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Abstract

Head and neck squamous cell carcinomas (HNSCCs) are a group of aggressive and genetically complex cancers, derived from the
mucosal epithelium in the oral cavity, pharynx, and larynx. Radiotherapy, often combined with chemotherapy remains the mainstay
treatment options for patients. But resistance to radiotherapy causes a critical hurdle in the treatment of HNSCC. Radiotherapy works
by inducing the formation of DNA lesions, thus, resistance to irradiation involves the activation of the DNA damage response (DDR)
pathways. Defects in DDR function accounts for eventual relapse and cancer progression. The receptor tyrosine kinase MET, and its
sole ligand hepatocyte growth factor (HGF) are involved in a range of physiological and pathological processes in HNSCC. There is also
compelling evidence suggesting that c-MET activation is crucial in conferring resistance to DNA-damaging agents such as irradiation
in several tumour types via interaction with the DDR. Activation of the HGF/MET pathway has also been implicated in resistance
to the only available targeted therapy in HNSCC, Cetuximab. Therefore, the HGF/MET axis represents a potentially valuable target
for overcoming therapy resistance in HNSCC. Despite such strong evidence, the link between HGF/MET, DDR, and RT resistance
in HNSCC has not been studied. This review aims to explore the crosstalk between c-MET and the DDR pathways in several tumour

types and extend these findings specifically to HNSCC for exploiting HGF/MET in increasing radiosensitivity in HNSCC.

Introduction

Head and neck squamous cell carcinomas (HNSCCs)
are a heterogeneous group of aggressive malignancies
strongly linked with chronic tobacco exposure, excessive
alcohol consumption, and infection with high-risk
subtypes of Human Papilloma Virus (HPV). Molecularly,
HNSCC is classified into HPV-positive and HPV-negative
sub-types [1]. Approximately 600,000 new cases are
diagnosed annually with 380,000 deaths worldwide [2].
Despite our increased understanding of the viral and
genetic mechanisms underlying HNSCC, the 5-year overall
survival rate remains around 50% [3]. Radiotherapy (RT),
chemotherapy (CT), surgical eradication, or a combination
of all modalities are the current therapeutic options but are
highly toxic and cause psychological distress and severely
compromised quality of life, and hence associated with
both symptomology and treatment survivors of this cancer
have the second-highest mortality rate of suicide (63.4 per
100,000; [2000-2014]) [4]. The functional and aesthetic
features of the head and neck anatomy are factors that
make HNSCCs difficult to treat as tumours are located

nearby critical anatomical structures which are sensitive
to treatment. Radiotherapy (RT), chemotherapy (CT),
surgical eradication, or a combination of all modalities
are the current therapeutic options. Cetuximab is a
monoclonal antibody (mAb) against the epidermal growth
factor receptor (EGFR) and has been the only targeted
FDA approved targeted therapy for HNSCC until the recent
FDA approval of immunotherapy, but, both Cetuximab
and immunotherapy clinical efficacy for HNSCC has been
limited [5].

RT is the mainstay treatment in HNSCC and is a type
of ionising radiation (IR) that induces an accumulation
of irreversible DNA lesions in tumour cells, causing cell
death. But RT is only effective in less than 50% of patients,
and some patients will develop tumour recurrence [6,7].
A fundamental issue in radio-oncology is radioresistance
(RR) — the underlying mechanisms by which tumour cells
adapt to IR-induced changes are currently unknown.
Multiple factors are implicated in the development of
RR including tumour genetics (epi) genetics, tumour
microenvironment (TME), the presence of cancer stem
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cells (CSCs), epithelial-to-mesenchymal transition (EMT),
the immune system and microbiome [5]. Since RT induces
DNA damage, alterations in intracellular DNA damage
response (DDR) pathways contribute to how effectively
cancers respond to RT. Defects in DDR account for loco-
regional recurrence, reduced quality of life, poor treatment
response, and tumour progression [8-10]. Understanding
these resistance mechanisms will help to develop effective
radiosensitizers targeting functional components of the
DDR is imperative to improve patient outcomes.

The receptor tyrosine kinase (RTK), c-MET (also known
as mesenchymal-epithelial transition factor) and its
sole ligand, hepatocyte growth factor (HGF) has gained
considerable interest as a novel therapeutic target for
cancer therapy in general and in HNSCC as they are both
frequently overexpressed in HNSCC [11]. Aberrant HGF/
MET signalling has been associated with tumorigenesis in
HNSCC as well as poor prognosis, lymph node metastasis,
standard therapy resistance and possibly HPV-subtype
[12]. Furthermore, activation of HGF/MET signalling has
been implicated in ineffectiveness to EGFR-inhibition
because of its crosstalk and consequent activation of
different signal transduction pathways; this is critical
as Cetuximab is frequently used in the management of
HNSCC [11,12]. Additionally, apart from having a role
in tumour pathogenesis, and the regulation of biological
processes associated with growth factor signalling, MET
is also relevant in the regulation of DDR [9]. This is
important as dysregulated HGF/MET signalling could be
a determinant in tumour sensitivity to DNA-damaging
agents (DDAs). Aberrant MET signalling is associated
with RR, and previous work has shown IR to upregulate
the expression of MET and HGF in HNSCC [13,14] and
other malignancies [15—17]. Taken together, because
HGF and MET are overexpressed in HNSCC, and play
a role in EGFR-resistance, the HGF/MET signalling
pathway represents a potential therapeutic target also for
radiosensitization in HNSCC. So far effects of targeting
HGF/MET in combination with IR for the treatment
of HNSCC has not been comprehensively explored,
generating discordant findings [13,14,18]. Because of
the importance of DDR in RT response, this review aims
to summarise the relationship between the HGF/MET
signalling pathway and DDR in different tumour types
in general and to explore specifically how the current
findings can be applied to HNSCC, exploiting the potential
for increasing radiosensitivity.

