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Simple Summary: Incisional tissue biopsy is highly invasive, but it remains the current practice
for oral cancer diagnosis through histopathological interpretation. To reduce biopsy invasiveness
without compromising diagnosis, we pioneered a multigene RT-qPCR method for cancer detection
using only a tiny 1 mm? minimally invasive biopsy. Here we presented international multicohort
validation of our second-generation method which involved new genes from matrix/stroma and
immune regulations enabling sensitive, quantitative and precise oral cancer detection in otherwise

ambiguous oral lesions.

Abstract: Background: Heterogeneity in oral potentially malignant disorder (OPMD) poses a problem
for accurate prognosis that impacts on treatment strategy and patient outcome. A holistic assessment
based on gene expression signatures from both the tumour cells and their microenvironment is
necessary to provide a more precise prognostic assessment than just tumour cell signatures alone.
Methods: We reformulated our previously established multigene qPCR test, quantitative Malig-
nancy Index Diagnostic System (QMIDS) with new genes involved in matrix/stroma and immune
modulation of the tumour microenvironment. An algorithm calculates and converts a panel of 16
gene mRNA expression levels into a qMIDS index to quantify risk of malignancy for each sample.
Results: The new qMIDSV? assay was validated in a UK oral squamous cell carcinoma (OSCC)
cohort (n = 282) of margin and tumour core samples demonstrating significantly better diagnostic
performance (AUC = 0.945) compared to previous qMIDSV! (AUC = 0.759). Performance of qMIDS"?
were independently validated in Chinese (n = 35; AUC = 0.928) and Indian (n = 95; AUC = 0.932)
OSCC cohorts. Further, 5-year retrospective analysis on an Indian dysplastic lesion cohort (1 = 30)
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showed that qMIDSV? was able to significantly differentiate between lesions without transformation
and those with malignant transformation. Conclusions: This study validated a novel multi-gene
qPCR test on a total of 535 tissue specimens from UK, China and India, demonstrating a rapid
minimally invasive method that has a potential application for dysplasia risk stratification. Further
study is required to establish if qMIDS"?
guide treatment strategy and reduce oral cancer burden.

could be used to improve OPMD patient management,

Keywords: molecular diagnostics; early oral cancer biomarkers; gMIDS; squamous cell carcinoma;
FOXM1 diagnostic biomarkers; microenvironment; prognostic biomarkers; clinical translation;
personalised medicine; early detection; oral premalignant disorders; dysplasia

1. Introduction

The global cancer statistics 2020 (GLOBOCAN 2020) indicated oral cancer (including
lip, C00-CO06) as one of the eight leading cancer types for both incidence and mortality
in men [1]. Although there have been many advances in surgery, reconstruction [2], full
dental rehabilitation and psychological support leading to improved survival and better
quality of life [3], there is still a great need to reduce the morbidity and mortality of this
most socially disabling cancer by improving early detection and treatment.

Oral squamous cell carcinoma (OSCC) represents a large proportion of head and
neck cancers. Majority of OSCC patients have some form of pre-existing oral potentially
malignant disorder (OPMD) lesions amenable to early diagnosis and risk stratification [4-8].
OPMDs are very common with overall prevalence ranging from 10.54% in Asia, 3.94%
in South America, 3.72% in Middle East, 3.07% in Europe and 0.11% in North Amer-
ica [9]. Although over 70% of OSCC are preceded by OPMDs [4,5,10], pathologists are
sometimes not in agreement as histopathological grading of epithelial dysplasia is com-
plex [11], time-consuming, subjective and susceptible to misdiagnosis due to sampling
error [6,7,12,13]. Although a number of clinical trials have investigated non-surgical in-
terventions for treating OPMDs to prevent malignant transformation, none have shown
significant clinical responses [14-17]. At present there is currently no quantitative method
in widespread use for OPMD malignant transformation risk assessment. Therefore, most
if not all OPMD patients are either put on regular surveillance or are biopsied and put
on a variable period of review before discharge [4-6,8,12]. Hence, for the low-risk OPMD
patients, regular review will result in unnecessary health service costs and may cause con-
tinued anxiety for the patients. For the high-risk patients (<12%) [10], early discharge from
review will probably result in late presentation of OSCC resulting in increase in morbidity
and treatment costs and increased risk of death.

A systematic review estimated that OPMD has a 12% mean risk of malignant pro-
gression [10]. In the UK, it was found that only 7% of OPMD patients, referred using the
two-week ‘fast-track’” suspected cancer referral system, actually developed OSCC [18]. An
audit (2002-2012) carried out in a UK district general hospital found a significant 450%
increase in the annual number of ‘fast-track’ referral patients but cancer detection rate
decreased by 50% [19] indicating an unnecessary burden on secondary care due to large
number of false positives being referred. Another UK National Head and Neck Cancer
Audit (2014) found that over 70% of patients waited between 10 and 21 days from biopsy
to pathology reporting. It is known that delayed treatment directly causes poor long-term
morbidity and survival [4,6,20,21]. Cost-effectiveness studies in UK and Taiwan have inde-
pendently shown significant cost savings when OSCC patients were treated at early stages
(premalignant or stage 1) compared to late stages 2—4 [22,23]. Collectively, these evidenced
a huge burden to the healthcare systems. It is clear that early OSCC diagnosis is the key to
improving patient outcome [4,6,20-23]. Therefore, a rapid cost-effective diagnostic method
that can identify high-risk OPMD patients would help alleviate the current disease and
financial burdens for treating OPMD and OSCC patients.
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With a multi-gene expression qPCR test such as the quantitative Malignancy Index
Diagnostic System (qQMIDS) which requires only 1 mm? tissues for diagnosis, we have previ-
ously demonstrated utility for quantitative OSCC diagnosis and for OSCC surgical margin
analysis [24]. Although OPMDs may exhibit different molecular signature to that found in
tumour, it is known that high-risk OPMDs exhibit chromosomal and genomic instability
alterations indicative of malignant transformation [25]. As chromosomal, epigenomic and
genomic perturbations would likely lead to altered transcriptome profile, utilising a panel
of gene expression signature as surrogate disease markers as in qMIDS [24] or others [26-29]
has shown to be effective for predicting risk of early malignant transformation in OPMDs.

Over the course of development and validation of the gqMIDS test for early OSCC
diagnosis and prognosis, we previously tested 1761 individual 1-mm? tissue specimens
collected from 427 patients represented by Caucasians, South Asians and East Asians [24,30].
As the qMIDS test involves measuring 16 genes (14 target + 2 reference) in each sample,
this generated a large resource of gene expression data (24,654 data points) from clinical
samples. Although all 14 target genes were originally found to be differentially expressed
between normal and cancer cell lines [24], a closer look in our gMIDS clinical sample dataset
showed that some genes turned out to be less differentially expressed in tissue samples
compared to cell lines. This study investigated the possibility to evolve and improve our
original qMIDSV! assay [24,30] by including new genes with functions in stroma/matrix
and immune regulation to enhance diagnostic performance for early oral cancer detection
and/or to predict malignant transformation in OPMDs.

2. Materials and Methods
2.1. Clinical Samples

The use of human tissue was approved by the relevant Research Ethics Committees
at each institution: Queen Mary University of London (UK NREC:06/MRE03/69 and
QMERC20.142), Kasturba Hospital, Manipal (IEC 343/2017), King George’s Medical Uni-
versity, Lucknow, India (104th ECM IIA /P18), Affiliated Cancer Hospital & Institute of
Guangzhou Medical University, Guangzhou, China (GMU32/2019). All tissue samples
were collected according to local ethical committee-approved protocols and informed
patient consent was obtained from all participants. Clinico-histopathological reports of
the tissue samples were obtained from collaborating clinicians and pathologists at each
institution. Inclusion and exclusion criteria for all cohorts: all available tissue surplus to
diagnosis at each institution that were clinicopathologically confirmed to be normal oral
mucosa, oral lichen planus, oral leukoplakia, oral submucous fibrosis and sporadic oral
squamous cell carcinomas were included except the following exclusion criteria: 1, samples
that failed to provide sufficient quality RNA to enable SYBR green fluorescent detection of
2 reference genes (YAP1 and POLR2A) with cycle threshold >35 by RT-qPCR quantification
(see below). In the UK cohort, only margin samples with histologically normal epithelium
were included.

Dysplasia cases were graded according to the World Health Organization (WHO)
2017 OED grading criteria into mild, moderate or severe (reviewed in [11]). Of the
70 dysplasia cases, 30 cases (2010-2016) had clinical follow-up (of at least 12 months) out-
come data whereby patients that did not develop OSCC were classified as non-transformed
and patients that developed OSCC within a 5-year period were classified as transformed
(Table 1).
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Table 1. Clinicopathological features of dysplasia cases with 5-year clinical outcome.

