral oncology. 2009; 45(4—5):317-23. Epub
2008/08/05. doi: 10.1016/j.oraloncology.2008.05.016 PMID: 18674954.

5. Nankivell P, Williams H, Matthews P, Suortamo S, Snead D, McConkey C, et al. The binary oral dyspla-
sia grading system: validity testing and suggested improvement. Oral surgery, oral medicine, oral
pathology and oral radiology. 2013; 115(1):87-94. doi: 10.1016/j.0000.2012.10.015 PMID: 23217539.

6. Brennan M, Migliorati CA, Lockhart PB, Wray D, Al-Hashimi |, Axell T, et al. Management of oral epithe-
lial dysplasia: a review. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 2007; 103 Suppl:S19 e1-2.
Epub 2007/01/30. S1079-2104(06)00816-X [pii] doi: 10.1016/j.tripleo.2006.10.015 PMID: 17257863.

7. Reibel J. Prognosis of oral pre-malignant lesions: significance of clinical, histopathological, and molecu-
lar biological characteristics. Critical reviews in oral biology and medicine: an official publication of the
American Association of Oral Biologists. 2003; 14(1):47—62. Epub 2003/05/24. PMID: 12764019.

PLOS ONE | DOI:10.1371/journal.pone.0142294 November 5, 2015 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142294.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142294.s002
http://dx.doi.org/10.1016/j.jcms.2014.01.046
http://dx.doi.org/10.1016/j.jcms.2014.01.046
http://www.ncbi.nlm.nih.gov/pubmed/24636353
http://dx.doi.org/10.1016/j.joms.2009.11.016
http://www.ncbi.nlm.nih.gov/pubmed/20347201
http://www.ncbi.nlm.nih.gov/pubmed/25395811
http://dx.doi.org/10.1016/j.oraloncology.2008.05.016
http://www.ncbi.nlm.nih.gov/pubmed/18674954
http://dx.doi.org/10.1016/j.oooo.2012.10.015
http://www.ncbi.nlm.nih.gov/pubmed/23217539
http://dx.doi.org/10.1016/j.tripleo.2006.10.015
http://www.ncbi.nlm.nih.gov/pubmed/17257863
http://www.ncbi.nlm.nih.gov/pubmed/12764019

@’PLOS ‘ ONE

DNA Aneuploidy and CNAs in OPMDs

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Bundgaard T, Sorensen FB, Gaihede M, Sogaard H, Overgaard J. Stereologic, histopathologic, flow
cytometric, and clinical parameters in the prognostic evaluation of 74 patients with intraoral squamous
cell carcinomas. Cancer. 1992; 70(1):1—13. Epub 1992/07/01. PMID: 1606528.

Lippman SM, Hong WK. Molecular markers of the risk of oral cancer. The New England journal of medi-
cine. 2001; 344(17):1323-6. Epub 2001/04/26. doi: 10.1056/NEJM200104263441710 PMID:
11320393.

Saito T, Notani K, Miura H, Fukuda H, Mizuno S, Shindoh M, et al. DNA analysis of oral leukoplakia by
flow cytometry. International journal of oral and maxillofacial surgery. 1991; 20(5):259-63. Epub 1991/
10/01. PMID: 1761874.

Saito T, Yamashita T, Notani K, Fukuda H, Mizuno S, Shindoh M, et al. Flow cytometric analysis of
nuclear DNA content in oral leukoplakia: relation to clinicopathologic findings. International journal of
oral and maxillofacial surgery. 1995; 24(1 Pt 1):44—7. Epub 1995/02/01. PMID: 7782640.

Scully C, Burkhardt A. Tissue markers of potentially malignant human oral epithelial lesions. J Oral
Pathol Med. 1993; 22(6):246-56. Epub 1993/07/01. PMID: 8355223.

