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Email: ykapila@dentistry.ucla.edu ally improved in the last few years, with less than a 1% improvement per year from

The oral squamous cell carcinoma (OSCC) 5year survival rate of 41% has margin-

2005 to 2017, with higher survival rates when detected at early stages. Based on
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1 | INTRODUCTION OSCC 5years survival rate of 41% has marginally improved in the

last few years, with less than a 1% improvement per year from 2005
Oral squamous cell carcinoma (OSCC) is the most common oral can- to 2017.%% Conversely, when OSCC is detected in the early stages,
cer type, accounting for about 90% of all oral cancer cases.> The the survival rates increase to >85%, highlighting the importance of
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early detection and need for early biomarkers. Unfortunately, al-
most half of OSCC cases worldwide are diagnosed at later stages.®”
Primary risk factors for OSCC include tobacco use and heavy alco-
hol consumption® and the presence of oral potentially malignant
disorders (OPMDs).”** OPMDs are a group of lesions that “carry
a risk of cancer development in the oral cavity, whether in a clin-
ically definable precursor lesion or in clinically normal mucosa”,*?
with oral leukoplakia being the most frequent OPMD.*® Based on
histopathological grading of oral dysplasia, it is estimated that se-
vere dysplasia has a malignant transformation rate of 7%-50%, fol-
lowed by moderate dysplasia (3%-15%) and mild dysplasia (<5%).1°
Despite these numbers, oral dysplasia grading does not reliably
predict its clinical behavior and is by nature imprecise, with a high

intra- and inter-observer variability in diagnosis,“‘15

making it cur-
rently impossible to predict accurately which dysplastic lesions will
progress to OSCC.'® Thus, more accurate markers predicting oral
dysplasia progression to cancer would enable better targeting of
these lesions for closer follow-up, especially in the early stages of
the disease.!®

In this context, molecular biomarkers derived from genet-
ics, proteins, metabolites, autoantibodies and microbiome play
key roles in clinical oncology (Figure 1). These molecular signa-
tures can help predict the likelihood of OSCC development and/
or progression and have the potential to detect the disease at
an early stage, and support treatment decision-making and pre-
dict treatment responsiveness.'” Also, identifying reliable bio-
markers for OSCC detection that can be obtained noninvasively
would enhance management of OSCC. This review will discuss
biomarkers for OSCC that have emerged from different biologi-
cal areas, including genomics, transcriptomics, proteomics, me-
tabolomics, immunomics and microbiomics and their tissue/cell

or biofluid of origin.
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FIGURE 1 Biological biomarkers of oral cancer.
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2 | NUCLEIC ACID-BASED BIOMARKERS

2.1 | Genomics

The growing development of molecular technology has made it
possible to use nucleic acid molecules as potential noninvasive
diagnostic biomarkers, as genetic materials can be amplified
from trace amounts, enabling highly specific detection via the
pairing of complementary nucleotides.’® In fact, genetic mate-
rials-based diagnostics has become the gold standard for many
diseases and it was fundamental for effective coronavirus
disease 2019 (COVID-19) disease control during the 2020
pandemic.'®?

Besides standard cellular genetic materials, it is now pos-
sible to detect and isolate cancer stem cells (CSCs) and circu-
lating tumor cells (CTCs) from a background of normal cells in
blood?° 2% Exosomes, extracellular vesicles released by normal
and tumor cells into the bloodstream, which can contain tu-
mor-specific proteins and nucleic acids?*??2%; or even cell-free
nucleic acids, fragmented nucleic acids released into the blood-
stream through apoptosis or necrosis, which includes cell-free
DNA (cfDNA) and cell-free RNA (cfRNA). In patients with cancer,
cfDNA that is released from tumor cells is often referred to as
circulating tumor DNA (ctDNA).2°722:26 Taple 1 summarizes the
recent studies in the literature.

Both cfDNA in plasma?’ and ctDNA in saliva?® have shown
promise as DNA biomarkers for human papillomavirus (HPV)-
positive OSCC patients. DNA biomarkers play an important role in
OSCC detection and they can be used to detect both HPV-positive
and HPV-negative OSCC. For HPV-positive OSCC, the HPV DNA
can be extracted from liquid biopsies, such as saliva and plasma.
HPV ctDNA from oral rinses can be used to detect oropharyngeal
cancers including OSCC with a 94% specificity and 78% sensitivity.29
In addition to the ctDNA in saliva, HPV cell free DNA (cfDNA) in the
plasma can be used to detect OSCC with a specificity of 100% and
sensitivity of 72%.%° Therefore, ctDNA and cfDNA have been used
to diagnose the disease, predict prognosis, and monitor treatment
outcomes.

Comparing HPV-positive with HPV-negative gene mutations
in OSCC cases, Gillison et al.%! reports increased frequencies on
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic sub-
unit alpha (PIK3CA), zinc finger protein 750 (ZNF750), fibroblast
growth factor receptor 3 (FGFR3), castor zinc finger 1 (CASZ1),
phosphatase and tensin homolog (PTEN), CYLD lysine 63 deu-
biquitinase (CYLD) and DEAD-box helicase 3 X-linked (DDX3X)
genes in HPV-positive cases, whereas HPV-negative OSCC cases
presented increased frequencies on tumor protein p53 (TP53),
FAT atypical cadherin 1 (FAT1), cyclin dependent kinase inhibitor
2A (CDKNZ2A), notch receptor 1 (NOTCH1), caspase 9 (CASP8),
HRas proto-oncogene, and GTPase (HRAS) genes. Shi et al.3? also
validates increased TP53 gene mutations in 75%-85% of HPV-
negative head and neck squamous cell carcinomas (HNSCC), in-
cluding OSCCs compared to controls.



RADAIC ET AL.

\VAIBD\’& Periodontology 2000

252

|eAIAINS Jualied Jood Ym pajeidosse pue [013uod
03 paJedwod DHSO Ul uoissaidxa sauasd paseadu|

]043u02 03 pasedwod sisougoud Jood uj pasealdag

sauad ay3
uo uoljeinw T 3ses| Je pajuasaid sojdwes sy 4O %9°/8

swsiydiowAjod z/ uopod
pey sjuaiied ay3 Jo %/9 ‘suoiieINW paljijuspl om|

]0J3u02 03 paledwod DHSO Ul paseasdu|

]0J3u02 03 patedwod HHSO Ul pasealdu|

0250 aAisod-AdH 03 padedwiod ‘30S0
aAI3eS2U-AdH Ul Aduanbauj uoizeinw sauad paseatdu|

DDS0 2AleSaU-AdH 03 paJedwod ‘3350
aAIsod-AdH ul Aduanbauy uoizenw auad paseatdu|

DDSO Ul 9dusjerald %60¢
]0J3u02 03 paledwod HDSO Ul paseasdu|
]0J3u02 03 paltedwod HHSO Ul pasealdu|
]0J3u02 03 paledwod DDSO Ul pasealdu|
]0J3u02 03 paltedwod HHSO Ul pasealdu|
]0J3u02 03 paledwod DGO Ul pasealdu|
]0J3u02 03 paledwod HHSO Ul pasealdu|

]0J3U0d 03 paJedwod HDHSO Ul paseaJdu|

]0J3u02 03 paledwod HHSO Ul paseasdu|

]0J3u02 03 paltedwod HHSO Ul pasealdu|

]0J3U0d 03 pasedwod HDHSO Ul paseaJdu|

]0J3u02 03 paledwod HHSO Ul pasealdu|

DDSO0 ul uoissaudx3y

d!9/84d¥D

J3a

VOEMId PUB SVYH ‘THOLON
‘8dSVD ‘TLV4 ‘VZNMAD ‘€SdL

€6dl

7996007032 dua3
QuowJoH 3uises|ay ploJAy |

THOL1ON pue
‘TLV4 ‘VOEMId ‘'VZNMAD ‘€5dL

SVYH PUe ‘8dSVD
‘THOLON ‘VZNXAD ‘TLvd ‘€6dl

Xexaa
pue ‘gi1Ad ‘N3ld ‘TZSvD
‘€¥494 ‘0S£4NZ ‘VOeMId

(BYMNN9Td+£3/93

VNA 9TAdHP

VNQ 9TAdHP
VNQA-AdHJ?