HGF/MET Signalling in HNSCC
Structure and function

The MET proto-oncogene first identified in 1984, is
located on chromosome 7q21-31 and encodes for the
RTK, c-MET protein [19,20]. The MET receptor is an a-§

disulphide-linked heterodimer with a molecular weight
of 190 kDa. The 140-kDa B-chain spans the extracellular
and cytoplasmic domain whilst the 50-kDa a-chain is
extracellular (Figure 1); both forms are generated from
proteolytic cleavage of a precursor protein at 170-kDa [21].
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Figure 1: Structure of c-MET receptor. The extracellular do-
main consisting of semaphorin (SEMA) domain, PSI (Plexin,
Semaphorin and Integrin cysteine-rich) domain, and four im-
munoglobulin—plexin—transcription (IPT) domains. Intracel-
lular domain includes juxtamembrane domain, tyrosine kinase
domain, and a carboxy-terminal tail region with multidocking
site. Created with BioRender.com.

HGF/MET signalling is activated by the binding of HGF
to the N-terminal region of c-MET. In HNSCC, HGF is
predominantly secreted by cancer-associated fibroblasts
(CAFs) within the TME in a paracrine manner as an
inactive zymogen pro-HGF, which is then proteolytically
cleaved by membrane-bound matriptase located on the
tumour cell surface [22]. Cleavage allows the ligand to bind
to both MET receptors. Upon binding, two MET receptors
dimerize, leading to autophosphorylation of tyrosine
residues (Y1230, Y1234, Y1235). This is followed by the
phosphorylation of other tyrosine residues (Y1349 and
Y1356), located on the carboxy-terminal site of the B-chain.
Both tyrosine residues form a multi-docking site for the
recruitment of adaptor proteins: growth-receptor-bound
protein 2 (GRB2), and GRB2-associated binder 1 (Gab1),
which recruits phosphoinositide-3-kinase (PI3K), Ras/
Raf (MAPK signalling), signal transducer and activators
of transcription-3 (STAT3), and SH2-containing protein
tyrosine phosphatase (SHP2) — promoting biological
functions including cell survival, proliferation, invasion
and angiogenesis, morphogenesis and stemness (Figure 2)
[12,23].
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Figure 2: HGF/MET signalling. HGF binds to the c-MET receptor which results in in the homodimerization of two MET receptors
and autophosphorylation of the intracellular tyrosine kinase domains. Phosphorylation of the intracellular domain induces
activation of downstream signalling. Inhibition can be achieved via several strategies: anti-HGF monoclonal antibodies, anti-c-
MET antibodies, c-MET tyrosine kinase inhibitors (TKIs), and HGF antagonist. Created with BioRender.com.
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HGF/MET alterations in HNSCC

Arange of genetic abnormalities including overexpression
of MET and HGF proteins, MET mutations, and
amplification of the MET gene can increase HGF/MET
pathway activation. The MET protein has been reported to
beoverexpressedin 80-90% of HNSCCs, alongside frequent
mRNA overexpression [24-26]. Increased phosphorylated
¢-MET (p-MET) has been detected in HNSCC samples
[24,26]. One recent study found increased p-MET
expression in 30% of tumours and reported a significant
correlation between p-MET and HGF overexpression. This
implied that c-MET was activated in a paracrine manner in
these HNSCC samples [24]. Data from The Cancer Genome
Atlas (TCGA) denotes MET amplification and gain in copy
number to be observed in approximately 20% of HNSCCs
and linked with c-MET protein overexpression [27-29].

Overall mutational frequency of MET in primary
tumours is low (<1%) [27,28], however, mutations have

been identified in the MET tyrosine kinase, SEMA and
juxtamembrane domains. For instance, a study found
Y12353D mutation in 11% of 138 oral squamous cell
carcinoma patients [30]. Whilst this is low, Di Renzo et
al. suggested that constitutively activated MET somatic
Y1253D mutation could undergo clonal selection during
HNSCC progression and metastasis [31]. This emphasises
the crucial role of activating MET mutations despite having
low occurrence in primary tumours [11]. Notably, the
Y123D mutation has demonstrated to affect the tumour’s
response to IR, and correlate with tumour progression and
recurrence [30]. This supports the concept that aberrant
MET signalling has important potential for targeted
therapy for radiosensitization in HNSCC.

Comparable to c-MET expression, HGF protein is
overexpressed within the tumour-stroma in 50% of
HNSCCs, and HGF expression has been reported to be in
58% of recurrent and metastatic (R/M) HNSCCs [24,26].
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The importance of targeting the HGF/MET
pathway in HNSCC

Cell migration/invasion in HNSCC: Most of the
literature exploring MET in HNSCC has been associated
with cell migration and invasion. For instance, in in vivo
HNSCC models, Tao et al., reported silencing of MET
or ¢-MET inhibition to inhibit cancer cell motility [32],
and MET has been considered to promote a metastatic
phenotype as MET expression has been reported to be
higher in primary tumours with advanced lymph node
metastasis compared to early-staged diseases [33]. In
support, the epithelial marker, E-cadherin, of which its
downregulation correlates with inferior prognosis and
higher incidence of metastasis in HNSCC [34] and RR
in other cancers [35] has been reported to be influenced
by MET signalling, promoting EMT. In hypopharyngeal
cancer, Kim et al., found HGF-induced activation of
¢-MET to reduce E-cadherin, leading to enhanced invasion
[36]. HGF/MET signalling has also shown to aid HNSCC
cells to evade apoptosis; Xi et al., showed MET inhibition
to suppress proliferation and augment caspase-dependent
apoptosis [37], and earlier work has reported HGF in
HNSCC to inhibit anoikis by activating Akt and ERK
pathways [38]. In other cancers, Akt has a prominent role
in cell survival and anti-apoptosis and can be activated
by HGF/MET signalling, triggering in the activation of
anti-apoptotic proteins [39,40]. ¢-MET inhibition has
been found to enhance IR-induced cell death measured
by the clonogenic assay and doubled levels of active
caspase-3, suggesting that MET-induced anti-apoptosis
could contribute to RR — however, this was reported
in glioblastoma [16]. The ability to bypass apoptosis is
a strong indicator of a metastatic phenotype — further
supporting the role of the MET pathway in HNSCC.