Bradley G, Odell EW, Raphael S, Ho J, Le LW, Benchimol S, et al. Abnormal DNA content in oral epi-
thelial dysplasia is associated with increased risk of progression to carcinoma. British journal of cancer.
2010; 103(9):1432—42. Epub 2010/09/23. doi: 10.1038/sj.bjc.6605905 PMID: 20859287; PubMed Cen-
tral PMCID: PMC2990600.

Giaretti W, Maffei M, Pentenero M, Scaruffi P, Donadini A, Di Nallo E, et al. Genomic aberrations in nor-
mal appearing mucosa fields distal from oral potentially malignant lesions. Cell Oncol (Dordr). 2012; 35
(1):43-52. Epub 2011/12/07. doi: 10.1007/s13402-011-0064-2 PMID: 22144094; PubMed Central
PMCID: PMC3268978.

Giaretti W, Monteghirfo S, Pentenero M, Gandolfo S, Malacarne D, Castagnola P. Chromosomal insta-
bility, DNA index, dysplasia, and subsite in oral premalignancy as intermediate endpoints of risk of can-
cer. Cancer epidemiology, biomarkers & prevention: a publication of the American Association for
Cancer Research, cosponsored by the American Society of Preventive Oncology. 2013; 22(6):1133—
41.doi: 10.1158/1055-9965.EPI-13-0147 PMID: 23629518.

Giaretti W, Pentenero M, Gandolfo S, Castagnola P. Chromosomal instability, aneuploidy and routine
high-resolution DNA content analysis in oral cancer risk evaluation. Future Oncol. 2012; 8(10):1257—
71. Epub 2012/11/08. doi: 10.2217/fon.12.116 PMID: 23130927.

Sperandio M, Brown AL, Lock C, Morgan PR, Coupland VH, Madden PB, et al. Predictive value of dys-
plasia grading and DNA ploidy in malignant transformation of oral potentially malignant disorders. Can-
cer Prev Res (Phila). 2013; 6(8):822—-31. doi: 10.1158/1940-6207.CAPR-13-0001 PMID: 23761273.

Torres-Rendon A, Stewart R, Craig GT, Wells M, Speight PM. DNA ploidy analysis by image cytometry
helps to identify oral epithelial dysplasias with a high risk of malignant progression. Oral oncology.
2009; 45(6):468—73. Epub 2008/09/23. S1368-8375(08)00225-X [pii] doi: 10.1016/j.oraloncology.2008.
07.006 PMID: 18805043.

Zhang L, Poh CF, Williams M, Laronde DM, Berean K, Gardner PJ, et al. Loss of Heterozygosity (LOH)
Profiles—Validated Risk Predictors for Progression to Oral Cancer. Cancer Prev Res (Phila). 2012; 5
(9):1081-9. Epub 2012/08/23. doi: 10.1158/1940-6207.CAPR-12-0173 PMID: 22911111.

Arduino PG, Bagan J, EI-Naggar AK, Carrozzo M. Urban legends series: oral leukoplakia. Oral dis-
eases. 2013; 19(7):642-59. doi: 10.1111/0di.12065 PMID: 23379968.

Sheltzer JM, Blank HM, Pfau SJ, Tange Y, George BM, Humpton TJ, et al. Aneuploidy drives genomic
instability in yeast. Science. 2011; 333(6045):1026—30. Epub 2011/08/20. doi: 10.1126/science.
1206412 PMID: 21852501; PubMed Central PMCID: PMC3278960.

Thompson SL, Bakhoum SF, Compton DA. Mechanisms of chromosomal instability. Current biology:
CB. 2010; 20(6):R285-95. Epub 2010/03/26. doi: 10.1016/j.cub.2010.01.034 PMID: 20334839.

Yates LR, Campbell PJ. Evolution of the cancer genome. Nature reviews Genetics. 2012; 13(11):795—
806. doi: 10.1038/nrg3317 PMID: 23044827; PubMed Central PMCID: PMCPMC3666082.

Gordon DJ, Resio B, Pellman D. Causes and consequences of aneuploidy in cancer. Nature reviews
Genetics. 2012; 13(3):189-203. Epub 2012/01/25. doi: 10.1038/nrg3123 PMID: 22269907

Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell. 2011; 144(5):646—74. Epub
2011/03/08. doi: 10.1016/j.cell.2011.02.013 PMID: 21376230.

