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Abstract
Background:    Predicting malignant transformation in oral epithelial dysplasia(OED) is a clinical
challenge. The higher rate of malignant transformation in non-smokers supports an endogenous
aetiology. Loss of FANCD2 and associated proteins could lead to genomic instability and oncogenesis.
Methods:   Longitudinal archival samples from 40 individuals with OED from time of diagnosis to the
most recent review in 23 stable OED; or until excision of the SCC in 17 unstable OED undergoing
malignant transformation. Histopathological reassessment, immunohistochemistry for FANCD2 and
Western blotting for phosphorylation/monubiquitination status of ATR, CHK1, FANCD2 and FANCG were
undertaken on each tissue sample. Results:             Decreased expression of FANCD2 was observed in the
diagnostic biopsy of OED lesions which later underwent malignant transformation. Combining the
FANCD2 expression scores with histological grading more accurately predicted malignant transformation
(p=0.005) than histology alone and correctly predicted malignant transformation in 10/17 initial biopsies.
Signi�cantly reduced expression of total FANCD2, pFANCD2, pATR, pCHK-1 and pFANCG were observed in
unstable OED. Discussion:      There is good evidence that defects in the DNA damage sensing-signalling-
repair cascade are associated with malignant transformation in OED. Loss of post-translational
modi�cation in FANCD2 and related proteins, was more predictive of malignant transformation when
compared to clinicopathological parameters.

Background
In the management of oral epithelial dysplasia (OED), histopathological grading and clinical
determinants of malignant transformation to oral squamous cell carcinoma (OSCC) have been the
primary in�uence in the treatment approach adopted (1-3), despite the numerous studies identifying
putative molecular and other predictors of malignant change (4-6). Most studies aimed at identifying a
molecular or pathological marker of malignant change have failed to undertake correlation with
longitudinal clinical outcomes, so their translational value has been diminished leading to the lack of
clinical application (7-9). Furthermore, they have mostly not been formally validated in independent series
- this approach is di�cult as the event rate of malignant transformation is low, and studies are therefore
prolonged (3).. The clinical outcomes of a cohort of patients managed in the Liverpool Multidisciplinary
Oral Dysplasia Clinic, identi�ed non-smoking status and the non-homogenous appearance of OED as the
strongest independent predictors of malignant transformation (HR 5.9 and 2.3 respectively) (1). The
estimated malignant transformation rate in this study was 22% over 5 years. The more aggressive
behaviour of lesions observed in non-smoking patients (or light smokers) with OED supports an
endogenous aetiology: while this might seem counter-intuitive, this trend has been seen in other models
of carcinogenesis (10, 11).

The incidence of head and neck squamous cell carcinoma (HNSCC) in patients with the cancer prone
syndrome, Fanconi Anaemia, is 1400 times greater than that of the general population (12, 13) and
occurs earlier in life. The Fanconi Anaemia pathway (FAP) removes interstrand crosslinks (ICL) lesions
and facilitates homologous recombination repair of DNA double-strand breaks and is an integral



Page 3/24

component of the DNA damage repair mechanism which maintains genomic stability in healthy
individuals (14-16). The FAP consists of 22 proteins (FANCC – FANCW) and has 3 main components (17)
(Figure 1.1): (i) The FANCM-MHF1-MHF2 complex senses ICLs and localises to the DNA, acting as a
recruitment site for the core complex through FANCM-FANCF interactions. The main role of the core
complex is to facilitate ubiquitination of (ii) FANCD2 and FANCI protein dimers. The core complex
mediates FANCD2/FANCI monoubiquitination, at residues K561 and K532 through FANCL E3 ubiquitin
ligase activity, which then activates (iii) downstream effector proteins which include nucleases,
translesion polyermases, homologous recombination proteins, and de-ubiquitinases to complete the DNA
repair process and to attenuate FAP signalling. The detection of prognostic markers of DNA damage such
as single-stranded DNA and replication stress, leads to the ataxia telangiectasia rad–3 (ATR) and
checkpoint 1 (CHK1) kinases mediated cell cycle arrest in G2 or S phase, and activation of key
components of the FA pathway via phosphorylation at several functional residues, including; FANCA at
S1449, FANCM at S1045, FANCD2 at S717, S222, S331 and T691, FANCG at S387, S383 and S7, and
FANCE at S374 and T346. (18-21).

Damaged and left unrepaired, ICL lesions which progress through the cell cycle, can lead to stalling of
replication forks and the eventual formation of double-strand breaks, that results in genomic instability.
(22).