Resistance to EGFR-inhibition in HNSCC: Aside
from HGF and MET being overexpressed in HNSCC
tumours and a role in tumour progression, a crucial aspect
of the HGF/MET signalling pathway is its implication
in resistance to EGFR-inhibition. Despite EGFR being
frequently overexpressed in HNSCC, the clinical efficacy
of Cetuximab and other EGFR-inhibitors in recent clinical
trials has been disappointing in both HPV positive and
negative subtypes [41]. Around 87% of HNSCC patients
treated with Cetuximab monotherapy were intrinsically
(de nova) resistant, and the 13% of whom were originally
responsive acquired resistance over a short period [42].
One established resistance mechanism against EGFR-
inhibition is the compensatory activation loop — the
upregulation of alternative RTKs such as human epidermal
growth factor receptors 2 and 3 (HER 2 & 3) reactivate
PI3K and MAPK pathways, facilitating the capability to
circumvent EGFR-inhibition [43-46]. As MET activates
critical downstream signals which overlap with EGFR-
signalling, activation of c-MET has also been implicated in

such resistance. In a single-prospective study, the authors
revealed a correlation between c-MET activation and poor
prognosis in HNSCC patients treated with a Cetuximab-
based regimen — supporting c-MET’s prognostic potential
[24]. Yang et al., found ¢-MET activation by HGF to confer
Cetuximab resistance by increasing phosphorylation of
PI3K/Akt and MAPK pathways, and Cetuximab sensitivity
was restored following MET inhibition [47]. In support,
others reported activation of c-MET by HGF to reactivate
the MAPK pathway in Cetuximab-resistant HNSCC cells
[48]. Pertinent to IR, one study showed EGFR/PI3K/
Akt blockade in HNSCC to be inadequate to enhance
radiosensitivity since tumour cells activated the MET/
MAPK pathway to evade IR-induced apoptosis [49]. These
findings not only emphasise the significance of c-MET
as a compensatory survival pathway for tumour cells to
escape the EGFR-blockade in HNSCC but indicates that
the horizontal blockade of EGFR and c¢-MET may be
beneficial in cetuximab naive or patients who have received
Cetuximab. Pre-clinical data has shown promising results
of this combinational approach in HNSCC [50,51]. Since
Cetuximab plus RT is a standard of care treatment in RRM
HNSCC, the HGF/MET axis represents a valuable target to
overcome resistance. However, so far, no clinical trial nor
pre-clinical study has explored combining EGFR- MET-
inhibition as a radiosensitization approach.

Targeting the HGF/MET signalling pathway in
HNSCC

Several agents have been developed to target both the
HGF ligand and c-MET receptor. Three strategies have
been established (Figure 2). Table 1 shows an overview of
anti-MET/HGF agents in completed or ongoing clinical
trials in HNSCC.

Anti-MET and anti-HGF biologics: Anti-MET/
HGF are mAbs that function by binding to c-MET
and HGF respectively [52]. Ficlatuzumab is an HGF
mAb shown to selectively bind and neutralising free
HGF activity and has been reported to inhibit CAF-
induced migration, invasion, proliferation, and MET
phosphorylation in HNSCC cells cultured in CAF-cultured
media [53]. Currently, Ficlatuzumab is the only mAb
undergoing clinical development in HNSCC. In its first
completed phase Ib trial, Ficlatuzumab combined with
Cetuximab was found to have an acceptable safety profile
and promising anti-tumour efficacy. The results from
this trial were encouraging and have led to the current
phase II trial examining Ficlatuzumab, with or without
Cetuximab — this trial has just been completed (May 2021;
NCTo03422536). Other mAbs including Rilotumumab
(AMG102), and Onartuzumab (MetMab), have been
investigated pre-clinically and clinically in other cancers
[54,55]. Hence, evaluation of other targeted biologics in
HNSCC is advisable.
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Table 1: Ongoing or completed clinical trials examining HGF/MET targeted agents in HNSCC.

Clinical
trial
Phase

1I

1I

Ib

Ib

Ib

11

Tb/1I

Treatment

Foretinib

Ficlatuzumab
+ Cetuximab

Ficlatuzumab
+ Cetuximab

Ficlatuzumab
+ Cisplatin +
IMRT

INC280 (Cap-
matinib) +
Cetuximab

Tivantinib +
Cetuximab
(TC) versus
Cetuximab (C)

E7050
(Golavitinib)
+ Cetuximab

Class of
HGF/MET
agents

Non-selective
MET TKI

Anti-HGF
mAb

Anti-HGF
mADb

Anti-HGF
mAb

Selective MET
TKI

Selective MET
TKI*

Non-selective
MET TKI

Known

pharmacological

targets

c-Met, RON,
VEGFR-1,
VEGFR-2,

VEGFR-3, PDGFR,

kit, Tie-2, Flt-3

HGF

HGF

HGF

c-MET

c-Met, PAK3, Flt4,

Pim-1, tubulin,
GSK1, GSK2

c-Met, VEGFR-2

Study
population

R/M HNSCC

R/M HNSCC

R/M HNSCC

Intermediate
or High Risk,
Previously
Untreated, LA
HNSCC

MET positive
HNSCC
[determined
by FISH,
IHC].

