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Precision drugging of the MAPK pathway in head and neck

cancer

Hoi-Lam Ngan1, Chun-Ho Law', Yannie Chung Yan Choi?, Jenny Yu-Sum Chan' and Vivian Wai Yan Lui'*®

The mitogen-activating protein kinase (MAPK) pathway is central for cell proliferation, differentiation, and senescence. In human,
germline defects of the pathway contribute to developmental and congenital head and neck disorders. Nearly 1/5 of head and neck
squamous cell carcinoma (HNSCC) harbors MAPK pathway mutations, which are largely activating mutations. Yet, previous
approaches targeting the MAPK pathway in HNSCC were futile. Most recent clinical evidences reveal remarkable, or even
exceptional pharmacologic vulnerabilities of MAPK1-mutated, HRAS-mutated, KRAS-germline altered, as well as BRAF-mutated
HNSCC patients with various targeted therapies, uncovering diverse opportunities for precision drugging this pathway at multiple
“genetically condemned” nodes. Further, recent patient tumor omics unveil novel effects of MAPK aberrations on direct induction
of CD8" T cell recruitment into the HNSCC microenvironment, providing evidences for future investigation of precision
immunotherapy for this large subset of patients. MAPK pathway-mutated HNSCC should warrant precision therapy assessments in

vigorous manners.
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INTRODUCTION

The mitogen-activated protein kinase (MAPK) pathway is a key
signaling hub integrating extracellular signals for the control of
cell proliferation, survival, differentiation, senescence as well as
drug resistance'?. This pathway comprises an array of kinases,
including the RAFs (A-/B-/C-RAF), RASs (H/K/NRAS), MEKs (MEK1/2),
MAPKs [MAPK1 (ERK2), MAPK3 (ERK1)], adaptor molecules (GRB2,
SHC1/2/3/4), and ERK1/2-specific negative regulators called the
dual-specificity phosphatases (DUSP3/5/6/7/9). Constitutive activa-
tion of key kinases, such as BRAF, HRAS, KRAS, and MAPK1/3, are
well-known to drive human oncogenesis via transcriptional
activation, cross-talks with other oncogenic pathways (e.g., PI3K
and JAK/STAT pathways), and recently, via immuno-modulatory
activities as reported in some cancers®~’.

In addition to external growth stimuli, somatic mutations of this
pathway can cause robust constitutive MAPK activation in various
solid tumors. As of today, two MAPK-driven cancers are known to
be predominantly affected by somatic BRAF p.V60OE activating
mutations (~50% cases mutated in melanoma and thyroid
cancer)®®, Additional 30 cancer types also harbor noticeable
subsets of MAPK pathway-mutated patients (2.99-83.4% cases)
(Fig. 1). Many of the MAPK pathway mutations, though not all,
have been demonstrated to be oncogenic in nature, and
potentially druggable as well. These include KRAS p.G12C, MAP2K1
p.Q56P, and MAPK1 p.D321N, etc'®'2, Prior to the era of genomic
medicine, non-precision drugging (i.e., non-mutation based) of the
MAPK pathway with many MAPK pathway inhibitors had
miserably failed in clinical trials for almost all cancers. Yet,
advances in precision drugging of the BRAF p.V600OE mutation
alone with BRAF inhibitors have now extended the survival of
numerous melanoma, thyroid, and non-small cell lung cancer
(NSCLC) patients worldwide'. However, for most other cancers,
MAPK pathway has remained clinically undruggable till now

despite common occurrences of MAPK mutations across all
cancers.

Genetic aberrations of MAPK pathway in head and neck
syndromes, and cancer

Head and neck squamous cell carcinoma (HNSCC) is a highly
aggressive cancer arising from the epithelial lining of the head
and neck region. It has a rising global incidence of >0.83 million
new cases/year (2018, International Agency for Research on
Cancer, IARC'®). Diverse etiologies contribute to HNSCC carcino-
genesis, including exposures to carcinogens, including tobacco,
alcohol, betelnuts, air pollutants, oncogenic viruses (the Human
Papillomaviruses, the Epstein-Barr virus), poor oral hygiene, as well
as inheritance (e.g., Fanconi anemia)'®. By and large, these
carcinogens damage DNA of the head and neck epithelium and
cause accumulation of genetic aberrations leading to HNSCC.

Aside from several FDA-approved tissue agnostic precision
medicines that may cover a small subset of HNSCC patients [i.e.,
infrequent NTRK1/2/3-rearrangments and ROS-7-rearrangement
for larotrectinib and entrectinib, respectively]l, and an immune-
hot subset of patients (~20-25% of patients) who respond to PD-
1/PD-L1 inhibitors for reasons undefined, ~75-80% of HNSCC
patients remain clinically inactionable by precision medicine.

As high as ~18% of HNSCC patient tumors harbor MAPK
pathway mutations’. Core pathway components (HRAS, BRAF,
MAPK1, RPS6KAT) are mutated in ~10.5% cases (54/512, TCGA-
HNSCC cohort), while key scaffold proteins and negative
regulators are mutated in ~4% and ~3% cases, respectively.
Functional genomics and bioinformatics demonstrate that nearly
half of the HNSCC-associated MAPK pathway mutations are
activating or oncogenic in nature (Supplementary Fig. 1).
Examples include HRAS p.G12/G13/Q61, MAPK1 p.E81/E322,
MEK1 p.K57/E102, MEK2 p.F57 and BRAF p.G466/D594/V600
mutations, all being recognized drivers for tumorigenesis. Some
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Fig. 1 Over 30 human cancer types characterized by the Cancer Genome Atlas (TCGA, USA) harbor noticeable subsets of patients bearing
somatic mutations of the MAPK pathway. Abbreviation: Melanoma Skin Cutaneous Melanoma, Thyroid Thyroid Carcinoma, Pancreas
Pancreatic Adenocarcinoma, Colorectal Colorectal Adenocarcinoma, Lung adeno Lung Adenocarcinoma, Uterine Uterine Corpus Endometrial
Carcinoma, Cholangiocarcinoma Cholangiocarcinoma, Stomach Stomach Adenocarcinoma, Bladder Bladder Urothelial Carcinoma, Cervical
Cervical Squamous Cell Carcinoma & Endocervical Adenocarcinoma, Head & neck Head and Neck Squamous Cell Carcinoma, Uterine CS
Uterine Carcinosarcoma, DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma, Lung squ Lung Squamous Cell Carcinoma, AML Acute
Myeloid Leukemia, Thymoma Thymoma, Testicular Testicular Germ Cell Tumors, PCPG Pheochromocytoma and Paraganglioma, pRCC Kidney
Renal Papillary Cell Carcinoma, Liver Liver Hepatocellular Carcinoma, Esophagus Esophageal Adenocarcinoma, GBM Glioblastoma Multiforme,
Sarcoma Sarcoma, Ovarian Ovarian Serous Cystadenocarcinoma, Breast Invasive Ca. Breast Invasive Carcinoma, Mesothelioma Mesothelioma,
Prostate Prostate Adenocarcinoma, chromophobe RCC Kidney Chromophobe, LGG Brain Lower Grade Glioma, ACC Adrenocortical Carcinoma,
ccRCC Kidney Renal Clear Cell Carcinoma, Uveal Melanoma Uveal Melanoma.

MAPK pathway

Growth factor

“TRTK

Y

Somatic
mutations

Head and neck cancer RASopathies

Noonan syndrome
\ (NS)

Legius syndrome

—] l Cardiofaciocutaneous
SPRED1 \.  syndrome (CFC) )

-

RAI
| Costello syndrome
v
LEOPARD
syndrome

Head'and
Neck Cancer

@ erx ) — | pusp3/s/6/7/9

}

Downstream kinases,
Transcriptional factors

Keys:
Somatic mutations

—
associated with HNC

evsoiredwit Sopahis

Fig. 2 Components of the MAPK pathway are mutated in both HNSCC (at somatic level) and in various RASopathies at germline level.
These RASopathies display head and neck deformities include the Noonan syndrome, Legius syndrome, cardiofaciocutaneous syndrome, and
Costello syndrome.

of which can cause oncogene addiction in cancer cells (where
cancer cells are dependent on these oncogenic signaling for
survival), thus can be potentially harnessed for therapy develop-
ment. Yet, the clinical druggability of MAPK mutational events in
HNSCC has remained unaddressed for a long time.