Feature

Category Feature Subcategory Non-Transformed  Transformed  p-Value
Age Mean/Median 51.5/50.0 54.1/54.0 0.571 2
Standard Deviation 13.0 11.3 ’
Follow Up :
(months) Mean/Median 38.4/36.0 6.7/19 <0.001 3
Interquartile Range 24 12
Sex Male 14 11 b
Female 1 4 0.329
Site Buccal Mucosa 10 9 b
Others 5 6 1.000
Dysplasia, Mild 4 2
WHO 2017 Moderate 7 4 0.182 ¢
Severe 4 9
Tobacco Smoke-less 10 9 b
Smoking 5 6 0.710

a Gtudent’s t-test; P Fisher’s exact test; ¢ Pearson’s chi-square test.

For the UK and China cohorts, fresh oral tissues were preserved in RNALater (#AM7022,
Ambion, Applied Biosystems, Warrington, UK) and stored short-term at 4 °C (1-7 days)
prior to subsequent storage at —20 °C until mRNA extraction (Dynabeads mRNA Direct
kit, Invitrogen, ThermoFisher Scientific, Paisley, UK) [24,30]. In the Indian cohort, FFPE
samples were each (2-8 curls of 10 um thick sections) deparaffinised with xylene (1 mL,
repeated once) followed by rehydration (1 mL each of 100%, 90% then 70% ethanol) prior
to air drying (60 °C, 5 min) followed by total RNA purification (Qiagen FFPE RNeasy Kit,
#73504). All samples were coded, link-anonymised and tested blindly to ensure that the
gMIDS assays were performed objectively. All patient demographic distribution data (age,
sex, substance use habits, and anatomical sites of lesion) associated with tissue samples
used in this study are summarised in Figure 1 and Table 1. All digital clinicopathological
records were stored in password-protected computer files.

2.2. The gMIDS Assay

The gMIDS assay methodology was performed as described previously [24,30] with
minor modifications. Briefly, in the qMIDS assay, the present assay format involves using
either qPCRBIO SyGreen 1-Step Go (PCR Biosystems, London, UK, PB25.31-12) for one-step
using RNA as input material or qPCRBIO SyGreen Blue Mix Lo-ROX (PCR Biosystems,
PB20.15-51) for two-step using cDNA as the input material. Relative quantification of 14 target
genes and 2 reference genes were performed using a 384-well format LightCycler 480 gPCR
system (Roche, Basel, Switzerland) based on our previously published protocols [24,31-33],
which are MIQE compliant [34]. Briefly, thermocycling begins with 45 °C for 10 min (for
reverse transcription—this step is omitted when using the 2-step reagent with cDNA as
input material) followed by 95 °C for 30 s prior to 45 cycles of amplification at 95 °C for 1 s,
60 °Cfor 1s,72 °C for 15,78 °C for 1 s (data acquisition). To maximise primer specificity,
we included a ‘touch-down’ annealing temperature intervention (prior to the amplification
step) with a starting temperature at 66 °C followed by a stepwise reduction of 0.6 °C/cycle;
8 cycles. After the amplification step, melting analysis (95 °C for 30 s, 75 °C for 30 s, 75-99 °C
at a ramp rate of 0.57 °C/s) was performed to validate single product amplification in each
well (See Supplementary Materials Figure S1). A second derivative maximum algorithm [35]
(Roche) was used to calculate the relative ratios of mRNA transcripts (target:reference). All
primers for qMIDSV! were published previously [24], whereas, qMIDSY? primers are provided
in Supplementary Materials Table S1. Each target gene was normalised to both YAP1 and
POLR2A reference genes, as validated previously to be the most stable reference genes across
a wide range of human primary epithelial keratinocytes, dysplastic and HNSCC cell lines [31],
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using the GeNorm algorithm [36]. The qMIDSV! vs qMIDS"? workflow and detail 384-well
qPCR assay methods are provided in Supplementary Materials Figure S1. Relative expression
data were then exported into Microsoft Excel for computing qMIDS scores based on our
previously published qMIDS algorithm [24]. No template controls (NTC) were prepared
by omitting tissue sample during RNA purification and eluates were used as NTCs for
gMIDS assay.

UK China India

Age: (60.8/59.4) (49.5/45.1) (47.0/46.8)
(Median/Mean) No Data 1(3%)
No Data
36 (21%) Female
» Male Male 65(30%)
Female 14(40%)
56(33%) 153(70%)
Other
5(3%)

= Asian
= 62(36%)
0O Han Chinese Asian

c . 35(100%) 218(100%)
= Caucasian
m 103(61%)

Q

u 0,

C (25%) Smokeless Tobacco
7 No Data B & Alcohol
_g :t:U Tobacco

= & Alcohol Smoke
(7p] & Smok B v
Smokeless & Smoke (2%, “-None (5%)
9 il 5(2%
Pharynx 10{4%) T?asl.lipsclz((g.)s%) Gingival - Others 9(a%)
— Palate 13(5%) o 17(8%)"
8 2F1?7|\£) 4(11%) 1t;'(lp
£ ey i B
Gingival b Gingival 6 ongue
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- oL N JongHc
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Figure 1. Summary of patient demographic data (age, sex, ethnicity, substance use habits and tissue
anatomical sites) associated with all tissue samples used in this study from UK, China and India,
respectively. The number of samples are indicated within the pie-chart with % in parenthesis under
each data labels. In the UK cohort, each patient contributed either single or multiple samples (paired
margins, core and neck metastasis), hence the total number of UK patients were 170 contributing
282 specimens. In China and India cohorts, each patient provided only a single tissue specimen.
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2.3. Statistical Analysis

Scatter plots were analysed using polynomial regression (y = a + byx + byx? + bsx®) on
both raw and Log, ratio data of each target gene to survey its correlation with qMIDS values.
Statistical t-tests p values were used for differential analysis between two groups of data.
Mann-Whitney U nonparametric test was also used to test between two groups of data
with skewed distribution. Fisher’s exact test and Pearson’s chi-square test were used for
multi-dimension small sample size datasets. Diagnostic test performance comparison data
were calculated using a Diagnostic Test Calculator [37]. Receiver operating characteristics
(ROC) curves were generated from qMIDS data to obtain area under the ROC curves (AUC)
to assess assay diagnostic performance. Beeswarm Boxplots were created in R (version
2.13.1; The R Foundation for Statistical Computing) [38].

3. Results
3.1. Gene Selection

Since our first publication validating the use of qMIDS for early OSCC diagnosis [24],
we have accumulated large number of gMIDS data on 1761 tissue fragment samples (each
with relative gene expression values of 14 target genes) from normal and disease (OPMD
or OSCC) tissue specimens donated by patients from UK and Norway, totalling to 24,654
gene expression data points. Over the course of optimising the qMIDS assay for OSCC
diagnosis, we noticed that some target genes were less contributory which may have
compromised the performance of the original qMIDSV! test’s ability to discriminate be-
tween low and high risk OPMDs. Therefore, using our previous gMIDSV! (RT-qgPCR) data
generated from clinical samples as a training dataset, we aimed to remove less significant
differentially expressed genes from the gMIDS gene panel. We subjected our gqMIDSV?
data to two methods of analyses: 1. Distribution with correlation regression analysis,
and, 2. threshold (cut-off at 4.0 [24]) methods. For the distribution method, we first per-
formed a correlation regression analysis between each gene with qMIDSY! index value
for each of the n = 1761 samples, generating scattered dot-plots with regression analysis
(Supplementary Materials Figure S2). We then subjected our dataset to three methods of
sub-groupings (following equal, skewed or Gaussian distributions) prior to linear and poly-
nomial curve-fitting methods to access how well each gene correlated with qMIDSV! index
values (Supplementary Materials Figure S3A). For the threshold method, we segregated
samples into normal (1 = 1189) vs. disease (1 = 572) based on our previously determined
cut-off value at 4.0 [24]. The Student’s t-test was performed on each of the 14 target genes
(Figure S2, beeswarm plots on right panels) where p values and fold changes are shown in
Supplementary Materials Figure S3B. Final gene arbitrary scores were calculated from both
methods whereby 6 genes (HOXA7, CENPA, NEK2, DNMT1, FOXM1, IVL) scored > 7 and
8 genes (MAPKS, CCNB1, AURKA, CEP55, BMI1, HELLS, DNMT3B, ITGB1) scored below
7 (Figure 2A; Supplementary Materials Figure S3C).
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Figure 2. Comparisons between gqMIDSY! and qMIDSV2. (A) Biomarker gene panel and their
respective functional groups in qMIDSY! compared to gMIDSY2. Diagrams indicate the removal of

