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Abstract: Oral leukoplakia is a common precursor lesion of oral squamous cell carcinoma, which indicates a high potential of 
malignancy. The malignant transformation of oral leukoplakia seriously affects patient survival and quality of life; however, it is 
difficult to identify oral leukoplakia patients who will develop carcinoma because no biomarker exists to predict malignant 
transformation for effective clinical management. As a major problem in the field of head and neck pathologies, it is imperative 
to identify biomarkers of malignant transformation in oral leukoplakia. In this review, we discuss the potential biomarkers of 
malignant transformation reported in the literature and explore the translational probabilities from bench to bedside. Although 
no single biomarker has yet been applied in the clinical setting, profiling for genomic instability might be a promising adjunct.
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1 Introduction 

As a common oral potentially malignant dis‐
order (OPMD), oral leukoplakia (OLK) has proven to 
increase the risk of oral squamous cell carcinoma 
(OSCC). It clinically manifests as a white plaque and 
is pathologically separated from other oral mucosal 
diseases (Warnakulasuriya et al., 2021). The world‐
wide prevalence of OLK is 4.1%, and the highest 
prevalence of 7.8% occurs among Asians (Mello et al., 
2018). With a highly malignant potential, 9.8% of 
OLK progresses to OSCC (Aguirre-Urizar et al., 2021).

Various clinicopathological factors might be in‐
volved in the malignant transformation (MT) of OLK, 
such as sex, age, tobacco smoking, alcohol consumption, 

oral epithelial dysplasia (OED), and systemic diseases 
(Aguirre-Urizar et al., 2021; Cai et al., 2021). How‐
ever, so far, only OED has been considered to be a 
significant risk factor related to the MT of OLK. The 
risk of MT increases gradually with the severity of 
OED (Chaturvedi et al., 2020; Odell et al., 2021). How‐
ever, because of the issues discussed below, the appli‐
cation of OED as a predictive factor of MT is limited. 
Multiple architectural and cytological features in OED 
diagnostic criteria were modified by the World Health 
Organization (WHO) in 2022 (Muller and Tilakaratne, 
2022), while pathologists need to determine which 
features are classified as mild, moderate, or severe 
dysplasia in accordance with the three-tiered OED grad‐
ing system. This subjective judgment has no quantita‐
tive biomarkers, resulting in poor repeatability and 
differing diagnoses made by pathologists (Odell et al., 
2021; Pritzker et al., 2021; Peng JK et al., 2022). It has 
been reported that 39.6% of MT in OLK develops in 
patients without OED (Chaturvedi et al., 2020). The 
OED grading emphasizes the MT risk of moderate and 
severe dysplasias, but it has poor ability to indicate 
the risk of mild dysplasia, especially for OLK without 
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dysplasia. This is not conducive to clinical manage‐
ment, because OLK patients without dysplasia or with 
mild dysplasia cannot be excluded from an MT risk.

Therefore, biomarkers need to be developed to 
effectively identify the MT potential of OLK. Herein, 
we review the potential biomarkers of OLK and their 
clinical translation prospects. The exploration of bio‐
markers in terms of genes, cells, and microenviron‐
ments may contribute to improving the predictability 
of MT, the early identification of high-risk lesions, and 
reducing the burden of OSCC.

2 Cell proliferation and apoptosis biomarkers 

OED in OLK is derived from the aberrant pro‐
liferation, maturation, and differentiation of mucosal 
epithelial cells. Further deterioration of these keratino‐
cytes leads to OSCC development. Therefore, most 
studies have focused on molecules responsible for the 
alterations in epithelial cell proliferation and apopto‐
sis (Table 1, Fig. 1), which have been mainly iden‐
tified in the epithelial basal cell layer and adjacent 
areas.

Ki-67 is a common biomarker of cell prolifer‐
ation. Its expression was gradually higher in normal 
control, OLK, and OSCC samples, but was not associ‐
ated with OED severity (Lameira et al., 2014; Klein 
et al., 2020). Ki-67 staining was positive in most pro‐
liferative cells. The short renewal time of keratino‐
cytes in normal oral mucosa because of the strong pro‐
liferative capacity of basal cells might interfere with 
immunohistochemical staining (Calenic et al., 2015). 
Therefore, Ki-67 staining is unable to estimate the 
malignancy risk of OLK. There was also insufficient 
evidence of an association between Ki-67 expression 
and the MT of OLK (Lameira et al., 2014). Minichromo‐
some maintenance protein 3 (MCM3) is involved 
in the early replication of the eukaryotic genome and 
its increased expression has been found in normal tis‐
sue, OLK with mild OED, OLK with severe OED, 
and OSCC (Lameira et al., 2014). The expression of 
p27 decreases with the increasing severity of OED 
(Kovesi and Szende, 2006). Lameira et al. (2014) found 
that the ratio of MCM3/p27 expression might be a 
better marker than the ratio of Ki-67/p27 expression 
to evaluate cell proliferation and differentiation. Simi‐
lar to Ki-67 expression, immunohistochemistry has 

revealed the high expression of intermediate filament 
protein cytokeratin-8 (CK8) in OLK and OSCC (Gires 
et al., 2006), but no association was found between 
CK4, CK13, and cornulin expression and OLK or OSCC 
(Schaaij-Visser et al., 2010).

