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A B S T R A C T

The sinonasal cavities harbor a wide variety of histologically distinct cancers, the majority very aggressive with
5-year survival rates between 30–60% and local recurrence as the main cause of death. This is a complex
anatomic area, close to structures such the eyes and the brain, which is of special relevance for surgery and
postoperative radiotherapy. The low incidence of these rare tumors hampers accumulation of experience with
diagnosis and clinical managment as well as knowledge on recurrent genetic aberrations or testing of new
treatment strategies. However, recent years have seen a growing number of publications on genetic aberrations
providing data that can aid or fine-tune classification and provide molecular targets for treatment with specific
inhibitors. In addition, new sinonasal cancer models are created that enable preclinical testing of candidate
inhibitor drugs. With more and more novel targeted therapies being developed, options for personalized
treatment of sinonasal cancer patients are now opening up.

1. Introduction

The sinonasal cavities comprise an anatomical area from which a
large number of histologically diverse epithelial, neuroectodermal and
mesenchymal neoplasms arise [1], representing approximately 3–5% of
all head and neck tumors [2–5]. According to Rarecare, sinonasal tu-
mors occur with an incidence of approximately 0.5–1.0 patients/
100.000 inhabitants (www.rarecare.eu/rarecancers). The most
common affected subsites are the nasal cavity, the ethmoid and the
maxillary sinus, less frequent are the frontal and sphenoid sinus [2,3].
Squamous cell carcinoma (SNSCC) and intestinal-type adenocarcinoma
(ITAC) make up approximately 70% of sinonasal cancers, the other 30%
include malignant mucosal melanoma (MMM), olfactory neuro-
blastoma (ONB), undifferentiated carcinoma (SNUC), NUT carcinoma,
SMARCB1-deficient carcinoma, HPV-related multiphenotypic carci-
noma (HMSC), neuroendocrine carcinoma (SNEC), non-intestinal-type
adenocarcinoma (SNAC), teratocarcinosarcoma (TCS) and many other
subtypes (Table 1). Mesenchymal tumors in the sinonasal cavities may
not be distinct from other anatomical localizations and are therefore
not included in this review.

Based on their anatomical site of origin but also their distinctive
etiology, epidemiology, clinical and genetic characteristics, sinonasal
tumors should be considered unique entities, apart from other head and
neck cancers affecting the nasopharynx, pharynx, larynx and oral cavity

[1–3]. Neighboring organs as eyes and brain are a challenge for clinical
management, however, recent years have seen advances in endoscopic
surgical approaches and precision radiotherapy and imaging techni-
ques. The low incidence of sinonasal tumors and their histological di-
versity prevents accumulation of clinical experience in diagnosis, clas-
sification, staging and treatment at individual hospitals. In addition, as
with many rare tumors, the development of new therapeutic options is
hampered by the relative scarcity of genetic data and of tumor models
for preclinical testing. However, recent years have seen a growing
number of genetic studies of sinonasal tumors. This article will present
an up-to-date overview of genetic aberrations reported in sinonasal
cancer subtypes with an emphasis on those having clinical usefulness in
diagnosis, prognosis or therapy.

2. Clinical features

Diagnosis of sinonasal tumors is generally late due to nonspecific
symptoms similar to inflammatory diseases. The average age of onset is
50–70 years although SNUC, NUT carcinoma, SNAC and ONB also
occur at younger ages [1]. Clinical examination should include a
complete ear, nose and throat exploration and when malignancy is
suspected also imaging tests. Computed Tomography (CT) is better for
observing the bone and Magnetic Resonance Imaging (MRI) for soft
tissues [6]. Especially in high-grade tumors CT may be replaced by PET-
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CT to assess both the primary tumor and possible distant metastases
(Fig. 1). Tumor staging of sinonasal tumors is based on location and
extent, according to the current Union for International Cancer Control
(UICC) classification system [7]. Lymph node metastasis is infrequent at
diagnosis. After treatment of the primary tumor, 10% of patients with
sinonasal tumors develop distant metastasis, however, this seldom oc-
curs in absence of locoregional recurrence which in fact is the main
cause of sinonasal cancer mortality [8–11].