less influential genes from q[MIDSVl

and replacement of new genes with functional regulation of
stroma matrix and immune modulation in gMIDSV2. The gMIDS algorithm [24] was used to compute
16 gene expression levels into a gMIDS malignancy index (MI) for each sample. (B), Case study
using a single OSCC tumour core tissue biopsy for gMIDSV! and qMIDSVY? comparison. Photograph
showing the cut site of a strip of tissue across the tumour sample which was subsequently dissected
into 10 pieces of 1 mm? tissue fragments. Each fragment was subjected to qMIDSV! and gMIDSV?
assays simultaneously and their corresponding qMIDS indexes were shown adjacent to the data
points. Of note, some fragments (e.g., S1, S2 and S10) showed much larger differences between
gMIDSY! and qMIDSY? which may reflect the molecular heterogeneity across the tumour tissue.
(C), Data from (B) were plotted as box-whisker dot plots (box horizontal lines represent median and
25-75% percentiles, whiskers represent lowest and highest values, outliers are beyond the whiskers),
t-test were performed. p-values were indicated in the panel above. (D), Similar to methods in (B,C),
each sample was cut into 9-24 fragments for gMIDSY! and qMIDS"? comparison whereby paired
and unpaired margin and tumour core samples were analysed. A total of n = 498 sub-fragments
(from paired samples of 7 patients) and n = 204 sub-fragments (unpaired samples of 10 patients) were
independently analysed. Top panels show box-whisker dot plots of individual fragments for each
patient (x-axis showed individual patients” sample IDs). Panels below show box-whisker dot plots of
average values of all fragments from each sample and corresponding statistical t-test p-values.
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3.2. Reformulate Gene Panel for gMIDS Assay

To reduce the number of biomarkers measured in the qMIDS gene panel, we tested if
a gene panel of 12, 10, 8 or 6 (instead of 14) genes could maintain the gMIDS diagnostic
accuracy and sensitivity. Unfortunately, reducing from 14 to 12, 10, 8 or 6 genes rendered
the qMIDS test results progressively inferior and unreliable (data not shown). Hence, to
maintain diagnostic performance and assay consistency with our previously validated
gMIDS assay format [24,30] (see Supplementary Materials Figure S1), we opted for replac-
ing those 8 less influential genes (with score < 7) by adding back 8 new candidate genes
(selected through literature review and Oncomine™ /GEQ database searches) with func-
tional implications in stromal matrix and immune modulation in squamous cell carcinomas.
A new panel of candidate genes (~20) was first shortlisted according to methods previously
described [24,30,39] and each gene was individually tested (using RT-qPCR) for their signif-
icance of differentiating normal from cancer cell lines and tissue samples (data not shown).
Eventually, we selected 8 most significant genes (INHBA, TOP2A, BIRC5, MMP13, CXCLS,
NR3C1, CBX7, S100A16) to be combined with 6 previous genes (HOXA7, CENPA, NEK2,
DNMT1, FOXM1, IVL) from qMIDS"! to form a new gene panel in qMIDSY? (Figure 2A).

3.3. Comparison between gMIDSY! and gMIDS"?

We hypothesised that by removing these less influential genes and replacing them with
new genes involved in stroma/matrix and immune modulation would improve qMIDS
test performance for detecting those OPMDs with early malignant gene signature and so
most likely to transform into OSCC. Due to heterogeneity of tumour tissue samples, we
first performed comparison between qMIDSY! vs. gMIDSV? on a case study using a T3
OSCC tumour core sample (UK). We cut this tissue into 10 pieces of ~1 mm?® fragments
(Figure 2B) and cDNA was generated from each tissue fragment for analysis with both
gMIDSV! and qMIDSY? assays simultaneously using a 384-well format qPCR system
(Supplementary Materials Figure S1A). qMIDSY! generated lower index values in most
of the tissue fragments compared to qMIDSY2. Collectively, the median/mean values for
gMIDSV! vs. qMIDSY? were 5.0/6.2 vs. 7.7/8.9, respectively (Figure 2C), which were
statistically different (p < 0.0001). This indicates that qMIDSY? may be more sensitive
than gMIDSV!. According to the clinicopathological data, this specimen was a T3 tumour.
Therefore, a qMIDS index value of 7.7-8.9 would be more appropriate than 5-6.2, given
that normal-disease cut-off value was 4.0 and malignancy index value of tumours was up
to 14.0 [24].

To test if qMIDSY? has superior discriminatory power between margin and tumour
over qMIDSV!, we have chosen two UK cohorts of patients which were previously tested
and failed to be segregated by qMIDSV!. The first cohort contains paired margin-tumour
core samples from the same patients (1 = 7), the second cohort consisted of margin samples
(n = 5) and tumour core samples (1 = 5) from different patients. We have previously
shown that measuring multiple sub-fragments from a single biopsy increases the diagnostic
accuracy due to the ability to topologically map tumour heterogeneity [24]. Hence, each
tissue sample was cut into 9 to 24 pieces (depending on the size of biopsy) of about 1 mm?
each sub-fragment. A total of n = 498 sub-fragments (from paired samples of 7 patients)
and n = 204 sub-fragments (unpaired samples of 10 patients) were independently analysed
for gMIDSV! vs. gMIDSV? test comparison on each fragment (Figure 2D). As per our
original findings, our current data confirmed that qMIDS! failed to differentiate between
margin and core tumour samples but qMIDS"? significantly discriminated between tumour
margins and tumour core samples (Figure 2D). We concluded that for both cohorts of paired
and unpaired samples, qMIDS"? outperformed qMIDSV! in segregating margin from core
tissue samples.

3.4. Validation in UK OSCC Cohort

To further validate qMIDSVZ, we tested qMIDSVz on a UK OSCC cohort (1 = 282) and
compared with a subset of samples tested by qMIDSV! (1 = 102; Figure 3). The unequal sam-
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ple size was due to insufficient tissue samples left for analysis. In agreement with the above
case studies (Figure 2B-D), gMIDS"? showed overall superior diagnostic performance
compared to gMIDSV!. Most notable was the increase in sensitivity/specificity /accuracy
from 72%/71%/72% in gMIDSV! to 88%/96%/92% in gMIDS"? (Figure 3C). Importantly,
the false positive rate was reduced from 29% to 4.5% and false negative rate was reduced
from 28% to 12% in the qMIDSY2. These data confirmed that our strategy of removing
less influential genes based on large gene expression datasets (24,654 data points) obtained
from clinical tissue samples and by including genetic signatures of the tumour microen-
vironment (stroma/matrix/immune regulations) in addition to the genetic signature of
tumour cells, could significantly improve qMIDS diagnostic performance to enable highly
precise quantitative diagnosis of OSCC.

To simplify and economise the assay, we attempted to reduce the number of genes in
the qQMIDS"? assay. We tested a reduced 10-gene panel (qMIDSY?* by deleting 4 less ef-
fective target genes from the 14-gene panel qMIDS"?; Supplementary Materials Figure S4).
We also performed sequential removal of individual genes from the gMIDS"? assay to see
how each gene contributed to the overall diagnostic performance (Supplementary Materials
Figure S5) in the UK cohort. We found that the full 14-gene panel provided the best overall
diagnostic performance. Removing any single gene from the qMIDSY? negatively affected
diagnostic performance (Supplementary Materials Figure S5). This confirmed that the
full 14 target gene panel (plus two reference genes) in the qMIDS"? assay was an opti-
mal minimal combination of biomarkers that produce the best diagnostic performance in
our study.

3.5. Validation in Chinese Oral SCC Cohort

The previous gMIDSV! had been previously validated in different ethnicities (UK,
Norway [24] and China [30]) showing comparable results. However, due to change in
biomarker panel in qMIDS"?, here we re-validated qMIDSY? on a Chinese patient cohort
with n = 35 individuals contributed fresh frozen tissues whereby 11 were normal oral
mucosa (NOM) and 24 OSCC tissues. The qMIDS"? assay segregated significantly between
NOM (median/mean: 0.5/1.2 + 1.8) and OSCC (6.7/6.6 2.7, p <1 x 107%; Figure 4A).