Cyclin D1 (CCND1) and p63 expression increases 
with the increasing severity of OED (Kovesi and Szende, 
2006). CCND1 is a protein encoded by the CCND1 
gene on chromosome 11q13, which promotes cell cy‐
cle progression during the G1 phase. Meta-analysis has 
shown that CCND1 amplification and CCND1 over‐
expression were associated with a high risk of OSCC 
(relative risk (RR)=1.86, 95% confidence interval 
(CI)=1.13–3.06) (Ramos-García et al., 2019). Cyclin-
dependent kinases (CDKs) bind to cyclins to regulate 
cell proliferation. CDK4 and CDK6 overexpression has 
been reported in OSCC, but only aberrant CDK4 ex‐
pression was found in OLK with OED, and there was 
no association of CDK4 or CDK6 expression with 
OLK or OSCC, indicating that the overexpression of 
CDK4, but not CDK6, promotes OSCC development 
(Poomsawat et al., 2010). CCND1 and CDK4 over‐
expression in epithelial cells promotes aberrant cell 
cycle progression during G1/S transition, resulting in 
dysregulated cell proliferation and genomic instability 
that might lead to novel oncogenic events and sub‐
clones with an increased invasive capacity (Ramos-
García et al., 2019).

The transforming growth factor-β (TGF-β) signal‐
ing pathway inhibits the progression of keratinocytes 
from G1 to S phase by forming complexes with two 
serine-threonine kinase receptors, TβRI and TβRII. The 
mothers against decapentaplegic homolog 7 (Smad7) 
blocks this signal by interfering with the activation of 
both Smad2 and Smad3 (Chen et al., 2013). Immuno‐
histochemistry has revealed the aberrant expression of 
Smad2, Smad3, Smad4, phospho-Smad2 (p-Smad2), 
and p-Smad3 in both OLK and OSCC. In particular, 
Smad7 exhibits gradually increasing expression from 
normal oral mucosa, hyperplasia, mild OED, and moder‑
ate and severe OED to OSCC, demonstrating its poten‐
tial as an MT biomarker (Chen et al., 2013). As an 
inhibitory Smad of the TGF-β pathway, Smad7 over‐
expression disrupts the balance of TGF-β signaling in 
keratinocytes (Chen et al., 2013). Moreover, the de‐
creased expression of Smad4, another major regulatory 
molecule of TGF-β signaling, is associated with MT. 
Sakata et al. (2017) found that the downregulation of 
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Smad4 increased the risk of MT (hazard ratio (HR)=
2.632, 95% CI=1.031–7.654). Smad7 overexpression 
and reduced Smad4 expression suggested that TGF-β 
signaling plays a critical role in the MT of OLK.

The role of tumor suppressors in the MT of OLK 
has also attracted research interest. As one of the most 
typical tumor suppressors, mutation of tumor protein 
P53 (TP53, also known as p53) is an early event during 
OSCC progression. Positive staining of p53 has been 
observed in basal and sub-basal epithelial layers of 
OLK, which was positively correlated with the OED 
grade (Wood et al., 1994; Cruz et al., 2002). A recent 
meta-analysis showed that p53 overexpression was as‐
sociated with the MT of OLK (RR=2.22, 95% CI=

1.35–3.64), which was independent of smoking and 
drinking habits or the OED grade (Ramos-García 
et al., 2022). Zhang et al. (2017a) constructed a nomo‐
gram model of MT in OLK with a C-index of 88% 
using immunohistochemical analysis of p53 and car‐
bonic anhydrase 9 (CA9) combined with clinicopatho‐
logical parameters, but there was no validation dataset. 
Phosphatase and tensin homologue (PTEN) is another 
typical tumor suppressor that inhibits phosphoinositide-
3-kinase (PI3K) by the dephosphorylation of phospha‐
tidylinositol 3, 4, 5-trisphosphate (PIP3) to regenerate 
phosphatidylinositol 4,5-bisphosphate (PIP2). Down‐
regulation of PTEN leads to the accumulation of PIP3, 
increased activation of PI3K and phosphorylated 