/3 pue 93 sauadodouo AdH
VNA 9TAdHP

VNQ 9TAdH

VNA AdH

G€
pue ‘cg ‘T€ ‘8T ‘9TVNA AdH

BYMNI9T ‘9TAdHS
9TAdH

VNA AdH$2

siayiewolg [enuajod

667

9€

1145

ST

14

/e

1414
66
SS

81¢

€9¢C
0s
99
4
€

o117

14
059

LSY

9z1s 9|dweg

sisAjleuy aseqeieq VOIL

VvSIi3

¥Dd 19|doiq [ensiq

40d

d2d-1d

3[211Ie MIIASY

Suipuanbas
SWouasd 9|oypA

¥Dd-1Y

¥Ddb-1y

dDd 391doup ensig
YDodb

dDdb

¥0d [eusig i9jdoi@
¥Dd [eusidg 19|doiq
¥0d [eusig iejdoia

dDd e8I 131doiq
3591

AdH ®seqoD pue ¥ddb

4Dd paisaN

SisAjeue-e}a|n
pue MalA3J D11BW)SAS

poyIaIN

uojssaidxa auan)

uolssaidxa auan

uoIssaldxa ausn

suoljeINW U35

uoljejAyaw auan

suoneINWw YNQI0

anssi |

ewse|d

asury |elo

asury |elQ

eAlles

eAlles

141 1B 32 JopIauyds

EelleR
Jadeaq-asipn

oy 1B
wegnwueys

wrle®znina
woa._m ®

sies|eAuedijing

o1 1€ 39 BueA

IS0 2A13ESBU-AJH 404 SI19)Jewolq d1WousD

SUOIIeIN|A SUID)
VNd AdH
VNAP AdH
VNAP AdH
VNQ4$ AdH
VNQa3> AdH
VNP AdH
VNAP AdH
VNP AdH

VNP AdH

VNd AdH
VNAd AdH

VNQ4$ AdH

IS0 2A13ISOd-AdH 404 S19)Jewolq d1Wousn

sJadjaew Jo adA|

"2DS0 40 suslewolq paseq-pioe dISPNN - T 374dV.L

anssi]
anssi]
ewse|d
ewse|d
ewse|d
ewse|d
ewse|d
ewse|d

ewse|d

ewse|d

eAlles

eAlles

ewse|d

siaydewolq

0 s224n0g

¢ 1€ 33 UosI||ID
99p B 32 SUBOWIS

cor B39 997
yor 1€ 30 BIBYD
og 1B 30 RInZeN
cop [B 39 19P3Y
zo1 1€ 19 J9AIA
1071832 Suliey

oor 1839 08D
1 1839 81119y

¢z 1839 [BYIUSSOY

gor [B 19 8UeL

sep 1839 odwe)

1ea) /loyny



o
o
o
Y
>
o
S
<]
=
c
o
°
o
=
(]
a

RADAIC ET AL.

(sanunuo))
{£6'T oney pJezeH pajeda.33y
{|043u02 03 paJsedwod DDHSO Ul pajen3daidn

6C'T oney pJezeH pajeda.38y
{|043u02 03 pasedw0d DDHSO Ul pajendaidn

sjualjed HDHSO 4o sisoudoud 3o1paud 03 pazi|ian aq ued)

]043u0) 03 pasedwod DHSO ul paren3audn

uolseAu| pue ‘uoljelsiw
‘uonjesayljold || DDSO padnpal uoia|dap
Zd9DN {|0J3u0d 03 paedwod DDSO Ul pasealdu|

DDSO Ul 9us[enald %58-%G/ SAeY SUOHRINW £6d |

]0J3u02 03 patedwod HHSO Ul pasealdu|

juediyiudis Ajjealisiyels jou
1nq ‘|013u02 03 pasedwod sjuaed DHSO Ul pasealdu|

]0J3u02 03 paedwod HHSO Ul pasealdu|

‘adAjoua8 | | <evGz/1S4 40 9dAjouss DD +D1 10 DI

|043U0D 03 patedwod HHSO Ul pasea.du|

1043Uu02 03 paJedwod DHSO ul pajendaidn

|043u02 03 paledwod DDSO Ul pajenSaiumo

2DSO ul uoissaudxy

Tc-yiw

Tc-yiu

¢J1S pue
‘TSD0S ‘1S4 ‘SVdVIS ‘“004d
‘Vav ‘s92S ‘z9sa TOTX3L

VXINY PUB YNV1d
‘SOY19 ‘810X ‘TN ‘TddS

¢dg9ON Pue D41

vied pue ‘gieq
‘PTIWN ‘TY2ION ‘Tied ‘€GdL

¢IXAD pue vIidldyv
‘T41vd ‘WLV TvOdd TvOdd

ooN1v
91923S

¥86E¥6954 pue

EVSTLYSI SANS (DTLINM)
D7 9selajsuel}jAyiaw auisA

91d

(123Q) T 2ua8 a3A204puUoyd
JlUoAiquis pajennualaig

1449]
pue (3T-)2) 3T aseuly ulese)

siaxiewolg |enuajod

LLL

80L

GEE

14

V/N

0/T
12

0cs

89S
L6¢C

[4

9zis 9|dwes

sisAjeue e3a|n|
pue MIIADY D13BWDISAS

SISAjeue e3a|N
pue MalAaJ D11eW)SAS

soljewoguolg

soljewoguolg

(SIMm)
3upuanbas swoxa-3|oYyAn

VvSIi3
Y0db

saseqelep O3 pue yoOd 1L

¥2db-1y
Ad3siwaydo3siyounwiw]

AJsiwaydojsiyounwiw|

[IEIN

anssi|

VNYODIN et "M 9 31X

‘le 32 IpsensSolQg

SYNYOIIN anssi]

08T
sJayJewolq olwodiosuel ]

uol3e|n3a.sAp

EIVED) saseqeleq os1 1819 BueA
OJ}A Ul
pue
uolssaldxa aua9) saseqeleq g1 1B 19 BJOIY
|opow
asnow
pasnpul
-19oued
|eJo ue
wouy
paALIBp
uolenin aus z¢ 1839 1US
uoneinw
auag Jleday
a3eweq YNAd poo|g/anssi] 4,7 1B 30 J9yaing
eAlles pue o 1832
VNQJ2 poojq ‘sanssl]  zaljezuon-opedey
uolssaldxs sus9) anssi| <1839 1US
swsiydiowAjod
9p11osdNN-3|3uls anssi| o1 1€ 39 N2IYS
uolssaidxa uia1oid anssi| /7 1B 32 9PIIM
uolssadxa ulajoid anssi| 2,7 1€ 39 01eS
siayew jo adA| siayaewolq Aea) /1o0yny
JO s@24nog

(PenupuoDd) T 3749VL



RADAIC ET AL.