For decades, the medical term RASopathies define genetic
syndromes caused by various germline mutations of MAPK kinases
or negative regulators. Individuals with RASopathies display
hallmark craniofacial developmental and congenital abnormalities,
implicating key roles of germline MAPK pathway mutations in
regulating the development and growth of the head and neck
region in human. Gain-of-function mutations of BRAF p.Q257R,
MEKT p.Y130C and MEK2 p.F57C are clinically associated with
cardiofaciocutaneous (CFC) syndrome, KRAS p.T58! and RAFI1 p.
S257P mutations with Noonan syndrome, HRAS p.G12S mutation
with Costello syndrome, NF1 mutation with LEOPARD syndrome,
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while loss-of-function mutations of the SPRED1 negative regula-
tors rendering activated MAPK signaling is associated with Legius
syndrome'® (Fig. 2). Interestingly, some of these defects, but in a
somatic manner, have been identified in HNSCC as well. Shared
MAPK pathway aberrations in HNSCC and RASopathies are shown
(Fig. 2). For instance, HRAS mutations, mutated in 6.6% HNSCC (but
uncommon in other solid tumors), are also germline altered in
Costello syndrome. The shared MAPK-mutated pathway compo-
nents found in HNSCC and RASopathies raise attention not only
for head and neck pathobiology understanding but also for
therapeutic development against these mutations for HNSCC and
likely RASopathies.

Past Failures of MAPK/MEK kinase inhibitor trials in HNSCC

Prior to the genomic era, various preclinical studies suggested the
potential therapeutic value of MAPK pathway inhibitors for HNSCC
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treatment'”~"°, It has been documented that HNSCC patients with
high intratumor expressions of p-MAPK1/3 (p-ERK1/2) have poor
survival®®, and inhibition of p-ERK1/2 by MAPK pathway inhibitors
often inhibited HNSCC cell growth in vitro?'~23, However, when it
came to clinical testing of MEK/MAPK inhibitors, all HNSCC clinical
trials have failed with a general lack of efficacies in unstratified
patients. These failed attempts with MEK/MAPK inhibitors are
summarized in Table 1, which include MEK1/2 inhibitors AZD8330,
selumetinib, cobimetinib, TAK-733, (or combinations) and the
ERK1/2 inhibitor MK-8353. Specifically, no objective response was
observed in  HNSCC patients treated with AZD8330
(NCT00454090), selumetinib  (NCT00085787), cobimetinib
(NCT00467779), and TAK-733 (NCT00948467)*4-%7. Several combi-
nation treatments, including selumetinib with tremelimumab and/
or MEDI4736 (NCT02586987), and cobimetinib with Atezolizumab
(NCT03264066), have also been tested in HNSCC patients under
pan-cancer clinical trial settings without promising outcomes.
Similarly, HNSCC patients did not show any objective responses
towards the ERK1/2 inhibitor, MK-8353 in a Phase | trial
(NCT0135833)2%, Basically, all trials ended at Phase | settings with
no further studies thereafter. In fact, other than clinical failures in
HNSCC, MEK1/2 inhibitors, such as CI-1040, was also demonstrated
to be ineffective against solid tumors with trials halted at Phase Il
settings?%3°.

Besides the lack of clinical efficacies for HNSCC, these early
MEK/MAPK inhibitors appeared to cause dose-limiting toxicities in
human. Early MEK1/2 inhibitor trials in pan-cancers were halted
due to toxicities in patients. For instance, PD0325901, a second-
generation MEK1/2 inhibitor with improved potency and bioavail-
ability, had caused dose-dependent skin rash and dose-limiting
gastrointestinal toxicity (diarrhea), hematologic, acute neurologic
and ocular toxicities, and musculoskeletal adverse events, such as
muscular weakness®'=33, Similarly, pimasertib (MEK1/2 inhibitor) in
combination with voxtalisib (mTOR/PI3K inhibitor), also elicited
ocular and cardiac toxicities (NCT01390818); CC-90003 (ERK1/2
inhibitor) caused grade 1-3 neurotoxicity (NCT02313012), and
GDC-0994 (ERK1/2 inhibitor) in combination with cobimetinib
(MEK1/2 inhibitor) caused grade 3 dose-limiting toxicities includ-
ing myocardial infarction and rash (NCT02457793) in advanced
cancer patients>436, Thus, there were cautions for the use of MEK/
MAPK inhibitors in various cancers, especially there seems a
general lack of clinical benefits in patients.

Drugging HNSCC with MAPK pathway inhibitors: potency and
precision

As in other cancers, the reasons behind the general lack of clinical
efficacies of early MEK/MAPK inhibitor trials in HNSCC remains
unclear, but likely complex. These may include drug resistance
mechanisms, drug potency issues, and most importantly, potential
wrong ways of drugging this pathway in HNSCC?’.

First, various MAPK pathway inhibitors were known to cause
feedback, feed-forward, cross-talk signaling that help cancer cells
re-gaining MAPK activation despite initial perturbation by the
inhibitors, resulting in acquired resistance to these inhibitors in
cancer cells. Studies have identified NRAS or MEK activating
mutations, RAF amplification, RAF heterodimerization, BRAF
alternative splicing, loss of NF1, etc, as causes for acquired
resistance to MAPK inhibitors®’. Recent strategies, aiming at
double-striking 2 nodes of the MAPK pathway have gained much
attention as a likely and feasible way to interrupt multiple
feedbacks in many cancers, though the efficacies of these
strategies have not been clinically evaluated in HNSCC vyet.
Interestingly, a preclinical study revealed that acquired resistance
against selumetinib (MEK inhibitor) was attributed by FGFR3-
mediated MAPK reactivation in HNSCC, suggesting combined
FGFR3/MAPK to resist the development of selumetinib resistance
in HNSCC?®.
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Second, insufficient potencies of older generations of MAPK
inhibitors may underlie their clinical failures in HNSCC in the
past®°. Indeed, in recent years, new classes of MEK inhibitors have
been developed with improved potencies, and have shown some
clinical promises in HNSCC, and other cancers. Of all, trametinib is
one promising MEK1/2 inhibitor for HNSCC. In 2013, a Phase I
window-of-opportunity trial with neoadjuvant trametinib demon-
strated marked median tumor size reduction (46%) in all patients
with reduction and 11 patients with partial responses among 17
evaluable patients (Stage II-IV oral cancer). Of note, 5 patients
showing reduced intratumoral p-ERK1/2 levels post-treatment
were all found to be clinical responders by tumor size or tumor
metabolic criteria®®. The promising trial results implicate that
potent MEK/MAPK inhibitors may be required for effective
treatment of HNSCC.

Third, which is the most important question to ask is: whether
we have been drugging this pathway wrongly in the past among
HNSCC patients? Would past failures be contributed by the
unstratified patient pools (one-for-all), as we did not have ways to
identify which patients are genetically-condemned with MAPK
pathway dependencies? Now, with the understanding of the
genomic features of HNSCC patients, shall we drug the MAPK-
condemned patients differently and be able to see good clinical
outcomes in those patients?

In fact, promising results from a recent RAS inhibitor trial with
tipifarnib sheds light for effective precision drugging of HRAS-
mutated HNSCC patients (NCT03719690) and have resulted in fast-
track drug review by the FDA (detailed discussion below).
Contrasting with previous failures of MEK/MAPK inhibitors for
HNSCC, this FTl is paving its way as a likely first precision medicine
for a noticeable subset of HNSCC patients (~6% cases). Details on
the clinical successes of tipifarnib and additional Ras inhibitors for
HNSCC are discussed below. Furthermore, new clinical findings
including many exceptional responder studies, and recent -omics
studies do suggest new avenues for precision drugging of HNSCC
patients bearing either germline or somatic MAPK aberrations,
highlighting the need for future investigations in the clinic.