Fig. 1  Biomarkers of malignant transformation in oral leukoplakia. MCM3: minichromosome maintenance protein 3; CK8: 
cytokeratin-8; CDK4: cyclin-dependent kinase 4; PTEN: phosphatase and tensin homologue; TGM3: transglutaminase 3; 
GRP78: glucose regulatory protein 78; Dsg3: desmoglein 3; LAMC2: laminin gamma 2; LOH: loss of heterozygosity; 
SOX2: sex-determining region Y-box 2; ALDH1: aldehyde dehydrogenase 1; VEGF: vascular endothelial growth factor; 
HIF-1α: hypoxia-inducible factor-1α; CA9: carbonic anhydrase 9; TSPYL5: testis-specific Y-encoded-like protein 5; 
EZH2: enhancer of zeste homolog 2; MAGE-A: melanoma-associated antigen-A; CD: cluster of differentiation; Foxp3: 
forkhead box P3; PD-1: programmed cell death protein-1; PD-L1: programmed cell death-ligand 1; IL: interleukin; TGF-β1: 
transforming growth factor-β1; TNF-α: tumor necrosis factor-α.
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protein kinase B (p-Akt), and the modulation of various 
downstream substrates involved in cancer progression. 
PTEN expression has also been observed in basal and 
sub-basal epithelial layers. It was found higher in OLK 
with moderate or severe OED and OSCC than in nor‐
mal controls and in OLK with mild OED (Miyahara 
et al., 2018). Fluorescence in situ hybridization (FISH) 
revealed higher rates of allelic loss of PTEN in OSCC 
than in mild OED (Miyahara et al., 2018).

Tumor suppressor mammary serine protease in‐
hibitor (maspin) is a member of the serine protease in‐
hibitor superfamily of serpins located on chromosome 
18q21.3. Maspin expression varies among the sever‑
ities of OED and OSCC, and has been observed in the 
middle one-third of the epithelium in moderate and 
severe OED, and in the upper one-third of the epi‐
thelium in OSCC (Vered et al., 2009). Maspin expres‐
sion correlates positively with p53, p63, and Ki-67, 
and might play a major role in OSCC development 
(Vered et al., 2009). As a tumor suppressor of OSCC, 
transglutaminase 3 (TGM3) has been associated with 
the OED grade of OLK, and the MT risk was signifi‐
cantly increased in OLK with a low expression of 
TGM3 (HR=5.045, 95% CI=1.686–15.097) (Wu et al., 
2018). DNA hypermethylation in the promoter region 
of TGM3 might lead to its weak expression, and ex‐
ogenous TGM3 inhibits cell proliferation and pro‐
motes apoptosis (Wu et al., 2018). Syndecan-1 ex‐
pression decreases gradually from OLK concomitant 
with mild OED to moderate and severe OED, and is 
negatively associated with p53 and Ki-67 expression 
(Kurokawa et al., 2003). The glucose regulatory protein 
78 (GRP78) expression has been positively correlated 
with the malignancy of OPMD and OSCC (Lin et al., 
2010). GRP78 overexpression increases the recur‐
rence risk and MT of OPMD (Lin et al., 2010). Add‑
itionally, GRP78 remains significantly associated with 
a high risk of MT in OPMD without OED (Lin et al., 
2010).

3 Cell adhesion and junction biomarkers 

Podoplanin is a mucin-like transmembrane gly‐
coprotein expressed specifically in the endothelial cells 
of lymphatic vessels (de Vicente et al., 2013). Podo‐
planin expression has been observed in the basal epi‐
thelial cell layer of OLK, and both prospective and 
retrospective studies have found a positive correlation 

of podoplanin expression with the severity of OED in 
OLK (Kawaguchi et al., 2008; de Vicente et al., 2013; 
Grochau et al., 2019). Overexpression of podoplanin 
has also been associated with an increased risk of MT 
in OLK (Kawaguchi et al., 2008; de Vicente et al., 
2013; Monteiro et al., 2022). However, although podo‐
planin expression was associated with the MT of OLK 
by univariate analysis, the correlation was excluded 
when multivariate analysis was used (Kreppel et al., 
2012). Saintigny et al. (2009) developed a group of 
biomarkers, including positive expression of p63, podo‐
planin, and intraepithelial inflammatory cell cluster, 
and found that the MT of OLK was significantly in‐
creased with a positive expression of the combined 
markers. Podoplanin is involved in the remodeling of 
actin cytoskeleton and promotes invasion by increas‐
ing cell motility. The MT of OLK might be associated 
with high podoplanin expression through increasing 
cell motility. It has also been reported that podoplanin 
induces epithelial–mesenchymal transition (EMT) by 
downregulating E-cadherin expression (de Vicente 
et al., 2013).