ITAC and SNSCC are etiologically related to occupational exposure
to wood and leather dust, but also industrial compounds such as glues,
formaldehyde, chrome, nickel, and various products used in the textile
industry. Tobacco smoking, an important etiological factor in most
head and neck cancers, does not seem to have a key role in the devel-
opment of sinonasal tumors [12–14]. Oncogenic human papillomavirus
and Epstein-Barr virus have been implicated in SNSCC and HMSC and
will be discussed in the section on genetic characterization. There is a
male predominance in SNSCC (2:1), ITAC (6:1) and TCS (7:1) which
may be related to the occupational exposure but also to defects in genes
residing on the X chromosome. Chronic inflammation, a recognized
mechanism of tumorigenesis, may also play a role in sinonasal cancer
development through continuous irritation by inhaled dust particles
stimulating the production of reactive oxygen species (ROS) and NFkB
expression [15]. NFkB can upregulate COX2 expression and the cano-
nical WNT pathway through inhibition of GSK-3b. In turn, aberrant
WNT signalling can stimulate the production of ROS and chronic in-
flammation [15,16]. Preliminary evidence in sinonasal carcinomas in-
deed indicated elevated NFkB, COX2 and TNFα expression [17,18] and
a dominance of the G > A nucleotide transition inflammatory sig-
nature in TP53 and KRAS [19–21]. Future sequencing studies should be
able to shed more light on tumorigenic processes in sinonasal cancer by
in-depth evaluation of mutational signatures.

Complete surgical resection with postoperative radiotherapy is the
mainstay of sinonasal cancer management, although treatment should
be adjusted individually according to tumor stage, histology, patient
age, and previous treatments. Minimally invasive endoscopic ap-
proaches are increasingly used as they can reduce the number of
complications and morbidity associated with surgery [6,22,23]. The
close proximity of cranial nerves, eyes, internal carotid artery and brain
makes resection of sinonasal tumors with wide margins is not always
possible. Therefore, there is a role for systemic therapy in the man-
agement of sinonasal cancer [24]. While patients with recurrent disease
appear to respond better to salvage surgery than chemotherapy, a
multimodal treatment strategy with induction chemotherapy, surgery
and radiotherapy may offer the strongest clinical benefit [25]. With the
exception of low grade ONB, low grade SNAC and HMSC that appear to

Table 1
Incidence and survival rates of sinonasal tumors.

Histological subtype Proportion of
sinonasal cancers

Overall survival

Squamous cell carcinoma 50% 5y: 50%
Intestinal-type adenocarcinoma 13% 5y: 36–80%*
Malignant mucosal melanoma 4% 5y: 31%
Olfactory neuroblastoma 3% 5y: 40%**
Undifferentiated carcinoma 5% 5y: 35%
SMARCB1-deficient carcinoma < 1% 15 months
NUT carcinoma < 1% 10 months
Neuroendocrine carcinoma 3% 5y: 43%
HPV-related multiphenotypic

carcinoma
< 1% 5y: 100%

Non-intestinal-type adenocarcinoma < 1% 5y: 38%**
Teratocarcinosarcoma < 1% 5y: 50%
Other ± 20%

Legend. 5y: 5-year; *worst survival for solid and mucinous types, intermediate
for colonic and best for papillary type ITAC; **Survival rate of the high grade
tumors.

Fig. 1. Imaging tests for sinonasal cancer. A) CT scan of a tumor in the nasal
fossa with frontal and maxillary sinus occupation. B) MRI scan of the same
patient with better delimitation of what is tumor and and what is mucous; the
tumor occupies the nasal fossa but there is no involvement of the orbit or the
brain and the frontal and maxillary sinus are occupied by retained mucous. C).
ET-CT scan of the same patient showing the tumor in the nasal fossa and ab-
sence of metastases in the rest of the body.
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be fairly indolent [26–29], all sinonasal tumors decribed in this review
carry a dismal prognosis, down to a median of 10 months survival for
NUT carcinoma [30], or 15 months for SMARCB1-deficient carcinoma
[31]. Reported 5-year overall survival rates (Table 1) vary from 31% for
MMM, 35% for SNUC, 38% for high-grade SNAC, 41% for high grade
ONB, 43% for SNEC, 50% for TCS, 50% for SNSCC and 36–80% for
ITAC, depending on the subtype [1,32–38].