We hypothesise that in transforming OED (particularly in non-smokers), an aberration in the DNA damage
sensing, signalling or repair pathways leads to accumulation of DNA mutations and malignancy. In OED,
the potential exists for identi�cation of these aberrations in these lesions with potential for malignant
transformation.  The objective of this study was to investigate the status of FANCD2 and related proteins
(ATR, Chk1 and FANCG) in the DNA damage repair pathway of OED in patients who presented to the
Liverpool Multidisciplinary Oral Dysplasia clinic, speci�cally to elucidate if this information could be
obtained from the initial diagnostic biopsy as a predictive tool which might have been utilised to
in�uence clinical management, and to correlate these �ndings to clinicopathologic characteristics.

Methods
Patients

Forty patients with OED, were identi�ed from the clinical cohort in Chapter 2 and were included in this
study after giving written informed consent. All specimens for this study additionally met the additional
criteria that the diagnostic FFPE block had not been previously utilised for translational research. The
tissue size on the diagnostic biopsy FFPE block allowed for four 0.6mm core to be extracted for RNA
extraction/Western blotting (23 non-transforming OED – NT and 17 malignant transforming OED). Four
micrometre sections of the initial diagnostic incisional biopsy FFPE from each patient were stained with
haematoxylin and eosin (H&E) and reported blinded and independently by two oral and maxillofacial
pathologists to con�rm the presence of OED (Initial attempts to construct a tissue micro-array was
unsuccessful as the thickness of the incisional biopsy FFPE specimen was variable and inadequate to
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allow reproducibility of sections which enabled consistent and meaningful comparison(7)). In this study,
the WHO 2017 dysplasia classi�cations(23) were then grouped as follows: Group 0: severe dysplasia and
Group 1: mild or moderate dysplasia

FANCD2 Immunohistochemistry

FFPE sections from each clinical timepoint, including the initial diagnostic biopsy, for these 40 patients
were stained with anti-FANCD2 antibody (F117: sc-20022, Santa Cruz diluted 1/100) and Biogenex
Supersensitive Polymer HRP detection kit (Launch Diagnostics QD430-XAKE) as previously
described(11). The expression of FANCD2 was scored blinded by two independent observers (Asterios
Triantafyllou and Michael Ho), one being an oral and maxillofacial pathologist. The stained sections were
identi�ed by their pathology identi�cation number alone, thus the observers were blinded to the clinical
details and outcome of OED i.e. either stable OED or OED which underwent malignant transformation.
Consequently, staining was classi�ed by localisation, extent and intensity using a descriptive binary
scoring system (Table 1). Any discrepancy in scoring was reviewed jointly and a mutually agreed score
determined. Control tissue from normal and OED areas of tissue adjacent to OSCC from a different cohort
of anonymised patients (n=3) were stained using the same method.

Western blotting 

Areas with the highest grade of dysplasia in the incisional biopsies were marked on the H&E stained
sections and 0.6mm cores were obtained from the corresponding FFPE blocks (minimum of 2 cores from
each block).  Cores of the same diameter were obtained from anonymised controls as follows: normal
tissue from oesophagus (n=5), areas of OSCC from a different cohort (n=3) and tissue with normal
histological architecture located adjacent to OSCC (n=3).

The protein extraction protocol utilised was modi�ed from one previously published (24):  FFPE cores
were placed in Eppendorf safe‐lock tubes (Eppendorf, Hamburg, Germany) and depara�nised by
incubation at room temperature in xylene for 10 min. After each incubation, the tissue was pelleted at 12 
000×g for 3 min, and incubation/centrifugation steps were repeated two more times. The depara�nised
tissue pellets were then rehydrated with a graded series of ethanol (100% for 5 minutes, 90% for 5
minutes, 70% for 5 minutes and a further 5 minutes in 70%) and centrifuge at 1300 RPM for 30 secs to
remove excess ethanol. Following this, 150µl of Laemmli sample buffer (Sigma-Aldrich) were added. All
samples were subjected to high‐temperature extraction at 100°C for 20 min, and then cooled in ice for 5
minutes. Extracts were centrifuged for 30 min at 13000 RPM and the supernatant collected and stored at
−20°C until needed.