Potapova TA, Zhu J, Li R. Aneuploidy and chromosomal instability: a vicious cycle driving cellular evo-
lution and cancer genome chaos. Cancer Metastasis Rev. 2013; 32(3-4):377-89. doi: 10.1007/
510555-013-9436-6 PMID: 237091 19; PubMed Central PMCID: PMCPMC3825812.

Scully C. Challenges in predicting which oral mucosal potentially malignant disease will progress to
neoplasia. Oral diseases. 2014; 20(1):1-5. doi: 10.1111/0di.12208 PMID: 24320967 .

PLOS ONE | DOI:10.1371/journal.pone.0142294 November 5, 2015 17/19


http://www.ncbi.nlm.nih.gov/pubmed/1606528
http://dx.doi.org/10.1056/NEJM200104263441710
http://www.ncbi.nlm.nih.gov/pubmed/11320393
http://www.ncbi.nlm.nih.gov/pubmed/1761874
http://www.ncbi.nlm.nih.gov/pubmed/7782640
http://www.ncbi.nlm.nih.gov/pubmed/8355223
http://dx.doi.org/10.1038/sj.bjc.6605905
http://www.ncbi.nlm.nih.gov/pubmed/20859287
http://dx.doi.org/10.1007/s13402-011-0064-2
http://www.ncbi.nlm.nih.gov/pubmed/22144094
http://dx.doi.org/10.1158/1055-9965.EPI-13-0147
http://www.ncbi.nlm.nih.gov/pubmed/23629518
http://dx.doi.org/10.2217/fon.12.116
http://www.ncbi.nlm.nih.gov/pubmed/23130927
http://dx.doi.org/10.1158/1940-6207.CAPR-13-0001
http://www.ncbi.nlm.nih.gov/pubmed/23761273
http://dx.doi.org/10.1016/j.oraloncology.2008.07.006
http://dx.doi.org/10.1016/j.oraloncology.2008.07.006
http://www.ncbi.nlm.nih.gov/pubmed/18805043
http://dx.doi.org/10.1158/1940-6207.CAPR-12-0173
http://www.ncbi.nlm.nih.gov/pubmed/22911111
http://dx.doi.org/10.1111/odi.12065
http://www.ncbi.nlm.nih.gov/pubmed/23379968
http://dx.doi.org/10.1126/science.1206412
http://dx.doi.org/10.1126/science.1206412
http://www.ncbi.nlm.nih.gov/pubmed/21852501
http://dx.doi.org/10.1016/j.cub.2010.01.034
http://www.ncbi.nlm.nih.gov/pubmed/20334839
http://dx.doi.org/10.1038/nrg3317
http://www.ncbi.nlm.nih.gov/pubmed/23044827
http://dx.doi.org/10.1038/nrg3123
http://www.ncbi.nlm.nih.gov/pubmed/22269907
http://dx.doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://dx.doi.org/10.1007/s10555-013-9436-6
http://dx.doi.org/10.1007/s10555-013-9436-6
http://www.ncbi.nlm.nih.gov/pubmed/23709119
http://dx.doi.org/10.1111/odi.12208
http://www.ncbi.nlm.nih.gov/pubmed/24320967

@’PLOS ‘ ONE

DNA Aneuploidy and CNAs in OPMDs

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Navone R, Pentenero M, Rostan |, Burlo P, Marsico A, Broccoletti R, et al. Oral potentially malignant
lesions: first-level micro-histological diagnosis from tissue fragments sampled in liquid-based diagnos-
tic cytology. J Oral Pathol Med. 2008; 37(6):358—63. Epub 2008/02/27. JOP636 [pii] doi: 10.1111/}.
1600-0714.2008.00636.x PMID: 18298474,

Thompson L. World Health Organization classification of tumours: pathology and genetics of head and
neck tumours. Ear Nose Throat J. 2006; 85(2):74. Epub 2006/04/04. PMID: 16579185.