3.6. Validation in Indian Oral SCC Cohorts

To further rule out possible confounding variables associated with ethnicity and
geographical differences, we validated the gMIDSY? on an Indian cohort consisted of a
total of n = 218 FFPE archival samples of which 35 were normal oral mucosa, 70 dysplasias,
60 OSCC, 37 oral submucous fibrosis (OSF) and 16 oral lichen planus (OLP). Within
the Indian cohort, there was significant segregation between NOM (median/mean =+ SD:
1.4/1.8 4 2.5) and mild/moderate dysplasias (5.6/5.1 2.9, p <7 x 1077), severe dysplasias
(4.7/43 £26,p <1 x 1073) or OSCC (7.7/7.7 & 2.5, p < 2 x 10~'8) (Figure 4B). There
was no significant difference between mild/moderate and severe dysplasias. Of all the
dysplasias studied (1 = 70), 24 were clinically diagnosed as oral leukoplakia (OL) which
showed significantly higher qMIDS"? scores (6.6/6.8 4 2.6) to those of OSF (5.5/4.7 + 2.8,
p < 0.004; Figure 4C) and OLP (1.3/1.6 £ 1.3,p<7 x 1079; Figure 4C). The usually benign
but inflammatory OLP (1.3/1.6 = 1.3, Figure 4D) was not statistically different to NOM
(1.4/1.8 £ 2.5, Figure 4B).
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Figure 3. Independent validation in UK cohort on margin and OSCC tumour core samples showing
data comparisons between qMIDSY! and qMIDSY?2. Due to insufficient tissue sample left for qMIDSV?
assays, only a subset of samples (1 = 102) was analysed with qMIDS"! compared to qMIDS"? (1 = 282).
(A), Box-whisker dot plots (box horizontal lines represent median and 25-75% percentiles, whiskers
represent lowest and highest values, outliers are beyond the whiskers) showing the segregation of
data and t-test analysis p-values for gMIDSV! and qMIDSV2. (B), Diagnostic test performances for
gqMIDSV! and qMIDSY? were calculated based on the cut-off value at 4.0 (dotted line as shown in
(A). (C), Diagnostic test performance results for qMIDS"! and qMIDSV2. TN, true negative; FN, false
negative; FP, false positive; TP, true positive. (D), Data from (A) were separately subjected to ROC
analysis showing the comparison between qMIDS"! and qMIDSV? with respective AUC values as

shown within the panel.
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Figure 4. Multi-cohort gqMIDS"? diagnostic performance comparisons across geographically and
ethnically distinct OSCC cohorts. (A,B), China cohort samples (snapped frozen samples): (A), normal
oral mucosa (NOM; grey) and oral squamous cell carcinomas (OSCC; red). Student’s t-test p-value
is indicated within the panel. (B,C), Indian cohort samples (FFPE): (B), Samples were grouped
according to histopathology grading (WHO 2017): NOM, Mild (yellow)/Moderate (pink) Dysplasia
(Dysp), Severe (orange) Dysplasia and OSCC (red). C, Oral lichen planus (OLP), submucous fibrosis
(OSF) and dysplastic oral leukoplakia (OL) were compared. Outliers are indicated by black outlined
symbols and t-test p-values are indicated above each chart. (D), Diagnostic test performance were
compared between China and India OSCC cohort data obtained from (A,B). (E), Diagnostic test
performance table for OSCC comparing between UK (extracted from Figure 3), China and India. TN,
true negative; FN, false negative; FP, false positive; TP, true positive.
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3.7. International Multi-Cohort Comparisons

Diagnostic performances for qgMIDSV? of Chinese (Figure 4A) and Indian (Figure 4B)
cohorts were both similar to the UK (Figure 3) cohort confirming the robustness of the
gMIDS assay against differences in tissue preservation methods (fresh frozen vs. FFPE),
RNA purification methods (mRNA vs. total RNA), ethnicity and geographic regions
(Figure 4E,F). gMIDS"? assay sensitivity across the UK, China and India were 88%, 88%
and 97%; assay specificity were 96%, 91 and 86%; assay accuracy were 92%, 89% and
93%, respectively (Figure 4F). Positive predictive values across UK, China and India were
96%, 96% and 92%; false positive rates were 4.5%, 9.1% and 14.3%, respectively. Negative
predictive values were 88%, 77%, 94%; false negative rates were 12%, 13% and 3.3%,
respectively. AUC for UK, China and India were 0.945, 0.928 and 0.932, respectively. Of
note, the qMIDSV? assay sensitivity appeared slightly higher in the Indian cohort (97%)
compared to UK or China (both at 88%) at the expense of higher false positive rate in
India (14.3%) and conversely lower false negative rate (3.3%) in the UK and China. These
differences observed in Indian cohort could be attributed to the use of carefully selected
FFPE archival samples compared with UK and China cohorts where fresh frozen tissues
surplus to diagnosis were used.

3.8. Prediction of Malignant Transformation in Dysplasia

Of the 70 Indian dysplasia cases studied above (from Figure 4B), 30 patients had
at least 5-year clinical outcome data. Apart from time to malignant transformation,
none of the other clinicopathological features were statistically different between the
non-transformed to OSCC and transformed to OSCC groups (Table 1). We found that
gMIDSV? significantly discriminated between the dysplasias that did not transform to
malignancy (median/mean &+ SD: 1.1/2.1 £ 2.4) compared to dysplasias that did trans-
form to malignancy within 5 years (5.2/4.6 £ 2.4, Mann-Whitney U test p < 2 X 10-¢;
t-test p < 0.004; Figure 5A). Assessing the effectiveness of pathology dysplasia grading
(WHO 2017 OED grading criteria reviewed in [11]), if severe dysplasia is a predictor of
transformation (i.e., cut-off between mild/moderate and severe dysplasia), there were
4 severe dysplasias within the 15 dysplasias that did not transform compared to 9 out of 15
that transformed. This produced: sensitivity (60.0%), specificity (73.3%), accuracy (66.7%),
false-positive rate (26.7%) and false-negative rate (40.0%) for dysplasia grading in pre-
dicting transformation (Figure 5B,C). Using a cut-off between mild and moderate/severe,
improved sensitivity (86.7%) but reduced accuracy (56.7%) and very poor specificity (26.7%)
(data not shown) were observed. Compared with using qMIDS"? in predicting transfor-
mation, with a cut-off at 4.0 [24], within the 15 non-transformed dysplasias, 4 cases had
qMIDSY?2 index above 4.0, whereas within the transformed dysplasias, 4 cases had qMIDSV?
index below 4.0. This produced: sensitivity (73.3%), specificity (73.3%), accuracy (73.3%),
false positive rate (26.7%) and false negative rate (26.7%). qMIDSVZ (at cut-off 4.0) could
help reduce false-negative rate of dysplasia grading from 40% to 26.7%. If the cut-off
values were lowered to 2.2 (an optimal cut-off level in this dataset), qMIDSY? could further
reduce false-negative rate to 13.3% while increasing test sensitivity from 60.0% to 86.7%
and accuracy from 66.7% to 80.0% (Figure 5B,C).



Cancers 2022, 14, 1389

13 0f 18

Dysplasia Dysplasia Gradin MIDS" MIDS"
A ‘oMild | B y Eul off: Mod/Sev) g %ut-oﬁ 4.0) %ui off: 2.2)
Moderat
e
‘] 0 *P=0.004 ) I%vénsform(ﬂ --)V m ITranslurm-[-/)- l?rénsfnrm{+)
(***P=2x10") 15 15 _ 15 _ _15_
S ITH;?'(-}IIFAITH o (-)"Truge(+1 |True )”Fa\se 1[Fa\se )" True (+) |True[ ]"Falsf(+1 Falsze(-JllTrLie:§+1
8 ‘ 0.1 99 0.1 99 0.1, 99
! 0.2 0.2]
] o lr 05 95 05 195
[} 1 90 1 <90
-g 6 = | 2 g0 7 0
N— ood® 5 70 o 70
>(f) = ).- 10 5 0 gg 10] - gg
a., »° il qusmgle Positive ;g 2 qu_st:;llve g
E 4 | 30- e 6.5 20 30- ! 20
(=3 . o Negative o1 S0e e ative 104 10 5 e 7 o
£ EEL Leawgel Laepeh
2 80 6005 l; s L5:66s , % [,
90- gggi 41 %0 :gjggi 11 99 11
95 405 95 0.5 95 0.5
?. 10.2 02 10.2
% = 01 9 = 01 99 = 01
Tra(n;f?g}ned Rl S 1 T 1 TR
. : V2
C Dysplasia Grading vs gMIDS - )Tfa"STf;fW-) -
- . . . esl(-
in Prediction of Transformation |resi+) Fp P
OVERALL TEST: D?ésp Grading %MIDS‘“ %MIDS"’
ut-off: Mod/Sev) ut-off: 4.0) ut-off: 2.2
Sensitivity:  TPATP+FN) 60.0% 73.3% 86.7%
Specificity: ~ TNITN+FP) 73.3% 73.3% 73.3%
Accuracy:  (TP+TN)/Total 66.7% 73.3% 80.0%
Sample Size: () 30 30 30
POSITIVE TEST:
Positive Likelihood Ratio (+LR): Sensitivity/(1-Specificity) 228 275 3.25
95% confidence interval: [0.88, 5.73] [1.13,6.72] [1.37,7.70]
Posterior probability (odds): Prior Odds x +LR 69% (2.2) 73% (2.8) 76% (3.2)
95% confidence interval: [47%, 85%]  [63%, 87%)] [58%, 89%]
Postive Predictive Value:  TPITP+FP) 69.2% 73.3% 76.5%
False Positive Rate: ~ FPIFP+TN) 26.7% 26.7% 26.7%
NEGATIVE TEST:
Negative Likelihood Ratio (-LR): (1-Sensitivity)/Specificity 0.55 0.36 0.18
95% confidence interval: [0.27, 1.09] [0.15,0.89] [0.05, 0.68]
Posterior probability (odds): Prior Odds x -LR 35% (0.6) 26% (0.4) 15% (0.2)
95% confidence interval: [21%, 52%]  [13%, 47%)]  [5%, 40%)]
Negative Predictive Value: ~ TN/FN+TN) 64.7% 73.3% 84.6%
False Negative Rate:  FN/(TP+FN) 40.0% 26.7% 13.3%