Tipifarnib Reveals the Need for Precision Drugging in HNSCC. RAS
proteins are small GTPases activated upon GTP binding to
stimulate downstream RAF/MEK/MAPK signaling for cell growth.
As membrane localization of RAS proteins is required for their
activation, pharmacologic inhibition of RAS post-translational
modifications, such as C-terminal farnesylation (by inhibiting the
enzyme farnesyl transferase that transfers farnesyl group to the
C-terminal of RAS), could potentially inactivate RAS. Till now, four
farnesyl transferase inhibitors (FTls), namely L-778,123, BMS-
214662, tipifarnib, and lonafarnib have been clinically evaluated
in various cancers, including HNSCC (Table 2). Their effects in
HNSCC patients are discussed below.

L-778,123: a Phase | trial aimed to determine L-778,123's
maximal tolerated dose (MTD) in combination with radiotherapy
in 9 advanced cancer patients (3 with stage IV HNSCC, 6 with
NSCLQ)*'. Among the 3 HNSCC patients, despite one patient
falling short of complete treatment due to toxicity, the remaining
2 patients have demonstrated complete responses with no
evidence-of-disease (NOD), at follow-up examinations. Ras muta-
tional statuses were not clearly reported. Despite complete
responses observed, the MTD of the L-778,123/radiation combina-
tion could not be defined*'. It was also noted that another Phase |
clinical trial for L-778,123 was conducted by the Memorial Sloan
Kettering Cancer Center and National Cancer Institute
(NCT00003430) for patients with recurrent or refractory solid
tumors including HNSCC, but no trial result was published.

BMS-214662: a potent FTI of the 1,4-benzodiazepine class with
ICso value of low nM range in vitro. Two HNSCC patients involved
in a mixed solid tumor Phase | trial, were treated with BMS-214662
and did not show objective responses, while another Phase | BMS-
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214662 trial with HNSCC patients did not report patient outcomes
in detail*%43,

Lonafarnib (SCH66336): a tricyclic peptidomimetic inhibitor
being one of the first FTIs underwent human clinical trials for
cancer, including both Phase | and Il trials involving HNSCC
patients. An early Phase Ib trial result released in a conference
proceeding reported clinical responses at all lonafarnib doses
tested in patients prior surgery (100 to 300 mg twice daily), with
marked tumor size reduction in 4/22 evaluable patients**. A later
Phase Il lonafarnib trial in chemo-refractory advanced HNSCC
showed that among 15 patients who previously failed platinum-
based therapies, 7 had stable diseases in a minimum of 3 cycles of
treatment, while 1 patient was stable for 8 cycles of treatment for
220 days total. Further, lonafarnib was well-tolerated with no
grade 3 or 4 hematologic toxicities*>. Among these advanced
HNSCC patients, these stable disease cases with lonafarnib
suggested potential therapeutic efficacy of FTls for HNSCC, which
was later shown by tipifarnib. Interestingly, lonafarnib was recently
approved by the FDA (Nov, 2020) for the treatment of a form of
premature aging disease called Hutchinson-Gilford progeria
syndrome, and progeroid laminopathies to reduce their risk of
death by preventing the build-up of “defective progerin or
progerin-like protein” that causes accelerated heart failure.

Tipifarnib: a potent FTI (Supplementary Fig. 2), with IC5o values
of 0.86nM and 7.9nM against lamin B and K-RasB peptide
substrates in vitro®S, With the realization that HRAS mutations can
cause oncogene addiction and activated MAPK signaling in
cancer, tipifarnib trials have sought to investigate its effectiveness
in pan-cancer patients with and without HRAS mutations. In a
recent phase Il trial (NCT02383927), tipifarnib demonstrated a 53%
overall response rate (13/23 patients) among HNSCC patients®’.
Furthermore, significant clinical activity was noted in patients with
recurrent and metastatic HNSCC harboring HRAS mutation with
high variant allele frequency (VAF) of >20%. Eight out of 15 HNSCC
patients meeting such a criterion had partial responses, while
additional 5 demonstrated stable diseases (53% response rate)
with tipifarnib?’. Tipifarnib also demonstrated modest clinical
activity in patients with recurrent, metastatic HRAS-mutant salivary
gland cancer, and urothelial carcinoma. Among 12 evaluable
HRAS-mutant recurrent metastatic salivary gland cancer (SGC)
patients, one demonstrated partial response and 7 had stable
disease with median duration of response of 9 months*. In this
small SGC cohort, the kind of HRAS variants and allele frequency
did not correspond to clinical outcome with tipifarnib. Never-
theless, these promising clinical findings provide strong evidences
for the use of HRAS mutations in HNSCC as predictive biomarkers
for tipifarnib sensitivity. In general, tipifarnib was well-tolerated,
with fatigue, myelosuppression, nausea, and vomiting being the
most common adverse events (all grades) observed®’. Currently,
the FDA has granted fast-track designation to tipifarnib for HRAS-
mutant HNSCC whose disease progressed on platinum therapy?®.
An ongoing international Phase Il trial is specifically evaluating
tipifarnib efficacy in HNSCC patients with high HRAS-mutant VAF
(NCT03719690). It is very likely that HRAS-mutant HNSCC may
represent the first precision medicine specific for HNSCC.

Alongside, studies are ongoing to start tackling potential
tipifarnib-resistance in  HNSCC. Using HRAS-mutant HNSCC
patient-derived xenografts (PDXs), tipifarnib-resistance was iden-
tified to involve aberrant apoptosis and angiogenesis®®. Never-
theless, their involvement and clinical relevance in HNSCC remains
unknown. A recent CRISPR-screen has already identified potential
combination strategy of tipifarnib with autophagy inhibitors to
prepare for even more effective tipifarnib treatment for HRAS-
mutant HNSCC'.

Drugging HNSCC with KRAS Germline Variants by Cetuximab

Addition. As tipifarnib demonstrates good clinical efficacies in
HRAS-mutated HNSCC, salivary gland carcinoma, and urothelial
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carcinoma®®5233, other RAS genes have gained attention for

precision medicine development. New RAS inhibitors, AMG-510
and MRTX849, have been recently developed and showed clinical
promises in patients with KRAS p.G12C-mutated solid tumors
(NCT03600883, NCT04330664)°%. In fact, AMG-510 has recently
been FDA-approved for the treatment of KRAS p.G12C-mutated
locally advanced or metastatic NSCLC (May, 2021). Unlike HRAS,
the mutation rate of KRAS is relatively low in HNSCC (1/512; 0.2%).
Yet, we recently reported that KRAS mutation rate can found in
~3.5% of advanced HNSCC®®. In metastatic larynx cancer, KRAS
mutation may account for ~6% cases®®. Furthermore, KRAS
mutations appear to be a poor prognostic biomarker for advanced
HNSCC, with shorter disease-free survival in KRAS-mutant vs. WT
patients>>.

Among all new KRAS inhibitors under clinical evaluation, only
AMG-510, MRTX849, and LY3499446 have entered phase |l
settings®’. Yet, the low rate of KRAS somatic mutations in HNSCC
presents a challenge for clinical assessment of KRAS inhibitors
with KRAS-status stratification.

Interestingly, Weidhaas et al. recently performed a secondary
analysis of a randomized phase Il HNSCC trial and found that
patients with an oncogenic germline KRAS variant (a let-7
microRNA-binding site polymorphism in the 3’ untranslated
region of KRAS) have significantly better clinical outcomes with
cetuximab (EGFR monoclonal antibody) addition to radiotherapy
plus cisplatin regimen®®. Furthermore, these germline KRAS-
variant HNSCC patients were found to have increased plasma
TGF-B1, potentially contributing to immunosuppression in these
patients. Thus, targeting with cetuximab may help these patients
overcome TGF-B1-induced immunosuppression. In fact, this very
same KRAS germline variant also predicts good clinical response to
cetuximab monotherapy in otherwise somatic KRAS-WT metastatic
colon cancer patients®®. Thus, KRAS germline variant guiding
combination therapy with cetuximab, and potentially radio-
therapy/cisplatin regimen should be further evaluated in larger
prospective trial in HNSCC. The main side effects reported in the
trial were skin reaction, some with grade 3 to 4 mucositis°®.