Otto FJ. High-resolution analysis of nuclear DNA employing the fluorochrome DAPI. Methods Cell Biol.
1994; 41:211-7. Epub 1994/01/01. PMID: 7861964.

Donadini A, Maffei M, Cavallero A, Pentenero M, Malacarne D, Di Nallo E, et al. Oral cancer genesis
and progression: DNA near-diploid aneuploidization and endoreduplication by high resolution flow
cytometry. Cell Oncol. 2010; 32(5-6):373-83. Epub 2010/05/08. 7W255602480960H8 [pii] PMID:
20448331.

Buffart TE, Tijssen M, Krugers T, Carvalho B, Smeets SJ, Brakenhoff RH, et al. DNA quality assess-
ment for array CGH by isothermal whole genome amplification. Cell Oncol. 2007; 29(4):351-9. PMID:
17641418.

Nilsen G, Liestol K, Van Loo P, Moen Vollan HK, Eide MB, Rueda OM, et al. Copynumber: Efficient
algorithms for single- and multi-track copy number segmentation. BMC genomics. 2012; 13:591. doi:
10.1186/1471-2164-13-591 PMID: 23442169; PubMed Central PMCID: PMC3582591.

Mermel CH, Schumacher SE, Hill B, Meyerson ML, Beroukhim R, Getz G. GISTIC2.0 facilitates sensi-
tive and confident localization of the targets of focal somatic copy-number alteration in human cancers.
Genome biology. 2011; 12(4):R41. doi: 10.1186/gb-2011-12-4-r41 PMID: 21527027; PubMed Central
PMCID: PMC3218867.

Louhimo R, Lepikhova T, Monni O, Hautaniemi S. Comparative analysis of algorithms for integration of
copy number and expression data. Nature methods. 2012; 9(4):351-5. doi: 10.1038/nmeth.1893
PMID: 22327835.

Carlson JM HD, Shani G. Estimating False Discovery Rates for Contingency Tables. Microsoft
research technical report. 2009; MSR-TR-2009-53.37.

Benjamini YH, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach
to Multiple Testing. J R Stat Soc B. 1995; 57:289-300.

Simes RJ. An improved Bonferroni procedure for multiple tests of significance. Biometrika. 1986;
73:751-4.

Storey JD. A direct approach to false discovery rates. J Roy Stat Soc B. 2002; 64:479-98. Unsp 1369-
7412/02/64479 doi: 10.1111/1467-9868.00346 WOS:000177425500009.

Benjamini Y, Yekutieli D. Quantitative trait Loci analysis using the false discovery rate. Genetics. 2005;
171(2):783-90. doi: 10.1534/genetics.104.036699 PMID: 15956674; PubMed Central PMCID:
PMCPMC1456787.

Lee H, Dekkers JC, Soller M, Malek M, Fernando RL, Rothschild MF. Application of the false discovery
rate to quantitative trait loci interval mapping with multiple traits. Genetics. 2002; 161(2):905-14. PMID:
12072484; PubMed Central PMCID: PMCPMC1462147.

Waldron CA, Shafer WG. Leukoplakia revisited. A clinicopathologic study 3256 oral leukoplakias. Can-
cer. 1975; 36(4):1386-92. Epub 1975/10/01. PMID: 1175136.

Castagnola P, Malacarne D, Scaruffi P, Maffei M, Donadini A, Di Nallo E, et al. Chromosomal aberra-
tions and aneuploidy in oral potentially malignant lesions: distinctive features for tongue. BMC cancer.
2011; 11:445. Epub 2011/10/15. doi: 10.1186/1471-2407-11-445 PMID: 21995418; PubMed Central
PMCID: PMC3229618.

Towle R, Tsui IF, Zhu Y, MacLellan S, Poh CF, Garnis C. Recurring DNA copy number gain at chromo-
some 9p13 plays a role in the activation of multiple candidate oncogenes in progressing oral premalig-
nant lesions. Cancer medicine. 2014; 3(5):1170-84. doi: 10.1002/cam4.307 PMID: 25060540; PubMed
Central PMCID: PMC4302668.