Figure 5. Comparison between pathological dysplasia grading method (WHO OED 2017) and
gMIDSY? for predicting malignant transformation in an Indian dysplasia cohort. (A), Dysplasia
patients with 5-year outcome data (n = 30 from Figure 4B) were re-grouped according to their
dysplasia transformation status: non-transformed or transformed into OSCC within 5 years. Student’s
t-test p < 0.004 and Mann-Whitney U-test (p < 2 x 107°) were performed due to skewed data
distribution. Outliers are indicated by black outlined symbols and t-test p-values are indicated above
the chart. (B), Prognostic performance of dysplasia grading (cut-off between mild/moderate and
severe dysplasia grades) and qMIDS"? (at cut-off 4.0 and 2.2) were analysed on the dysplasia cohort
(n = 30) from (A) and their respective prognostic efficiencies are tabulated in (C). TN, true negative;

FN, false negative; FP, false positive; TP, true positive.
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4. Discussion

In 2013, we created and validated a multi-gene cancer diagnostic test, qMIDSY! for
OPMD and OSCC based on bioinformatics, cell culture and molecular selection techniques
to identify key oncogenic driver genes [24]. The gMIDSV! test was first validated on UK
and Norwegian patient samples [24] and subsequently independently validated in China
using ethnic Han Chinese specimens [30]. These initial tests were conducted on 1761
individual 1 mm? tissue fragments collected from 427 samples from Caucasians and Asian
patients which generated 24,654 gene expression data points from qMIDSY!. We exploited
this dataset to identify and remove less influential genes and reformulated a second gen-
eration gMIDS"Y? gene panel containing biomarkers representing tumour cells, abnormal
matrix, blood vessels, and infiltrating immune cells to capture a more holistic picture of a
tumour tissue.

Among the 8 new genes, 5 of them (MMP13, INHBA, NR3C1, S100A16 and CXCL8/ILS)
are known markers involved in stroma/matrix and immune modulation in OSCC. MMP13
(matrix metallopeptidase 13) had been shown to be expressed in the invading front of
the tumour and in stromal fibroblasts [40] and its expression was significantly higher in
large (>4 cm) locally invasive tumours [41]. INHBA (inhibin subunit beta A) was shown
to be upregulated [42] and regulates lymph node metastasis in HNSCC [43]. NR3C1
(nuclear receptor subfamily 3 group C member 1) was implicated in HNSCC in a pan-
cancer bioinformatics analysis involving 3000 tumours [44]. We have previously shown that
low levels of S100A16 (S100 calcium binding protein A16) in OSCC significantly correlated
with reduced 10-year overall survival and poor tumour differentiation [45]. Both OSCC
tumour and serum expression of CXCL8/IL8 (C-X-C motif chemokine ligand 8/interleukin-
8) were previously shown to be correlated with poor clinical outcome [46]. Salivary CXCL8
was shown to be a marker for OSCC [47] and ectopic expression of CXCL8 promoted cell
proliferation and migration in OSCC cell lines [48]. The remaining 3 genes (CBX7, TOP2A
and BIRCYS) filled the gaps of tumour cell regulation in stem cell, epigenetic, genomic
instability, proliferation and differentiation (see Figure 2A). CBX7 (chromobox 7) was used
in an 11-gene signature to identify extra-capsular spread in OSCC patients without nodal
metastases [49]. TOP2A (DNA topoisomerase II alpha) expression was demonstrated to
be a prognostic marker for malignant conversion in head and neck dysplasia [50]. BIRC5
(baculoviral IAP repeat containing 5 or survivin), shown to be upregulated in many tumour
types including HNSCC, is associated with DNA methyltransferases and multiple immune
cells infiltration [51].

gMIDSY? was first validated on a cohort of n = 282 OSCC (UK) specimens demonstrat-
ing significantly better diagnostic performance (21-26% increase) over qMIDS"!. Impor-
tantly, the false-positive rate was lowered from 29% to 4.5% and false negative rate was
lowered from 28% to 12% (Figure 3C). Further international multi-cohort validation using
OSCC samples from China and India (Figure 4), all demonstrated comparable diagnostic
performance confirming that the qMIDS"? assay was not affected by ethnicity, geographical
differences or different tissue preservation (fresh frozen/RNALater and FFPE) and RNA
extraction methods (magnetic bead vs. column filtration). Similar to our previous gMIDSY!
findings [24], OLP which is associated with inflammation but usually benign showed
similar qMIDSY? (index < 2.0) to those of normal oral mucosa, indicating that OLP is of
low-risk and inflammatory status is not a confounding factor for gMIDSV? assay.

This study provided further evidence that qMIDS could be used for risk stratification
in patients with OPMDs and qMIDSY? performed even better than gMIDSV! especially
when clinico-histopathological features did not correlate with disease outcome [4,6,52]. Our
Indian cohort demonstrated that qMIDSY2 was able to differentiate between dysplasias
that did not undergo malignant transformation within 5 years and dysplasias that did
transform into OSCCs over that period. Furthermore, qMIDS"? showed higher sensitivity
(86.7% vs. 60%) and lower false-negative rates (13.3% vs. 40%) in predicting malignant
transformation when compared to dysplasia grading (Figure 5). A false-negative test is of
great importance in this context as it would mean a missed early treatment opportunity
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before the dysplasia transforms into cancer, with a consequently poorer patient outcome.
Given the sensitivity and accuracy of the qMIDSY? assay, we envisage that this may be a
useful quantitative tool to identify high-risk OPMD lesions and to complement pathology.
These findings suggest that combining qMIDSV? analysis with histopathological grading of
dysplasia should improve the diagnosis, prognosis and management of OPMDs compared
with histopathology alone. Samples for gMIDSY? can be collected simultaneous with the
biopsy sample as qMIDS test only requires 1 mm? of tissue posing no additional complexity
or impact on the patient. In addition, multiple 1 mm? samples can be taken in patients with
wide field change to reduce sampling error.

We do recognise a major limitation of our Indian cohort involving a small equal
number of non-transforming and transforming dysplasia cases, which is certainly not a
true representative of the population [9,10]. However, despite a small cohort, qMIDSY? in
this study provided a pilot evidence that it has a potential to differentiate between OPMDs
that undergo malignant transformation and those that do not.

There are other methods that are less invasive than tissue biopsy or have been devel-
oped to assist in risk assessments for OPMDs. Collecting saliva for tumour gene expression
signature is less invasive but these cannot accurately locate where the tumour is and
may not detect malignancies in deeper layers of the mucosal epithelium. Oral brush
biopsy may be able to harvest sufficient tissue material directly from the oral lesion for
gMIDS detection. This would render gMIDS non-invasive and could therefore be used for
screening of OPMDs to pick up early malignant changes. In recent years, emerging new
biofluid screening technology based on extracellular RNA (exRNA) biomarkers appears
very promising [53,54]. Although there are many screening adjuncts in the market, none of
them to date is able to identify high-risk from benign oral lesions with significant confi-
dence [4,6-8,12,13]. A recent systematic review has indicated that none of the non-invasive
adjunctive tests can be recommended as a replacement for histological assessment [55].