The expression of β-actin, ATR, pATR (s428), CHK1, p-CHK1 (s317), FANCD2 (non-and mono-ubiquitinated
isoforms), pFANCD2 (s331), FANCG and pFANCG (s7) were assessed in a blinded fashion (to
clinicopathologic details and outcome: stable OED or OED which underwent malignant transformation)
by western blotting using anti- mouse or anti-rabbit �uorescently labelled 680/800 secondary antibodies
(1:10 000 dilution) (Invitrogen, Paisley UK) (Table 2) (25), extracted protein was separated on SDS-
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polyacrylamide (PAGE) gels: samples were prepared for loading, by the addition of 20 μL of protein
extract to 40 μL of Laemmli loading buffer and immediately heated at 100 °C for 5 minutes, prior to
loading. The samples were loaded on to a 15% SDS-PAGE gel which were ran overnight at constant 50 V.
The protein was then transferred to a nitrocellulose membrane - 4 hours at constant 350 mA (26). This
was blocked in LI-COR buffer for 1 hour at room temperature prior to the addition of speci�c antibodies at
the speci�ed dilutions.

An Odyssey Infrared Imaging System was used to visualise band intensity (Li-Cor Biosciences,
Cambridge, UK). Densitometry values of band intensities were measured and calculated using ImageJ®.
For each protein, these values were normalised against the oesophageal normal tissue scores (positive
FANCD2 expression (https://www.proteinatlas.org/ENSG00000144554-FANCD2/tissue), anonymised
normal tissue readily available), then ranked and divided into tertiles representing low expression,
moderate expression and high expression. The normal oesophageal control values always lay within the
central tertile.

Data/Statistical Analysis

Mann Whitney and Fisher exact tests were utilised to compare FANCD2 immunohistochemistry scores
between samples from NT and T OED lesions. The Fisher-Freeman-Halton exact test was used as a
measure of signi�cant difference and comparison between the densitometry ratios of NT and T OED
samples. Statistical analyses were conducted, using the statistical software (IBM SPSS Statistics for
Windows, Version 22.0). A p value of less than 0.05 was considered signi�cant.

Results
Patient outcomes

The demographic and clinicopathologic details of the forty patients included in this study are
summarised in Table 3.

As previously published(1), the malignant transforming (T) group had a higher proportion of non-smokers
(p =0.05), lateral tongue lesions (p = 0.01) and non-homogenous OED (p = 0.001) when compared with
the non-transforming (NT) OED group. The median follow-up period was 5.3 years (range 0 - 21 years)
with a median of 3.4 years (range 0 - 14 years) for the NT group and 6.9 (range 1 – 21 years) for the T
group. The median time to malignant transformation was 3.4 years (range 0 – 7.6 years).  The dysplasia
binary score at �rst diagnostic biopsy was not signi�cantly different between the groups, with 5/17 (29%)
transformers classi�ed as high risk compared with 3/23 (13%) non-transformers (P=0.189). These 3
patients were progression-free for 18, 52 and 107 months, respectively, following diagnosis. The median
time to malignant transformation for T OED in patients with the higher risk binary score at diagnosis was
14.8 months when compared with T OED with a low risk binary score, 44.7 months (p = 0.1).

FANCD2 immunohistochemistry
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Nuclear and cytoplasmic staining for FANCD2 was absent in morphologically normal oral epithelium
(Figure 1A), however, FANCD2 staining increased in intensity in non-invasive dysplastic epithelium and
was then lost again in micro-invasive OSCC (Figure 1B). Expression of FANCD2 in dysplastic epithelia
was not observed to the degree/pattern of in�ammation in the underlying stroma (Figs 1, 2).

A decrease in the intensity of both nuclear and cytoplasmic staining were observed in the �rst diagnostic
biopsy of OED lesions that were destined to undergo malignant transformation when compared with non-
transforming OED, although the distribution of staining was not statistically different (the quantitative,
rather than qualitative, element of FANCD2 staining was predictive of malignant transformation) (Figure
2; Table 3).

Therefore, only intensity scores were incorporated into a �nal composite FANCD2-OED score as below. In
OSCC sections from transformed OED lesions, both intensity and distribution of FANCD2 staining were
reduced compared with the �rst diagnostic biopsy from the same patient (Table 4).

Combining the FANCD2 nuclear and cytoplasmic intensity scores with the histological grading of OED
(mild/moderate dysplasia assigned score of 1 and severe dysplasia/carcinoma-in-situ/SCC assigned
score 0) produced a score that more accurately predicted transformation (p=0.005) (Table 5), with a cut
off score of 1 or less being signi�cantly associated with a higher risk of malignant transformation in OED
(p=0.001). This FANCD2-OED Risk Score in all the retrieved OSCC archival tissue from OED which
underwent malignant transformation was <1 (n = 15; 2 archival OSCC specimen not retrievable).