Compared with the normal epithelium, cell ad‐
hesion molecule profiles are different in OLK and 
OSCC. The cell membrane expression of desmoglein 
3/γ-catenin and E-cadherin/β-catenin complexes is 
reduced in OLK and OSCC, and gradually shifts to 
weak cytoplasmic expression (Kyrodimou et al., 2014). 
Moreover, desmoglein 3 and γ-catenin expression cor‐
relates with the OED grade and OSCC differentiation 
(Kyrodimou et al., 2014). E-cadherin is expressed in 
basal and sub-basal cell layers in the normal oral mu‐
cosal epithelium, and it decreases gradually from nor‐
mal epithelium, OLK with mild OED, and moderate 
and severe OED to OSCC (de Freitas Silva et al., 
2014; von Zeidler et al., 2014). Twist promotes the 
loss of cell–cell adhesion through EMT, leading to 
increased cell motility. The expression of Twist has 
been found in basal cell cytoplasm, which gradually 
increased from normal mucosa, OLK with mild OED, 
moderate and severe OED to OSCC, and was nega‐
tively correlated with E-cadherin expression (r=−0.512, 
P<0.001) (de Freitas Silva et al., 2014). Laminin γ 
chain 2 (LAMC2) is a main component of the base‐
ment membrane and is associated with cell migration 
and invasion. LAMC2 expression in OSCC increases 
with the histopathological grade, and it correlates with 
the OED grade in OLK (Nguyen et al., 2017). Multi‐
variate regression analysis revealed an 11-fold higher 
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risk of MT in OLK patients with LAMC2-positive ex‐
pression (Nguyen et al., 2017).

Snail is a zinc-finger transcription repressor that 
activates the classical Wnt signaling pathway by in‐
hibiting glycogen synthase kinase-3 (GSK-3) phos‐
phorylation. As a downstream target of T-cell factor/
lymphoid enhancer-binding factor (TCF/LEF) in the 
classical Wnt pathway, Axin2 increases nuclear Snail 
and β-catenin expression by regulating the shift in the 
nuclear and cytoplasmic localization of GSK-3. Snail 
expression is positively correlated with Axin2 in OLK, 
and the overexpression of both Snail and Axin2 in‐
creases the risk of MT in OLK (Zhang et al., 2017b). 
A nomogram model constructed by the immunohisto‐
chemical analysis of Snail and Axin2 as well as clini‐
copathological parameters, such as sex, age, and lesion 
sites, was used to predict the MT potential of OLK 
with a C-index of 0.76 (Zhang et al., 2017b). S100A7 
overexpression has also been linked to the activation 
of non-classical Wnt pathway. Kaur et al. (2014) found 
that the positive expression of S100A7 in both the cy‐
toplasm and nucleus was associated with an increased 
risk of MT in OLK (cytoplasm-positive expression odds 
ratio (OR)=3.970, 95% CI=1.5–10.2; nucleus-positive 
expression OR=3.929, 95% CI=1.2–12.4). A decrease 
in the cohesion and loss of adhesion of keratino‐
cytes have been found in MT of OLK, resulting in 
cell proliferation and invasion. EMT changes the cell 
state to an invasive phenotype by silencing epithelial 
traits and promoting a stromal phenotype, which has 
been linked to the activation of Wnt signaling (von 
Zeidler et al., 2014; Zhang et al., 2017b). Therefore, 
biomarkers of intercellular adhesion and EMT might 
be potential predictors to identify the risk of MT.

4 Immune and inflammatory biomarkers 

Comprehensive genomic and transcriptomic analy‐
ses have revealed more cluster of differentiation 4-
positive (CD4+ ) T cells and M1 macrophages, and 
higher cytotoxic T lymphocyte-associated antigen-4 
(CTAL-4) expression in both OSCC and OLK than in 
normal controls (Ghosh et al., 2022). The number of 
CD4+ T cells in OSCC was higher, while the abun‐
dance of CD8+ T cells was lower than that in OLK 
(Ghosh et al., 2022). A study comparing the immuno‐
histochemical staining of OLK with or without MT 
showed less CD8+ T cell infiltration in MT samples 

than in non-MT samples (Chaves et al., 2019). An 
alteration of the immune microenvironment might 
precede MT development in OLK. Three macrophage 
biomarkers (CD68, CD163, and CD11c) are signifi‐
cantly increased in the epithelial compartment of OLK 
with an MT potential (Weber et al., 2020). Further‐
more, OLK with an MT potential showed an increase 
in the M2 polarization of macrophages (Weber et al., 
2020). Bouaoud et al. (2021) found that three groups 
of independent M2 macrophage-related gene signa‐
tures were all related to the MT of OLK, and the area 
under the receiver operating characteristic (ROC) curve 
(AUC) of a Cox model constructed by these signa‐
tures to predict the MT risk was more than 80%. The 
increase of regulatory T cells, depletion of cytotoxic T 
lymphocytes, and increased infiltration of M2 macro‐
phages might represent a pro-MT immune microenvir‑
onment in OLK. However, the potential of immune 
cell clusters as biomarkers of the MT risk needs to be 
verified by prospective studies.