Following the pandemic of the Coronavirus disease 2019 (COVID-19), qPCR diag-
nostic infrastructure has been significantly up-scaled globally to cope with viral testing
demand [56]. This would therefore enable significantly easier and more cost-effective
integration of qPCR-based tests such as qMIDS to existing diagnostics infrastructure al-
ready running qPCR. As OPMDs are more prevalent in lower socioeconomic populations,
improving accessibility to a cost-effective test such as qMIDS is pivotal to enable better
case-finding in deprived and high-risk populations worldwide.

5. Conclusions

Collectively, these results demonstrated a holistic approach in capturing gene signa-
tures from both the tumour cells and the tumour microenvironment and could significantly
improve molecular diagnostic performance. This study provided an international multi-
cohort validation of a second generation qMIDSV? test on a total of 1 = 535 samples from UK
(n = 282), China (n = 35) and India (n = 218) demonstrating a minimally invasive test that is
robust against ethnobiological and geographical differences for OSCC detection. Despite in
a small cohort, gMIDSY2 showed potential prognostic use for malignant transformation
risk stratification in otherwise ambiguous dysplastic oral lesions. Further longitudinal
long-term follow-up on prospective study on a larger cohort of OPMD patients is required
to confirm the prognostic use of qMIDSY? and to improve OPMD patient management and
guide treatment decision.

6. Patents

Queen Mary University of London filled a patent application at the World Intellectual
Property Organisation pertaining to the use of the qMIDS technology (biomarkers and
algorithm) described in this paper for cancer diagnosis.
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gqMIDSY?). Figure S5: Effect of removing individual genes from the 14-target gene panel qMIDSV?
(qV2) on diagnostic test performance based on the UK patient cohort data.

Author Contributions: M.-T.T. designed, performed research, analysed data and wrote the pa-
per; HM,, Y-YL., M.CS, AC, RP, SAT, DM, LLH. AW, contributed samples/reagents/
clinicopathological data; M.-T.T.,, EQ., ].-Y.S.Y,, X.L., SK,, R.Z., performed research. M.-T.T., A.W.,
LL.H. wrote, reviewed and edited the paper. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was co-funded by the Facial Surgery Research Foundation—Saving Faces
(COSG1C4R; M.-T.T,, EQ., AW.), M.-T.T. was supported by Engineering and Physical Sciences
Research Council (EPSRC) Impact Acceleration Account (IAA) and Higher Education Innovation
Funds (HEIF; COSA1A3R). M.-T.T. was also supported by Guizhou Medical University (COSR1A2R,
IRMR1A2R) Guizhou Department of Education, Guizhou Science and Technology Department,
Guangzhou Medical University (2017991220), Innovation China UK (ICUK) and QM Innovation Ltd.
(COST1A1R), Queen Mary University of London. A.W. was supported by the Rosetrees Trust, the
QM Innovation Ltd., Queen Mary University of London and the Barts Charity. M.C.S. was supported
by Union for International Cancer Control (UICC).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the relevant Research Ethics Committees at each institution: Queen Mary
University of London (UK NREC:06/MREO03/69 and QMERC20.142), Kasturba Hospital, Manipal
(IEC 343/2017), King George’s Medical University, Lucknow, India (104th ECM IIA /P18), Affiliated
Cancer Hospital & Institute of Guangzhou Medical University, Guangzhou, China (GMU32/2019)
for studies involving humans.

Informed Consent Statement: Informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data that support the findings of this study are available in the
supplementary material of this article.

Acknowledgments: We thank Edward Odell (King’s College London and Head and Neck Pathology
Guy’s Hospital, London, UK) for critical review of the paper, lan Mackenzie (Centre for Cutaneous
Research, Blizard Institute, QMUL), Hong Wan, Ken Parkinson and Professor Farida Fortune (Centre
for Immunobiology & Regenerative Medicine, Institute of Dentistry, QMUL) for their critical advice
and support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

Sung, H.; Ferlay, |.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer |. Clin. 2021, 71, 209-249. [CrossRef]
[PubMed]

Tapia, B.; Garrido, E.; Cebrian, J.L.; Castillo, J].L.D.; Alsina, E.; Gilsanz, F. New techniques and recommendations in the
management of free flap surgery for head and neck defects in cancer patients. Minerva Anestesiol. 2020, 86, 861-871. [CrossRef]
[PubMed]

Covrig, V.I; Lazar, D.E.; Costan, V.V,; Postolica, R.; Ioan, B.G. The Psychosocial Role of Body Image in the Quality of Life of Head
and Neck Cancer Patients. What Does the Future Hold?-A Review of the Literature. Medicina 2021, 57, 1078. [CrossRef] [PubMed]
Thomson, PJ.; McCaul, J.A.; Ridout, F.; Hutchison, I.L. To treat...or not to treat? Clinicians’ views on the management of oral
potentially malignant disorders. Br. J. Oral Maxillofac. Surg. 2015, 53, 1027-1031. [CrossRef] [PubMed]

Jin, LJ.; Lamster, I.B.; Greenspan, J.S.; Pitts, N.B.; Scully, C.; Warnakulasuriya, S. Global burden of oral diseases: Emerging
concepts, management and interplay with systemic health. Oral Dis. 2016, 22, 609-619. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/cancers14061389/s1
https://www.mdpi.com/article/10.3390/cancers14061389/s1
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.23736/S0375-9393.20.13997-X
http://www.ncbi.nlm.nih.gov/pubmed/32486605
http://doi.org/10.3390/medicina57101078
http://www.ncbi.nlm.nih.gov/pubmed/34684115
http://doi.org/10.1016/j.bjoms.2015.08.263
http://www.ncbi.nlm.nih.gov/pubmed/26471841
http://doi.org/10.1111/odi.12428
http://www.ncbi.nlm.nih.gov/pubmed/26704694

Cancers 2022, 14, 1389 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Epstein, J.B.; Huber, M.A. The benefit and risk of screening for oral potentially malignant epithelial lesions and squamous cell
carcinoma. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. 2015, 120, 537-540. [CrossRef] [PubMed]

Scully, C. Challenges in predicting which oral mucosal potentially malignant disease will progress to neoplasia. Oral Dis. 2014,
20, 1-5. [CrossRef]

Mehrotra, R.; Gupta, D.K. Exciting new advances in oral cancer diagnosis: Avenues to early detection. Head Neck Oncol. 2011, 3,
33. [CrossRef]

Mello, FW.; Miguel, A.EP; Dutra, K.L.; Porporatti, A.L.; Warnakulasuriya, S.; Guerra, E.N.S.; Rivero, E.R.C. Prevalence of oral
potentially malignant disorders: A systematic review and meta-analysis. J. Oral Pathol. Med. 2018, 47, 633—-640. [CrossRef]
Mehanna, H.M.; Rattay, T.; Smith, J.; McConkey, C.C. Treatment and follow-up of oral dysplasia—A systematic review and
meta-analysis. Head Neck 2009, 31, 1600-1609. [CrossRef]

Odell, E.; Kujan, O.; Warnakulasuriya, S.; Sloan, P. Oral epithelial dysplasia: Recognition, grading and clinical significance. Oral
Dis. 2021, 27,1947-1976. [CrossRef] [PubMed]

Lingen, M.W.; Kalmar, ].R.; Karrison, T.; Speight, PM. Critical evaluation of diagnostic aids for the detection of oral cancer. Oral
Oncol. 2008, 44, 10-22. [CrossRef]

Scully, C.; Bagan, ].V.; Hopper, C.; Epstein, ].B. Oral cancer: Current and future diagnostic techniques. Am. J. Dent. 2008, 21,
199-209.

Holmstrup, P.; Dabelsteen, E. Oral leukoplakia-to treat or not to treat. Oral Dis. 2016, 22, 494-497. [CrossRef] [PubMed]

Lodi, G.; Franchini, R.; Warnakulasuriya, S.; Varoni, E.M.; Sardella, A.; Kerr, A.R.; Carrassi, A.; MacDonald, L.C.; Worthington,
H.V. Interventions for treating oral leukoplakia to prevent oral cancer. Cochrane Database Syst. Rev. 2016, 7, CD001829. [CrossRef]
[PubMed]

Xie, A.; Liu, J. Chemoprevention of oral cancer in leukoplakia patients: A systematic review and meta-analysis. JPMA 2017, 67,
1415-1419.