Exceptional Erlotinib responses for MAPK1-mutant HNSCC. About
5% of HNSCC patients harbor somatic mutations of MAPK1 (ERK2)
gene'2. In 2015, Van Allen and Lui et al. reported the first HNSCC
exceptional responder (with Stage lll advanced oral cancer) who
exhibited a complete response (>30 months) to a 13-day erlotinib
treatment®. This clinical finding is highly unexpected given
another EGFR targeting agent, cetuximab often demonstrates
moderate activities in HNSCC patients in general. Whole-exome
characterization of pre-treatment biopsy showed no EGFR aberra-
tions, but the presence of a somatic MAPK1 p.E322K mutation
using an EGFR-network bioinformatics approach. This mutation
was then functionally characterized to be a potent driver for
constitutive ERK activation and HNSCC cell growth'?. Subsequent
investigation revealed its ability to drive robust EGFR hyperactiva-
tion by enhancing autocrine amphiregulin release from HNSCC
cells, thus hyperactivating EGFR signaling®’, and rendering
hypersensitivity to an EGFR kinase inhibitor, erlotinib. The study
was later extended to additional MAPKT mutations in HNSCC, and
led to the finding that MAPKT p.D321N (also hyperactivates MAPK
and p-EGFR) could also confer heightened sensitivity to erlotinib
in HNSCC in vivo, while MAPK1 p.R135K mutation (moderately
activating p-EGFR) conferred moderate level of erlotinib sensitiv-
ity'2. Importantly, both MAPK1 p.D321N and p.R135K mutations
exist in recurrent HNSCC in Asia'2. These results suggested that
MAPK (or ERK) activities could be associated with erlotinib
responses in HNSCC. In fact, results from the randomized clinical
trial (NCT00779389) involving the first HNSCC exceptional
responder eventually concluded that baseline tumoral p-MAPK
(p-ERK) levels were inversely correlated with tumor size post-
erlotinib treatment, showing that MAPK activation status is likely
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an indicator of EGFR-addiction in HNSCC, and thus predictive of
clinical responses to erlotinib in HNSCC patients®2. Overall, the
clinical trial reported brief exposure to erlotinib was well-tolerated
in HNSCC, with acneiform rash and diarrhea being major side
effects that are commonly observed with EGFR inhibitors®.
Interestingly, based on current genomic findings, US TCGA-
HNSCC patients with primary tumors universally harbor MAPK1 p.
E322K mutations, while an Asian primary/recurrent HNSCC cohort
showed a wide spectrum of p.E322K/D321N/R135 mutations'2. As
EGFR kinase inhibitors (e.g., erlotinib, gefitinib) are known to be
clinically safe for treatment of lung cancer, these clinical and
findings provide important scientific evidences supportive of
precision trials for MAPK1-mutated, yet EGFR-addicted HNSCC.

BRAF p.V600E-mutated Ameloblastoma are Exceptionally Sensitive to
BRAF/MEK Inhibitors. Ameloblastoma is a rare head and neck
tumor (1.79/10,000,000 persons/year) found in the jaw area near
the molar®3. Though rare, high rates of BRAF p.V600E hotspot
mutation (33.3-82%) have enticed growing interest for BRAF-
targeting, as ameloblastoma often requires extensive facial
surgeries, compromising quality-of-life, yet, frequently recurs®4-8,

Five exceptional responder reports have been documented
with dabrafenib or vemurafenib monotherapies, and dabrafenib/
trametinib combination (Table 3). Kaye et al. first reported an
African American ameloblastoma patient with recurrent metas-
tases bearing somatic BRAF p.V60OE mutation (detected by
mutant-specific antibody with immunohistochemistry), treated
with compassionate dabrafenib (150 mg twice daily) plus trame-
tinib (2 mg once daily) and exhibited immediate marked tumor
reduction at day 4, followed by disappearance of lung metastases
and shrinkage of head and neck lesions at week 8, and persistent
antitumor responses even at 20 weeks®®. This combination was
well-tolerated clinically. Another remarkable clinical responses to
this combination was also observed in a 26-year old recurrent
metastatic ameloblastoma patient showing complete dissolution
of lung metastasis and primary tumor at 30 weeks after treatment
(NCT02534649)7°. The NCT02367859 trial also reported a stable
disease for a BRAF p.V60OE-mutated ameloblastoma patient. These
cumulative responder cases strongly suggest the potential ther-
apeutic benefits of BRAF/MEK inhibition in BRAF p.V600E-mutated
ameloblastoma (note: such combination is FDA-approved for BRAF p.
V600E-mutated thyroid cancer and melanoma). Besides, two other
recurrent BRAF p.V600E-mutated ameloblastoma patients have also
responded dramatically to dabrafenib monotherapy. These include
an 83-year-old patient treated with low dose dabrafenib (75 mg
twice daily) showing 75% tumor size reduction at 12 months’’, and
another recurrent patient responding to dabrafenib with >90%
tumor shrinkage”?. Lastly, besides dabrafenib, the use of vemurafenib
has also caused persistent and marked tumor shrinkage (>60% for
11 months) in a recurrent BRAF p.V600E-mutated ameloblastoma
patient’®. Common reported side effects for these BRAFi, MEKi and
their combinations include asthenia, rash, arthralgia, nausea, pyrexia,
fatigue and headache, etc, and they, in general, showed good
toxicity profiles in patients’®. Thus, BRAF p.V600E-mutated amelo-
blastoma could be pharmacologically vulnerable for precision BRAF-
targeting.

Remarkable clinical responses to MAPK inhibitors in BRAF-mutated
HNSCC. Unlike ameloblastoma, BRAF mutations only occur in
~1.8% of HNSCC, and the clinical responsiveness of BRAF-mutated
HNSCC patients to BRAF inhibition remains under-explored. Yet, a
recent Phase | trial (NCT01781429) did report a BRAF p.G469A-
mutated head and neck cancer patient with partial response to
ulixertinib (an ERK1/2 inhibitor) per RECIST criteria (> 30% tumor
size reduction)’®. Though such a dramatic ulixertinib response
only lasted for 4.9 months in this patient, a little fall short of the
NClI's criteria for exceptional responders (6-months), this report
does provide clinical evidences supportive of future ulixertinib

Published in partnership with CEGMR, King Abdulaziz University



H.-L. Ngan et al. np_]