R/M HNSCC,
or inoperable
HNSCC.

Platinum-
resistant
HNSCC

Status

Completed

Recruiting

Completed

Terminated

Terminated

Completed

Completed

Main findings;

Estimated Clinical
completion trial

date; reason for | Identifier
termination

Stable disease in

50% patients; minor

tumour shrinkage

in 43% patients; NCT00725764

prolonged disease
stabilisation >13
months in 14% *

31 December 2020 NCT03422536

Median PFS:
5.4 [90% CI =
1.9—11.4] months;

0S:8.9[90% CI = |NCT02277197
2.7—-15.2] months;
no dose-limiting
toxicities.
Halted NCT02277184
Difficulties
identifying patients NCT02205398
who met eligibility.
Response rates in TC
arm: 7.5%; C arm:
o/. 1
7.9%; median PFS NCT01606

and OS were 4 and 8
months respectively
in both arms

No results posted  NCT01332266

Abbreviations: R/M: Recurrent/Metastatic HNSCC; LA HNSCC: Locally Advanced HNSCC; FISH: Fluorescence in situ
Hybridization; THC: Immunohistochemistry; TC: Tivantinib plus Cetuximab; C: Cetuximab; IMRT: Intensity-Modulated Radiation
Therapy; TKI: Tyrosine Kinase inhibitor.

NOTE: Data provided from https://clinicaltrials.gov/ct2/home

* This was a two-step trial initially designed to enrol a further 27 patients after observing one response from the first group (n=14).
But the trial did not meet the requirements and was consequently terminated.
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MET TKIs: Most of the MET TKIs are ATP competitive
kinase inhibitor that competitively antagonises the
occupancy of intracellular ATP binding, blocking the
phosphotransferase activity of their targets [56,57]. TKIs
are further subclassified into selective and non-selective
TKIs; selective TKIs are directed at one specific pathway,
whereas non-selective TKIs can target multiple pathways
[58]. Foretinib (GSK36089; formerly known as X1.880)
is a multi-kinase inhibitor directed at c-MET and VEGF
receptor 2 and is modestly potent in HNSCC cell lines (IC_|
< 0.5 um) [59]. Foretinib has been evaluated in a phase II
HNSCC trial — this was a two-step trial initially designed
to enrol a further 27 patients after observing one response
from the first group (n=14) [60]. Nonetheless, this trial did
not meet the requirements and was terminated. A possible
explanation for this disappointing result could be that
multi-kinase TKIs additionally target non-MET receptors,
thus the dosage may have not significantly inhibited c-MET.
Selective c-MET inhibitors solely target c-MET, and so can
be dosed at a level that does not affect other kinases and
causes minimal off-target effects — thereby increasing their
efficacy. Tivantinib (ARQ197) is a potent selective inhibitor
of catalytic ¢c-MET activity and show to inhibit tumour
proliferation and induce caspase-dependent apoptosis in
in vitro HNSCC models [61]. However, in a recent phase
IT HNSCC trial, Tivantinib plus Cetuximab was not found
to significantly enhance response rate or OS compared to
Cetuximab alone but did increase toxicity [62]. However,
it should be noted that this trial was performed in an
unselected HNSCC population — emphasising the need
for future trials to stratify patients based on the status of
¢-MET pathway dysregulation. Furthermore, Tivantinib
is a non-competitive inhibitor and has emerged to be less
selective compared to other c-MET inhibitors — this could
be why Tivantinib failed in the recent phase II HNSCC trial
mentioned [62]. A newer and highly potent selective TKI
called Tepotinib used in MET exon14 skipping (a splice
site mutation that leads to a loss of transcription of exon
14 of the MET gene) has been approved for MET-amplified
NSCLC in Japan [63]. It is tolerated at its highest dose
and reduce tumour burden [64,65]. Importantly, pre-
clinical data has demonstrated Tepotinib to increase
radiosensitivity in HNSCC [18]. Although exon14 skipping
and MET amplification are rare in HNSCC, Tepotinib may
offer a more selective way for either MET or MET/EGFR
dual inhibition for HNSCC with or without RT and should
be further explored.

Competitive HGF antagonism: A truncated, soluble
MET receptor called NK4 decoy is a competitive HGF
antagonist and another strategy for inhibiting HGF/
MET signalling. The N4 fragment is comprised of the
HGF N-terminal hairpin and four Kringle domains. Its
functions by binding to c-MET without activation, thereby
competitively inhibiting HGF-depending on c-MET

activation [66]. In gallbladder and pancreatic cancers, pre-
clinical data has shown HGF antagonists to inhibit cancer
cell invasion, proliferation, and angiogenesis [67]. As yet,
NK4 hasn’t been evaluated in HNSCC.

The aforesaid paragraphs have provided a summary of
strategies for inhibiting HGF/c-MET signalling in HNSCC.
Given the importance of the DDR for genome stability, in
the rest of this articles, we will focus on the relationship
between c-MET signalling and the DDR by exploring
the range of anti-MET/HGF agents targeting functional
components of the DDR within the current literature.

Targeting Cancer’s Achilles’ Heel
A brief overview of the DDR

The rationale behind applying RT is based on the concept
that rapidly proliferating tumour cells are more sensitive
to IR compared to normal cells. RT destroys cancer
by accumulating high physical energy of IR in tumour
cells, damaging the DNA, and resulting in the functional
impairment of cancer cells, and eventual cell death. IR
causes a wide range of DNA lesions, amongst them, DNA
double-stranded breaks (DSBs) have high lethality in
DNA damage, chromosomal instability, and cancer cell
death [68]. Nonetheless, activation of the DDR, a highly
orchestrated network of interconnected and overlapping
signalling pathways, is crucial for defence against
continuous genetic insults by promoting cellular survival
and maintaining genome stability and integrity.