William, W.N.,, Jr.; Papadimitrakopoulou, V.; Lee, ].J.; Mao, L.; Cohen, E.E; Lin, H.Y,; Gillenwater, A.M.; Martin, ].W,; Lingen,
M.W.; Boyle, J.O,; et al. Erlotinib and the Risk of Oral Cancer: The Erlotinib Prevention of Oral Cancer (EPOC) Randomized
Clinical Trial. JAMA Oncol. 2016, 2, 209-216. [CrossRef]

Rogers, S.N.; Staunton, A.; Girach, R.; Langton, S.; Lowe, D. Audit of the two-week pathway for patients with suspected cancer of
the head and neck and the influence of socioeconomic status. Br. |. Oral Maxillofac. Surg. 2019, 57, 419-424. [CrossRef]
Williams, C.; Byrne, R.; Holden, D.; Sherman, I.; Srinivasan, V.R. Two-week referrals for suspected head and neck cancer: Two
cycles of audit, 10 years apart, in a district general hospital. J. Laryngol. Otol. 2014, 128, 720-724. [CrossRef]

Haddad, R.I; Shin, D.M. Recent advances in head and neck cancer. N. Engl. |. Med. 2008, 359, 1143-1154. [CrossRef]

Leemans, C.R.; Braakhuis, B.].; Brakenhoff, R.H. The molecular biology of head and neck cancer. Nat. Rev. Cancer 2011, 11, 9-22.
[CrossRef] [PubMed]

Huang, C.C.; Lin, C.N.; Chung, C.H.; Hwang, ].S.; Tsai, S.T.; Wang, ].D. Cost-effectiveness analysis of the oral cancer screening
program in Taiwan. Oral Oncol. 2019, 89, 59-65. [CrossRef] [PubMed]

Speight, P.M.; Palmer, S.; Moles, D.R.; Downer, M.C.; Smith, D.H.; Henriksson, M.; Augustovski, F. The cost-effectiveness of
screening for oral cancer in primary care. Health Technol. Assess. 2006, 10, 1-144, iii-iv. [CrossRef] [PubMed]

Teh, M.T.; Hutchison, L.L.; Costea, D.E.; Neppelberg, E.; Liavaag, P.G.; Purdie, K.; Harwood, C.; Wan, H.; Odell, E-W.; Hackshaw,
A.; et al. Exploiting FOXM1-orchestrated molecular network for early squamous cell carcinoma diagnosis and prognosis. Int. J.
Cancer 2013, 132, 2095-2106. [CrossRef]

Odell, E.W. Aneuploidy and loss of heterozygosity as risk markers for malignant transformation in oral mucosa. Oral Dis. 2021,
27,1993-2007. [CrossRef]

Saintigny, P.; Zhang, L.; Fan, Y.H.; El-Naggar, A K.; Papadimitrakopoulou, V.A ; Feng, L.; Lee, ].J.; Kim, E.S.; Ki Hong, W.; Mao, L.
Gene expression profiling predicts the development of oral cancer. Cancer Prev. Res. 2011, 4, 218-229. [CrossRef]

Zhang, X.; Yang, M.; Liu, Y.; Liu, H,; Yang, J.; Luo, J.; Zhou, H. A novel 4-gene signature model simultaneously predicting
malignant risk of oral potentially malignant disorders and oral squamous cell carcinoma prognosis. Arch. Oral Biol. 2021, 129,
105203. [CrossRef]

Liu, W.; Zheng, W.; Xie, J.; Zhang, B.; Ma, W.; Chen, X. Identification of genes related to carcinogenesis of oral leukoplakia by
oligo cancer microarray analysis. Oncol. Rep. 2011, 26, 265-274. [CrossRef]

Sathasivam, H.P; Kist, R.; Sloan, P.; Thomson, P.; Nugent, M.; Alexander, J.; Haider, S.; Robinson, M. Predicting the clinical
outcome of oral potentially malignant disorders using transcriptomic-based molecular pathology. Br. |. Cancer 2021, 125, 413-421.
[CrossRef]

Ma, H.; Dai, H.; Duan, X,; Tang, Z.; Liu, R.; Sun, K.; Zhou, K.; Chen, H.; Xiang, H.; Wang, J.; et al. Independent evaluation of a
FOXM1-based quantitative malignancy diagnostic system (qMIDS) on head and neck squamous cell carcinomas. Oncotarget 2016,
7,54555-54563. [CrossRef]

Gemenetzidis, E.; Bose, A.; Riaz, A.M.; Chaplin, T.; Young, B.D.; Ali, M.; Sugden, D.; Thurlow, ] K.; Cheong, S.C.; Teo, S.H.; et al.
FOXM1 upregulation is an early event in human squamous cell carcinoma and it is enhanced by nicotine during malignant
transformation. PLoS ONE 2009, 4, e4849. [CrossRef] [PubMed]

Teh, M.T.; Gemenetzidis, E.; Chaplin, T.; Young, B.D.; Philpott, M.P. Upregulation of FOXM1 induces genomic instability in
human epidermal keratinocytes. Mol. Cancer 2010, 9, 45. [CrossRef] [PubMed]


http://doi.org/10.1016/j.oooo.2015.07.036
http://www.ncbi.nlm.nih.gov/pubmed/26453381
http://doi.org/10.1111/odi.12208
http://doi.org/10.1186/1758-3284-3-33
http://doi.org/10.1111/jop.12726
http://doi.org/10.1002/hed.21131
http://doi.org/10.1111/odi.13993
http://www.ncbi.nlm.nih.gov/pubmed/34418233
http://doi.org/10.1016/j.oraloncology.2007.06.011
http://doi.org/10.1111/odi.12443
http://www.ncbi.nlm.nih.gov/pubmed/26785709
http://doi.org/10.1002/14651858.CD001829.pub4
http://www.ncbi.nlm.nih.gov/pubmed/27471845
http://doi.org/10.1001/jamaoncol.2015.4364
http://doi.org/10.1016/j.bjoms.2018.09.016
http://doi.org/10.1017/S0022215114001406
http://doi.org/10.1056/NEJMra0707975
http://doi.org/10.1038/nrc2982
http://www.ncbi.nlm.nih.gov/pubmed/21160525
http://doi.org/10.1016/j.oraloncology.2018.12.011
http://www.ncbi.nlm.nih.gov/pubmed/30732960
http://doi.org/10.3310/hta10140
http://www.ncbi.nlm.nih.gov/pubmed/16707071
http://doi.org/10.1002/ijc.27886
http://doi.org/10.1111/odi.13797
http://doi.org/10.1158/1940-6207.CAPR-10-0155
http://doi.org/10.1016/j.archoralbio.2021.105203
http://doi.org/10.3892/or.2011.1281
http://doi.org/10.1038/s41416-021-01411-z
http://doi.org/10.18632/oncotarget.10512
http://doi.org/10.1371/journal.pone.0004849
http://www.ncbi.nlm.nih.gov/pubmed/19287496
http://doi.org/10.1186/1476-4598-9-45
http://www.ncbi.nlm.nih.gov/pubmed/20187950

Cancers 2022, 14, 1389 18 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Waseem, A.; Ali, M.; Odell, E.W.; Fortune, F.; Teh, M.T. Downstream targets of FOXM1: CEP55 and HELLS are cancer progression
markers of head and neck squamous cell carcinoma. Oral Oncol. 2010, 46, 536-542. [CrossRef] [PubMed]

Bustin, S.A.; Benes, V.; Garson, J.A.; Hellemans, J.; Huggett, ].; Kubista, M.; Mueller, R.; Nolan, T.; Pfaffl, M.W.; Shipley, G.L.; et al.
The MIQE guidelines: Minimum information for publication of quantitative real-time PCR experiments. Clin. Chem. 2009, 55,
611-622. [CrossRef]

Zhao, S.; Fernald, R.D. Comprehensive algorithm for quantitative real-time polymerase chain reaction. J. Comput. Biol. 2005, 12,
1047-1064. [CrossRef]

Vandesompele, ].; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, research0034.1.
[CrossRef]

Schwartz, A.; Millam, G.; Investigators, U.L. A web-based library consult service for evidence-based medicine: Technical
development. BMC Med. Inform. Decis. Mak. 2006, 6, 16. [CrossRef]

Juul, N.; Szallasi, Z.; Eklund, A.C.; Li, Q.; Burrell, R.A.; Gerlinger, M.; Valero, V.; Andreopoulou, E.; Esteva, F]J.;
Symmans, W.E,; et al. Assessment of an RNA interference screen-derived mitotic and ceramide pathway metagene as a
predictor of response to neoadjuvant paclitaxel for primary triple-negative breast cancer: A retrospective analysis of five clinical
trials. Lancet Oncol. 2010, 11, 358-365. [CrossRef]

Qadir, F; Lalli, A.; Dar, H.H.; Hwang, S.; Aldehlawi, H.; Ma, H.; Dai, H.; Waseem, A.; Teh, M.T. Clinical correlation of opposing
molecular signatures in head and neck squamous cell carcinoma. BMC Cancer 2019, 19, 830. [CrossRef]

Johansson, N.; Airola, K.; Grenman, R.; Kariniemi, A.L.; Saarialho-Kere, U.; Kahari, V.M. Expression of collagenase-3 (matrix
metalloproteinase-13) in squamous cell carcinomas of the head and neck. Am. J. Pathol. 1997, 151, 499-508.