A\VWAIBA& Periodontology 2000

254

|043Uu02 03 pasedwod HHSO Ul pajendaiumoq

]0J3u02 03 paedwod HHSO Ul pajensaidn

]0J3u02 03 patedwod HHSO Ul pajensaidn

]0J3u02 03 paledwod HHSO Ul paje|ndaiumoq

]043u02 03 paJedw0d HDHSO Ul pajendaudn

]0J3u02 03 paedwod HHSO Ul paje|ndaisumoq

]043u02 03 patedw0d HDHSO Ul pajendaudn
Jossauddns Jowny pue pajejndaiumoq
oluagoouo

pue |0J3u03 0} pajedwod DHSO Ul pasea.du|

2DS0 ul uoissaidx3y

auad /HAV
dg-Tz-yiw

T61-yg!w
P8T-YIW TZ-YIw de-yz
-YIW pue ‘dg-Te-yIw Ge-Yiw
qgeT-yiu
PuUE LT-yIW ‘9T-y!W ‘e0Z-y!w
‘TE-YIW TOT-YIW pOT-YIW
T8T-y!W pue ‘e94T
-HIW 9P T-YIW ‘qez-yiw
‘eLE-YIW ‘T ey Iw ‘dG-G6T
-JlW 'dg-GSp-yiw ‘TZ-yIw
dg-69/-Y1w ‘gG/-yYIw ‘dg-8ee
-diw ‘eoze-ylw ‘dg-ggg-yiw
‘€TT-YIW ‘BOOC-IW ‘98T-YIW
‘SPT-YIW ‘dG-6ET-YIW ‘BGTT
-diw ‘eg6-yiw ‘dg-eog-yiw
‘86T-YIW ‘6-yIW PLAR-YIW
00TG-Y!W ‘TS9¢€
-dIW ‘Z9ze-YIW ‘0GTT-YIW
£88-4!W ‘899-yIW ‘9 9-yiw
‘T€9-YIW ‘'979-YIw ‘dg-ZTS
-dIW ‘e0G-YIW ‘Pop-yiw
‘dg-e8p-yiw ‘dg-zy-yiw
‘de-zTy-yiw ‘dg-gze-yiw
‘£TT-dIW ‘Bz Z-YIW ‘0TI
‘dz-9002-¥!W ‘q94T-yIw
94T-YIW THT-YIW £8T-YIW
‘P8T-Y!W ‘qT8TY!W ‘BT8T
-YIw ‘GG T-YIw ‘dg-0GT-yIW
‘egYT-YIW LpT-YIW ‘9ET-YIW
‘qzé-diw ‘Te-yiw ‘qrz-yiu
‘de-e/z-yiw ‘dg-pz-yiw
‘PT-YIW TZ-YIW GL39]-9T- 1w
G/e-ygiu

Sye-diw ‘p8T-yiw
‘qT8T-yIW ‘e9pT-AIW ‘TZ-yiw

siayiewolg |erpuajod

sauagd

193.e3 40}

0g pue
Jlw Joj 0L

/L8

98ST

[40)>

a/N

azis 9|dweg

¥0db-1y

¥0db-1y

M3INSY J11eWISAS

M3INSY J11eWISAS

MBIADY d11eWS}SAS

poyIBIN

VNYOIIN anssi| L1839 UaysS
SYNYOIN enlles oc 18 39 Z3|0Y2S
ewse|d
pue
VNYODIN  ‘wnias ‘poojg cgr B 32 OUBIOIL
VNYODIN a/N ve 1839 eleed
0J}A U]
pue
SYNYODIN  OAIAU|BNSSIL o 7|8 312 JSPUBIN
siayJew Jo adA| sia)Jewolq 1ea) /1oyny
J0 $924n0S

(penunuod) T 374VL



o
o
o
Y
>
o
S
<]
=
c
o
°
o
=
(]
a

RADAIC ET AL.

(senuijuo))

JaMJeW LD YHM pawioyiad suoiie|os
D52 2250 40 Ajofel fsonsta1eIRyD DS Ajdsiq

sol3si93deIRYD DS AldsIQ

S[192 W3S dIuoAIqwd [edauasd Jo
95043 Uy} Jay3o DS DDSO 404 Sidxdew d14129ds oN

|043U02 03 patedwod HHSO Ul paseatou|

]043U02 03 paJedwod DDHSO ul pajlendaidn

]0J3U02 0} paledwod DHSO Ul pasealdu|

]0J3U02 03 paedwod DHSO Ul pasealdu|

‘uoljeAl}oe ¢1v1 S suizowoud
AQ UOISEAS SUNWWI pUE SSaUWS]S Jadued sajowoud
T1V4241D "[043u0) 03 pasedwod DDSO Ul pasealdu|

|0J3u02 03 paledwod DDHSO Ul pajensaidn

]0J3u02 03 paltedwod HHSO Ul pajendaiumo(q

J92Ue) [BJQ Ul $$243S 9AIBPIXO
£[0J3u02 0} paJtedwod DDHSO Ul pajejndaiumoq
suoi3al
Jeuiwopge pue |eautiad ay3 punoue 3upuasaid
SuOISa| Ul uoiseAul d13eydwA| pJemoy seiq
J9pua9 {|0J3u0d 03 pasedwod DDHSO ul pazensaidn

2DSO ul uoissaudxy

THATV pue v+Aad

T-Iysesniy
pue ££1AD ‘¥2AD ‘v¥AD
‘THATV ‘DONVN ‘ZXOS ‘7120

ZXOS Pue ‘DONVN ‘7120

sa3eydoudew

pa3jerdosse-10wni-gIn

‘S9|2ISANA JB|N||9DBIIXD
||BWS ||92 W3S 420U

SOC-y!W pue 9f7gT-ylw

TOTOSL PUe T8AD ‘€9AD ‘6AD
XOS PuUe SONVN

9464000 2412 £€8Z000 2412
‘¥920000 2412 ‘T¥£1000 2412
‘T€20000 2412 ‘T1V42412

dg-zg-yiw

8€T-y!w

€4d1l
pue ‘€SON ‘ZSON ‘Z1Z34N
‘TXOWH SYNY2U| pa3eja-y9n

T¢e-y!w pue
‘GLE-YIW ‘BYST-YIW ‘GGT-YIW

siaxiewolg |erpuajod

V/N

V/N

V/N

V/N

V/N

174
V/N

00T

saul| ||92
9+ sanssi} 09

sisejqoaqy
pajernosse
-laoued
paALISp
-20SO
8T+ Sanssii 0g
89¢
91
9ziIs o|dwes

MIINSY

MIINDY

MIINDY

¥Ddb-1¥

Sujpuanbas
SYNY!W |ewosox3

A13owo3A) moj4

MIINDY

¥odb-1¥

10(q
UI2)SaAN pue YDdb-1y

“uoeIHIIUEND -IWAS

VNYIW pue
uonezIpLgAH NS Ul

d0d-1d

4Ddb-1y
poys N

S||9D W3S J2due) V/N zv 1€ 30 IUIPOY
S||9D Wwia3s Jadued) V/N ¢, [e 32 uniep
S|[9D wa3s J2dued) V/N ;e 32 ojownyng

sJayJew [|90 Jown] Sulje|nddi) pue s|ja0) Wwajs Jaoued)

OAIA U]
SYNYOIDIA pup 0J3IA U] 1 1B 3 NAA
SYNYOIIN OAIA U]
|ewosox3 pup 0J}IA U] oy 1€ 32 Buenyz
SJaJew
S9[2ISaA
Jejnjjasesixy ewse|d ¢c 1832 auag
auagoouQ V/N ¢gr |8 32 OHES

SOIWQ-SI|DISIA Je[n||9oe.3x3

OJHA U]
pue Xad
VNY Suenaay  onaujtenssi  ,(TZ0Z) e 38 elr
OJHA U]
SYN YOI pue anss|| ggrl€ 32 UID
syse|qo.quy
pajeldosse
-19oued
paALIap
-20SO
SYNYOIN pue anss|| Lo B3 ElRYIRY
VNY
Suipoouop 8uo anssi| ogr B 33 UBYS
SYN YOI anssi| gy B 30 UOSIqOY
siaydew Jo adA| siaylewolq Jea) /ioyny
JO s324n0S

(penunuod) T 374dVL



RADAIC ET AL.

