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Background: Sinonasal carcinomas (SNCs) comprise various rare tumor types that are characterized by marked histologic
diversity and largely unknown molecular profiles, yet share an overall poor prognosis owing to an aggressive clinical course
and frequent late-stage diagnosis. The lack of effective systemic therapies for locally advanced or metastatic SNC poses a major
challenge to therapeutic decision making for individual patients. We here aimed to identify actionable genetic alterations in a
patient with metastatic SNC whose tumor, despite all diagnostic efforts, could not be assigned to any known SNC category
and was refractory to multimodal therapy.

Patients and methods: We used whole-exome and transcriptome sequencing to identify a KIT exon 11 mutation
(c.1733_1735del, p.D579del) as potentially druggable target in this patient and carried out cancer hotspot panel sequencing
to detect secondary resistance-conferring mutations in KIT. Furthermore, as a step towards clinical exploitation of the recently
described signatures of mutational processes in cancer genomes, we established and applied a novel bioinformatics algorithm
that enables supervised analysis of the mutational catalogs of individual tumors.

Results: Molecularly guided treatment with imatinib in analogy to the management of gastrointestinal stromal tumor (GIST)
resulted in a dramatic and durable response with remission of nearly all tumor manifestations, indicating a dominant driver
function of mutant KIT in this tumor. KIT dependency was further validated by a secondary KIT exon 17 mutation
(c.2459_2462delATTCinsG, p.D820_S821delinsG) that was detected upon tumor progression after 10 months of imatinib
treatment and provided a rationale for salvage therapy with regorafenib, which has activity against KIT exon 11/17 mutant
GIST.

Conclusions: These observations highlight the potential of unbiased genomic profiling for uncovering the vulnerabilities of
individual malignancies, particularly in rare and unclassifiable tumors, and underscore that KIT exon 11 mutations represent
tractable therapeutic targets across different histologies.
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Introduction

The sinonasal cavities give rise to a variety of rare malignant neo-

plasms, primarily sinonasal carcinomas (SNCs), that differ sig-

nificantly in etiology and pathologic characteristics and

frequently carry a dismal prognosis due to diagnosis at advanced

stages when radical surgery is infeasible [1]. SNCs can be subdi-

vided by both histology and molecular features into an extremely

heterogenous group of neoplasms comprising intestinal and non-

intestinal adenocarcinoma, squamous cell carcinoma (SCC),

neuroendocrine carcinoma, SMARCB1-deficient carcinoma,

lymphoepithelial carcinoma, NUT midline carcinoma (NMC),

salivary gland-type carcinoma, sinonasal undifferentiated carcin-

oma (SNUC), and several other, even rarer tumor entities with

only few reported cases worldwide [2–4]. The low incidence of

SNC has hampered controlled prospective clinical trials, and as a

consequence, optimal treatment for locally advanced and meta-

static tumors remains unclear.

Several studies have provided insight into the genetic alter-

ations associated with SNC, but the genomic ‘landscape’ of SNC

is still poorly understood. In particular, aberrations that allow

prediction of response to anticancer drugs or represent direct

targets for therapeutic intervention are largely unknown, with

the exception of targetable chromosomal rearrangements

involving the NUT gene in NMC [5]. Additional potentially ac-

tionable molecular alterations identified in certain SNC sub-

types include overexpression of the genes encoding EGFR,

ERBB2, VEGF, and PTGS2 (also known as COX2) as well as

amplification of the FGFR1 locus [1, 6, 7]. However, the clinical

utility of these putative therapeutic targets is still undetermined

and awaits clinical validation. Thus, there is a strong unmet

need for effective therapies in locally advanced and metastatic

SNC.

Here, comprehensive molecular profiling in a patient with

advanced-stage SNC refractory to multimodal treatment identi-

fied a KIT exon 11 mutation that provided a rationale for experi-

mental treatment with imatinib, which led to a dramatic and

long-lasting response.

Methods

Whole-exome and RNA sequencing

Tissue samples were provided by the NCT Heidelberg Tissue Bank. DNA

and RNA were isolated using standard procedures. High-throughput

sequencing and data analysis were performed as described [8, 9] (see also

supplementary methods, available at Annals of Oncology online for details).

Exome and RNA sequencing data were deposited in the European

Genome-phenome Archive under accession EGAS00001001845.