Of the 2 NT OED lesions with low (≤1) FANCD2-OED Risk scores, one patient presented with severe
dysplasia which was excised shortly after presentation and has now been progression free for 52 months
and one presented with mild dysplasia that has been progression-free for 19 months. Eighty-three percent
(10/12) of patients with FANCD2-OED Risk score ≤1 in the OED cohort reported went on to develop OSCC
compared with 25% (7/28) in patients with a score of ≥2. The diagnostic biopsies for the 7 transforming
lesions with high (≥2) FANCD2-OED Risk scores were obtained a median of 5.8 years (range 0.3-7.0
years) prior to transformation, while the biopsies from the 10 transforming lesions with low (≤1) scores
were taken a median of 2.4 years (range 0.2-5.3 years) prior to transformation. In all 15 of the available
oral squamous cell carcinomas which had arisen from OED, the expression of FANCD2, and the
concomitant FANCD2-OED score, was low (Table 5). The FANCD2-OED scores were not signi�cantly
different when the following parameters were assessed: age, gender, site of lesions, appearance of lesion,
smoking or alcohol history and time to transformation, but as expected, were associated with grade of
dysplasia (P<0.0005). In total, 1/3 ‘false positive’ and 5/12 ‘false negative’ dysplasia grade scores were
correctly predicted by the FANCD2-OED score.

FANCD2 and associated protein expression

 No signi�cant differences in the normalised expression of β-actin, ATR, CHK1 and FANCG were observed
between T and NT OED lesions (Table 6; Figure 3). As the biopsy specimens in OED were much smaller in
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comparison with those obtained in established OSCC, the Western blots were performed on a single
occasion due to the limited quantity of available protein.  

However, signi�cantly reduced expression of FANCD2 (non-ubiquitinated and mono-ubiquitinated forms),
pFANCD2, pATR, pCHK-1 and pFANCG were observed in OED prior to malignant transformation with the
FANCD2, pFANCD2 and pFANCG observations mirrored in the control tumour tissue. These parameters
did not correlate with any clinicopathological features such as site or smoking history. The median ratio
of mono-ubiquitinated: non-ubiquitinated forms of FANCD2 (an indication of activation of the FA
pathway) were 0.9 and 0 for NT and T OED, respectively (p < 0.001). 

Discussion
The results and observations of this study have evidenced support to the notion that loss of FANCD2 and
associated protein (in the DNA damage repair pathway) are associated with malignant transformation in
OED. The lower, statistically signi�cant, expression of post-translationally modi�ed proteins in T OED
when compared to NT OED is indicative of inactivation of the pathways and was a more accurate
predictor of malignant transformation than clinical parameters such as smoking history and site.
Furthermore, immunohistochemical staining for FANCD2 coupled with a binary dysplasia score could
correctly predict malignant transformation in 10/17 initial biopsy samples obtained prior to
transformation, with a ‘false positive’ rate of 2/23 non-transforming OED biopsies. This performed better
than dysplasia grading alone, either as a binary score or the current WHO classi�cation. The signi�cantly
different rates of malignant transformation in between patients with low FANCD2 (83%) expression and
higher FANCD2 (25%) expression further validate its potential utility in the clinical setting in determination
of the risk of carcinogenesis.   The data of Rudland et al (11) indicates that cytoplasmic as well as
nuclear staining may be prognostic, but their complicated system for scoring extent and intensity of
staining was not appropriate for our samples which were generally small in nature. There could be scope
for future validation studies to utilise resection specimens if necessary, however there is generally some
degree of heterogeneity in tissue architecture/grade of dysplasia and interpretation of these �ndings
require further thought and de�nition of the scoring criteria utilised. Both CHK1 and CHK2 phosphorylate
the FANCD2 protein at different sites, but only phosphorylation of the s331 residue activates the protein
complex. Upstream, the ATR pathway is of interest because when CHK1 is phosphorylated, it in turn
activates FANCD2 by phosphorylation.