3. Histological features

All of the sinonasal cavities are lined with pseudostratified re-
spiratory mucosa. Secretory glands in the submucosa produce mucous
that captures bacteria and foreign matter which ciliated cells on the
surface sweep toward the pharynx. Immunological defence mechanisms
include antimicrobial peptides in the mucous layer and leucocytes,
lymphocytes and mononuclear cells in the stroma. The roof of the nasal
cavity has pseudostratified olfactory epithelium which is similar to the
respiratory mucosa except for the presence of olfactory neurons whose
axons traverse the cribiform plate and transmit signals to the olfactory
bulb (Fig. 2). Normal stem cells in the basal layer of the olfactory
epithelium have been studied extensively, especially for their capacity
to form new olfactory neurons after tissue damage [39]. Apart from
generating new neurons, these same stem cells are also precursors of
non-neuronal, epithelial cell types. In the respiratory epithelium, stem
cells have been shown capable of differentiating into cells with either
neuroectodermal or mesodermal phenotypes [40].

Sinonasal tumors could be hypothesized to derive from stem cells
capable of undergoing differentiation into various cell types, rather
than from differentiated, lineage-specific cells that acquire stem-cell
properties. Supporting this suggestion, many sinonasal tumors with
more than one histological appearance have been described, for ex-
ample adenoid cystic carcinoma with ITAC or SNUC, or SNSCC with
SNEC [41,42]. Furthermore, recurrent tumors sometimes are of a dif-
ferent histological type than the original primary tumor, for instance
ITAC recurring as SNUC or ONB [43]. Abnormal cell differentiation
may be an early event in malignant transformation, however, to date
only two premalignant lesions have been described to precede sinonasal
tumors: inverted papilloma in 10–25% of SNSCC [44] and 8–28% of
ITAC may develop from intestinal metaplasia [45,46].

A common characteristic of all sinonasal epithelial and neu-
roendocrine malignant tumors is the fact that a large proportion of
cases show very poor differentiation (Fig. 3), making their diagnosis a
challenge for the pathologist, even with the aid of im-
munohistochemical markers as pan-cytokeratin, synaptophysin,

chromogranin, enolase, CD56, desmin, S-100 and melan-A [47–50].
Many of the tumors described in this review are known as 'small round
blue cell' tumors, including MMM, ONB, SNUC, SNSCC, NUT carcinoma
and SNEC. These tumors show several overlapping histologic features
like growth in sheets or nests, high mitotic rates and necrostic areas,
and also exhibit great variation within and between cases [1,50]. Dis-
tinguishing features include melanotic pigmentation in MMM, absence
of pancytokeratin and presence of neuroendocrine im-
munohistochemical markers in low grade ONB, abrupt foci of squamous
differentiation within poorly differentiated areas in NUT carcinoma,
basaloid or sometimes rhabdoid features in SMARCB1-deficient carci-
noma and cribriform areas resembling adenoid cystic carcinoma in
HMSC. ITAC by definition displays intestinal differentiation, indeed the
four recognized subtypes, papillar, colonic, solid and mucinous (in-
cluding signet ring cells) are also known in gastro-intestinal adeno-
carcinomas. Also SNAC is an adenocarcinoma but shows neither sali-
vary gland nor intestinal-type features. Low grade SNAC is composed of
cilindrical cells in tubular and cribriform formations while high-grade
SNAC (also named high grade non-ITAC), predominantly have a solid
growth with occasional glandular structures. Typical for TSC is the
admixture of epithelial, mesenchymal and neuroepithelial elements
(Fig. 3).

4. Genetic characteristics

'Diagnostic contamination' in published sinonasal cancer studies
occurs and hampers the advancement of genetic and translational re-
search. Increasingly, cancer types are being diagnosed and sub-classi-
fied by specific molecular-genetic features [49–51]. Among sinonasal
tumors, examples are NUT carcinoma defined by a chromosomal
translocation involving the Nuclear protein in testis gene (NUT1) on
15q14, SMARCB1-deficient carcinoma defined by the absence of
SMARCB1/INI1 immunohistochemical staining, both formerly diag-
nosed as SNUC [30,31], and HMSC defined by the presence of high-risk
HPV in the absence of the t(6;9) MYB-NFIB rearrangement, previously
often misclassified as high grade adenoid cystic carcinoma [26]. Also in
other sinonasal cancer subtypes frequent genetic alterations have been
described. Their usefulness in diagnsosis, prognosis and therapy will be
discussed below.