\YWAIB=AS Periodontology 2000

256

|eAIAINS
9944-uoissaidoud Jood yym paje|a.iod uoissaidxy

"Adelayjowayd Jo syjuow g 3siij 3Y3 Ulym
uoissaigoud aseasip pajoipald oes DS JaysSiH
S3UN0d D1 D J9YSIY Y3Im pajeIdoSSe [BAIAINS |[BISAQ

"%89 40 AJ1d141D9ds pue ‘%69
JO AJIAI}ISUSS U3IM ‘9SEISIP JUB)SIP PUE 90U3.1IND3l
D50 Us3M}2q p|oysaly} se paulyap G/9 40 Junod
LD ‘|EAIAINS YIM Pa3eId0Sse s3unod 31 ) JaysiH
uoljeIpeIowayd JO SHIIM -
uly3Im paonpad Ajpuedijiusis a1am sjunod D10

%/T'G6 - Adeandde uoi}da3ap 1D PUe ‘%86

- AJ12141939ds U013I319P D1 D ‘%CE V6 - ANAIISUSS

uol132939p D10 ‘Al 03 | 98e3s wouy sassaldoud
DDSO Se $|192 D 1D J0 SIUN0d pasealdul Aj9AIssau80.d

|BAIAINS |[BJSAO PUE |BAIAINS 93.)-958SIP Y30q
Joj o13soudoud aq Aew s 1D (9zIS 4O UOIIRIIUDIDHIP
Jowiny 0 paje|aJ 9q o1 Jeadde J0u s90p S 1D

|eAIAINS sjualzed DDSO YHM paje|aliod
AjPAnedau si €£1QD ‘sa1Is1ua3eIRYD DS AR|dSIg

sanseldeIReyd DS Aejdsiq

salsiIaleIRYD DSD ARdsig

2SO ul uoissaidx3y

| Joydaday ¢-491

V/N

V/N

V/N

V/N

V/N
7120 PuUe ‘TVTHATV
‘TXO0S 'DOONVWN ‘€€TAD

N1v-d
pue ‘XyZH-ewwes ‘dd
CY1V pue Td1V
Udd THATV ‘T-lysesnin
‘€€1dD ‘v2Aad ‘v¥Ad
‘€1VLS ‘TXOS ‘DOONVN vLD0

si)jJewolg [el3uajod

€5

14>

T4

€5

[4"

V/N

8¢

V/N

azis a|dweg

An3siwaydo3Ad0ounwiwi
pue uone.ji4

A132W03Ad Mo|4

uoljeledas

paseq-a|di3Jedoueu

3ulia1ieds uewey
pasueyua-adeLing

A132W03Ad MO|4

uoljesedas
speaq d13audew-ounww|

MBIADJ D13BWIDISAS

8uiyios
||92 pajeAn3oe-di3audeln

AJjsiwaydo3siyounwiu|

MIINDY

LIEIN

S|
Jown] 8uiyenaaD

HIe]

w93s Jaoue)

3u1ye|ndun

pue s||aD
Jown] unemnaa)

sl1®9D
Jown] Supzenaad

HILe]
Jown| 3uijenaua)

HISe]
Jown] SuizenaaD

S|I9D
Jown] Suizenaad

S[]9D W3S Jadued)

S|[9D W3S J2due)

S|19D W3S Jodued)

sJaydew jo adA|

pooig

pooig

pooig

pooig

pooig

V/N

anssi]

anssi]

V/N

siayJewolq
J0 s221n0g

(PanupuOD)

cer €32 1lI2UES

o 1832 ueyd

g1 319 UeSIoN

261 1839 UM

SR CEENITLVV o)

<c[B 19 UInD
I RERN

Ler'18 39 9Zn0jIyd

o832 31Eg

Je3) /doyny

T 3149vl



RADAIC ET AL.

2.2 | Transcriptomics
In addition to genetic mutations, changes in gene expression lev-
els and profiles, also known as the transcriptome, have also served
as biomarkers for OSCC.*3 For example, the DEK proto-oncogene
(DEK), a known oncogene, was shown to modulate the chromatin
structure and remodel proteins. HPV-negative status and advanced
tumor stage in HNSCC patients were found in conjunction with a
downregulation in plasma DEK oncogene levels.®® Besides changes
in genetic expression, epigenetic modifications, such as alterations
in DNA methylation patterns, can also be used as biomarkers for
OSCC. Palaia et al.3* reported that the differentially methylated
CpG site, cg01009664, of the thyrotropin-releasing hormone (TRH)
gene had a sensitivity of 82.61% and specificity of 92.59%, as as-
sessed via bioinformatic approaches, and demonstrated the poten-
tial of epigenetic modifications as biomarkers for OSCC diagnosis.
RNA biomarkers, including microRNAs (miR) are known to serve
an oncogenic or suppressor functions for their target genes under cer-
tain conditions,® and their up- or down-regulation can used for pre-
diction of OSCC prognosis. For example, miR-345 and miR-31-5p are
upregulated in OSCC patients.36 By influencing mRNA translation and
transcript degradation, microRNA expression can further influence its
target gene expression through a common axis. Therefore, microRNA
upregulation and downregulation has been used to make predictions
about good or poor prognosis of OSCC.3* Recently, Jia et al.¥” deter-
mined that circular RNA for FAT1 (circFAT1,) is specifically expressed
in OSCC, but not in normal adjacent epithelial tissues. CircFAT1 was
significantly increased in human OSCC with lymph node metasta-
sis compared with human OSCC without lymph node metastasis.
Importantly, they found that circFAT1 promotes cancer stemness and
immune evasion through enhancing signal transducer and activator of
transcription 3 (STAT3) activation, suggesting that circFAT1 is not only

a biomarker for OSCC but also an important therapeutic target.

2.3 | Multi-omics of extracellular vesicles
Extracellular vesicles (EVs)—vesicles released by cells to commu-
nicate with other cells®®—have also been demonstrated to be a
powerful source of biomarkers for OSCC detection. For instance,
Benecke et al.*? report significantly elevated levels of tumor-de-
rived extracellular vesicles positive for PanEV makers (tetraspa-
nins CD9, CD63, and CD81) in OSCC patients compared to healthy
controls. Additionally, EVs carry nucleic acids and proteins as their
cargo, which may be useful as biomarkers.®® MiRs carried in EVs are
altered in OSCC patients and have been used to detect OSCC.4%4

2.4 | Cancer stem cells (CSC) and circulating tumor
cells (CTC)

Cancer stem cells (CSCs) are a subset of cancer cells that have character-
istics of stem cells, such as self-renewal and asymmetrical cell division,
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which can produce heterogeneous populations of cancer cells. Further,
CSCs show greater malignant potential, such as higher anti-apoptosis
activity, invasiveness, metastatic potential, chemo-resistance, and sur-
vivability compared to other subsets of cancer cells.?*

In OSCC, it has been reported that CSCs play important roles
in the development and progression of the disease.?*42%4 Yet, no
specific markers defining CSCs in OSCC have been found to date,
and thus, the majority of CSC isolated from oral cancers have
mainly been based on the P-glycoprotein 1 (CD44) marker, which
is also a marker for breast CSC, or other generic embryonic stem
cell markers, such as octamer-binding transcription factor 4 (OCT4),
nanog homeobox (NANOG), and SRY-box transcription factor 2
(SOX2).24%% In addition, Ma et al.*¢ isolated OSCC cells positive and
negative for prominin-1 (CD133) and reports that CD133-positive
cells presented higher growth rate, self-renewal, cisplatin resistance
in vitro, and stronger tumourigenic potential in vivo compared to
those negative for CD133.