The loss of FANCD2 expression has to be viewed within the context of the presence of OED or OSCC,
hence the importance of including the grade of OED (or diagnosis of OSCC) into the FANCD2-OED Risk
Score (Table 6.5). In several anonymised normal oesophageal control samples(Figure 6.3) the expression
of FANCD2 was not observed similar to the normal oral epithelium (obtained from the margins of
resected OSCC/OED specimen) (Figure 6.1A). This suggests that in the absence of OED or OSCC, the lack
of FANCD2 expression would indicate that the Fanconi Anaemia Pathway has not been activated. The
difference in these normal controls with transforming OED is that quite consistently the post-translational
modi�cations e.g. pATR, pChk1, pFANCD2(s331) and pFANCG(s7) have all been preserved in the control
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specimen. These warrants further investigation in order to explain the mechanism of the Fanconi
Anaemia Pathway in normal and diseased tissue within the context of the process of carcinogenesis.

In this analysis, moderate dysplasia was classi�ed together with mild dysplasia as ‘low risk’ while severe
dysplasia was classi�ed as ‘high risk’. Other researchers have classi�ed moderate dysplasia as ‘high risk’,
but recent discussion in the literature suggests that both suggested binary classi�cations are simplistic
(33, 34). Alternative suggestions for binary classi�cation of oral dysplastic lesions rely heavily on
pathological interpretation, which could be prone to intra and inter-observer reliability problems (35, 36). It
is acknowledged, therefore, that the proposed histopathology/IHC classi�cation in its current format will
have skewed the moderately dysplastic lesions in this study towards higher FANCD2-OED scores and is
thus prone to false negatives, although it still performed better than histopathology alone. Its strength
may be in identifying lesions which will NOT transform, but development into a routine, clinical test
requires a more robust de�nition of reduced immunostaining utilising data from a larger number of
transforming and non-transforming lesions. This study is best categorised as proof-of-concept as the
design and the cohort are not adequate for a robust prognostic biomarker study. One of our observations
was that lichenoid-type in�ammatory reactions were seen in the lamina propria of some OED and various
carcinomas. These are regarded as secondary and/or host response(s) to changed antigenic pro�le of
dysplastic or tumoral epithelium, and not speci�cally related to the condition oral lichen planus.

When the NT and T groups were compared, there were signi�cant differences in site, smoking aetiology
and appearance between the two cohorts. These are such strong predictors of transformation in our
modest cohort that it was impossible to adequately match the two groups.  The validity of diagnosis of
the grade of OED from an incisional biopsy could potentially be questioned as the issue of heterogeneity
of OED especially in a large lesion is a valid consideration. In the Liverpool Oral Dysplasia MDT clinic, the
biopsy of OED lesions is carried out by senior surgical members of the team where the area of most
clinical concern is sampled. Experience in our practice would suggest that concordance of  initial biopsy
and de�nitive histopathology diagnoses were very high and had not adversely impacted on patient
outcomes. This was demonstrated in the reported cohort of patients where patients who have their OED
excised did not have their grade of OED upgraded but the more often scenario was that the area with the
most severe grade of OED has been completely excised by the incisional biopsy. Therefore, the �ndings
observed for FANCD2 immunohistochemistry and Western blotting were valid from the statistical and
clinical perspectives.

Six of the twenty-three NT lesions (that we would have expected to transform) were totally excised –
therefore some of the differences observed between NT and T groups might potentially relate to the
method of treatment rather than the inherent cancer risk of the sample (Table 6.3) This could be a
re�ection that there is such strong prescription bias on grade and/or clinical features of lesions that it
would be impossible to adequately match the cohorts.

The median follow-up period was less in the NT vs the T group [3.4 years (range 0 - 14 years) vs 6.9
(range 1 – 21 years)], and this may partially explain the observation of NT OED lesions with low (≤1)
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FANCD2-OED scores, one of whom had only been followed for 19 months, and T OED lesions with high
(≥2) FANCD2-OED scores, 6 of which were obtained more than 3 years prior to transformation. These
data may give some indication as to the sensitivity of this technique for prediction of malignant
transformation prior to the event. For example, of the 6 T OED patients in whom we had non-neoplastic
tissue from an intermediate timepoint, we observed that the FANCD2-OED scores decreased in 2 patients
(from ≥2 to ≤1 in both cases) and remained static in 4 patients (3/4 of whom scored ≤1 at the initial
biopsy), with all the OSCC from these patients scoring 0 (n=5) or 1 (n=1). 