DDR is orchestrated by sensors, transducers, and effector
proteins and is divided into three acts: i) aberrant DNA
structures are identified by sensors for the initiation of the
DDR; ii) once DNA damage has been sensed, the signal
is amplified by transducers; iii) lastly, effector proteins
are activated and initiate a range of cellular processes
including cell cycle control, DNA replication, DNA repair,
transcription, and apoptosis [69].

The key-signalling components of the DDR are ATM
(ataxia-telangiectasia mutated) and ATR (ataxia-
telangiectasia and RAD3-related) — large serine/threonine
kinases belonging to the phosphatidylinositol-3-kinase-
like kinase family (PIKKs) [70,71]. ATM is predominantly
activated by DSBs, whereas ATR responds to a wide
array of damage including DSBs, and lesions which
result in replication stress [72]. Hundreds of proteins are
phosphorylated and activated by ATM/ATR in response
to DNA damage. Checkpoint kinases 1 (Chki), and 2
(Chk2), are the major downstream kinases of ATR and
ATM respectively, critical for instigating cell cycle arrest
through checkpoint activation by phosphorylating a
range of effectors including p53 and cell cycle division 25
[CDC25] family phosphatases (isoforms: CDC25A/B/C)
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[73]. Cell cycle arrest allows clearance of damage before re-
entry into the cell cycle; if the damage is too significant and
irreparable, different forms of cell death will occur [74].
There are two major repair pathways: non-homologous
end-joining repair (NHEJ), which occurs throughout the
whole cell cycle (predominantly in G1), or homologous
recombination (HR), occurring during the S and G2 phases
[75]. The former, re-joins the ends of DSBs with minimal
homology and is highly error-prone since it often leads
to the generation of insertion/deletion mutations [69].
HR is a high-fidelity process, requiring a second intact
homologous DNA template for repair [76].

Because the curative intent of IR is to induce DNA
damage, the DDR has significant relevance regarding RR
and therapeutic response. Hence, targeting the ability of
tumour cells to modulates DSB repair mechanisms and
checkpoint activation — both of which constitute the DDR
— is a credible radiosensitization approach.

Inhibition of HGF/MET signalling impairs DSB
repair

The role of ¢-MET in DNA repair has been highlighted
in previous radiobiological studies, with the majority
demonstrating MET inhibition to impair DSB repair
[13,15,77,78]. Cuneo et al., reported treatment with multi-
kinase inhibitor, Crizotinib, to cause increased DSBs after
IR as evident by the elevated y-H2AX which persisted for
3-9 hours [78]. However, others found Crizotinib at any
dose was ineffective to induce y-H2AX foci formation and
had no significant effect on DNA repair or radiosensitivity
[79]. Although the majority of the literature shows
suppression of DNA repair to increase DNA damage
and consequently radiosensitivity when exposed to MET
inhibition, only some have elucidated the repair mechanism
implicated — which is HR. HR is an intricate process that
involves a multiple of HR-related proteins and is divided
into three acts: presynapsis, synapsis, and post-synapsis
[80]. Because cells with compromised HR are sensitive to
DDAs, HR can be targeted for radiosensitization [76,81].

Targeting the central component of HR — RAD51:
RAD51 recombinase has a key role in orchestrating HR
and is overexpressed in tumours [82]. Overexpressed
RAD51 increases the efficiency of HR, thus correlates
with a poorer prognosis, enhanced tumour cell survival,
and resistance to DDAs [83-86] In HNSCC, a previous
immunohistochemistry-based study found pre-treatment
tumour biopsies with high RAD51 expression to have poorer
cancer-specific survival following treatment compared to
low RAD51 expression, suggesting RAD51 could influence
the patient outcome [87]. Moreover, the reduction of
RADs51 increases the accumulation of DSBs and sensitises
tumours to DDAs [88,89]. Thus, RAD51 represents an
attractive target for increasing radiosensitivity in HNSCC.

RADs51 activity can be regulated by post-translational
modifications and protein-protein interactions which
determines its role in DNA repair [90]. Studies have shown
MET inhibition to impair DSB repair independent of cell
cycle alterations by interacting with RADs51 regulatory
proteins. c-ABL or its oncogenic fusion protein BCR/
Abl phosphorylates the Tyr3is and Tyrs54 residues of
RAD51 and modulates the recruitment of RAD51 to the
DSB site and DNA strand exchange [91]. Earlier work
has shown ¢-MET to phosphorylate peptide substrates of
Abl, suggesting a potential signalling pathway between
MET, Abl and RADs51 [92]. Based on this indication,
Ganapathipillai and colleagues treated cells with SU11274
to target the novel MET/Abl/RAD51 pathway, impairing
RADs51 expression by reducing phosphorylation of Abl
[93]. This resulted in high persistent levels of y-H2AX. In a
follow-up study, the interplay between MET inhibition and
HR-dependent DNA repair was supported. MET inhibition
before IR reduced RADs51 levels by affecting BRCA2-
RAD51 complex formation [94]. BRCA2 has an important
role in the cell response to DNA damage since it regulates
the DNA binding ability and intracellular localisation of
RADs51 in DNA repair. Therefore, the loss of both proteins
can harm genomic stability [95]. Despite these findings,
the y-H2AX levels weren’t examined post-IR, thus whether
the treatment affected IR-induced DNA damage was
unclear. Notably, the role of c-MET in BRCA2-dependent
regulation of RADs1 has been supported. Recently,
Chabot et al., found MET to directly regulate RAD51 by
phosphorylating RAD51 on four tyrosine residues, which
in turn was able to prevent binding of a BRCA4-28 peptide
inhibitor, a derivative of BRCA2 which causes dissociation
of the RAD51 nucleofilament [90]. To aid the translation,
examining the effect of ¢-MET inhibition on RADs51
phosphorylation levels and DNA damage can help identify
potential new combination therapeutic strategies.