The expression of programmed cell death protein-
1 (PD-1) and the abundances of CD3+, forkhead box 
P3-positive (Foxp3+ ), and CD8+ cells are higher in 
OLK with high-grade OED compared to low-grade 
OED (Xu et al., 2022). Furthermore, CD3, CD8, Foxp3, 
and programmed cell death-ligand 1 (PD-L1) overex‐
pression has been found in OSCC (Xu et al., 2022). 
PD-1 expression has been positively correlated with 
CD3, CD8, and Foxp3 expression in OLK (Xu et al., 
2022). The positive expression of PD-L1 was reported 
in non-smoking OLK patients and associated with an 
increased MT risk and shorter time to MT (Yagyuu 
et al., 2021). PD-1 and PD-L1 might induce immuno‐
suppression in OLK and accelerate the progression of 
MT (Xu et al., 2022). Kujan et al. (2022) constructed 
a model using the integrated immunohistochemical 
score of PD-1, PD-L1, Foxp3, interleukin (IL)-6, IL-
10, TGF-β1, and tumor-infiltrating lymphocytes (TILs) 
to grade the OED of OLK with a sensitivity of 69.84% 
(56.98%–80.77%) and specificity of 89.95% (84.75%–
93.84%). TILs might provide a microenvironment for 
the development of OED and the MT of OLK, reflect‐
ing the potential role of immune and proinflammatory 
factors in immune evasion during OSCC development 
(Kujan et al., 2022).

Proinflammatory factors and nuclear factor-κB 
(NF-κB)-dependent cytokines may be involved in the 
development of OLK and OSCC. Increased expression 
of IL-8 in saliva and tissue samples might be associated 
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with the MT of OLK, because IL-8 expression was 
found in 38% of OLK and 79% of OSCC, and no ex‐
pression was observed in the normal mucosal epithe‐
lium (Babiuch et al., 2020). IL-6 and tumor necrosis 
factor-α (TNF-α) had higher levels in the saliva of 
OLK patients than in normal controls, but there was 
no significant association with MT (Brailo et al., 
2006). High IL-37 expression has been observed in 
OLK and OSCC, localizing in cornified and spinous 
layers, which was associated with OED occurrence, 
but showed no difference between OLK and OSCC 
(Lin et al., 2016).

5 Biomarkers of genomic instability 

The telomere is a cap structure in DNA that pro‐
tects the ends of chromosomes. Telomeres gradually 
shorten with the division of somatic cells, and the 
shortening rate of telomeres might be related to cancer 
development. It has been found that OLK with short 
telomeres had a high risk of MT (Pal et al., 2022).

Loss of heterozygosity (LOH) is genomic dele‐
tion in a pair of chromosomes, ranging from a few 
thousands of nucleotides to the entire chromosome 
(Zhang and Rosin, 2001). The research methods of LOH 
include restriction fragment length polymorphism and 
microsatellite analyses. Because OLK samples are usu‐
ally biopsy tissues, the samples are small with a low 
DNA content. Microsatellite analysis is a common 
method of LOH identification in OLK, requiring only 
a small amount of DNA to detect LOH on multiple 
chromosomes with high sensitivity (Zhang and Rosin, 
2001).

High frequencies of polysomy in chromosomes 
3 and 9 have been found in OLK with hyperplasia, 
which increased in OLK with OED, especially in 
chromosome 3, and showed a gradually rising trend 
in OLK with hyperplasia, OED, and carcinoma in situ 
to invasive OSCC (Schwarz et al., 2008). For specific 
loci, high frequencies of LOH at 9p21, 3p14–25, 4q31–
32, and 17p12–14 have been reported in OLK, which 
were similar to the LOH patterns in the foci of early-
stage MT progression (Jiang et al., 2001; Schwarz 
et al., 2008). The LOH at 9p21 might be related to the 
inactivation of p16, the LOH at 3p14–25 might be 
linked to an alteration of fragile histidine triad (FHIT), 
and the LOH at 17p13 has been associated with p53 

mutation (Jiang et al., 2001). In addition, LOH or al‐
lelic imbalance of PTEN (10q23) and deleted in colorec‐
tal carcinoma (DCC) (18q21) as well as copy number 
alterations (CNAs) of epidermal growth factor recep‐
tor (EGFR), CDK inhibitor 2A (CDKN2A), and CCND1 
have been identified in OLK with OED and OSCC 
(Emilion et al., 1996; Chaves et al., 2020; Jäwert et al., 
2022). CNAs include DNA deletion, amplification, and 
rearrangement due to chromosomal instability (Drews 
et al., 2022). Copy number amplifications at 4q13.2, 
6p21.32, and 8q24.3, and copy number deletions at 
8p23.1, 8p11.22, 14q11.2, and 15q11.1 are common 
genomic alterations in OLK and OSCC, which might 
be involved in MT progression (Bhosale et al., 2017). 
CNAs at 3p14 and 9p21 have been found to precede 
OSCC development. Moreover, an increased risk of 
MT has been demonstrated in OLK with more LOHs 
at 9p21 or 3p14 (Mao et al., 1996; Schwarz et al., 
2008; Graveland et al., 2013). LOH occurrence might 
be related to the architectural features of OLK. LOH at 
3p14.2 has been associated with irregular epithelial 
stratification, LOH at 9p22 might lead to drop-shaped 
rete ridges, and LOH at 17p13.1 has been correlated 
with premature keratinization (Fonseca-Silva et al., 
2016).