It has been reported that phosphorylated proteins are more labile, and that epitope degradation can occur
within 30 minutes of ischaemia in formaldehyde (37) leading to loss of certain post-translational
modi�cations (PTMs), speci�cally phosphorylation. Utilising the protein extraction protocol described in
this study, the expression of PTMs has been shown to be consistently down-regulated across 4 different
phosphorylation sites (ATR (s428), CHK1 (s317), FANCD2 (s331) and FANCG (s7)) in biopsy tissue
destined to transform (T-OED) compared with that which was not (NT-OED). This �nding is signi�cant
given the lack of availability of fresh tissue collections from cohorts of dysplasia patients and suggests
that PTM biomarkers of transformation may be developed for FFPE tissue.  This could potentially be
used to in�uence treatment decisions in clinical practice or when utilised within the context of a clinical
trial in the management of OED to stratify treatment/intervention arms. 

The hypothesis that malignant change in OED involves alteration of the FA pathway is supported by both
our immunohistochemistry and western blotting data. These reinforce the previously described
differences observed in the appearance and site of OED in these two groups of patients(1) but are not
simply a re�ection of these differences as no associations were observed between site or appearance of
lesion and PTM of these proteins. Samples from T OED lesions showed signi�cant reduction in the
phosphorylation of ATR, CHK1, FANCD2 and FANCG in comparison to non-transforming samples,
indicating a lack of ATR-CHK1 activation following DNA damage and/or replicative stress. It may be
argued that these observations are due to a lack of stimuli in the transforming group as they have a
preponderance of non-smokers, but analysis of our data does not support this as no signi�cant
difference in PTM expression was observed between smokers and non-smokers. The ability of CHK1 to
phosphorylate several functionally important sites for optimal function and activation of the FA pathway
appears to be compromised in these patients which, it is proposed, will lead to the impairment of the
functionality of the FA core complex and lead to a reduction in subsequent HRR activity (20, 25, 29, 38). In
contrast, non-transforming samples showed high levels of FANCD2 s331 and FANCG s7 phosphorylation,
indicating that these sites were successfully phosphorylated by activated CHK1, and could function
effectively in DNA repair, thus reducing the burden of DNA damage in these cells and reducing the risk of
malignant transformation.

FANCD2 monoubiquitylation, which is thought to be promoted by ATR-CHK1 mediated FANCD2
phosphorylation (19, 30), is a critical step in FA pathway activation(29, 39) and evidence suggests that a
reduction in FANCD2 monoubiquitylation has a greater in�uence on genomic instability than down
regulation of FANCD2 expression (40). In our study, it was observed that transforming samples have
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lower levels of FANCD2 monoubiquitylation (FANCD2 L expression) compared to non-transformers, and
interestingly, they consistently displayed lower levels of total FANCD2 expression. These �ndings agree
with our concurrent immunohistochemistry data where we observed a lack of FANCD2 protein expression
in T-OED compared with NT-OED lesions.

The direct evaluation of the DNA sensing-signalling-damage repair cascade in OED has not been
previously reported, although there is recent evidence that individuals with reduced, systemic, double
strand break repair capacity are more prone develop to head and neck cancer (38). It has been suggested
that activation of DNA damage response might be protective in the early stages of oral carcinogenesis,
but progressive

deregulation over time could eventually result in the failure to suppress malignant transformation(41).
The results of the current study indicate that additional evaluation of these pathways is worthwhile to
understand their capability to predict malignant transformation in OED at the initial diagnostic biopsy,
especially as time to transformation may be as long as 7 years (1, 3).  Loss of heterozygosity (LOH)
status  at putative tumour suppressor gene loci (3p14, 9p21, 9p22 and 17p13) is currently the most
reliable predictor in malignant transformation in OED (42-44) and there is evidence to suggest that LOH is
secondary to homologous recombination de�ciency/DNA damage repair de�ciencies at 15 cancer sites,
including head and neck squamous cell carcinoma (45), indicating a possible link with the current data. 

In the process of validating the FANCD2-OED Risk score, a multi-centred setting with larger sample size
would be desired, to control for as many variables as possible matched for smoking, clinical appearance,
age and management (surveillance vs excision). This would with the numbers needed to treat analysis
inform the sensitivity and speci�city requirements of the potential for the FANCD2-OED Risk score to
serve as a potential biomarker for malignant transformation in OED(46).  This should explore possibilities
of re�ning the processes presented in this study, to streamline the diagnostic pathway so that clinical
application would be feasible and cost effective. It remains to be seen if the FANCD2-OED Risk score
could be more accurate in the prediction of malignant transformation when compared to loss of
heterozygosity(47), or perhaps they could be utilised jointly.  This could inform the development of future
novel treatment strategies in the management of OED.