The studies aforementioned have provided evidence
demonstrating a relationship between MET and the HR
machinery. This reinforces the role of c-MET in the DDR
and indicates the clinical potential of MET inhibitors as
radiation sensitisers by altering DNA repair kinetics.
Although MET inhibition compromised the HR machinery
[03,94], the effects on radiosensitivity weren’t examined
[i.e. clonogenic survival of tumour cells]. The association
between the mechanisms underlying MET-induced HR
impairment and radiosensitivity should be investigated
to permit these findings for therapeutic application. As
MET inhibition elevates y-H2AX persistently post-IR
in HNSCC [13,18], the next step will be to explore these
effects on DSB effector proteins, particularly related to
HR. Furthermore, HPV status must be considered; HPV-
positive cells possess defects in DSB repair compared to
HPV-negative — a reason why HPV-positive HNSCCs have
superior responses to RT [96-98]. Studying the effects of
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MET inhibition on DSB repair in both subtypes is required
to open new perspectives for radiosensitization in HNSCC,
and drive advancements in subtype-specific treatment.

The role of c-MET in DNA repair of CSCs: Cancer
stem cells (CSCs) have a crucial role in the progression and
development of HNSCC [99-101]; they’re a subpopulation
withintheheterogeneoustumour, with the capability toself-
renew and generate more mature, differentiated tumour
cells, and therefore contribute to tumour recurrence and
metastasis [102,103]. Of note, CSCs has shown to play a
major role in the expression and maintenance of RR in
HNSCC. As the majority of anti-cancer therapies target the
tumour bulk rather than CSCs, targeting their self-renewal
pathways may be beneficial [103]. ¢-MET expression has
shown to promote self-renewal and stemness in HNSCC
and confers resistance to DDAs [103,104]. A possible
explanation is that CSCs have heightened DNA repair, and
higher levels of RAD51 compared to differentiated cells
[105]. Thus, targeting c-MET to inhibit DSB repair in CSCs
could be a plausible radiosensitisation strategy in HNSCC.

Work by De Bacco et al., reported MET to promote RR
in glioblastoma stem-like cells (GSCs) by inducing ATM-
hyperactivation via a novel MET-Akt-Aurora-A signalling
pathway [106]. MET inhibition reduced Akt activation,
ATM phosphorylation, and RADs51 expression in
irradiated GSCs, resulting in accumulated DNA damage.
Because MET inhibition prevented the phosphorylation
of cyclin-dependent kinase (CDK) inhibitor, p21 by Akt,
the protein translocated into the nucleus. Therefore,
it can be speculated that p21 inhibited CDK1 (which
mediates BRCA2-RADs51 formation), impairing DSB
repair [106,107]. Translationally, this study demonstrates
the clinical potential of MET inhibitors for increasing
radiosensitivity in CSCs which could be applied to HNSCC
since Crizotinib has shown to inhibit CSC-like populations
and impair metastasis in patient-derived xenograft (PDX)
HNSCC models [103]. It would be interesting to evaluate
if EGFR uses the same signalling cascade identified in
this study to drive RR; this could be exploited with anti-
cancer combinational therapies in HNSCC involving co-
targeting c-MET and EGFR, given that EGFR is frequently
overexpressed in HNSCC, and is demonstrated to activate
DNA repair [108,109].

Targeting the cell cycle with MET/HGF inhibitors

In the literature, MET inhibition has shown to enhance
radiosensitivity interestingly in two opposing manners: to
arrest or not arrest the cell cycle. Recent work by Nisa et
al., found Tepotinib to increase radiosensitivity in HNSCC
cells by prolonging G2 arrest, which increased the G2/M
population [18]. While it can be argued that initiation
of cell cycle arrest would've allowed tumour cells time

to remove any DNA damage induced by IR, the levels of
y-H2AX increased for two hours post-IR. This suggests
that Tepotinib impaired DNA repair and accumulated
DNA damage independent of cell cycle alterations. The
genotoxic effects of IR vary at different points of the cell
cycle. Because there are active DNA segregation and cell
division within the G2 and M phases, IR can cause multiple
DNA damages. As a result, the G2 and M phases are most
sensitive to IR, followed by Go and G1 phases, whilst the
S phase is most radioresistant [73,110]. Therefore, an
increase in the G2/M population led to radiosensitization.
Likewise, others reported Foretinib to promote IR-induced
G2/M arrest by increasing phosphorylation of Cdc2
(CDK1) and degradation of cyclin B1 [111]. Additionally,
there was a reduction in DNA repair which was expected
since Foretinib has previously shown to exert anti-
tumour effects by inhibiting DSB repair regulated by MET
[112]. Because of the role of cyclin Bi-Cdc2 complex in
G2-M transition, it can be assumed that degradation of
cyclin B1 in this study reduced cellular proliferation and
increased G2/M-fraction and consequently resulting in
increased radiosensitivity [113]. Notably, it would've been
interesting to examine the effects on CDC25 since Cdc2
is also activated by dephosphorylation of the inhibitory
Tyri4 and Tyris site by CDC25C [114,115]. In HNSCC,
cyclin B1 overexpression correlates with poorer clinical
outcome. Earlier work by Hassan et al., found HNSCC
cells with overexpressed cyclin B1 to be resistant to IR and
proposed to stratify patients based on cyclin B1 expression
as a marker of sensitivity [116]. Additionally, previous work
showed cyclin B1 downregulation to suppress proliferation
and sensitise breast cancer cells to DDAs [117]. Due to
this, administering MET inhibition in HNSCCs with
overexpressed cyclin B1 for increasing radiosensitivity
could be explored given the relationship between c-MET
and cyclin B1 demonstrated in other malignancies.