Smeets SJ, Braakhuis BJ, Abbas S, Snijders PJ, Ylstra B, van de Wiel MA, et al. Genome-wide DNA
copy number alterations in head and neck squamous cell carcinomas with or without oncogene-
expressing human papillomavirus. Oncogene. 2006; 25(17):2558—64. doi: 10.1038/sj.onc.1209275
PMID: 16314836.

Kresty LA, Mallery SR, Knobloch TJ, Song H, Lloyd M, Casto BC, et al. Alterations of p16(INK4a) and
p14(ARF) in patients with severe oral epithelial dysplasia. Cancer research. 2002; 62(18):5295-300.
Epub 2002/09/18. PMID: 12234999.

Yoshioka S, Tsukamoto Y, Hijiya N, Nakada C, Uchida T, Matsuura K, et al. Genomic profiling of oral
squamous cell carcinoma by array-based comparative genomic hybridization. PloS one. 2013; 8(2):
€56165. doi: 10.1371/journal.pone.0056165 PMID: 23457519; PubMed Central PMCID: PMC3573022.

PLOS ONE | DOI:10.1371/journal.pone.0142294 November 5, 2015 18/19


http://dx.doi.org/10.1111/j.1600-0714.2008.00636.x
http://dx.doi.org/10.1111/j.1600-0714.2008.00636.x
http://www.ncbi.nlm.nih.gov/pubmed/18298474
http://www.ncbi.nlm.nih.gov/pubmed/16579185
http://www.ncbi.nlm.nih.gov/pubmed/7861964
http://www.ncbi.nlm.nih.gov/pubmed/20448331
http://www.ncbi.nlm.nih.gov/pubmed/17641418
http://dx.doi.org/10.1186/1471-2164-13-591
http://www.ncbi.nlm.nih.gov/pubmed/23442169
http://dx.doi.org/10.1186/gb-2011-12-4-r41
http://www.ncbi.nlm.nih.gov/pubmed/21527027
http://dx.doi.org/10.1038/nmeth.1893
http://www.ncbi.nlm.nih.gov/pubmed/22327835
http://dx.doi.org/10.1111/1467-9868.00346
http://dx.doi.org/10.1534/genetics.104.036699
http://www.ncbi.nlm.nih.gov/pubmed/15956674
http://www.ncbi.nlm.nih.gov/pubmed/12072484
http://www.ncbi.nlm.nih.gov/pubmed/1175136
http://dx.doi.org/10.1186/1471-2407-11-445
http://www.ncbi.nlm.nih.gov/pubmed/21995418
http://dx.doi.org/10.1002/cam4.307
http://www.ncbi.nlm.nih.gov/pubmed/25060540
http://dx.doi.org/10.1038/sj.onc.1209275
http://www.ncbi.nlm.nih.gov/pubmed/16314836
http://www.ncbi.nlm.nih.gov/pubmed/12234999
http://dx.doi.org/10.1371/journal.pone.0056165
http://www.ncbi.nlm.nih.gov/pubmed/23457519

@’PLOS ‘ ONE

DNA Aneuploidy and CNAs in OPMDs

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Borkosky SS, Gunduz M, Nagatsuka H, Beder LB, Gunduz E, Ali MA, et al. Frequent deletion of ING2
locus at 4935.1 associates with advanced tumor stage in head and neck squamous cell carcinoma.
Journal of cancer research and clinical oncology. 2009; 135(5):703—13. doi: 10.1007/s00432-008-
0507-y PMID: 18998165.

Yong ZW, Zaini ZM, Kallarakkal TG, Karen-Ng LP, Rahman ZA, Ismail SM, et al. Genetic alterations of
chromosome 8 genes in oral cancer. Scientific reports. 2014; 4:6073. doi: 10.1038/srep06073 PMID:
25123227; PubMed Central PMCID: PMC4133705.