Various unique patterns of allelic loss have been 
found in different lesions and at different anatomical 
sites in the same lesion of OLK, demonstrating the 
considerable inter- and intra-lesion heterogeneities of 
genetic alterations, which is independent of clinico‐
pathological parameters (Gomes et al., 2015). Dele‐
tions of specific alleles might be random passenger 
events of genomic instability and be involved in cancer 
development, which are observed in premalignant le‐
sions and the advanced stage of cancer progression 
(Partridge et al., 1998). Therefore, it has been suggested 
that the accumulation of genomic alteration events, 
rather than the sequence of a single molecular and ge‐
netic alteration, might be more relevant to cancer de‐
velopment (Partridge et al., 1998). OLK with more 
allele deletions has also been reported with a higher 
risk of MT than OLK with low-frequency allelic dele‐
tions (Partridge et al., 1998). We found by whole gen‑
ome sequencing that the frequency of CNA events 
was positively associated with OED severity (Li et al., 
2021). More CNA events have been indicated in OLK 
with a poor prognosis (Li et al., 2021). DNA aneuploidy 
is also considered to be a major biomarker of genomic 
instability and closely associated with the OED grade 
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(Sathasivam et al., 2021). The risk of aneuploid OLK 
was significantly higher, and DNA aneuploidy com‐
bined with OED severity predicted the MT potential 
of OLK (AUC=0.688, 95% CI=0.559–0.816) (Satha‐
sivam et al., 2021).

6 Cancer stem cell biomarkers 

OSCC development requires the gradual accu‐
mulation of multiple molecular events in cancer stem 
cells (CSCs). These cells have tissue specificity, slow 
division, and an unlimited self-renewal capability (Sim‐
ple et al., 2015). Considering the malignant potential of 
OLK, CSC biomarkers might be involved in the MT of 
OLK. The sex-determining region Y-box 2 (SOX2) is 
located on chromosome 3q26, associated with the main‐
tenance of pluripotency in embryonic stem cells, and 
involved in tumorigenesis. SOX2 expression was posi‐
tively correlated with OED severity in OLK and linked 
to a higher risk of MT (HR=5.83, 95% CI=1.31–26.01) 
(de Vicente et al., 2019). Aldehyde dehydrogenase 1 
(ALDH1) and CD133 are CSC biomarkers of OSCC 
and have been ascribed to prognostic value. The over‐
expression of ALDH1 (HR=4.17, 95% CI=1.96–8.90) 
and CD133 (HR=2.86, 95% CI=1.48‒5.55) might 
increase the risk of MT and they were positively 
correlated with OLK (Liu et al., 2013). B lymphoma 
Mo-MLV insertion region 1 homolog (BMI-1) expres‐
sion increases between OLK and OSCC and is posi‐
tively related to Ki-67 expression (Klein et al., 2020). Liu 
et al. (2012) reported that BMI-1 and adenosine triphos‐
phate (ATP)-binding cassette, G2 subfamily (ABCG2) 
overexpression was associated with an increased risk 
of MT.

7 Angiogenesis biomarkers 

Angiogenesis is involved in the progression of 
OLK and OSCC. A gradually increasing microvascu‐
lar density has been found from OLK with hyperkera‐
tosis, mild OED, and moderate OED to OSCC by 
high-power microscopy (Thiem et al., 2017). Vascu‐
lar endothelial growth factor (VEGF) is a major regu‐
lator of angiogenesis, and VEGF expression increases 
gradually with the severity of OED in OLK and OSCC 
(Thiem et al., 2017). Matrix metalloproteinase-9 (MMP-
9) activates VEGF and participates in the neovascular‐
ization of tumor endothelial cells. The overexpression 

of VEGF receptor 2 and MMP-9 is associated with 
OED severity, and further increased expression of MMP-
9 has been found in OSCC (de Carvalho Fraga et al., 
2014). MMP-9 might increase VEGF activity and is 
associated with pathological angiogenesis during tumor‐
igenesis (de Carvalho Fraga et al., 2014).

8 MicroRNAs 

As a kind of non-coding RNAs, the role of micro‑
RNAs (miRNAs) in OLK has also attracted wide‐
spread attention. MiRNA-21 (miR-21), miR-181b, and 
miR-345 expression increases gradually from normal 
oral mucosa, mild OED, moderate OED, and severe 
OED to OSCC, while miR-375 expression decreases 
gradually in this sequence (Cervigne et al., 2009; Tu 
et al., 2022). Through the sequencing analysis of saliva, 
plasma, and tissue samples, miR-10b, miR-31, miR-
99b, miR-129-5p, miR-145, miR-150-5p, miR-181c, 
miR-222-3p, miR-339-5p, miR-423-5p, and miR-708 
have been found to be involved in the MT of OLK 
(Yang et al., 2013; Maimaiti et al., 2015; Chang et al., 
2018). Philipone et al. (2016) constructed a prediction 
model of MT in OLK using the expression of four 
miRNAs (miR-129-2-3p, miR-204-5p, miR-208b-3p, 
and miR-3065-5p) combined with the patient age and 
OED grade with an AUC of 0.792. The prediction 
performance of this model was better than that only 
including the OED grade (AUC=0.646). However, it 
was not externally validated, and patients with OLK 
with moderate or severe OED with a high risk of MT 
were not recruited for the model construction, which 
limited its application scope.