Squamous cell carcinoma (SNSCC). Genome-wide genetic studies
have shown that SNSCC generally carry a wide variety and a large
number of chromosomal aberrations [37,52]. Recurrent high-level
amplifications at 7p12, 11p13, 11q13, and 17q21 may indicate a role
for oncogenes EGFR, CD44, CCND1/CTTN, and ERBB2, respectively

Fig. 2. Histological features of normal re-
spiratory (A and B) and olfactory mucosa (C
and D) both containing basal, ciliated, and
goblet cells as well as occasional melanocytes.
Seromucous secretory glands lie below the
surface in the lamina propria.
Immunohistochemical staining with a CK17
antibody shows the horizontal basal cells in
both types of mucosa (A and C). Premature and
mature olfactory neurons stained with a βIII-
tubulin antibody are absent in respiratory (B)
and present in olfactory mucosa.
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[37,52–54]. TP53 mutation has been reported in 70% of tumors [55]. In
a study on a small series of SNSCC, microsatellite instability was found
in 21% (5/21) of cases [56]. A number of recent publications have
described EGFR mutations, especially affecting exon 20, in 30–91% of
SNSCC associated with inverted papilloma [44,57–60]. These studies
also indicate that EGFR-mutated cases carry a better prognosis than
wildtype tumors. Mutations in KRAS and HRAS, encoding downstream
factors in the EGFR in the EGF signalling pathway, are almost absent in
SNSCCs, while no BRAF mutations have been detected [61,62]. HPV
infection has been described in 38% of benign and 31% malignant tu-
mors [57,58,63–66]. In 10–24% of inverted papilloma only non-onco-
genic HPV types were found [57,58]. Possibly EGFR mutation and HPV

infection represent two different pathways of progression from inverted
papilloma to SNSCC; indeed they appear to occur in a mutually ex-
clusive manner [57,58]. Finally, Doescher et al reported an incidence
45% (20/44) of EBV in SNSCC associated with more frequent lymph
node or distant metastases [67].

Intestinal-type adenocarcinoma (ITAC). Microarray CGH studies
generally found aneuploid cases with complex chromosomal copy
number changes, with the exception of papillary-type ITAC, which
appeared predominantly diploid with few genetic aberrations [68–72].
Gains at 1q22–23, 3q28–29, 6p22 and 13q31–33, and losses at
4p15–16, 4q32–35 and 10q24 have been associated with worse overall
survival [71,69–72]. Mutation of the TP53 gene with a frequency of

Fig. 3. Standard haematoxylin and eosin staining showing the histological features of various sinonasal tumor tissues. A) squamous cell carcinoma (SNSCC), B)
colonic type intestinal-type adenocarcinoma (ITAC), C) malignant mucosal melanoma (MMM), D) olfactory neuroblastoma (ONB), E) undifferentiated carcinoma
(SNUC), F) neuroendocrine carcinoma (SNEC), G) high grade non-intestinal-type adenocarcinoma (SNAC) and H) teratocarcinosarcoma (TCS). Magnification was
10× in all images.
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40–50% may be associated with exposure to wood dust
[19,21,24,73–75]. Being a tumor histologically similar to intestinal
adenocarcinoma, microsatellite instability and the Wnt pathway have
been suspected and studied in ITAC. Based on mononucleotide markers,
microsatellite instability was observed in 1 of 41 ITAC, suggesting that
this mechanism of genomic instability does not play an important role,
in contrast to intestinal adenocarcinoma [56]. Neither were mutations
observed in the key Wnt components APC encoding adenomatous
polyposis coli protein or CTNNB1 encoding β‑catenin [74]. However,
nuclear expression of β‑catenin has been reported in 31–53% of cases
[73,76,77], indicating that activation of the Wnt pathway probably
does contribute to the development of ITAC. Mutations in EGFR were
not found but KRAS and HRAS were mutated in approximately 15% of
ITACs, and BRAF mutations were absent [54,61,74,77–81].