7
;0:7 2 o c N n trials in relation to BRAF-mutational status for this relatively safe
. y © cw drug. In the trial, the most common treatment-related adverse
S S 8% 82 effects were rash, diarrhea, fatigue, and nausea, with no grade 4 or
£ £ g §_ 58 x 5 treatment-related adverse effects reported.
© - © = 5 T © [42]
g5 ¢ 8¢ 98 -
28 5 .r% v ¢ g X MAPK mutations modulate ErbB3 activation in HNSCC: potential
8T % f-,% 5¢ o therapeutic consideration. ERBB3 is a new target for HNSCC. Its
g = g EN = S ° ‘é activation level (p-ErbB3) is significantly associated with poorer
© 4 ° 2 o S 3 = HNSCC patient survival’. Various ErbB3 inhibitors are under
96’_ 3 % S 5 £ E o 2 development. Among which, CDX-3379, an anti-ErbB3 monoclonal
c 5 v 2§ ; 3 x38 antibody, has demonstrated antitumor activity resulting in tumor
c cE ¢ TS RS o= shrinkage in 42% of HNSCC patients, with grade 1 to 2 diarrhea,
% 25 5 g 3 g S é S fatigue, and acneiform dermatitis being the most often treatment-
5 §% ® w©g ©oC¢ g related toxicities””.
5 = = = 0O g . .
g §& 2 ° 2 2% . S 3 A recent study showed that multiple MAPK pathway mutations
@ 5.8 &S24 wgf G* found in HNSCC patient tumors, including BRAF p.V600E, HRAS p.
£ SLT 2 Ee< N2 (g
< % Tee o Y ‘a,"g @ 8,% aE G12V, MEKT p.K57N, MEK2 p.F57L, MAPK1 p.E322K, MAPKI1 p.
£l > o3>3 g T g £ g% “ & 2 D321N, ARAF p.S214F, ARAF p.P508L, as well as wildtype A/BRAF
g 2 59 “E’ S geo 2z 22 PR genes could significantly suppress p-ErbB3 levels in HNSCC cells’.
A= 5 “é, > 8 w82y £3 g ‘5 g Moreover, pharmacologic inhibition of MAPK1/3 activity by GDC-
< 5 g.g % g g% 3 %’r% 5 5§ 0994 has resulted in p-ErbB3 activation in MAPK-mutant HNSCC
El a @ 'G% 2 352 _E TE B¢ primary cultures and cell models, but not in WT counterparts,
2| g 2L g E ¥ SE o ST 3E indicating that MAPK activating mutations can modulate p-ErbB3
glo S&d89 RS z5s &3 levels in HNSCC. This was further supported by findings in HNSCC
g patient tumors with high allele frequencies of HRAS p.G12S and
£ MAPKT p.D321N mutations (>30-40% allele frequency) expressing
2w " " low levels of p-ErbB3. Thus, MAPK mutational status or ERK
£ 8 €| 2 £ < activities can modulate ErbB3 activation level in HNSCC, suggest-
= (] c c gg
sl 2|8 & S 2 S ing the need for precautions when using ErbB3 inhibitors in
| &= ] ; .
- S8 5 i E I E MAPK-mutant HNSCC patients. Further clinical studies should be
L s - - conducted to determine if perhaps, Er inhibitors may/shou
21e N ™ ~ ducted to d ine if perhaps, ErbB3 inhibi y/should
5 be avoided in MAPK-mutant HNSCC patients.
€ = ©
! (= i
‘§ o2, S ° ° ° MAPK-mutant HNSCC are CD8™ T cell-inflamed: implications for T cell-
§_ 0:‘ G| g2 2 2 2 2 based immunotherapies. HPV(+)HNSCC patients are known to
a1385% 3 = 8 2 g respond well to T cell-based immunotherapies, including PD1
= g % o % e v e inhibitors pembrolizumab and nivolumab’®~7°, This is at least partially
21 8= s _g- = = = contributed by elevated immune infiltrates in  HPV(+)HNSCC
g ﬁg 5 S & 5 5 tumors’5®2, Numerous PD1 inhibitor trials confirmed that HPV(+)
o) HNSCC patients have reduced hazard ratios for death
& (HR=0.82, p=0.0316) when compared to standard treatment®,
‘g - - For recurrent and metastatic HNSCC, HPV(+)HNSCC patients
o = < a demonstrated a better objective response rate to durvalumab than
& 20 202 o c HPV(-)HNSCC patients (294% vs 10.8%, with median OS=
g - S SE£ 8 & ‘?E’ 10.2 months 5.0 months)®’. However, HPV status was not associated
2l = cg ¥ o 3 with clinical responses to nivolumab in the CheckMate 141 study®”.
s| 8 86E G6E€ &5 S IS e . . .
215 88 B8EE. 8 g Recent bioinformatic analysis of HNSCC patient tumors showed that
< MAPK-mutant HNSCC tumors, irrespective of HPV status, also have
=z elevated CD8'T cell and dendritic cell infiltrations, together with
< w W immune-active cytolytic and interferon-gamma signatures in situ,
1 EC NE oE suggestive of an active cytolytic CD8'T-inflamed status in these
-E ) T j'é’ C j'; w & w tumors. Interestingly, this CD8* T-inflamed and cytolytic feature was
G| = S Scx = e not shared by HNSCC tumors bearing PI3K, NOTCH, JAK/STAT, WNT,
g ° NF-kB, or TGFB/Smad pathway mutations’. The study further
s | 2 ") v L - - demonstrated that ectopic expression of MAPK pathway mutations
g ® & 5 & g g (mouse HRAS p.G12V, mouse MAPK1 p.D319N and p.E320K), but not
g1 e 3 3 5 5 5 respective WT-counterparts, could directly shape the HNSCC immune
[ = = - J
2la s < é é g:U’ tumor microenvironment by attracting CD8'T cell infiltration in
§ immunocompetent mouse allografts’. Whether such MAPK
g mutation-driven CD8'T cell infiltration was caused by activated
s MAPK signaling or the associated neoantigens warrants further
8 investigations. It also remains to be determined if these CD8T cells
> w g are clonal or not. Using TCGA-HNSCC dataset, Lyn et al. also showed
% S S i -enhanci i iated with HRAS tati
2l y = immune-enhancing signatures associated wit mutation,
N g 3 including elevated CD8" markers and HLA gene expressions, high
°| 8 &2 cytolytic activity, and immune scores®®.
3| 5 = € Since CD8'T cells are effective antitumor immune cells, its
L @< markedly increased level in MAPK-mutant HNSCC tumors may tie

Published in partnership with CEGMR, King Abdulaziz University npj Genomic Medicine (2022) 20



npj

H.-L. Ngan et al.

®

KRAS
Germline
variants

HRAS
mutation

MAPK1
p.D321IN p.E322K
mutation mutation

. 3
S

Cetuximab ‘ (" EcFR )
addition | inhibitors
N
b _/

MAPK1

FTis |
(Tipifarnib) |

{
aF
prenylalion[ i\/

/)k\

BRAF or
BRAF/MEK
inhibitors

Raf

CD8* T cell
infiltration

J \
p-ErbB3

BRAFP V6DOE downregulation

ameloblastoma

° » / s

SN
? ’
(‘anti-PD-17PD-L1 | \ &

antibodies

Treatment
de-intensification
ion of
ErbB3 inhibitors

Dabrafenib

Vemurafenib

/)k\
ErbB3 inhibitors PD- 1/PI>L1

Fig. 3 Proposed precision treatment strategies for MAPK pathway-mutated head and neck cancer. (1) FTls, particularly tipifarnib, is
currently under FDA fast track designation for HRAS-mutant HNSCC treatment; (2) HNSCC with KRAS germline variants are druggable with
cetuximab addition; (3) MAPK1 mutations are targetable by EGFR inhibitors; (4) BRAF p.V600E-mutated ameloblastoma are exceptionally
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“not-to-use” of ErbB3 inhibitors may need to be considered in MAPK-mutatedp-ErbB3 downregulated HNSCC. (6) CD8+ T cell infiltration in
MAPK-mutant HNSCC may constitute better clinical outcome to anti-PD-1/PD-L1 inhibitor treatment.

to PD1 inhibitor response. In fact, subsequent retrospective analysis
of anti-PD1 immunotherapy cohorts did reveal that MAPK pathway
mutations could also predict anti-PD1 immunotherapy outcome in
advanced and metastatic oral cancer patients’, with 2-3 times longer
median survival than WT patients’. Thus, such a highly immunoacti-
vated status of MAPK-mutant HNSCC tumors may potentially
outweigh the oncogenic effects of these activating mutations, and
constitute better clinical outcome to ICl in HNSCC patients. Large
prospective ICl clinical investigation with known MAPK-mutation
status should be warranted to determine the clinical efficacy of ICI
therapy in HNSCC patients for precision immunotherapy.

Resistance of MAPK-mutated HNSCC?. Activation of the RAS/RAF/
MEK/ERK signaling is known to contribute to, at least in part,
resistance to several therapies in HNSCC. These include resistance
to cisplatin®, EGFR-monotherapy (cetuximab) likely through cross-
talk signaling with the PI3K/AKT pathway>®8, EGFR/HER-3 combi-
nation therapy®®, PI3K inhibitor (BYL-719) via mTOR activation®°, as
well as new experimental agents such as CX-4945 (a Protein
Kinase CK2 inhibitor®'). As for resistance to radiotherapy, a
German oropharyngeal cancer study (N=124) showed that
elevated p-Erk1/2 expression levels was associated with poor
clinical outcomes, suggesting the potential involvement of ERK
activation in HNSCC radioresistance®?