Circulating tumor cells (CTCs) are cells that actively or pas-
sively detach themselves from a primary tumor and pass through
the bloodstream. Various spontaneous or iatrogenic factors are
implicated in this process and, thus CTCs showcase tumor hetero-
geneity without the need for an invasive tissue biopsy.*"*° Since
CTCs can be quickly eliminated by several different processes,
such as immune attacks, shear stress, cell death due to loss of
contact with the extracellular matrix or neighboring cells (anoikis),
oxidative stress and the lack of cytokines and growth factors, they
undergo a series of adaptations in order to survive. These adapta-
tions include losing the expression of epithelial cellular adhesion
molecule (EpCAM), keratins, and E-cadherin and upregulating ma-
trix metalloproteinase (MMP) activity, which enables these cells
to navigate through the local extracellular matrix and enter the
microvasculature.’®>?

In OSCC, Qayyumi et al.>? demonstrate progressive increased
counts of CTC cellsas OSCC progresses from stage | to IV. Remarkably,
the authors also demonstrate that CTC cells have a very high detec-
tion sensitivity and specificity (94% and 98%, respectively), leading
to an overall detection accuracy of 95%. Counterintuitively, Morgan

|53 |54

et al.”” and Chang et a report higher CTC counts were associ-

ated with overall survival. In this context, Curtin et al.>®

performed
a systematic review of the literature and found that the presence of
CTCs does not appear to be related to tumor differentiation or size.
Additionally, the authors point out that specific CTC results for oral
cancer patients were either inconsistent or mixed with data from
other anatomical sites and pathologies within the head and neck.
Given the increasing evidence suggesting that CTCs have diagnos-
tic and prognostic potential as biomarkers for OSCC, there is a clear
need for studies that can elucidate the relevance of CTCs in OSCC.>

3 | PROTEIN-BASED BIOMARKERS FOR OSCC

Over 2200 different proteins have been cataloged in saliva, which
is close to the amount of proteins found in plasma (over 2600), thus
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making both fluids potential sources of biomarkers for OSCC.%¢>8
Table 2 summarizes the recent studies in the literature.

The majority of the studies presented here (68%) used saliva
as the source of biomarkers, possibly due to saliva sampling being
fast, noninvasive, and well tolerated, besides being a safe procedure
for healthcare providers.” Additionally, saliva is a very promising
source of protein OSCC biomarkers given that it is in direct contact
with the cancerous lesions and the oral mucosa.®°

A minority of studies (26%) focused on blood-based biop-
sies. Gautam et al.®! identified 16 potential biomarkers for OSCC,
using high-throughput screening methods, including Fibrinogen
alpha and Beta Chains, Fibronectin-1, and Serum amyloid A-1, which
were increased in the OSCC group up to 5.36-fold. One major dif-
ference, however, is the greater sensitivity that a saliva-based ap-
proach has compared to a serum-based approach. Zheng et al.®?
examined both saliva and serum carcinoembryonic antigen (CEA)
and N-a-acetyltransferase 10 protein (NaalOp) expression individu-
ally. The sensitivity and specificity of CEA and NaalOp in saliva were
80.2%, 81.7% and 81.1%, 83.3%, respectively, while the sensitivity
and specificity of CEA and NaalOp in serum were 68.9%, 73.3% and
70.8%, 75.0% respectively. The combined detection of CEA and
NaalOp in saliva led to the greatest sensitivity and specificity (92.5%
and 85.0%, respectively). Similarly, Rajkumar et al.®® demonstrated
3-fold higher levels of cytokeratin-19 fragment CYFRA 21-1 in sa-
liva compared to serum levels. Noteworthy, though, is that in their
systematic review, Ali et al. (2020) found non-conclusive evidence
for increased CYFRA 21-1 in saliva samples, due to the presence of
biases and limitations in the studies evaluated.

A minority of studies (20%) used more invasive biopsy methods
(i.e., tissue biopsy) and determined that CD44 was differentially
expressed in OSCC and OPMD, versus healthy tissues, with signifi-
cantly increased levels in OSCC, followed by OPMD, compared to

controls.®* Similarly, other studies®® ¢’

identified glucose transport-
ers, especially Glucose transporter 1 (GLUT-1) and 3 (GLUT-3), as
significantly increased in OSCC compared to controls.

A third of the studies (36%) demonstrated that inflammatory
cytokines, such as interleukin 6 (IL-6), interleukin 8 (IL-8), tumor ne-
crosis factor alpha (TNF-a), and interleukin 1 beta (IL-1p) are signifi-
cantly increased in OSCC compared to controls. Regarding OPMDs,
most of these studies indicated a significantly progressive increase
in the inflammatory cytokines, with OSCC levels being significantly
higher than those in OPMD, and both were significantly higher than
controls (OSCC>OPMD > Controls). Two reports"’g'69 contradict
these studies. Khyani et al.’® indicated no significant differences
between OSCC and OPMD, with both being significantly higher

than controls, whereas Schiegnitz et al.®?

indicated no significant
difference between OPMD and controls, and both were significantly
lower than OSCC. These differences, however, could be due to the
use of a higher detection limit for these particular reports compared
to the rest of the studies, thus, reducing the ability to distinguish
OPMD from OSCC and controls. The systematic reviews, however,
do not agree with each other in this regard. Arroyo et al.”® reported

that both OSCC and OPMD levels were significantly elevated

compared to controls, but not significantly different between each
other (i.e., OSCC and OPMD > Controls), whereas Ferrari et al”t
reported that all studies demonstrated that OPMD levels were sig-
nificantly higher than controls, but significantly lower than OSCC
(OSCC > OPMD > Control), with an effective power of discrimination
among the samples—Area under the curve (AUC) ranging from 0.70
to 0.99. Given these findings, additional systematic review studies
are needed to determine whether OPMD are a different group com-
pared to OSCC and controls.

4 | METABOLITE-BASED BIOMARKERS
FOR OSCC

In addition to protein- and proteomic-based studies, recent studies
also include the detection and analysis of the metabolomic biomark-
ers associated with oral cancer. Nuclear magnetic resonance (NMR)
spectroscopy, mass spectrometry (MS) combined with liquid chro-
matography (LC), gas chromatography (GC), capillary electrophore-
sis (CE), or ultra-high-performance liquid chromatography (UHPLC)
are often utilized for detection of small molecules and metabolomic
investigations.”>’® Table 3 summarizes the recent studies in the
literature.

4.1 | Salivary metabolomic biomarkers

Salivaomics is a broad collection of technologies used to investigate
the different types of molecules found in saliva. Several investiga-
tors have proposed the use of salivary metabolomics to differentiate
precancerous from malignant OSCC to help improve the diagnosis
and prognosis of OSCC. For instance, Ishikawa et al.”* identified
3-methylhistidine as a significant prognostic factor, which is con-
sistent with Cadoni's study,”” which reported serum 3-methylhisti-
dine as a biomarker for predicting head and neck cancer. Tantray
et al.”% identified 15 signature salivary metabolites that could dif-
ferentiate OSCC from OPMD and controls. Recently, Patil & More”’
conducted a systemic review of 10 publications on the use of sali-
vary metabolomics for diagnosing oral cancer and they found that
1-methylhistidine is also one of the metabolic biomarkers for oral
cancer. Additionally, they concluded that the salivary biomarkers
found were a result of perturbations in pathways involved in the me-
tabolism of amino acids, proteins, carbohydrates, and nucleic acids
throughout multistage carcinogenesis developments in oral cancer.