Stokes, A.; Joutsa, J.; Ala-Aho, R.; Pitchers, M.; Pennington, C.J.; Martin, C.; Premachandra, D.J.; Okada, Y.; Peltonen, J.;
Grenman, R;; et al. Expression profiles and clinical correlations of degradome components in the tumor microenvironment of
head and neck squamous cell carcinoma. Clin. Cancer Res. 2010, 16, 2022-2035. [CrossRef] [PubMed]

Khammanivong, A.; Sorenson, B.S.; Ross, K.F,; Dickerson, E.B.; Hasina, R.; Lingen, M.W.; Herzberg, M.C. Involvement of
calprotectin (S100A8/A9) in molecular pathways associated with HNSCC. Oncotarget 2016, 7, 14029-14047. [CrossRef]

Chang, W.M,; Lin, Y.F; Su, C.Y,; Peng, H.Y.; Chang, Y.C,; Lai, T.C.; Wu, G.H.; Hsu, YM,; Chi, L.H.; Hsiao, ].R; et al. Dysregulation
of RUNX2/Activin-A Axis upon miR-376¢ Downregulation Promotes Lymph Node Metastasis in Head and Neck Squamous Cell
Carcinoma. Cancer Res. 2016, 76, 7140-7150. [CrossRef] [PubMed]

Long, M.D.; Campbell, M.]. Pan-cancer analyses of the nuclear receptor superfamily. Nucl. Recept. Res. 2015, 2, 101182. [CrossRef]
[PubMed]

Sapkota, D.; Bruland, O.; Parajuli, H.; Osman, T.A.; Teh, M.T.; Johannessen, A.C.; Costea, D.E. S100A16 promotes differentiation
and contributes to a less aggressive tumor phenotype in oral squamous cell carcinoma. BMC Cancer 2015, 15, 631. [CrossRef]
[PubMed]

Fujita, Y.; Okamoto, M.; Goda, H.; Tano, T.; Nakashiro, K.; Sugita, A.; Fuyjita, T.; Koido, S.; Homma, S.; Kawakami, Y.; et al.
Prognostic significance of interleukin-8 and CD163-positive cell-infiltration in tumor tissues in patients with oral squamous cell
carcinoma. PLoS ONE 2014, 9, e110378. [CrossRef]

Li, Y;; St John, M.A.; Zhou, X.; Kim, Y.; Sinha, U.; Jordan, R.C.; Eisele, D.; Abemayor, E.; Elashoff, D.; Park, N.H.; et al. Salivary
transcriptome diagnostics for oral cancer detection. Clin. Cancer Res. 2004, 10, 8442-8450. [CrossRef]

Christofakis, E.P.; Miyazaki, H.; Rubink, D.S.; Yeudall, W.A. Roles of CXCL8 in squamous cell carcinoma proliferation and
migration. Oral Oncol. 2008, 44, 920-926. [CrossRef]

Wang, W.; Lim, WK_; Leong, H.S.; Chong, F.T.; Lim, TK,; Tan, D.S.; Teh, B.T.; Iyer, N.G. An eleven gene molecular signature for
extra-capsular spread in oral squamous cell carcinoma serves as a prognosticator of outcome in patients without nodal metastases.
Oral Oncol. 2015, 51, 355-362. [CrossRef]

Jenson, E.G.; Baker, M.; Paydarfar, J.A.; Gosselin, B.J.; Li, Z.; Black, C.C. MCM2/TOP2A (ProExC) immunohistochemistry as a
predictive marker in head and neck mucosal biopsies. Pathol. Res. Pract. 2014, 210, 346-350. [CrossRef]

Xu, L.; Yu, W.; Xiao, H.; Lin, K. BIRC5 is a prognostic biomarker associated with tumor immune cell infiltration. Sci. Rep. 2021, 11,
390. [CrossRef] [PubMed]

Woo, S.B. Oral Epithelial Dysplasia and Premalignancy. Head Neck Pathol. 2019, 13, 423-439. [CrossRef] [PubMed]

Murillo, O.D.; Thistlethwaite, W.; Rozowsky, J.; Subramanian, S.L.; Lucero, R.; Shah, N.; Jackson, A.R.; Srinivasan, S.; Chung, A.;
Laurent, C.D.; et al. exRNA Atlas Analysis Reveals Distinct Extracellular RNA Cargo Types and Their Carriers Present across
Human Biofluids. Cell 2019, 177, 463-477.e415. [CrossRef] [PubMed]

Srinivasan, S.; Yeri, A.; Cheah, P.S.; Chung, A.; Danielson, K.; De Hoff, P; Filant, ].; Laurent, C.D.; Laurent, L.D.; Magee, R.; et al.
Small RNA Sequencing across Diverse Biofluids Identifies Optimal Methods for exRNA Isolation. Cell 2019, 177, 446—-462.e16.
[CrossRef]

Macey, R.; Walsh, T.; Brocklehurst, P; Kerr, A.R.; Liu, J.L.; Lingen, M.W.; Ogden, G.R.; Warnakulasuriya, S.; Scully, C. Diagnostic
tests for oral cancer and potentially malignant disorders in patients presenting with clinically evident lesions. Cochrane Database
Syst. Rev. 2015, 2015, CD010276. [CrossRef]

Mardian, Y.; Kosasih, H.; Karyana, M.; Neal, A.; Lau, C.Y. Review of Current COVID-19 Diagnostics and Opportunities for
Further Development. Front. Med. 2021, 8, 615099. [CrossRef]


http://doi.org/10.1016/j.oraloncology.2010.03.022
http://www.ncbi.nlm.nih.gov/pubmed/20400365
http://doi.org/10.1373/clinchem.2008.112797
http://doi.org/10.1089/cmb.2005.12.1047
http://doi.org/10.1186/gb-2002-3-7-research0034
http://doi.org/10.1186/1472-6947-6-16
http://doi.org/10.1016/S1470-2045(10)70018-8
http://doi.org/10.1186/s12885-019-6059-5
http://doi.org/10.1158/1078-0432.CCR-09-2525
http://www.ncbi.nlm.nih.gov/pubmed/20305301
http://doi.org/10.18632/oncotarget.7373
http://doi.org/10.1158/0008-5472.CAN-16-1188
http://www.ncbi.nlm.nih.gov/pubmed/27760788
http://doi.org/10.11131/2015/101182
http://www.ncbi.nlm.nih.gov/pubmed/27200367
http://doi.org/10.1186/s12885-015-1622-1
http://www.ncbi.nlm.nih.gov/pubmed/26353754
http://doi.org/10.1371/journal.pone.0110378
http://doi.org/10.1158/1078-0432.CCR-04-1167
http://doi.org/10.1016/j.oraloncology.2007.12.002
http://doi.org/10.1016/j.oraloncology.2014.12.012
http://doi.org/10.1016/j.prp.2014.02.003
http://doi.org/10.1038/s41598-020-79736-7
http://www.ncbi.nlm.nih.gov/pubmed/33431968
http://doi.org/10.1007/s12105-019-01020-6
http://www.ncbi.nlm.nih.gov/pubmed/30887394
http://doi.org/10.1016/j.cell.2019.02.018
http://www.ncbi.nlm.nih.gov/pubmed/30951672
http://doi.org/10.1016/j.cell.2019.03.024
http://doi.org/10.1002/14651858.CD010276.pub2
http://doi.org/10.3389/fmed.2021.615099

	Introduction 
	Materials and Methods 
	Clinical Samples 
	The qMIDS Assay 
	Statistical Analysis 

	Results 
	Gene Selection 
	Reformulate Gene Panel for qMIDS Assay 
	Comparison between qMIDSV1 and qMIDSV2 
	Validation in UK OSCC Cohort 
	Validation in Chinese Oral SCC Cohort 
	Validation in Indian Oral SCC Cohorts 
	International Multi-Cohort Comparisons 
	Prediction of Malignant Transformation in Dysplasia 

	Discussion 
	Conclusions 
	Patents 
	References