Because activation of cell cycle checkpoints halts cellular
progression to ensure effective DNA damage repair,
impairing these pathways to prevent DNA repair and
accumulate detrimental chromosomal aberrations could
make DNA-damaging treatments more effective. Yu
et al., reported pre-treatment of SU11274 to eliminate
IR-induced G2/M cell cycle arrest and suppress DNA
repair, resulting in radiosensitization [118]. Whilst there
was a reduction in the most radiosensitive phases, low
concentrations of SU11274 alone increased the G1 fraction,
and decreased the percentage of S-phase cells, still placing
cells in a radiosensitive state. Although the mechanism
underlying how MET inhibition abrogated G2/M arrest
wasn’t elucidated, Chk1 has shown to regulate the G2-M
and S-phase checkpoints [119]. Upon DNA damage,
Chk1 is activated and inhibits CDC25 phosphatases by
phosphorylation, making them unable to dephosphorylate
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and activate CDKs, resulting in cell cycle arrest (reviewed
by [120]). Others reported the direct relationship between
the ATR/Chk1and HGF/MET pathways since HGF induced
Chki1 phosphorylation; this can be exploited therapeutically
[121]. Medova et al., found c-MET inhibitor, PHA665752
to release affected cells from DNA-damaged S-phase arrest
by destabilising the ATR-CHK1-CDC25B pathway [77].
This decreased the number of cells within S-phase and
permitted further cell cycle with damaged DNA. Notably,
PHA665752 also maintained elevated pATM and y-H2AX
levels. Since ATR has been implicated in HR [122-124], it
can be speculated that reduced activation of ATR by MET
inhibition also compromised DSB repair independent of
the cell cycle. Chk1 has been reported to be an important
therapeutic target in HNSCC [125]. The following section
will explore how the crosstalk between c-MET and ATR
pathways shown in other tumours could be applied to
HNSCC for promoting sub-type specific treatment.

Hitting cancer’s weak spot: synthetic lethality
in HPV-negative HNSCC: The most common genetic
lesion in HPV-negative HNSCC mutation of the tumour
suppressor TP53. In a recent TCGA study, HPV-negative
tumours were reported to harbour >84% of TP53 mutations
which disrupts components of the Gi/S checkpoint
machinery [126]. Conversely, most HPV-positive tumours
had inactivated p53 due to HPV E6 oncoprotein [127].
Although there is crosstalk between Chki/2 pathways,
unlike the G2/M checkpoint which depends on multiple
pathways, the G1/S checkpoint is thought to rely solely
on the ATM-CHK2-p53 pathway [73,128]. When ATM
phosphorylates Chk2, both kinases phosphorylate and
stabilises p53. Consequently, p21 expression increases
and induces G1 arrest by inhibiting G1 and early S-phase
cyclin-CDK complexes [129,130]. In response to IR, p53
is activated; however, as p53 is mutated in HPV-negative
HNSCC, the cells have reduced G1/S checkpoint-induced
cell cycle arrest and strongly depend on the G2/M
checkpoint for facilitating the growth arrest required for
DNA repair and survival from genotoxic stress. On the
other hand, in HPV-positive HNSCC, there is a low yet
functional basal concentration of p53 which can be induced
by IR and capable of inducing cell cycle arrest — the low
level of wild-type p53 is another reason why HPV-positive
HNSCCs demonstrate to have a superior response to RT
compared to HPV-negative [131-133]. Despite differences
in clinical and molecular characteristics, this hasn’t altered
treatment guidelines for specific subtypes [134].

Conceptually, the loss of wild type p53 can be exploited
therapeutically by inducing synthetic lethality [135]. By
abrogatingthe G2 checkpoint, mutantordepleted TP53cells
could be sensitised to DDAs — this is because the absence
of both G1 and G2 checkpoints cause the segregation of

chromosomal aberrations, forcing cells into the M phase
to die [136,137]. As stated, in the previous section, in 2010
Medova et al., reported c-MET inhibition to attenuate
the ATR-CHK1-CDC25 pathway — responsible for intra-S
and G2-M arrest [77]. The same group then examined the
effects of MET inhibition on p53-status in their following
study and found Tepotinib plus IR to increase cytotoxicity,
phopsho-histone H3, and DNA damage in p53-deficient
cells compared to wild-type p53 [138]. Due to this, the
authors proposed that targeting c-MET in MET-driven
tumours with a p53-compromised background may be a
potential checkpoint abrogator. Interestingly, this notion
can be extrapolated to HPV-negative HNSCC; therefore,
it can be hypothesised that inhibiting ¢c-MET to attenuate
CHK1 activation and consequently eliminate the G2
checkpoint in HNSCCs harbouring depleted p53 protein
or TP53 mutation, could increase the cytotoxicity of IR.

Because CHK1 has been proposed to be a promising
target in HNSCC cell cycle regulation, and recent HNSCC
studies have shown ATR inhibition to sensitise HPV-
negative cells to DDAs, our assumption is encouraging
[125,139]. Moreover, other studies have shown synthetic
lethal targeting to sensitize HNSCC cells to DDAs with
other inhibitors [137,140,141]. Because of this, applying
¢-MET inhibitors in a synthetic lethal manner could
provide an alternate approach for HPV-negative HNSCCs.
Thus, evaluating the relationship between ATR and c-MET
in HNSCC is important. However, despite the loss of wild-
type p53, at the same time, tumour cells may use the ATM-
CHK2-CDC25 pathway as compensation [142,143] (Figure
3). Therefore, additional inhibitors targeting ATM/
CHK2 may be used concurrently with MET inhibition
to ensure complete abrogation of cell cycle checkpoints.
Nonetheless, using combinational therapy reduces the
clinical translatability of our conjecture since increasing
the number of inhibitors could increase the likelihood of
toxicity. Furthermore, others have shown inhibition of
CHK1 to potentiate effects of DDAs irrespective of p53
status [144,145]. This indicates that other determinants
aside from p53 including (epi) genetics, Rb, p16, and Wee1
will influence treatment. Although MET is overexpressed
in HNSCC, the differences in MET expression and
mutations between both HPV-subtypes is unresolved [12].
Recent work by Alsahafi and colleagues demonstrated
EGFR to have a distinct oncogenic role in HPV-negative
HNSCC cell lines when compared to their HPV-positive
counterpart — this raises the question as to whether similar
findings would be observed with c-MET given the crosstalk
between both transduction pathways [146]. This must be
elucidated since our concept is only clinically applicable
to patients where c-MET is aberrantly expressed, and G1
checkpoint-related genes including TP53 are mutated.