Future clinical trials are much anticipated for MAPK pathway-
mutated HNSCC as discussed above due to the reported
exceptional responders and good responders, and it is likely that
resistance may also arise as in other precision medicines for many
other cancers. Though resistance to “specific precision medicine
treatments” of MAPK-mutated HNSCC is yet-to-be unfolded,
researchers just begin to report general resistance to Cetuximab,
an FDA-approved EGFR targeting antibody for HNSCC, in relation
to HRAS mutations. In 2014, Rampias et al. reported an association
of HRAS mutational status with de novo resistance to cetuximab-
based chemotherapy (P = 0.046) in a small HNSCC cohort (7 HRAS-
mutated vs 48 wildtype patients), suggestive of HRAS-mutant-
related RAS/Erk activation for cetuximab resistance in HNSCC>.
Though we cannot predict how such a wide array of HNSSC-
associated MAPK pathway mutations may alter sensitivity and
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resistance to various agents, lessons from BRAF p.V600E-mutated
melanomas and thyroid cancers do alert us of such possibility of
resistance to long-term monotherapy treatment through reactiva-
tion of MEK/ERK signaling (and some other mechanisms including
constitutive activation of EGFR and PI3K, etc.)®3, which can be co-
targeted by BRAF-MEK inhibitor combinations (e.g., encoragenib-
binimetinib; dabrafenib-trametinib, etc) as approved recently by
the FDA for other cancers.

CONCLUSIONS

In conclusion, based on recent clinical and omics findings, MAPK
pathway mutations can be drug-sensitizing in HNSCC. Although
the evolutionary or clonal nature of MAPK pathway mutated
HNSCC is still unclear but definitely of interest for further
investigations, this HNSCC subset should be given more attention
for therapy development. Potential precision strategies may
include EGFR kinase inhibitors, monoclonal EGFR antibody
cetuximab, BRAF inhibitors such as vemurafenib or darafenib,
newer generations of MAPK/MEK inhibitors, and CD87T cell-based
immunotherapies (Fig. 3). Somatic and germline mutation-based
prospective trial design may help identifying new effective
precision therapies for this previously undruggable MAPK path-
way in HNSCC. For practical reasons due to the genetic
heterogeneity of HNSCC tumors, if future MAPK precision clinical
trial results are promising, it may be useful to perform a panel of
MAPK pathway genes to facilitate future precision medicine
implementations in the clinic.

Reporting Summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

DATA AVAILABILITY

No datasets were generated or analyzed during the current study.

Published in partnership with CEGMR, King Abdulaziz University



Received: 1 June 2021; Accepted: 15 February 2022;
Published online: 16 March 2022

REFERENCES

1.

16.
17.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Braicu, C. et al. A Comprehensive Review on MAPK: A Promising Therapeutic Target
in Cancer. Cancers 11, 1618 (2019).

. Dhillon, A. S. et al. MAP kinase signalling pathways in cancer. Oncogene 26,

3279-3290 (2007).

. Turke, A. B. et al. MEK inhibition leads to PI3K/AKT activation by relieving a negative

feedback on ERBB receptors. Cancer Res. 72, 3228-3237 (2012).

. Mendoza, M. C,, Er, E. E. & Blenis, J. The Ras-ERK and PI3K-mTOR pathways: cross-

talk and compensation. Trends Biochem. Sci. 36, 320-328 (2011).

. Rampias, T. et al. RAS/PI3K crosstalk and cetuximab resistance in head and neck

squamous cell carcinoma. Clin. Cancer Res. 20, 2933-2946 (2014).

. Gkouveris, I. et al. Erk1/2 activation and modulation of STAT3 signaling in oral

cancer. Oncol. Rep. 32, 2175-2182 (2014).

. Ngan, H. L. et al. MAPK pathway mutations in head and neck cancer affect immune

microenvironments and ErbB3 signaling. Life Sci. Alliance 3, e201900545 (2020).

. Ascierto, P. A. et al. The role of BRAF V600 mutation in melanoma. J. Transl. Med.

10, 85 (2012).

. Xing, M. et al. Association between BRAF V600E mutation and mortality in patients

with papillary thyroid cancer. JAMA 309, 1493-1501 (2013).

. Choi, Y. L. et al. Oncogenic MAP2K1 mutations in human epithelial tumors. Carci-

nogenesis 33, 956-61. (2012).

. Floyd, H. S. et al. Conditional expression of the mutant Ki-rasG12C allele results in

formation of benign lung adenomas: development of a novel mouse lung tumor
model. Carcinogenesis 26, 2196-2206 (2005).

. Ngan, H--L. et al. Erlotinib sensitivity of MAPK1 p. D321N mutation in head and neck

squamous cell carcinoma. NPJ Genom. Med. 5, 1-5 (2020).

. Cheng, Y. & Tian, H. Current development status of MEK inhibitors. Molecules 22,

1551 (2017).

. Bray, F. et al. Global cancer statistics 2018: GLOBOCAN estimates of incidence and

mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 68, 394-424
(2018).

. Johnson, D. E. et al. Head and neck squamous cell carcinoma. Nat. Rev. Dis. Prim. 6,

92 (2020).

Hafner, C. & Groesser, L. Mosaic RASopathies. Cell Cycle 12, 43-50 (2013).

Kang, S. H. et al. Inhibition of MEK with trametinib enhances the efficacy of anti-PD-
L1 inhibitor by regulating anti-tumor immunity in head and neck squamous cell
carcinoma. Oncoimmunology 8, 1515057 (2019).

. Mazumdar, T. et al. Drug-induced RAF dimerization is independent of RAS mutation

status and does not lead to universal MEK dependence for cell survival in head and
neck cancers. Anticancer Drugs 26, 835-842 (2015).

. Mohan, S. et al. MEK inhibitor PD-0325901 overcomes resistance to PI3K/mTOR

inhibitor PF-5212384 and potentiates antitumor effects in human head and neck
squamous cell carcinoma. Clin. Cancer Res. 21, 3946-56. (2015).

Theocharis, S. et al. Extracellular signal-regulated kinase (ERK) expression and
activation in mobile tongue squamous cell carcinoma: associations with clin-
icopathological parameters and patients survival. Tumor Biol. 35, 6455-6465
(2014).

Lui, V. W. et al. Mitogenic effects of gastrin-releasing peptide in head and neck
squamous cancer cells are mediated by activation of the epidermal growth factor
receptor. Oncogene 22, 6183-6193 (2003).

Duvvuri, U. et al. TMEM16A induces MAPK and contributes directly to tumorigenesis
and cancer progression. Cancer Res. 72, 3270-3281 (2012).

Peng, X. et al. Co-targeting PI3K/Akt and MAPK/ERK pathways leads to an enhanced
antitumor effect on human hypopharyngeal squamous cell carcinoma. J. Cancer
Res. Clin. Oncol. 145, 2921-2936 (2019).

Cohen, R. B. et al. A phase | dose-finding, safety and tolerability study of AZD8330 in
patients with advanced malignancies. Eur. J. Cancer 49, 1521-1529 (2013).

Adjei, A. A. et al. Phase | pharmacokinetic and pharmacodynamic study of the oral,
small-molecule mitogen-activated protein kinase 1/2 inhibitor AZD6244 (ARRY-
142886) in patients with advanced cancers. J. Clin. Oncol. 26, 2139-2146 (2008).
Rosen, L. S. et al. A first-in-human phase | study to evaluate the MEK1/2 inhibitor,
cobimetinib, administered daily in patients with advanced solid tumors. Invest. N.
Drugs 34, 604-613 (2016).

Adjei, A. A. et al. 456P - Multicenter, dose-escalation study of the investigational
Drug Tak-733, An Oral Mek inhibitor, in Patients (PTS) with advanced solid tumors:
preliminary Phase 1 results. Ann. Oncol. 23, ix158 (2012).

Moschos, S. J. et al. Development of MK-8353, an orally administered ERK1/2
inhibitor, in patients with advanced solid tumors. JCI insight 3, €92352 (2018).

Published in partnership with CEGMR, King Abdulaziz University

H.-L. Ngan et al.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

LoRusso, P. M. et al. Phase | and pharmacodynamic study of the oral MEK inhibitor
CI-1040 in patients with advanced malignancies. J. Clin. Oncol. 23, 5281-5293
(2005).