Amati B, Alevizopoulos K, Vlach J. Myc and the cell cycle. Frontiers in bioscience: a journal and virtual
library. 1998; 3:d250-68. PMID: 9468463.

Peng CH, Liao CT, Peng SC, Chen YJ, Cheng AJ, Juang JL, et al. A novel molecular signature identi-
fied by systems genetics approach predicts prognosis in oral squamous cell carcinoma. PloS one.
2011; 6(8):€23452. doi: 10.1371/journal.pone.0023452 PMID: 21853135; PubMed Central PMCID:
PMC3154947.

Lin M, Smith LT, Smiraglia DJ, Kazhiyur-Mannar R, Lang JC, Schuller DE, et al. DNA copy number
gains in head and neck squamous cell carcinoma. Oncogene. 2006; 25(9):1424—-33. doi: 10.1038/sj.
onc.1209166 PMID: 16247453.

Ledet EM, Hu X, Sartor O, Rayford W, Li M, Mandal D. Characterization of germline copy number varia-
tion in high-risk African American families with prostate cancer. The Prostate. 2013; 73(6):614—23. doi:
10.1002/pros.22602 PMID: 23060098.

Salahshourifar |, Vincent-Chong VK, Kallarakkal TG, Zain RB. Genomic DNA copy number alterations
from precursor oral lesions to oral squamous cell carcinoma. Oral oncology. 2014; 50(5):404—12. doi:
10.1016/j.oraloncology.2014.02.005 PMID: 24613650.

Baker DJ, Jin F, Jeganathan KB, van Deursen JM. Whole chromosome instability caused by Bub1
insufficiency drives tumorigenesis through tumor suppressor gene loss of heterozygosity. Cancer cell.
2009; 16(6):475-86. doi: 10.1016/j.ccr.2009.10.023 PMID: 19962666; PubMed Central PMCID:
PMC2842992.

Sotillo R, Schvartzman JM, Benezra R. Very CIN-ful: whole chromosome instability promotes tumor
suppressor loss of heterozygosity. Cancer cell. 2009; 16(6):451—-2. doi: 10.1016/j.ccr.2009.11.014
PMID: 19962661.

Weaver BA, Cleveland DW. The role of aneuploidy in promoting and suppressing tumors. The Journal
of cell biology. 2009; 185(6):935-7. doi: 10.1083/jcb.200905098 PMID: 19528293; PubMed Central
PMCID: PMCPMC2711620.

PLOS ONE | DOI:10.1371/journal.pone.0142294 November 5, 2015 19/19


http://dx.doi.org/10.1007/s00432-008-0507-y
http://dx.doi.org/10.1007/s00432-008-0507-y
http://www.ncbi.nlm.nih.gov/pubmed/18998165
http://dx.doi.org/10.1038/srep06073
http://www.ncbi.nlm.nih.gov/pubmed/25123227
http://www.ncbi.nlm.nih.gov/pubmed/9468463
http://dx.doi.org/10.1371/journal.pone.0023452
http://www.ncbi.nlm.nih.gov/pubmed/21853135
http://dx.doi.org/10.1038/sj.onc.1209166
http://dx.doi.org/10.1038/sj.onc.1209166
http://www.ncbi.nlm.nih.gov/pubmed/16247453
http://dx.doi.org/10.1002/pros.22602
http://www.ncbi.nlm.nih.gov/pubmed/23060098
http://dx.doi.org/10.1016/j.oraloncology.2014.02.005
http://www.ncbi.nlm.nih.gov/pubmed/24613650
http://dx.doi.org/10.1016/j.ccr.2009.10.023
http://www.ncbi.nlm.nih.gov/pubmed/19962666
http://dx.doi.org/10.1016/j.ccr.2009.11.014
http://www.ncbi.nlm.nih.gov/pubmed/19962661
http://dx.doi.org/10.1083/jcb.200905098
http://www.ncbi.nlm.nih.gov/pubmed/19528293