J Cell Signal. 2021
Volume 2, Issue 2

123



Vijayakumaran A, Tavassoli M. HGF/MET Signalling and DNA Damage Response: Strategies to Conquer Radiotherapy
Resistance in Head and Neck Cancer. ] Cell Signal 2021; 2(2): 115-132.

CDKs l
G1/S arrest G2/M arrest

Intra-S arrest

L J
T

Cell cycle, arrest,
repair and survival

Created with BioRender.com.

A B
y-H2AX y-H2AX
¢$\ ATM/CHK2 ‘7 \
ATM ATR «——  MET ATM ATR MET
' !
CHK2 CHK1 CHK2 CHK1
p53 CMET
l CDC25 x cbc2s inhibition
p21 l p21
l CDKs CDKs

Figure 3: Synthetic lethality between p53 and the DDR. A: In response to DNA damage, cells with wild-type p53 will prefer
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The Translational Relevance of MET
Inhibitor Therapy for HNSCC

There is a lack of sufficient pre-clinical and clinical
studies investigating the combination of targeted drugs in
combination with RT. Additionally, most available data is
based on in vitro, cell line studies which do not reflect the
tumour architecture and microenvironment. Physiological
model systems such as PDXs, ex vivo patient-derived
organotypic tissue culture, or genetically engineered
mouse models are necessary to evaluate the pre-clinical
radiosensitization studies to gain insight into the drug
response and kinetic, thereby improving clinical trial
design and decision-making.

Despite a relatively large number of anti-HGF/MET
targeted drugs available, none has so far been approved for
clinical use yet. One possible explanation may be the lack
of stratification biomarker to select the patient population
that may benefit for such intervention. The detection of
MET-positive patients has demonstrated to be difficult,
as apparent by the terminated trial involving Capmatinib
(see Table 1). Hence, identifying diagnostic tools for
better patient selection is essential for the success of
future clinical trials. Recently, a validated phospho-MET

immunoassay has been made commercially available and
is assumed to be an accurate biomarker for c-MET pathway
dysregulation, however, this assay awaits evaluation within
a clinical setting [147,148]. Overall, the genomic, as well as
TME and other molecular characteristics of each patient’s
cancer, needs to be considered to successfully develop the
concept of precision-based medicine.

Conclusions and Future Perspectives

Although previous reviews have demonstrated the role
of MET in tumour progression regarding growth and
metastasis, this review has emphasised the significance of
MET signalling in regulating responses to DNA damage
which could aid tumour cells evade IR-induced cytotoxicity.
Because of this assumption, there is a strong rationale for
targeting HGF/MET signalling for enhancing IR-based
therapies in MET-driven tumours. But additional studies
are required to identify the specific pathways by which
MET is signalling with the DDR to open new treatment
perspectives in HNSCC.

In HNSCC, only a select number of preclinical studies
have evaluated MET inhibitors as a radiosensitizer.
Although recent in vivo data from Nisa and colleagues
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reported the potential of Tepotinib for radiosensitization
[18], work by Baschnagel et al., reported negative findings
using Crizotinib, making the role of MET inhibition with IR
unresolved[14]. Aprobableexplanation forthisdiscordance
could be due to differences in drugs, experimental
design, and HNSCC models. However, because of the
MET-DDR link demonstrated in other malignancies, the
role of HGF/MET in Cetuximab resistance, and c-MET
overexpression correlating with aggressive disease in
HNSCC tumours, c-MET still represents a valuable target
in HNSCC for radiosensitization and should be evaluated
further. Importantly, future radiosensitization studies
should concentrate on inhibiting combinations of RTKs
such as EGFR and c-MET as well as inhibiting common
downstream signalling proteins such as ¢c-SRC and PI3/
Akt/mTOR.
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Contribution to Field Statement

Head and neck squamous cell carcinomas (HNSCC) are
an aggressive, genetically intricate, and difficult to treat
group of cancers. Despite our increased understanding of
the genetic and viral mechanisms underlying this dreadful
disease, the survival rate of HNSCC patients has only
increased modestly over the past three decades, and the
treatment options available are limited. Cetuximab, an
EGFR-directed monoclonal antibody is the only approved
targeted therapy for HNSC but has been proven to be
extremely inefficient, emphasising the dire need for the
discovery better druggable targets.

In this review we provide an update on the role of MET
receptor and its ligand HGF in the development and
progression of HNSCC. We highlight the crosstalk between
MET/HGF and EGFR signalling pathways and explore
the interchange between the cancer associated fibroblast
(CAF), through secretion of HGF, causing activation

and oncogenesis through MET signalling in cancer
cells. Importantly, this review explores the relatively
unidentified role of MET/HGF in reprogramming the
DNA damage response (DDR) which is a key player in
determining therapy response/resistance in cancers.
The knowledge provided here will help to shift the focus
of targeted therapy for HNSCC towards combination
multimodal treatment strategies targeting MET/HGF and
DDR.
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