Malignant mucosal melanoma (MMM). Mucosal and uveal mela-
nomas are more than cutaneous melanoma frequently aneuploid and
carry more copy number alterations and chromosomal rearrangements
[82]. Whole chromosome arm gains of 1q, 6p and 8q occurred re-
spectively in 100%, 93% and 57%, and losses of whole arms 9p and 6q
in 50% and 10 in 43%. A third of MMM appeared near-diploid and
carried very few copy number changes [83]. A relatively large number
of mutation studies focused on genes known to play a role in cutaneous
melanoma, reporting the following frecuencies: 7–30% NRAS, 0–25%
KIT, 8–11% TERT, 3–10% BRAF (in one study 36%), and 7% SF3B1
[84–89]. Mutations affecting the TERT promoter are frequent in all
melanoma types [82]. In addition, MAPK signalling pathway activating
translocations involving BRAF with fusion partners ZNF767, NFIC,
TMEM178B and DGKI have been described in mucosal melanoma (in-
cluding head and neck) and may define a new molecular subset [90].

Olfactory neuroblastoma (ONB). In a Affymetrix microarray CGH
study of 11 ONB, López-Hernández et al reported a markedly low fre-
quency of CNAs, with gains in> 35% of cases at 7q, 14q, 18q and 20
and losses at 1p, 2p, 3 and 4. Losses were more frequent than gains.
Eight of 11 cases carried only whole chromosome CNAs, whereas gains
or losses of segments of chromosomes were rare (Fig. 4). Markedly,

gains at 8q, perhaps the most frequent alteration in all solid tumors,
was completely absent in ONB [91]. Similar copy number data were
obtained with analyses by conventional microarray CGH on 12 ONB
and methylation microarrays on 42 ONB [92,93]. Lazo de la Vega et al
also reported focal gains involving CCDN1 at 11q13 and FGFR3 at 4p16
[94]. Contrary to these results, three previous works had claimed ONB
to be tumors with a high level of chromosomal instability involving
deletions of 1p, 3p/q, 9p, and 10p/q and amplifications of 17q, 17p13,
20p, and 22q [95–98]. It is difficult to find a common denominator in
these data, except perhaps for the frequent finding of whole chromo-
some events. The heterogeneous map of copy number alterations may
be explained by the difficulty to diagnose ONB correctly, especially the
high grade tumors. ONB also appear to carry few mutations. Two sets of
sequencing data, both on 20 tumors using 400/560 cancer-related gene
panels revealed only two cases with TP53 and two cases with DNMT3A
mutation in one study and no recurrent mutations whatsoever in the
other [93,94]. Gay et al studied 41 refractory or recurrent ONB sam-
ples, many of which treated previously by radio/chemotherapy. Their
results showed TP53 mutation in 17% of cases while mutations in
PIK3CA, NF1, and IDH2 were noted in two cases (5%) each [99].
Genome-wide methylation studies revealed a subgroup of cases with
low-grade histology defined by low level CpG methylation [93,100].

Undifferentiated carcinoma (SNUC). Similar to SNSCC and ITAC,
most SNUC carry multiple gains and losses involving all chromosomes.
Gains and amplifications at 3q26 and 17q23–24 are especially frequent
and may indicate a role for transcription factors SOX2 and SOX9 in-
volved in cellular differentiation processes in these tumors
[91,101–103]. Other hotspots of amplification concern chromosomal
bands 8p11 and 8q24 (Fig. 4) with possible candidate oncogenes FGFR1
and cMYC [91,104]. An analysis of hotspot cancer related mutations in
12 genes (AKT, BRAF, CDK4, CTNNB1, EGFR, FBXW7, JAK2, c-KIT,
KRAS, PDGFR, PI3K, VEGF) in 13 tumors revealed no mutations [103].
More recently, a study sequencing all coding exons of 300 cancer-re-
lated genes in 11 cases showed recurrent genes mutations in IDH2,
TP53, PIK3CA, ARID1A, CREBBP, KMT2D, SETD2 and TET2 [101]. A