Histopathology

Formalin-fixed paraffin-embedded tissues were examined microscopically

following staining with hematoxylin and eosin. Immunohistochemistry

(IHC) was performed using standard protocols as detailed in supplementary

methods and Table S1, available at Annals of Oncology online.

Study approval

Tumor tissue and a matched normal blood sample were obtained following

written informed consent under an institutional review board-approved

protocol (S-206/2011) covering all aspects relevant to clinical cancer genome

sequencing. This study was conducted in accordance with the Declaration of

Helsinki.

Results

A 35-year-old man was diagnosed in 2013 with a locally advanced

tumor that extended through the widened frontal recess into the

right frontal sinus with crossing of the midline into the left eth-

moid and frontal sinuses and descent into the right nasal cavity

(Figure 1). The patient had neither been exposed to carcinogens

associated with SNC nor to irradiation and did not have a family

history of cancer.

Histologically, the tumor was composed of slightly poly-

morphic, medium-sized, rounded to elongated cells assembled in

solid nests, which resulted in an overall entirely uncharacteristic

appearance (Figure 2). There was no evidence of glandular, squa-

mous, or any other type of differentiation. IHC showed diffuse

strong immunoreactivity to antibodies against pancytokeratins,

CK18, and epithelial membrane antigen. In addition, almost all

tumor cells strongly expressed nuclear TP63 and both cytoplas-

mic and membranous CD117 (Figure 2). CD56 showed variable

and patchy membranous reactivity in 15% of tumor cells

(Figure 2); however, the specific neuroendocrine markers chro-

mogranin A and synaptophysin were negative.

Due to the unusual profile of this neoplasm, an extended IHC

panel was applied to test for any mesenchymal, neuroendocrine,

or myoepithelial differentiation. The tumor cells were negative

for vimentin, CK5/6, CK7, CD31, DOG1, CD34, CD99, S100,

desmin, TTF1, GFAP, CD10, NUT, and hypophyseal hormone

markers. Furthermore, SMARCB1 showed strong intact nuclear

expression. There was no evidence of HPV and EBV gene expres-

sion or rearrangement of the EWSR1 gene. TP53 showed nuclear

expression in less than 10% of cells. The Ki-67 proliferative index

was moderate (20%).

Based on these findings, we were unable to fit this neoplasm

into any of the established SNC categories mentioned above.

Specifically, large-cell neuroendocrine carcinoma was excluded

as chromogranin A and synaptophysin were negative, CD56 ex-

pression showed a patchy nondiagnostic pattern, and the prolif-

erative fraction was only moderately increased. Olfactory

neuroblastoma was ruled out by the strong CK positivity and the

lack of sustentacular cells on S100 staining. The absence of a

broader set of myoepithelial markers and specific cytokeratins

(CK5/6 and CK7) argued against solid-pattern adenoid cystic

carcinoma and myoepithelial carcinoma. Although TP63 was

positive, SCC was equally unlikely because of CK5/6 negativity

and the lack of typical morphologic features. Furthermore, there

was no morphologic or immunohistochemical evidence of NMC.

Since CK7 was negative and proliferation was only modest,

SNUC could not be diagnosed either. Angiosarcoma was ruled

out by CD31 and CD34 negativity. Given that imaging studies re-

vealed no evidence of other tumor manifestations, a metastasis

was highly unlikely, and the case was ultimately diagnosed as

solid carcinoma of the sinonasal cavity, not otherwise specified.

After radical surgery and adjuvant intensity-modulated radio-

therapy (IMRT), there was no evidence of disease for 10 months

until relapse occurred with dural tumor manifestations and
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Figure 1. Course of disease. Left, axial and coronal contrast-enhanced, T1-weighted MR images of the brain depict the extent of the primary tumor. Middle and right, axial contrast-
enhanced, T1-weighted MR images of the brain show response of nodular dural metastases to therapy (top); axial contrast-enhanced computed tomography (CT) images of the lung demon-
strate response of pulmonary nodules to therapy (bottom). Arrows and arrowheads indicate actual or former tumor localizations. Yellow, lesions before imatinib treatment; green, responsive le-
sions; red, progressive lesions. RT, radiotherapy; PR, partial remission; PD, progressive disease.
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Figure 2. Histologic and immunohistochemical analysis of the patient tumor. Hematoxylin and eosin-stained tumor sections showed a small-round cell neoplasm with diffuse growth be-
neath the respiratory mucosa (A) and occasional superficial nesting/packaging and stromal hemorrhage (B). Immunohistochemistry showed diffuse strong expression of pancytokeratin (AE1/
AE3) (C), nuclear TP63 (D), and CD117/KIT (E) in almost all tumor cells, but only very focal, patchy reactivity for CD56 (F). Original magnifications, �200.