Rinehart, J. et al. Multicenter phase Il study of the oral MEK inhibitor, CI-1040, in
patients with advanced non-small-cell lung, breast, colon, and pancreatic cancer. J.
Clin. Oncol. 22, 4456-4462 (2004).

LoRusso, P. M. et al. Phase | pharmacokinetic and pharmacodynamic study of the
oral MAPK/ERK kinase inhibitor PD-0325901 in patients with advanced cancers. Clin.
Cancer Res. 16, 1924-1937 (2010).

Haura, E. B. et al. A Phase Il study of PD-0325901, an Oral MEK inhibitor, in pre-
viously treated patients with advanced non-small cell lung cancer. Clin. Cancer Res.
16, 2450-2457 (2010).

Boasberg, P. D. et al. Pilot study of PD-0325901 in previously treated patients with
advanced melanoma, breast cancer, and colon cancer. Cancer Chemother. Pharm.
68, 547-552 (2011).

Schram, A. M. et al. A phase Ib dose-escalation and expansion study of the oral MEK
inhibitor pimasertib and PI3K/MTOR inhibitor voxtalisib in patients with advanced
solid tumours. Br J Cancer 119, 1471-1476 (2018).

Mita, M. M. et al. A phase la study of CC-90003, a selective extracellular signal-
regulated kinase (ERK) inhibitor, in patients with relapsed or refractory BRAF or RAS-
mutant tumors. J. Clin. Oncol. 35, 2577-2577 (2017).

Weekes, C. et al. A Phase Ib study to evaluate the MEK inhibitor cobimetinib in
combination with the ERK1/2 Inhibitor GDC-0994 in patients with advanced solid
tumors. Oncologist 25, 833-e1438 (2020).

Lee, S., J. Rauch, and W. Kolch, Targeting MAPK signaling in cancer: mechanisms of
drug resistance and sensitivity. Int. J. Mol. Sci. 21 (2020).

Ban, M. J. et al. Fibroblast growth factor receptor 3-mediated reactivation of ERK
signaling promotes head and neck squamous cancer cell insensitivity to MEK inhi-
bition. Cancer Sci. 109, 3816-3825 (2018).

Rong, C. et al. Adaptive ERK signalling activation in response to therapy and in silico
prognostic evaluation of EGFR-MAPK in HNSCC. Br. J. Cancer 123, 288-297 (2020).
Uppaluri, R. et al. Biomarker and tumor responses of oral cavity squamous cell
carcinoma to trametinib: a phase Il neoadjuvant window-of-opportunity clinical
trial. Clin. Cancer Res. 23, 2186-2194 (2017).

Hahn, S. M. et al. A Phase | trial of the farnesyltransferase inhibitor L-778,123 and
radiotherapy for locally advanced lung and head and neck cancer. Clin. Cancer Res.
8, 1065-1072 (2002).

Ryan, D. P. et al. Phase | clinical trial of the farnesyltransferase inhibitor BVMIS-214662
given as a 1-hour intravenous infusion in patients with advanced solid tumors. Clin.
Cancer Res. 10, 2222-2230 (2004).

Papadimitrakopoulou, V. et al. Phase | Study of the Farnesyltransferase inhibitor
BMS-214662 given weekly in patients with solid tumors. Clin. Cancer Res. 11, 4151
(2005).

Hanrahan, E. O. et al. A Phase Il study of Lonafarnib (SCH66336) in patients with
chemorefractory, advanced squamous cell carcinoma of the head and neck. Am. J.
Clin. Oncol. 32, 274-279 (2009).

Yang, C. H. et al. A phase Il study of lonafarnib (SCH66336) in patients with chemo-
refractory advanced head and neck squamous cell carcinoma (HNSCC). J. Clin.
Oncol. 23, 5565-5565 (2005).

End, D. W. et al. Characterization of the antitumor effects of the selective farnesyl
protein transferase inhibitor R115777 in vivo and in vitro. Cancer Res. 61, 131-137
(2001).

Ho, A. L. et al. Preliminary results from a phase Il trial of tipifarnib in squamous cell
carcinomas (SCCs) with HRAS mutations. Ann. Oncol. 29, viii373 (2018).

Ho, A. L. et al. Preliminary activity of tipifarnib in tumors of the head and neck,
salivary gland and urothelial tract with HRAS mutations. J. Clin. Oncol. 38,
6504-6504 (2020).

Slater, H. FDA Grants Fast Track Designation to Tipifarnib for the Treatment of
Patients with HNSCC. Cancer Network. (2019). https://www.cancernetwork.com/
view/fda-grants-fast-track-designation-tipifarnib-treatment-patients-hnscc.
Gilardi, M. et al. Tipifarnib as a precision therapy for HRAS-mutant head and neck
squamous cell carcinomas. Mol. Cancer Ther. 19, 1784-1796 (2020).
Sehrish-Javaid et al. Abstract B15: CRISPR/Cas9 genetic screen identifies novel
therapeutic strategies for treating HRAS mutant HNSCC with farnesyltransferase
inhibitors (FTls). Clin. Cancer Res. 26, B15-B15 (2020).

Hanna, G. J. et al. Tipifarnib in recurrent, metastatic HRAS-mutant salivary gland
cancer. Cancer 126, 3972-3981 (2020).

Lee, H. W. et al. A Phase Il trial of tipifarnib for patients with previously treated,
metastatic urothelial carcinoma harboring HRAS Mutations. Clin. Cancer Res. 26,
5113 (2020).

Sheridan, C. Grail of RAS cancer drugs within reach. Nat. Biotechnol. 38, 6-8 (2020).
Bissada, E. et al. Prevalence of K-RAS Codons 12 and 13 mutations in locally
advanced head and neck squamous cell carcinoma and impact on clinical out-
comes. Int J. Otolaryngol. 2013, 848021 (2013).

npj Genomic Medicine (2022) 20

np)


https://www.cancernetwork.com/view/fda-grants-fast-track-designation-tipifarnib-treatment-patients-hnscc
https://www.cancernetwork.com/view/fda-grants-fast-track-designation-tipifarnib-treatment-patients-hnscc

np)

H.-L. Ngan et al.

10

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Li, H. et al. Comprehensive exome analysis of immunocompetent metastatic head and
neck cancer models reveals patient relevant landscapes. Cancers 12, 2935 (2020).
Jiao, D. & Yang, S. Overcoming resistance to drugs targeting KRAS(G12C) mutation.
Innovation 1, 100035 (2020).

Weidhaas, J. B. et al. The KRAS-variant and Cetuximab response in head and neck
squamous cell cancer: A secondary analysis of a randomized clinical trial. JAMA
Oncol. 3, 483-491 (2017).

Zhang, W. et al. A let-7 microRNA-binding site polymorphism in 3'-untranslated region
of KRAS gene predicts response in wild-type KRAS patients with metastatic colorectal
cancer treated with cetuximab monotherapy. Ann. Oncol. 22, 104-109 (2011).

Van Allen, E. M. et al. Genomic correlate of exceptional erlotinib response in head
and neck squamous cell carcinoma. JAMA Oncol. 1, 238-244 (2015).

. Wen, Y. et al. MAPK1E322K mutation increases head and neck squamous cell car-

cinoma sensitivity to erlotinib through enhanced secretion of amphiregulin. Onco-
target 7, 23300 (2016).

Bauman, J. E. et al. Randomized, placebo-controlled window trial of EGFR, Src, or
combined blockade in head and neck cancer. JCl insight 2, €90449 (2017).
Rizzitelli, A. et al. Incidence and overall survival of malignant ameloblastoma. PloS
One 10, e0117789-e0117789 (2015).

Kurppa, K. J. et al. High frequency of BRAF V600E mutations in ameloblastoma. J.
Pathol. 232, 492-498 (2014).

Shirsat, P. M. et al. Low frequency of BRAF V600E immunoexpression in mandibular
ameloblastomas: An institutional study. J. Oral. Maxillofac. Pathol.: JOMFP 22,
353-359 (2018).

Sweeney, R. T. et al. Identification of recurrent SMO and BRAF mutations in ame-
loblastomas. Nat. Genet. 46, 722-725 (2014).