Furthermore, de Sa Alves et al.’8

concluded that the malate-aspar-
tate shuttle, the beta-alanine metabolism pathway, and the Warburg
effect were three important altered metabolic pathways identified
in OSCC.

Multiple studies reported different metabolic profiles in saliva
samples from OSCC cases. Supawat et al.'s study’’ determined
that trimethylamine N-oxide (TMAQO) and glycine were signifi-
cantly higher in oral cancer patients when compared with saliva

samples taken from normal subjects. Consistent with Supawat
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(Continued)

TABLE 3

Source of

Findings

Sample size Metabolites

Method

biomarkers

Author/Year

Alterations of phosphatidylcholine/

Acetate, alanine, aspartate, AXP, choline, creatine, fumarate,

MR N/A

Cell line

Tripathi et al.?23

lysophosphatidylcholine and phosphocholine/
glycerophosphocholine ratios, and elevated

glutamate, glutamine, glutathione, glycerophosphocholine,
glycine, histidine, isoleucine, lactate, leucine, lysine, myo-

arachidonic acid in HNSCC; Dysregulation in

inositol, N-acetyl-aspartate, phenylalanine, phosphocholine,

phosphocreatine, proline, pyruvate, taurine, threonine,

tryptophan, tyrosine, UDP-sugars, valine

multiple metabolic events, including Warburg
effect, oxidative phosphorylation, energy
metabolism, TCA cycle anaplerotic flux,

glutaminolysis, hexosamine pathway, osmo-
regulatory and antioxidant mechanism

Abbreviations: N/D, not disclosed; N/A, not available.

 peracartoogy 2000 AUIRSERS

et al.'s study, Ishikawa et al.8%-82 determined that trimethylamine
N-oxide was significantly higher in the OSCC group than in the
OPMD group. Using different identification platforms, trimethyl-
amine N-oxide, choline, cadaverine, proline, glutamine, lactate,
fucose, and glycine were determined to be consistently different
between OSCC and controls.””#28 Song et al.®% used a combi-
nation of conductive polymer spray ionization mass spectrome-
try (CPSI-MS) and machine learning (ML) analysis and found this
approach as a feasible tool for accurate, automated diagnosis of
OSCC in clinical practice.

Recently, Grootveld et al.®” and Panneerselvam et al.®® con-
ducted a summative assessment of the latest progress on applica-
tions dedicated to the diagnostic and prognostic monitoring of oral
cancer, especially focused on salivary metabolomic analysis, and
suggested that optimal screening programs should involve a combi-
nation of both conventional and newly developed technologies. For
example, several ML-based data processing and analysis strategies
include oral cancer identification, automated disease progression
staging, and the application of image processing to distinguish be-

tween cancerous and precancerous cells.8%7°

4.2 | Plasma/serum metabolomic biomarkers

Multiple studies have shown differential metabolic profiles in the
plasma and serum of OSCC patients. In a recent study, Li et al.”*
demonstrated that the biomarkers associated with OSCC were
closely related to cholic acid metabolism and amino acid metabo-
lism. Additionally, Wu et al.”? determined that serine and lactic acid
gradually increased in benign and malignant salivary gland tumors.

Zou et al.”®

used ultra-high-performance liquid chromatography-
high resolution mass spectrometry serum metabolomic analysis to
demonstrate that succinic acid changes (low levels), hypoxanthine
changes (high levels), and tumor grade provided the highest predic-
tive accuracy of patients with OSCC. Further, Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment analysis showed that
the imbalance in the amino acid and purine metabolic pathway may
affect the prognosis of OSCC. Further, integrative analysis of me-
tabolomic and transcriptomic data can identify prognostic biomark-
ers associated with OSCC. Using quadrupole time of flight-liquid
chromatography-mass spectrometry, Sridharan et al.?* identified
a significant upregulation of putrescine, 8-hydroxyadenine, and
5,6-dihydrouridine in OSCC compared to OPMD, indicating that
these metabolites play a potential role in predicting the malignant
transformation of OPMD.

4.3 | Tumor tissue metabolomic biomarkers

Oral cancer tissue biopsy is an invasive approach and remains the
current clinical gold standard for detection and diagnosis of oral
cancer. Tumor tissue metabolomics is used to identify signifi-
cant metabolic alterations in tumors compared to normal tissues.
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Recently, Yang et al.?®

summarized findings from a systemic review
of oral biopsies, sample types, and detection techniques applied to
oral cancer detection, and concluded that tissue biopsies provide
increased diagnostic value compared to liquid biopsies. Kasiappan
et al.”® summarized the published metabolomic data for head and
neck cancer and identified significant metabolites that differenti-
ate head and neck cancer from normal controls based on tissue,
serum, saliva, cell lines, and urine. Additionally, the authors also
discussed the various tools used in metabolomics to identify im-
portant metabolites from these sample types. Multiple studies
have confirmed that OSCC tissues undergo significant changes in
metabolic pathways, including glycolysis, amino acid metabolism,
and the pentose phosphate pathway.”?827597-101 Using Ultra per-
formance liquid chromatography in tandem mass spectrometer
(UPLC-MS/MS)-profiling and gas chromatography mass spectrom-
etry (GC-MS)-validation studies, Kamarajan et al.’®2 demonstrated
that highly active glutaminolysis was involved in primary and meta-
static HNSCC tissues; this was marked by high glutamate and low
glutamine levels in human head and neck cancer tissue, saliva, and
plasma compared to controls. Further, Ishikawa et al.®? also showed
that the glycolysis-Embden-Meyerhof-Parnas (EMP) pathway, tri-
carboxylic acid cycle (TCA) cycle, and glutathione pathway were
aligned with cancer metabolic changes and could be potential dis-
criminant biomarkers, which is consistent with the previous stud-
ies by Ogawa and colleagues.”® Additionally, increased glucose
consumption and rise in lactate levels with a concomitant decrease
in the levels of glycolysis intermediates in OSCC is possibly the
result of the Warburg effect.8278191 These studies suggest that
glucose metabolism may be more important for survival and pro-
liferation, whereas glutamine/glutamate metabolism may be essen-
tial for subsequent aggressive transitions, including metastasis.'°?
Furthermore, Shin et al.®® highlighted that several publications
suggest that the oral and gut microbiome contribute to the etiology
of different types of cancers due to their ability to alter the commu-
nity composition and induce inflammatory reactions, DNA damage,
apoptosis, and altered metabolism. Thus, when considering cancer-
associated metabolomics, the influence of the microbiota and its
repertoire of metabolites should also be considered, since the mi-
crobiota are profoundly abundant in the human body and on can-
cerous tissues. Recently, Vitorio et al.’®®* summarized the metabolic
landscape of OSCC and evaluated the studies focused on metabo-
lomic analysis and metabolomic biomarker signatures identified so
far in saliva, serum, plasma, urine, and tissue, and concluded that
validation and optimization are still required to translate these find-

ings into clinical applications.