Conclusion
This study has shown promise for the utility of the FANCD2-OED Risk score in evaluation of the status of
the Fanconi Anaemia Pathway in OED and its impact on oral carcinogenesis. These �ndings require
validation in a larger multi-centred cohort of patients. Future studies to further investigate the status of
DNA damage repair pathways will improve the understanding of how this in�uence malignant
transformation rates in OED and potentially identify personalised chemoprevention and/or therapeutic
options.

Abbreviations
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NT – Non-transforming/stable oral epithelial dysplasia

OED – Oral epithelial dysplasia

OSCC – Oral squamous cell carcinoma

T – Malignant  transforming oral epithelial dysplasia
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Tables

Feature Binary score

  0 1

Nuclear

Staining

Extent Absent-Focal Multifocal-Widespread

Intensity Absent-Weak Moderate- Strong

Cytoplasmic

Staining

Extent Absent-Focal Multifocal-Widespread

Intensity Absent-Weak Moderate- Strong

         

Table  1           FANCD2 immunohistochemistry scoring system
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Antibody against Raised in Company Catalogue number Dilution Citations

β-actin (C4) Mouse Santa Cruz sc-47778 1:5,000 (27)

ATR Rabbit Atlas HPA028264 1:1,000 (28)

pATR Mouse Gift of Dr G. M. Kupfer 1:1,000 (25, 29)

CHK1 Mouse Santa Cruz sc-56291 1:1,000 (30)

pCHK1 (S317) Rabbit Calbiochem DR1025 1:1,000 (30)

FANCD2* Mouse Santa Cruz sc-28194 1:500 (20)

pFANCD2* (S331*) Mouse Gift of Dr G. M. Kupfer  1:1,000 (25, 29)

FANCG* Rabbit Santa Cruz sc-28219 1:1,000 (20)

pFANCG* (S7*) Mouse Gift of Dr G. M. Kupfer  1:1,000 (29, 31)

*selected as markers of activation of the Fanconi Anaemia pathway availability and reliability from previously published

data(25, 32)

Table 2             Antibodies used in Western blot
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Non-transformers

(n =23)

Transformers

(n=17)

P value

 

Age Median (range) 55.9

(27.9 – 78.4)

57.5

(37.5-85.2)

0.56

Gender

n (%)

Male

Female

13 (57)

10 (43)

6 (35)

11 (65)

0.22

Site

n (%)

Lateral tongue

Floor mouth

Buccal

Alveolar mucosa

4 (17)

11 (49)

4 (17)

4 (17)

10 (58)

3 (18)

4 (24)

-

0.01

Appearance

n (%)

Homogenous white

Red-white

Red

20 (87)

2 (9)

1 (4)

7 (41)

10 (59)

-

0.001

Lesion size 

n (%)

< 200mm

> 200mm

5 (22)

18 (78)

3 (18)

14 (82)

1

Smoking

n (%)

Never

5-20 pack years

>20 pack years

5 (22)

7 (30)

11 (48)

7 (41)

8 (47)

2 (12)

0.05

Alcohol

n (%)

Teetotal

Current drinker

6 (26)

17 (74)

5 (29)

12 (71)

1

Grade of dysplasia*

n (%)

Mild/moderate

Severe/Cis

20 (87)

3 (13)

12 (71)

5 (29)

0.19

2

2
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Definitive treatment Surveillance

Excision

17 (74)

6 (26)

0

17 (100)

0.0001

 Table 3             Demographic and clinic-pathological features of patients (n = 40) (* at initial diagnostic

biopsy)

 

 

    Biopsy

 

Site of staining

 

Pattern of staining

NT - first diagnostic

n (%)

T – first diagnostic

n (%)

T – OSCC diagnostic

n (%)*

Nuclear Distribution      

  Absent/Focal 6 (26) 4 (24) 9 (60)

  Multifocal/Widespread 17 (74) 13 (76) 6 (40)

  Intensity**      

  Absent/Weak 13 (57) 16 (94) 14 (93)

  Moderate/Strong 10 (43) 1 (6) 1 (7)

Cytoplasmic Distribution      

  Absent/Focal 1 (4) 1 (6) 4 (27)

  Multifocal/Widespread 22 (96) 16 (94) 11 (73)

  Intensity***      

  Absent/Weak 5 (22) 8 (47) 10 (67)

  Moderate/Strong 18 (78) 9 (53) 5 (33)

*Specimens for two patients were not retrievable from archival records

**: NT v T (first diagnostic biopsy) P<0.008 (Mann-Whitney Test)
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***: NT v T (first diagnostic biopsy) P=0.089 (Mann-Whitney Test)