                                   



multiple small pulmonary metastases (Figure 1). Whole-brain

IMRT with simultaneous integrated boost resulted in stabiliza-

tion of the dural lesions for 6 months when there was evidence of

progression with increasing and new dural and pulmonary meta-

stases measuring up to 13 and 11 mm, respectively (Figure 1).

The value of chemotherapy in metastatic SNC has not been sys-

tematically analyzed, and extrapolation from retrospective studies

indicating a potential benefit of induction chemotherapy in some

SNC subtypes [1] was not appropriate as our patient’s tumor could

not be assigned to a known diagnostic category. Consequently, the

choice of systemic treatment posed a challenge. To address the

diagnostic uncertainty and possibly guide therapy, the patient was

included in NCT Molecularly Aided Stratification for Tumor

Eradication Research (MASTER), an institutional review board-

approved clinical sequencing program for patients below the age of

51 years with advanced-stage cancer across all histologies and pa-

tients with rare tumors [8, 9]. Whole-exome sequencing of the pri-

mary tumor revealed 22 somatic mutations [11 single-nucleotide

variants (SNVs) and 11 insertion/deletion mutations (indels)], and

RNA sequencing demonstrated that 18 of the 22 mutated alleles

were expressed (Table 1). Most striking from a clinical perspective

was a heterozygous KIT exon 11 mutation (c.1733_1735del,

p.D579del) that has previously been described in some cases of

gastrointestinal stromal tumor (GIST) and melanoma as well as in

one case of thymic carcinoma [10–12]. The presence of KIT

c.1733_1735del was confirmed by Sanger sequencing, and high

KIT expression was verified by IHC (Figures 2 and 3).

Gain-of-function mutations that result in constitutive activa-

tion of the KIT receptor tyrosine kinase and its downstream ef-

fectors, such as the RAS-RAF-MAPK and PI3K-AKT signaling

cascades, occur in a wide variety of cancers [13]. In particular,

approximately 85% of GISTs are driven by KIT mutations (pre-

dominantly small indels), which affect exon 11 (juxtamembrane

domain, 70%), exon 9 (extracellular dimerization motif, 20%),

exon 13 (tyrosine kinase 1 domain, 1%–3%), or exon 17 (tyro-

sine kinase 2 domain and activation loop, 1%–3%) and confer

sensitivity to small-molecule tyrosine kinase inhibitors (TKIs),

as evidenced by a response rate of greater than 80% and a me-

dian event-free survival of nearly 24 months in patients with

exon 11 mutant GIST that were treated with imatinib [14]. In

contrast, entities such as melanoma or mastocytosis are usually

associated with different types of KIT mutations (SNVs or gene

amplifications) and variable sensitivities to pharmacologic KIT

inhibition, illustrating that the potential of KIT to act as a dom-

inant oncogenic driver is highly context-dependent [15, 16].

The p.D579del mutation identified in our patient, which is

predicted to activate KIT through disruption of the autoinhibi-

tory function of the juxtamembrane domain, was recently

described in a patient with heavily pretreated thymic carcinoma

who, upon progression on standard treatment, received imatinib

Table 1. Somatic mutations identified by whole-exome sequening

Chromosome Position Gene RefSeq accession Exon Nucleotide change VAF (DNA) Protein change VAF (RNA) RPKM