Fig. 4. Chromosomal copy number profiling. A) Olfactory neuroblastoma exclusively showing gains and losses of whole chromosomes. B) Undifferentiated carcinoma
showing a complex karyotype with copy number gains and losses affecting almost all chromosomes and a high-level amplification at chromosome band 8q24.
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similar study including 10 cases reported recurrent mutations in
SOX17, cKIT, SETD2 and IDH2 [102]. The most outstanding mutation
concerned IDH2, in 55% (5/11) of cases, and subsequent publications
confirmed the importance of this gene, presenting 49% (26/53) up to
82% (14/17) of cases with IDH2 mutation [101,102,105]. It is thought
that the abnormal activity of mutated IDH2 causes an accumulation of
the (R)-2-hydroxygluuotarate (2-HG) oncometabolite thus inducing
global DNA hypermethylation and interruption of the differentiation of
lineage-specific progenitor cells into terminally differentiated cells
[106]. Capper et al have recently claimed ‘sinonasal IDH2 carcinoma’ as
a new entity apart from IDH2 mutation characterized by high levels of
methylation [93], however, whether or not IDH2 mutation is a char-
acterizing event for a subset of SNUC remains to be seen, because they
have also been detected in SNEC and high-grade SNAC [102,105].

SMARCB1-deficient carcinoma and NUT carcinoma. These former
SNUC variants appear to have relatively simple diploid karyotypes
[30,91,107,108]. SMARCB1 inactivation can be caused by a variety of
mechanisms, including deletions, LOH and mutations, although in si-
nonasal tumors no mutations have been reported yet [31]. Four sig-
nalling pathways have been reported to be affected by SMARCB1: the
p16INK4a-Rb-E2F pathway regulating chromosomal stability, the WNT
signaling pathway shown by WNT/β-catenin overexpression, the Shh
signaling pathway through regulation of GLI1, and repression of Poly-
comb genes through elevated expression and recruitment of EZH2
[109]. NUT carcinoma harbors a defining chromosomal translocation
alteration involving the Nuclear protein in testis gene (NUT1 on
15q14), in 70% of cases creating a fusion protein with BRD4 (19p13),
and in 6% with BRD3 (9q34.2), NSD3 (8p12), ZNF532 (18q21.32),
ZNF592 (15q25.3) and CIC (19q13.2) [30,110,111]. A diffuse NUT1
protein expression of> 50% is also accepted for diagnosis [1].

Neuroendocrine carcinoma (SNEC). Copy number profiles with
frequent gains and losses were found in SNEC. Microarray CGH analysis
of 18 cases showed hotspot gains occuring in>50% of cases at 1q, 6p,
7, 8q, 12, 14, 17q, 18q and 20, and> 35% losses occurred at 5q, 16p
and 22q [91]. Very little is published on gene mutations in SNEC. The
only recurrent mutations presented so far occurred in IDH2 and TP53
[102,105,112]. In a tumor showing mixed SNEC and SNSCC differ-
entiation, TP53 mutation was only present in the SNEC compartment
[41].

HPV-related multiphenotypic carcinoma (HMSC). Also named HPV-
related sinonasal adenoid-cystic-like carcinoma, these tumors are de-
fined by HPV infection in the absence of the t(6;9) MYB-NFIB re-
arrangement. However, variable immunohistochemical staining of
cMYB has been reported [114]. Interestingly, not the well-known on-
cogenic HPV types 16 and 18 are involved, but in two thirds of cases
HPV 33 and further HPV types 35, 56, 26, and 52 [26,113–115]. To

date, there are no studies that have analyzed genetic abnormalities
additional to HPV infection.

Non-intestinal-type adenocarcinoma (SNAC). Recurrent transloca-
tions involving ETV6 have been described in low grade SNAC.
Andreasen et al first described a recurrent translocation t(12;15)
(p13;q25) involving the genes ETV6 and NTRK3 in four cases and an-
other translocation between ETV6 and RET [27,116]. This latter
translocation was previously described in mammary analog of secretory
carcinoma of the salivary gland and in sinonasal secretory carcinoma,
however, these are distinct tumor entities [28,117]. Yet another
translocation fusing SYN2 and PPARG genes was described by Soon
et al [118]. The t(3;3) SYN2-PPARG fusion was previously observed in
pulmonary small cell carcinoma. Villatoro et al detected CTNNB1 mu-
tations in two cases of SNAC with morular metaplasia and CDX2/β-
catenin nuclear expression [119]. Finally, Franchi et al reported BRAF
mutations in 2 of 12 low-grade SNAC [78]. It remains to be clarified
whether or not all these cases with specific genetic characteristic could
be considered unique tumor entities, distinct from the SNAC subtype.
High-grade SNAC (high grade non-ITAC) have been shown to carry
IDH2 mutation in approximately 25% of cases [102,105,112]. Addi-
tional recurrent mutations were found in CREBBP, APC and NOTCH1
[102].