9 Others 

Increased aerobic glycolysis is a typical charac‐
teristic of cancer (Cai et al., 2022a). Hypoxia-related 
proteins are involved in aerobic glycolysis. The ex‐
pression of hypoxia-inducible factor-1α (HIF-1α) was 
higher in OLK with hyperplasia and OED than that in 
normal samples, and the expression of HIF-1α-related 
protein glucose transporter-1 (Glut-1) as well as CA9 
was also increased in OLK with OED (Zhang et al., 
2013). Kaplan-Meier analysis showed that the over‐
expression of HIF-1α, Glut-1, and CA9 was signifi‐
cantly associated with the MT of OLK with OED, but 
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only CA9 expression was a related risk factor for MT 
by multivariate Cox regression (HR=182.68, P=0.015) 
(Zhang et al., 2013). Moreover, OLK samples with MT 
showed the upregulation of all three proteins, whereas 
OLK without MT featured a low expression of all 
three proteins, suggesting that the combination of 
HIF-1α, Glut-1, and CA9 expression may contribute 
to the prediction of OSCC development from OLK 
(Zhang et al., 2013).

Gene methylation increases in OLK with OED. 
Higher frequencies of methylation in testis-specific Y-
encoded-like protein 5 (TSPYL5) have been found in 
OLK with OED and were negatively associated with 
OSCC differentiation (Abe et al., 2016). Enhancer of 
zeste homolog 2 (EZH2) is involved in the methyla‐
tion process of genes and correlates with cell differen‐
tiation. EZH2 overexpression increased the MT risk 
in OLK, and no MT cases had OLK with a negative 
expression of EZH2 (Cao et al., 2011). Ion channels 
are transmembrane proteins that regulate ion flow 
across biofilms and carry out multiple physiological 
functions. The voltage-gated potassium channel Kv3.4 
is a member of the Kv subfamily, which is also known 
as KCNC4, Shaw III, and Raw3, with functions in the 
transportation of potassium ions from the cell and 
depolarization of the cell membrane (Fernández-Valle 
et al., 2016). Kv3.4 expression is hardly found in the 
normal mucosal epithelium and gradually increases 
from OLK with hyperplasia to OED, which correlates 
positively with the grade of OSCC differentiation and 
might be involved in MT progression (Fernández-Valle 
et al., 2016). The expression of melanoma-associated 
antigen-A (MAGE-A) has been reported in oral and 
laryngeal squamous cell carcinoma, but not in healthy 
controls (Baran et al., 2019). MAGE-A expression was 
positively associated with the MT risk in OLK (Ries 
et al., 2012; Baran et al., 2019). A multi-marker pre‐
diction system developed by combining the expression 
of various MAGE-A-related genes showed a 100% 
positive and 83.5% negative predictive value of OLK 
carcinogenesis (Baran et al., 2019).

10 Current research limitations 

During the conceptual evolution from “premalig‐
nant lesions” in 1978 to “oral potentially malignant 
disorders” in 2005, OLK has always been an important 
research topic of oral mucosal diseases associated 

with OSCC (Warnakulasuriya et al., 2007, 2021). 
Different lines of the research progress from the initial 
single gene variation of the tumor suppressor p53 to 
multiple gene combination biomarkers, such as cell 
proliferation and adhesion, from LOH at a single 
chromosome locus to genomic instability by whole 
genome sequencing, and from Formalin-embedded 
paraffin tissue samples to fresh frozen tissue and saliva 
as well as plasma samples, have represented the ne‐
cessity and exploration potential of the clinical man‐
agement of MT in OLK. However, decades after iden‐
tifying the potential malignancy risk of OLK, upon re‐
viewing studies on these biomarkers, there is still no 
biomarker available for clinical application to accur‑
ately predict the MT risk in OLK patients (Warnakula‐
suriya, 2000; Villa et al., 2019; Mello et al., 2020; 
Celentano et al., 2021; Monteiro et al., 2021).