Table  4           FANCD2 immunohistochemistry scores in first diagnostic biopsy of non-transforming (NT) and

transforming (T) OED, together with paired OSCC for the transforming group

 

 

FANC D2–OED Risk Score NT OED

n = 23

T OED

n = 17

P value (Mann Whitney test) *P Value (Fisher’s exact test

3 4 21* 2 7* 0.005  

 

0.001

2 17 5

1 2 2* 8 10*

0 0 2

FANC D2–OED Risk Score   OSCC

n = 15

 

1     7 15

0     8

Illustration of how FANCD2-OED Risk Score was derived:

e.g. Severe dysplasia (0) with absent/weak nuclear staining (0) and moderate/strong cytoplasmic stain (1) = 0

+ 0 + 1 = 1

Table  5           FANCD2 IHC-OED grade combined scores in stable OED (NT), OED which underwent

malignant transformation (T) and oral squamous cell carcinoma which had arisen from OED.
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Normalised densitometry

score ratio*

Low

expression

n (%)

Moderate

expression

n (%)

High

expression

n (%)

P value

(Fisher-Freeman-Halton

exact test)

ATR T

NT

9

7

3

8

5

8

0.24

pATR T

NT

14

1

3

9

0

13

< 0.0005

Chk1 T

NT

5

10

7

5

5

8

> 0.29

pChk1 T

NT

13

3

3

8

1

12

< 0.0005

FANCD2 (S & L ) T

NT

10

10

2

8

5

5

< 0.025

pFANCD2-s331 T

NT

16

1

1

12

0

10

< 0.0005

FANCG T

NT

4

10

6

4

7

9

0.61

pFANCG-s7 T

NT

16

1

1

10

0

12

< 0.0005

See materials and methods

 Sum of ‘small’ and ‘large’ FANCD2 isoforms - L corresponds to the monoubiquitylated (activated)

isoform p: phosphorylated proteins; s331 & s7: location of phosphorylation

#

#
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Table  6           Normalised protein expression in initial diagnostic biopsy of NT OED and T OED lesions

Supplementary Figure Legend
Supplementary Figure 1.       Corresponding original uncropped full-length gels and blots as presented in
Figure 3 (blue outline indicates where the images were cropped).

Figures
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Figure 1

Immunohistochemistry for FANCD2. The photomicrographs illustrate the transition between normal (non-
dysplastic; n) and dysplastic (d) epithelium (A & B); and dysplastic (d) epithelium and early squamous
cell carcinoma (t) (C & D). Differences in expression of FANCD2 between normal, dysplastic and invasive
epithelia are seen: while variably strong, nuclear and cytoplasmic immunostaining is centred on the
suprabasal layers of dysplastic epithelia, it is absent from normal epithelium (n in 1A) and lost from the
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tumour (t in C). Basal keratinocytes of the dysplastic epithelia are increased in numbers (A) or show
perturbed strati�cation and nuclear hyperchromatism (B). In�ammatory reaction (i) of variable density is
seen underneath dysplastic epithelia and tumour (A & C). B & D are from adjacent sections stained with
haematoxylin and eosin to allow comparison. Objective magni�cation × 4.

Figure 2
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Immunohistochemistry for FANCD2. The photomicrographs illustrate differences in expression of
FANCD2 between NT OED (A, B, C, D) and T OED (E, F, G, H). Although variably strong immunostaining
decorates non-keratinising layers in NT OED (A & C), it is absent from basal and parabasal, epithelial
components (asterisks) in T OED (E & G). Higher magni�cation allows appreciation of the differences and
dysplastic features (C & G), including swollen, drop-shaped rete, perturbed strati�cation, enlarged nuclei
(arrow), increased nuclear: cytoplasmic ratio (C), and markedly irregular lower epithelial border and
increased numbers of cells having a basaloid phenotype (G). Note the variable in�ammatory reaction. B,
D, F & H are from adjacent sections stained with haematoxylin and eosin to allow comparison. Objective
magni�cation × 4 (A, B, E, F); × 10 (C, D, G, H).

Figure 3

Representative example of Western blot expression analysis of DNA damage sensing and repair proteins.
NT: �rst diagnostic biopsy of a non-transforming OED; T: �rst diagnostic biopsy of a transforming OED;
Oe: normal oesophagus; CT: control OSCC from a different cohort; CN: control (morphologically) normal
from margin of OSCC resection.
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