Brown, N. A. et al. Activating FGFR2-RAS-BRAF mutations in ameloblastoma. Clin.
Cancer Res. 20, 5517-5526 (2014).

Diniz, M. G. et al. Assessment of BRAFV600E and SMOF412E mutations in epithelial
odontogenic tumours. Tumour Biol. 36, 5649-5653 (2015).

Kaye, F. J. et al. Clinical and radiographic response with combined BRAF-targeted
therapy in Stage 4 ameloblastoma. JNCI: J. Nat! Cancer Inst 107, 378 (2015).
Brunet, M., Khalifa, E. & Italiano, A. Enabling precision medicine for rare head and
neck tumors: The example of BRAF/MEK targeting in patients with Metastatic
Ameloblastoma. Front. Oncol 9, 1204 (2019).

Faden, D. L. & Algazi, A. Durable treatment of ameloblastoma with single agent
BRAFi Re: Clinical and radiographic response with combined BRAF-targeted therapy
in stage 4 ameloblastoma. JNCI: J. Natl Cancer Inst 109, djw190 (2017).

Tan, S. et al. BRAF inhibitor treatment of primary BRAF-mutant ameloblastoma with
pathologic assessment of response. Oral. Surg. Oral. Med. Oral. Pathol. Oral. Radiol.
122, e5-e7 (2016).

Fernandes, G. S. et al. Clinical benefit and radiological response with BRAF inhibitor
in a patient with recurrent ameloblastoma harboring V600E mutation. BMC Cancer
18, 887-887 (2018).

Sullivan, R. J. et al. First-in-class ERK1/2 inhibitor ulixertinib (BVD-523) in patients
with MAPK mutant advanced solid tumors: Results of a phase | dose-escalation and
expansion study. Cancer Discov. 8, 184-195 (2018).

Duvvuri, U. et al. Molecular and clinical activity of CDX-3379, an anti-ErbB3
monoclonal antibody, in head and neck squamous cell carcinoma patients. Clin.
Cancer Res. 25, 5752-5758 (2019).

Ferris, R. L. et al. Nivolumab for recurrent squamous-cell carcinoma of the head and
neck. N. Engl. J. Med 375, 1856-1867 (2016).

Lyford-Pike, S. et al. Evidence for a role of the PD-1:PD-L1 pathway in immune
resistance of HPV-associated head and neck squamous cell carcinoma. Cancer Res.
73, 1733-1741 (2013).

Mebhra, R. et al. Efficacy and safety of pembrolizumab in recurrent/metastatic head
and neck squamous cell carcinoma: Pooled analyses after long-term follow-up in
KEYNOTE-012. Br. J. Cancer 119, 153-159 (2018).

Seiwert, T. Y. et al. Safety and clinical activity of pembrolizumab for treatment of
recurrent or metastatic squamous cell carcinoma of the head and neck (KEYNOTE-
012): an open-label, multicentre, Phase 1b trial. Lancet Oncol. 17, 956-965 (2016).
Chow, L. Q. M. et al. Antitumor activity of pembrolizumab in biomarker-unselected
patients with recurrent and/or metastatic head and neck squamous cell carcinoma:
Results from the Phase Ib KEYNOTE-012 expansion cohort. J. Clin. Oncol. 34,
3838-3845 (2016).

Outh-Gauer, S. et al. The microenvironment of head and neck cancers: Papilloma-
virus involvement and potential impact of immunomodulatory treatments. Head.
Neck Pathol. 14, 330-340 (2020).

Wang, H. F. et al. The double-edged sword-how human papillomaviruses interact
with immunity in head and neck cancer. Front Inmunol. 10, 653 (2019).
McCusker, M. G., Orkoulas-Razis, D. & Mehra, R. Potential of Pembrolizumab in
metastatic or recurrent head and neck cancer: Evidence to date. Onco Targets Ther.
13, 3047-3059 (2020).

Zandberg, D. P. et al. Durvalumab for recurrent or metastatic head and neck
squamous cell carcinoma: Results from a single-arm, phase Il study in patients

npj Genomic Medicine (2022) 20

with >/=25% tumour cell PD-L1 expression who have progressed on platinum-
based chemotherapy. Eur. J. Cancer 107, 142-152 (2019).

85. Ferris, R. L. et al. Nivolumab in patients with recurrent or metastatic squamous cell
carcinoma of the head and neck: Efficacy and safety in CheckMate 141 by Prior
Cetuximab use. Clin. Cancer Res. 25, 5221-5230 (2019).

86. Lyu, H. et al. Correlate the TP53 mutation and the HRAS mutation with immune
signatures in head and neck squamous cell cancer. Comput Struct. Biotechnol. J. 17,
1020-1030 (2019).

87. Picon, H. & Guddati, A. K. Mechanisms of resistance in head and neck cancer. Am. J.
Cancer Res. 10, 2742-2751 (2020).

88. Boeckx, C. et al. Overcoming cetuximab resistance in HNSCC: The role of AURKB and
DUSP proteins. Cancer Lett. 354, 365-377 (2014).

89. Daly, C. et al. FGFR3-TACC3 fusion proteins act as naturally occurring drivers of
tumor resistance by functionally substituting for EGFR/ERK signaling. Oncogene 36,
471-481 (2017).

90. Ruicci, K. M. et al. ERK-TSC2 signalling in constitutively-active HRAS mutant HNSCC
cells promotes resistance to PI3K inhibition. Oral. Oncol. 84, 95-103 (2018).

91. Bian, Y. et al. MEK inhibitor PD-0325901 overcomes resistance to CK2 inhibitor CX-
4945 and exhibits anti-tumor activity in head and neck cancer. Int. J. Biol. Sci. 11,
411-422 (2015).

92. Rong, C. et al. Differential activation of ERK signaling in HPV-related oropharyngeal
squamous cell carcinoma. Cancers 11, 584 (2019).

93. Manzano, J. L. et al. Resistant mechanisms to BRAF inhibitors in melanoma. Ann.
Transl. Med. 4, 6 (2016).

ACKNOWLEDGEMENTS

This study was supported by the Start-up fund from Georgia Cancer Center,
Medical College of Georgia, Augusta University, USA (to V.W.Y.L), and Research
Impact Fund (R4015-19F in the period of 6/29/2020-9/7/2021) from the Research
Grants Council, University Grants Committee, Hong Kong Government, Hong
Kong SAR.

AUTHOR CONTRIBUTIONS

HN. CL, Y.CY.C, J.Y.C, and V.W.Y.L. contributed to the writing of this manuscript. V.
W.Y.L. contributed to the conception and editing of the manuscript.

COMPETING INTERESTS

For funding unrelated to this study, VWYL served as a consultant for Novartis
Pharmaceuticals (HK) Ltd. in 2015-2016. V.W.Y.L. and H.N. have a US patent pending on
MAPK1 mutations. All other authors have no direct conflicts of interest for this manuscript.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/541525-022-00293-1.

Correspondence and requests for materials should be addressed to Vivian Wai Yan
Lui.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

Published in partnership with CEGMR, King Abdulaziz University


https://doi.org/10.1038/s41525-022-00293-1
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Precision drugging of the MAPK pathway in head and neck cancer
	Introduction
	Genetic aberrations of MAPK pathway in head and neck syndromes, and cancer
	Past Failures of MAPK/MEK kinase inhibitor trials in HNSCC
	Drugging HNSCC with MAPK pathway inhibitors: potency and precision
	Tipifarnib Reveals the Need for Precision Drugging in HNSCC
	Drugging HNSCC with KRAS Germline Variants by Cetuximab Addition
	Exceptional Erlotinib responses for MAPK1-mutant HNSCC
	BRAF p.V600E-mutated Ameloblastoma are Exceptionally Sensitive to BRAF/MEK Inhibitors
	Remarkable clinical responses to MAPK inhibitors in BRAF-mutated HNSCC
	MAPK mutations modulate ErbB3 activation in HNSCC: potential therapeutic consideration
	MAPK-mutant HNSCC are CD8&#x0002B;T cell-inflamed: implications for T cell-based immunotherapies
	Resistance of MAPK-mutated HNSCC?


	Conclusions
	Reporting Summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