Teratocarcinosarcoma (TCS). This sinonasal tumor is very rare and
hardly any genetic studies are available. Trisomy chromosome 12 was
reported in two publications [120,121]. Birkeland et al found a pa-
thogenic mutation in CTNNB1 and accumulation of accumulation of β-
catenin protein in the nucleus, particularly in the mesenchymal com-
ponent [122].

5. Actionable genetic alterations and preclinical models

With the development of novel inhibitors targeted to specific ge-
netic alterations, personalized therapeutic opportunities are becoming
increasingly available, also for sinonasal cancer patients. The fact that
these are rare tumors makes the recruitment of a sufficient number of
patients for clinical testing difficult, however, targeted therapies could
be based on the results of ongoing or completed trials in patients with
other, more-common tumors carrying the same actionable genetic
aberrations. The genetic data obtained to date on sinonasal tumors al-
ready provide a rationale for targeted therapies for a substantial pro-
portion of patients (Table 2).

EGFR mutation with absence of KRAS and BRAF mutations in
SNSCC and its precursor lesion inverted papilloma indicate the use-
fulness of specific exon 20 insertion-specific inhibitors. In a preclinical
setting, SNSCC cell lines have been demonstrated to respond very well
to inhibitors as neratinib, afatinib and dacomitinib [44]. Perhaps the

Table 2
Actionable mutations in sinonasal cancer.

Tumors Alteration Therapeutic options

Squamous cell carcinoma EGFR, ERBB2 mutation, amplification irreversible EGFR inhibitors
PD-L1 expression, Microsatellite instability Immune checkpoint inhibitors

Intestinal-type adenocarcinoma b-catenin nuclear expression COX2, PPAR-gamma inhibitors, NSAIDs
KRAS mutation MEK, PDEδ, KRAS inhibitors
PD-L1 expression Immune checkpoint inhibitors

Malignant mucosal melanoma NRAS, BRAF mutation MEK, PDEδ, KRAS inhibitors
c-KIT mutation dasatinib, imatinib, sorafenib

Olfactory neuroblastoma CD8+ TILs Immune checkpoint inhibitors
Undifferentiated carcinoma IDH2 mutation IDH inhibitors and demethylating agents

ARID1A, CREBBP, SETD2, TET2, KMT2D mutation demethylating agents
SMARCB1-deficient carcinoma SMARCB1 loss expression EGFR-HER2-FGFR1-MET inhibitors
NUT carcinoma NUT1 translocation Bromodomain inhibitors
Neuroendocrine carcinoma IDH2 mutation IDH inhibitors and demethylating agents
HPV-related multiphenotypic carcinoma ETV6-NTRK3 translocation crizotinib
High grade non-intestinal-type adenocarcinoma IDH2 mutation IDH inhibitors and demethylating agents

APC mutation porcupine, tankryase, YES1 inhibitors
Teratocarcinosarcoma CTTNB1 mutation porcupine, tankryase, YES1 inhibitors
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most promising compound being tested in an ongoing phase II clinical
trial on non-small-cell lung cancer is poziotinib [123], which may also
be effective against exon 20 insertion mutations in ERBB2.

IDH inhibitors may be applied in SNUC, SNEC and high grade SNAC.
The FDA recently approved anti-IDH agents Enasidenib and Ivosidenib
for patients with relapsed or refractory acute myeloid leukemia [124].
IDH mutations have an impact on global and gene methylation, and so
do other methylation-related genes recurrently mutated in SNUC, such
as ARID1A, CREBBP, SETD2, TET2 and KMT2D. Therefore, demethy-
lation-agents such as Decitabine that inhibits DNA methyltransferase to
re-activate silent genes and that is approved for treatment of myelo-
dysplastic malignancies [125], may also be effective in SNUC.