SNV

1p36.33 1 575 718 CDK11B NM_033489 12 c.1063C>T 0.23 p.G355S 0.36 25.73

1p21.1 102 302 470 OLFM3 NM_058170 2 c.181C>A 0.46 p.A61S 0 0

1q43 241 798 585 CHML NM_001821 1 c.484C>T 0.33 p.D162N 0.11 3.60

2p13.3 69 704 057 AAK1 NM_014911 21 c.2746C>A 0.31 p.D916Y 0 3.30

5q13.2 73 200 087 ARHGEF28 NM_001080479 32 c.4113þ 2T>A 0.39 Splice site 0 0.87

9q34.2 136 635 617 VAV2 NM_001134398 27 c.2230C>T 0.46 p.V744M 0.41 38.28

12q13.12 50 744 820 FAM186A NM_001145475 4 c.5795G>A 0.35 p.P1932L 0 0.02

13q22.2 76 055 405 TBC1D4 NM_014832 2 c.498þ 1G>C 0.40 Splice site 0.57 7.10

20q13.12 46 267 869 NCOA3 NM_181659 14 c.2630C>T 0.07 p.P877L 0.07 8.27

22q13.31 46 931 726 CELSR1 NM_014246 1 c.1342C>T 0.36 p.E448K 0.51 23.23

Xq28 148 571 862 IDS NM_000202 7 c.989G>A 0.70 p.A330V 0.90 20.37

Indel

1p36.21 14 107 739 PRDM2 NM_012231 8 c.3450_3453del 0.25 p.K1151fs 0.43 58.81

1p36.21 14 108 370 PRDM2 NM_012231 8 c.4081_4083del 0.23 p.K1362del 0.36 58.81

1q24.3 172 558 628 SUCO NM_016227 17 c.2841_2844del 0.21 p.N948fs 0.32 147.64

1q32.2 207 504 604 CD55 NM_001114752 6 c.817_819del 0.19 p.E273del 0.73 180.55

2q22.3 148 684 761 ACVR2A NM_001616 11 c.1461_1463del 0.32 p.I489del 0.72 35.77

3p24.2 25 648 789 TOP2B NM_001068 31 c.4153_4155del 0.16 p.N1385del 0.35 64.79

3q26.2 168 833 748 MECOM NM_001164000 7 c.1344_1347del 0.23 p.K448fs 0.16 70.81

4p15.2 27 010 447 STIM2 NM_001169117 10 c.1313_1315del 0.17 p.K439del 0.38 143.61

4q12 55 593 666 KIT NM_000222 11 c.1733_1735del 0.22 p.D579del 0.70 234.53

10p15.1 5 493 804 NET1 NM_001047160 4 c.268_269del 0.20 p.R91fs 0.44 247.23

19p13.11 18 967 038 UPF1 NM_002911 13 c.1754_1773del 0.18 p.L587fs 0.03 28.99

SNV, single-nucleotide variant; Indel, insertion/deletion mutation; VAF, variant allele frequency; RPKM, reads per kilobase of exon model per million

mapped reads.

                               

                                                 



and experienced disease stabilization for at least 12 months [10].

This observation, together with the high overall sensitivity of KIT

exon 11 mutations to TKI treatment in GIST, pointed to the

therapeutic actionability of this mutation, and the patient was

started on 400 mg imatinib daily. Therapy was well tolerated with

no adverse effects other than grade 2 leukopenia that was stable

during the course of treatment and did not require dose adjust-

ment. After 2 months of therapy, computed tomography (CT)

and magnetic resonance imaging (MRI) demonstrated complete

resolution of all pulmonary lesions and partial regression with

decreased contrast enhancement of the dural metastases, which

diminished nearly completely after 6 months (Figure 1). Overall,

a partial remission according to Response Evaluation Criteria in

Solid Tumors was achieved, and the patient was in good condi-

tion without tumor- or treatment-related symptoms for 10

months.

Regrettably, follow-up MRI of the brain in May 2016 revealed

new and increased dural tumor manifestations, while CT imaging

of the lung demonstrated ongoing remission of all pulmonary

metastases (Figure 1). Since approximately 70% of patients with

KIT exon 11 mutant GIST and acquired imatinib resistance har-

bor secondary mutations in KIT [17], a progressive dural metas-

tasis was subjected to sequencing of genomic hotspot regions

frequently mutated in cancer. This analysis identified a complex

indel (c.2459_2462delATTCinsG, p.D820_S821delinsG) in KIT

exon 17, which encodes the activation loop of the KIT kinase do-

main. Given the low sensitivity to imatinib of KIT exon 17 muta-

tions [17], this finding provided a molecular explanation for the

clinical observation of acquired resistance and validated mutant

KIT as oncogenic driver and therapeutic target in this tumor.