5 | TUMOR-ASSOCIATED
AUTOANTIBODIES-BIOMARKERS FOR
OosccC

The discovery of novel potential biomarkers for a disease may shed
new light on potentially novel pathophysiological mechanisms. This

is particularly true for the field of immunology and the study of an-
tibodies as they are at the center of the human immune defense
system against infectious diseases yet are also key components in
autoimmune diseases and carcinogenesis.’®>1% Particularly in car-
cinogenesis, tumors must evade and subvert the host immune re-
sponse in order to escape immuno-elimination and thereby grow and
proliferate. Furthermore, tumors also exploit the immune system to-
gether with other host factors to promote angiogenesis to further
support their growth.106 This whole process leads to the production
of many abnormal substances that are no longer recognized as the
host's own, and this leads to the production of what it is known as
tumor-associated autoantibodies.'%”

Autoantibodies are regular Immunoglobulin M (IgM) antibodies,
produced by B cells that react with the host's own molecules, such as
host proteins, nucleic acids, carbohydrates, lipids, or a combination
of these.1%® Although the majority of these antibodies are polyreac-
tive with a moderate affinity, some of these autoantibodies can be
highly specific for a particular antigen in one specific cell type in the
body,®® making them promising biomarkers in cancer diagnosis.*%’

For OSCC, in particular, salivary autoantibodies may be more
clinically applicable compared to other molecules due to the anti-
bodies having higher specificity, stability, and abundance in saliva,
and reagents and platforms required for antibody detection are
well-established and readily accessible.’?”110114 Taple 4 summarizes
the recent studies in the literature.

Several antigens can elicit OSCC-associated autoantibodies,
including metalloproteinase 1 (MMP1) and 3 (MMP3), and Sperm
protein 17 (SP17), and these autoantibodies can be uniquely and sig-
nificantly increased in OSCC compared to controls. Hsueh et al.,**°
demonstrated that a panel of 10 autoantibodies were significantly
increased in the OSCC group compared to the control group. The au-
thors also demonstrated that a panel with 4 of these autoantibodies
(anti-MMP3, anti-peroxiredoxin 2 (PRDX2), anti- secreted protein
acidic and cysteine rich (SPARC), and anti-heat shock protein family
A member 5 (HSPA5) was enough to achieve a sensitivity of 63.8%
for detection of early-stage OSCC. Tseng et al.,**® further developed
the idea of a ML-based risk prediction model to detect OSCC and
found that a panel of 8 autoantibodies improved prediction perfor-
mance by 13.9% (from 0.698 to 0.795). These studies demonstrate
the potential for the use of autoantibodies as OSCC biomarkers,
however, further investigations are needed to validate their use.

Other autoantibodies, such as anti-p53, and anti-Survivin, are
elevated in more than 50% of tumor types, thus they have become
known as “universal” tumor autoantibodies.!® In a systematic re-

view, Pillai et al.'*®

reported increased levels of anti-p53 and an-
ti-Hsp70 autoantibodies in OSSC patients, compared to controls.
Similarly, Wu et al.'* found increased levels of anti-p53, anti-Sur-
vivin, anti-heat shock protein 60 (Hsp60), and anti-ribosomal protein
lateral stalk subunit PO (RPLPO) autoantibodies in OSCC, compared
to controls. However, upon progression, in the late-stage OSCC
group the levels were not significantly different when compared to
controls, suggesting that OSCC may subvert the autoantibody pro-

cesses over time.
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TABLE 4 OSCC-associated autoantibodies as biomarkers for OSCC

Source of

Antigens Identified Findings
p53 and Hsp70

Sample size
N/D
30

Biomarkers Method

Author/Year
Pillai et al.11®

Increased in OSCC compared to Control

Systematic Review
LC-MS/MS

Saliva and Serum

Increased in OSCC compared to Control, especially in early stage OSCC.

CPPED1, GLUD1, LMAN2, PTGR1,

Saliva

Chu et al.*¥?

RAB13, RAC1, UQCRC2 and p53

ANXA2, CA2,1SG15, KNG1, MMP1,

Increased in OSCC compared to Control, especially in early stage OSCC

300

Multiplexed

Saliva

Hsueh et al.**°

ANXA2, KNG1, and MMP1 IgM were significantly higher in relapsed OSCC

MMP3, PRDX2, SPARC, and

HSPA5
ANXA2, CA2,1SG15, KNG1, MMP1,

Immunoassay

group, compared to primary OSCC group

Increased in OSCC compared to Control

337

LC-MRM-MS

Saliva

Tseng et al.}1®

MMP3, PRDX2, SPARC, and

HSPA5
p53, survivin, Hsp60, and RPLPO

Increased in OSCC compared to Control, especially in early stage OSCC; Late

348

Multiplexed

Saliva

Wu et al.1**

stage OSCC group not significant different compared to Control
Increased in OSCC compared to Control; Anti-CD47 autoantibody plasma

immunoassay

ELISA

CD47

193

Plasma

Liu et al.*”

induces apoptosis via p-AKT (in vitro)

Increased in OSCC compared to Control

p53

Immunoassay
IHC and Elisa
ELISA

Serum

Lin et al.??*

Increased in OSCC compared to Control

Sperm Protein 17 (SP17)

59

Tissue and Serum

In vitro

Schutt et al.?%*
Liu et al. 118

Plasma containing the autoantibody inducted apoptosis and cell cycle arrest

ATP-binding cassette subfamily C

N/A

member 3 (ABCC3)

Abbreviation: N/D, not disclosed.
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Interestingly, autoantibodies may also have some antitumor
capabilities. Liu et al.'7*'8 demonstrated that plasma containing
higher levels of autoantibodies positive for integrin-associated pro-
tein (CD47) or Adenosine triphosphate-binding cassette subfamily
C member 3 (ABCC3) induced apoptosis and cell cycle arrest in 5
different OSCC cell lines, compared to plasma negative for these
antigens. In their earlier work, Liu et al.*® showed that anti-ABCC3
immunoglobulin G (IgG) significantly induced apoptosis and cell
cycle arrest in the CAL27 cell line, while no significant effects were
found for the SCC15 cell line, even though ABCC3 was expressed
in both cell lines. The authors hypothesized that the ABCC3 struc-
ture might be different between the two cell lines, resulting in dif-
ferent responses to the autoantibodies. On the other hand, in their
more recent work, Liu et al.,'” demonstrated that plasma containing
anti-CD47 autoantibodies induced cell apoptosis and inhibited the
invasion of all three OSCC cell lines (CAL27, SCC25, and SCC9 cell
lines) via p-AKT suppression.

To demonstrate the feasibility of using autoantibodies to diag-
nose OSCC, Chu et al.'* showed that the sensitivity of 8 autoan-
tibodies for OSCC, ranged from 16% to 62%, with an area under
the curve (AUC) ranging from 0.656 to 0.796. A panel containing
4 autoantibodies (anti- lectin, mannose binding 2 (LMAN2), anti-
prostaglandin reductase 1 (PTGR1), anti-ras-related protein 13
(RAB13), and anti- ubiquinol-cytochrome c reductase core protein 2
(UQCRC2) presented a sensitivity of 76% and AUC of 0.863.