Wnt pathway activation through alterations in APC or β-catenin
occur in ITAC, low grade SNAC and TCS. There are significant chal-
lenges in targeting the Wnt pathway and downstream effectors as they
may not be selective. Porcupine is a Wnt pathway target that is
amenable to inhibition while sparing Wnt-dependent tissues. Inhibitors
of porcupine have been shown to block Wnt signaling and tumor
growth in vivo [126,127] and in metastatic colorectal cancer phase 1/2
trials are underway [126,128]. Preclinical studies with tankyrase in-
hibitors which target the β-catenin-destruction-complex are promising,
but there are currently no trials. Cancers with β-catenin patway acti-
vation are dependent on YES-associated protein 1 (YAP1), a transcrip-
tion factor involved in stem cell differentiation. Tumor cell line and
animal model studies have shown sensitivity to the multi-kinase in-
hibitor dasatinib through the inhibition of YES1 [129]. Mediated by
NFkB signalling, the canonical WNT pathway is also related to chronic
inflammation, a process that most likely plays a role in sinonasal cancer
[17–21]. Therefore, compounds that can reduce ROS production and
chronic inflammation could also decrease WNT/β-catenin signalling;
candidate drugs are NSAIDs and PPAR-gamma inhibitors [16].

KRAS, NRAS and BRAF mutations have been found in ITAC, MMM
and low grade SNAC and may be targets for inhibitors that target
downstream MEK signalling. Other possibilities include interfering with
binding of mammalian PDEδ to KRAS by means of small molecules
[130]. In addition, it may be possible to directly inhibit the RAS(G12C)
mutant [131]. Other genetic alterations that may be targeted by specific
inhibitors are c-KIT (dasatinib, sorafenib, imatinib), NUT1 (bromodo-
main inhibitors), ETV6-NTRK3 fusion (crizotinib) and SMARCB1
(EGFR-HER2-FGFR1-MET inhibitors) [30,132,133].

Finally, a number or recent studies on sinonasal cancer have in-
dicated a role for anticancer treatment by immune checkpoint in-
hibitors. PD-L1 expression on tumor cells has been detected in 32%
SNSCC and 17% ITAC [134,135]. Moreover, microsatellite instability,
now directly directly eligible for immunotherapy for all cancer types,
was shown in 21% of SNSCC [56,77,79]. High numbers of both stromal
and intra-tumoral CD8+ tumor infiltrating lymphocytes have been
demonstrated in ONB, especially in high grade tumors, and their pre-
sence may serve as response markers for immunotherapeutic strategies
[136].

To date, we are unaware of clinical trials involving sinonasal cancer
patients, however, candidate gene targets can first be tested in a pre-
clinical setting. In recent years, a number of immortalized sinonasal
tumor cell lines have been established and characterized, including
ITAC, SNSCC, ONB and SNUC [53,75,137,138]. In addition, mouse
orthotopic sinonasal cancer models have been created by implanting
SNUC or SNSCC cells into the maxillary sinus of the mouse [138–140].
These models retain the biological properties of sinonasal cancer and
are important tools for functional studies on processes such as pro-
liferation, differentiation, invasion, and metastasis in sinonasal tumors,
and might facilitate the development and testing of new therapeutic
agents.

6. Conclusion

Sinonasal cancers comprise a large number of histological subtypes

that are difficult to diagnose correctly. In addition, their low incidence
hamper the accumulation of experience with surgical, radiotherapeutic
and oncological treatment, reason why for best clinical care patients
should be treated in specialized referral hospitals. The same is true for
molecular-genetic research, which would benefit greatly from interna-
tional collaboration. Genetic characterization can aid classification and
moreover, identify molecular targets for treatment with specific in-
hibitors. With next-generation sequencing every year more accessible
and economic, knowledge on the genetic characteristics of sinonasal
tumors is likely to increase considerably in the coming years, while new
sinonasal cancer models are created that enable preclinical testing of
candidate inhibitor drugs. As more and more novel targeted therapies
are being developed, new options for personalized treatment of sino-
nasal cancer patients are becoming available.
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