Various factors limit the progression of MT bio‐
markers from bench to bedside. First, different types 
of OPMD are usually studied as a single entity; how‐
ever, there are significant differences in the clinicopath‐
ological parameters and the malignancy risk among 
the different types of OPMD (Cai et al., 2019, 2021, 
2022b). The molecular mechanisms of the pathogene‐
sis and transformation of OLK, oral lichen planus 
(OLP), and oral submucous fibrosis (OSF) are different 
(Ray et al., 2019; Shao et al., 2019; William et al., 
2021), which is also not conducive to the systematic 
review of evidence-based medicine (Villa et al., 2019). 
Second, the immunohistochemical evaluation of a 
single gene does not establish the malignancy risk of 
OLK. Most of the biomarkers reviewed here were as‐
sessed by immunohistochemistry, and various studies 
analyzing protein expression by different scoring sys‐
tems might lead to different conclusions (Mello et al., 
2020). The simple correlation between the negative/
positive ratio of single gene expression and the malig‐
nancy rate is not sufficient to reveal biomarkers for 
MT prediction. Because the molecular heterogeneity 
of OLK and OSCC has been extensively studied, sin‐
gle gene biomarkers predicting the malignancy risk 
are considered neither sufficient nor necessary (Gomes 
et al., 2015; Mello et al., 2020; Celentano et al., 2021; 
Monteiro et al., 2021; van den Bossche et al., 2022). 
Third, biomarkers associated with the malignancy 
risk of OLK usually have a significant correlation 
with OED severity. Because of the high risk of MT in 
OLK concomitant with moderate and severe OED, 
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associations of these potential biomarkers with MT 
might be excluded from multivariate regression analy‐
sis. Biomarkers both independently associated with the 
OED grade and related to the MT risk might be more 
valuable. If not simultaneously, at least the biomarker 
should be associated with the MT risk in OLK inde‐
pendent of the OED grade (Mello et al., 2020; Mon‐
teiro et al., 2021). Finally, there is a lack of MT pre‐
diction models constructed from real-world data with 
large samples of longitudinal cohorts. Several reported 
biomarker models with a small number of samples 
(about 160 cases) were all performed using a single-
center retrospective cohort without external validation 
cohorts, and certain models have been constructed 
using under-represented OLK samples (Philipone et al., 
2016; Zhang et al., 2017a, 2017b; Weber et al., 2020; 
Bouaoud et al., 2021; Sathasivam et al., 2021; Tu et al., 
2022).

11 Perspectives 

Although not clinically available, reports of MT 
biomarkers in OLK have provided future research 
directions. For example, podoplanin expression and 
genomic instability, such as CNA and LOH, may be 
potential biomarkers of MT in OLK (Mello et al., 
2020; Celentano et al., 2021; Monteiro et al., 2021). 
To further explore MT biomarkers in OLK, the fol‐
lowing recommendations may contribute to their de‐
velopment. In accordance with the most recent WHO 
classification (Warnakulasuriya et al., 2021; Muller 
and Tilakaratne, 2022), the exploration of MT bio‐
markers needs to be performed in various types of 
OPMD with strict classification, and the associated risk 
factors, such as histopathological grading, lesion sites, 
and smoking and drinking habits, should be reported 
to the greatest extent possible. It is necessary to con‐
struct an MT model from longitudinal cohorts with 
many samples recruited from multiple centers that are 
externally validated, and a prospective study design 
might be optimal. Most OLK samples have been col‐
lected from biopsies with the inherent characteristic 
of a small tissue volume. The application of location-
specific techniques such as laser capture microdissec‐
tion can facilitate accurate material analysis. More‐
over, emerging liquid biopsies acquire multiple fresh 
materials non-invasively by collecting saliva from 
the oral cavity, which might be the choice to col‐
lect large OLK samples. However, saliva is greatly 

influenced by diet and the environment, and requires 
standardized treatment (Papale et al., 2022). The oral 
cavity is the window for interactions between the 
human body and the external environment. More than 
700 kinds of microorganisms colonize the oral cavity 
(Peng X et al., 2022). Microorganisms, such as Por‐
phyromonas gingivalis and Fusobacterium nuclea‐
tum, with differential abundances between OLK and 
OSCC, might be potent biomarkers (Pietrobon et al., 
2021; Peng X et al., 2022). However, the current litera‐
ture includes mainly comparative studies in this field, 
and the recruitment of a longitudinal cohort might be 
better to investigate the roles of microorganisms in 
the MT progression of OLK. Artificial intelligence 
(AI) might also assist with the diagnosis of OSCC 
and identify the transformation risk of OLK. Through 
deep learning and machine learning, the most relevant 
risk factors of MT can be screened from big data, which 
might play a role in biomarker identification (Ferrer-
Sánchez et al., 2022; Tobias et al., 2022; Yang et al., 
2022).

In summary, there is currently no solid evidence 
supporting the clinical translation of biomarkers to 
identify the risk of MT in patients with OLK. Therefore, 
multi-center integrated research including big data 
with long-term follow-ups as well as multi-omics is 
needed to promote translation from bench to bedside, 
that is, for precision medicine to manage OLK pa‐
tients with a malignancy risk.
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