Preclinical and clinical evidence indicates that GIST patients with

KIT exon 17 mutations are also resistant to standard second-line

treatment with sunitinib [17]. In contrast, regorafenib was shown

in a phase 3 study to induce partial response or disease stabiliza-

tion in 75% of patients with imatinib- and sunitinib-refractory

GIST [18]. While investigations into the genetic determinants of

response were limited to primary KIT mutations in exon 9 and 11

in this study, the interim results of an ongoing phase 2 trial of

regorafenib in GIST patients with secondary KIT exon 17 muta-

tions showed an objective response rate of 80%, with partial re-

mission in 5 of 15 patients and stable disease for more than 16

weeks in 7 of 15 patients [19]. Taken together, these data provide

a rationale for salvage therapy with regorafenib in our patient.

In addition to informing choices regarding individualized

therapies targeting distinct pathway vulnerabilities, genomic

profiling can also provide insight into the etiology and molecular

pathogenesis of cancers. Analysis of over 10 000 cancer exomes

and 1000 cancer genomes has identified a continuously growing

number of mutational signatures that shed light on the carcino-

genic processes underlying different cancer types [20].

Supervised analysis can determine which of the known muta-

tional signatures contribute to an individual tumor’s mutational

catalog, i.e. the spectrum of somatic point mutations in the con-

text of the bases immediately 50 and 30 to each mutated base. In

our patient, contributions of seven known signatures were de-

tected (Figure 3, supplementary Figure 1, available at Annals of

Sanger Sequencing
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Oncology online), including two that are carcinogen-associated (sig-

nature Alexandrov-COSMIC [AC] 11, induced by alkylating agents;

and AC24, induced by aflatoxins). This is in line with the fact that

carcinogens are known to be involved in the etiology of most SNCs

[1]. However, the specific carcinogens known to contribute to the

development of SNC, i.e. wood or leather dust, have not yet been

attributed to mutational signatures owing to the lack of published

exome or whole-genome sequencing data from these tumors.

Signature AC3, which results from defective repair of DNA double-

strand breaks via homologous recombination and is predicted to be

linked to platinum responsiveness [21], did not contribute to the

tumor’s mutational catalog, suggesting that platinum-based therapy

would not have been beneficial to the patient.

Discussion

The KIT p.D579del mutation identified in our patient extends

the spectrum of potential molecular targets in SNC and provides

first evidence that genomics-guided therapy can be of value in

this tumor entity. Furthermore, in view of recent observations

that the suitability of oncogenic drivers as therapeutic targets

may vary substantially depending on genetic and tissue context

[15, 16], our observations underscore the importance of molecu-

lar case studies correlating individual genomic profiles with re-

sponse to ‘precision’ treatment in various tumor entities.

Specifically, the data indicate that variants affecting the regula-

tory function of the KIT juxtamembrane domain belong to the

group of mutations that may be successfully targeted across dif-

ferent histologies, although their ‘actionability’ beyond GIST

[14], thymic carcinoma [10], and SNC remains to be determined.

In addition to providing a target for successful first-line systemic

therapy, molecular analysis also identified a second-site KIT mu-

tation in a metastatic lesion that escaped inhibition by imatinib.

This finding explained the observed resistance, confirmed the

strong KIT dependence of this tumor, and, most importantly,

helped inform the choice of subsequent therapy, thereby high-

lighting the value of sequential molecular analyses in KIT-driven

tumors irrespective of tissue origin.

As a first step to define the clinical utility of recent insights

into the imprints left on cancer genomes by different carcino-

genic processes [20], we have established a novel bioinfor-

matics algorithm that enables supervised analysis of the

contribution of known mutational signatures to an individual

tumor’s mutational catalog. We are confident that this approach

can yield important diagnostic information and aid in thera-

peutic decision making, which can readily be tested in molecular

stratification programs employing whole-exome or genome

sequencing.

Finally, the excellent response to histology-agnostic treatment

highlights the value of comprehensive genomic testing in patients

whose tumors cannot be assigned to a specific diagnosis based on

conventional criteria, which enables capturing a large spectrum

of genetic alterations in an unbiased way to identify actionable

mutations that are otherwise impossible to predict. To explore

whether the present case of KIT-driven, poorly differentiated

SNC may be indicative of a distinct tumor entity, analysis of add-

itional cases with comparable clinical and histologic features will

be needed.
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