6 | ORAL MICROBIOME-BASED
BIOMARKERS FOR OSCC

The oral cavity contains up to 1000 microbial species, comprised
of bacterial, fungal, viral, archaeal, and protozoan species, which
are known as the oral microbiome. These species interact among
themselves and with their host, thus forming symbiotic interac-
tions known as the oralome.®*2° Even though the oral microbiome
is known to be resilient, insults or changes to the microbiome, such
as those due to tobacco and alcohol use, can shift the oralome to
an unbalanced state of host-microbe interactions, in part character-
ized by dysbiosis, which can promote diseases in the host, including
0SCC.812° Recent cohort studies have demonstrated that poor oral
hygiene increases the risk and decreases the survival rates of pa-
tients with head-and-neck cancer (HNC),*22122 while epidemiologi-
cal data shows that the odds ratio of OSCC are up to 4.6-fold higher
in patients with severe periodontitis compared to controls,}23126
suggesting that oral microbial dysbiosis may play an important role
in HNC and OSCC pathogenesis. In fact, early association studies
by Nagy and colleagues found that many oral pathogens including
Porphyromonas spp. and Fusobacterium spp. are enriched in OSCC
tissues as compared with adjacent heathy ones.?”*?8 |nterestingly,
in a mouse model of oral tumorigenesis, co-infection by the two
anaerobic periodontal pathogens Porphyromonas gingivalis and
Fusobacterium nucleatum significantly enhanced the severity of

tongue tumors, concomitant with increased STAT3 activation and
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increased IL-6 levels in tongue epithelium.'?’ Further, anaerobic
and facultative bacteria can colonize and grow in tumors.®*° For
instance, Abed et aI.,131 reported that F. nucleatum was detected in
CT26 colon tumors 2h after tail vein injection in vivo, and bacte-
rial proliferation was observed inside of the tumors 24h and 72h
post-injection.

Given its nature and the recent evidence linking the oral micro-
biome to cancer, specifically OSCC,® the oral microbiome has an
immense potential to be a diagnostic biomarker for OSCC. Table 5
summarizes the recent studies in the literature.

Specifically for OSCC, a systematic review with 2809 patients
indicated an association between oral microbial dysbiosis and
OSCC.'32 Moreover, the majority of these studies (75%) indicated a
significant increase in Fusobacteria, especially F.nucleatum species,
and P.gingivalis abundance in OSCC. These bacteria are known to
induce the production of inflammatory cytokines, cellular prolif-
eration, migration, and invasion, and inhibition apoptosis, through
host cell genomic alterations in OSCC.1%® Additionally, two studies
reported significantly larger tumors and larger numbers of lesions in
mice infected with F.nucleatum, Pgingivalis and Treponema denticola
compared to controls. 134135

Despite numerous studies on the oral microbiome and OSCC,
the focus of these studies has traditionally been on bacterial dysbio-
sis.20 Yet, OSCC has also been linked to dysbiosis in the oral myco-
biome and virome. Specific changes in OSCC mycobiome have been
identified by several studies, such as the enrichment of Candida,
Gibberella and Hannaella genera, as well the decrease of Malassezia
and Aspergillus genera in OSCC compared to healthy controls.’%®
Moreover, several studies have demonstrated that Candida albicans
is able to induce carcinogenesis through induction of pro-inflamma-
tory T-helper 17 cells, as well as induction of IL-6 and IL-8 cytokines
by oral cells.*3¢1%8 Yet, due to the relatively low prevalence of indi-
vidual fungal species and the lack of well-characterized reference
genomes, further studies are needed on the relationship between
mycobial dysbiosis and OSCC.*3¢1%8

Several viruses has been identified in OSCC tissues, including

Epstein-Barr Virus (EBV),**” Human papillomavirus (HPV),*4%1% her-

142 143
) ).

pes simplex virus (HSV and Human cytomegalovirus (HCMV
EBV prevalence is between 48.18%-50.2%, depending on the
specimen type (i.e., paraffin-embeded or fresh frozen, respec-
tively).13%144 Further, She et al.'®? meta-analyzed 13 case-control
studies and found that EBV infection is statistically associated
with increased risk of OSCC (OR 5.03%-95% Cl; 1.80-14.01) com-
pared to controls. These data highlight that EBV infection may
be a high-risk factor for OSCC. Although HPV status has been
used in clinical settings to categorize OSCC patients, HPV's car-
cinogenic role in OSCC is still debatable.*> HPV-positive OSCC
has been significantly associated with younger patients with no
history of smoking and drinking.'*¢ Moreover, a distinct oral mi-
crobial composition has been reported for HPV-positive OSCC-
namely an enrichment in Lactobacillus, Gemella, Leuconostoc and
Weeksellaceae genera in HPV-Positive OSCC compared with HPV-
negative tissues-suggesting that HPV presence may influence the

oral microbiome composition toward dysbiosis.®'*” However, the
lack of molecular evidence,'*> heterogeneity due to geographic

146

location and detection methods, and its low prevalence (3%-

6%),140.141.148 \vith no significant association with OSCC*® has
raised questions whether HPV does in fact drive OSCC carcino-
genesis.**> HSV and HCMV prevalence in OSCC, are 5%'*? and
39%,148 respectively, which seems to indicate that these viruses
may not be high-risk factors for OSCC development, but may in-
stead play a minor role in the disease, since they are known to
act as mutagens in other tissues.*? Nonetheless, more studies are
needed to further understand the role of these viruses in OSCC
pathogenesis.

Several mechanisms have been proposed to explain the car-
cinogenic potential of the oral microbiome, including promoting
epithelial barrier dysfunction, chronic inflammation, and epigen-
etic modulation.® Kamarajan et al.,'%* for instance, demonstrated
that bacteria found in periodontal disease, including Treponema
denticola promote cancer aggressivity via toll-like receptor 2
(TLR2)/myeloid differentiation primary response 88(MyD88) trig-
gered activation of integrin/FAK signaling. It is intriguing to note
that F.nucleatum has also been linked to colorectal cancer (CRC),
breast cancer and pancreatic cancer.'®°°2 |n CRC, F.nucleatum
promotes colorectal carcinogenesis via the adhesin FadA by mod-
ulating E-cadherin/p-catenin signaling,*>® especially. via induction
of the Wnt/p-catenin modulator Annexin A1.%°* Furthermore,
F.nucleatum induces autophagy activation and apoptosis inhibi-
tion that is dependent on toll-like receptor 4 (TLR4)/MyD88 sig-
naling.>*° It remains to be investigated if similar pathways in OSCC
are modulated by F.nucleatum.

7 | CURRENT CHALLENGES AND FUTURE
PERSPECTIVES

Advancements in genomics, proteomics, metabolomics, immu-
nomics, and microbiomics, as shown in this review, have expanded
the understanding of OSCC tumorigenesis and progression, and
also the discovery of biomarkers that facilitate the diagnosis and
prognosis of the disease. However, tumorigenesis complexity, in-
cluding synergistic genomic, transcriptomic, proteomic and me-
tabolomic alterations, coupled with an oral microbiome dysbiosis,
and patient heterogeneity make it unlikely for a single diagnos-
tic biomarker to be effective for cancer diagnosis. In fact, panels
integrating multiple omics may be required for a comprehensive
patient evaluation and would enhance the panel reliability, sensi-
tivity and specificity.®2%1% Additionally, methodological stand-
ardization and reproducible validation of oral cancer biomarkers
are still required, since multiple methodologies were used to ob-
tain these biomarkers and contradicting results can still be found
in the literature.

As future perspectives, we expect a rise in the use of liquid bi-
opsies, especially the use of saliva for OPMD and OSCC diagnosis
and prognosis, as saliva has been widely investigated as a source
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of OSCC biomarkers in the majority (over 50%) of the studies an-
alyzed. Additionally, saliva use may improve the ability to monitor
OPMD and OSCC in patients over time, given its simple and safe

collection protocols and ability for collection of larger volumes of

samples. 15156

Together with liquid-based biopsies, multi-omic panels, such as
those containing genomic, transcriptomic, proteomic, metabolomic,
immunomic and microbiomic biomarkers may help us to diagnose

early lesions or even prevent the onset of OPMDs and OSCC.
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